
FACUL TAO DE INGENIERIA U.N.A.M. 
DIVISION DE EDUCACION CONTINUA 

A LOS ASISTENTES A LOS CURSOS 

Las autoridades de la Facultad de Ingeniería, por conducto del jefe de la 

División de Educación Continua, otorgan una constancia de asistencia a 

quienes cumplan con los requisitos establecidos para cada curso. 

El control de asistencia se llevará a cabo a través de la persona que le entregó 

las notas. Las inasistencias serán computadas por las autoridades de la 

División, con el fin de entregarle constancia solamente a los alumnos ·que 

tengan un mínimo de 80% de asistencias. 

~- --
·-- ..... --··; 

,4 __ •• -. -- -··-
Con el objeto de mejorar los servicios que la División de Educación Continua 

ofrece, al final del curso "deberán entregar la evaluación a través de un 

cuestionario diseñado para emitir juicios anónimos. 

Se recomienda llenar dicha evaluación conforme los profesores impartan sus 

clases, a efecto de no llenar en la última sesión las evaluaciones y con esto 

sean más fehacientes sus apreciaciones. 

Palacio de Mineria Calle de Tacuba S 
T elefonos: 512~955 

Atentamente 
División de Educación Continua. 

Primer piso Deleg. Cuauhtemoc 06000 México, D.F. APDO. Postal M-2285 
512·5121 521-7335 521-1987 Fax 510-0573 521-4020 AL 26 



i 
~ 
w 

~ 
¡¡: 
w 
-! 

PALACIO DE MINERIA 
- - - - < !L - - - --!!. ¡¡ 'ii ii r ,_ - ¡¡ ii ii 

"' / " / PATIO PRINCIPAL 

/ " 
/ '" 

PLANTA BAJA 

1 _· • .:.· '1 

' 
1 
' 

AUDITORIO 
BQ 

CALLE TACUBA 

MEZZANINNE 

• 



PALACIO D~ MINERIA 
- - - - - - - - - - - - - - - - -11 11 11 11 1 1 11 11 11 11 11 1 1 11 11 11 -

• 
C-11 

• 
C-10 

// 

" / . ' / 
//' 

ler. PISO 

/ ..... 
/ ' 

/ ' 

ACADeMIA 1 
INGEHIERIA 

CALLE TACUBA 

• 
C-9 

GUÍA DE LOCALIZACIÓN 
l. ACCESO 

2. BIBLIOTECA IDSTÓRICA 

3. LIBRERíA UNAM 

4. CENfRO DE INFORMACIÓN Y DOCUMENTACIÓN 
"ING. BRUNO MASCANZONI" 

5. PROGRAMA DE APOYO A LA TITULACIÓN 

6. OFICINAS GENERALES 

7. ENTREGA DE MATERIAL Y CONfROL DE ASISTENCIA 

8. SALA DE DESCANSO 

SANITARIOS 

* AULAS 

DMSIÓN DE EDUCACIÓN CONTINUA 
1 ' FACULTAD DE INGENIERIA U.N.AM. 

CURSOS ABIERTOS 

• 



' FACUL TAO DE INGENIERIA U.N.A.M. 
DIVISION DE EDUCACION CONTINUA 

CURSOS ABIERTOS 

ROBOTS MÓVILES 

CHAPTER 1 INTRODUCTION TO 
EXPERT SYSTEMS 

EXPOSITOR: DR. JESÚS SAVAGE CARMONA 
1998 

Palac1o de M1ner1a Calle de Tacut>a 5 Prtm('~ p1so Del~ Cuauhtemoc 06COO Mex1co. D F APDO Postal M·?205 
Telelonos 512-8955 512-5121 521-7335 521-1987 Fax 51()-()573 521-4020AL26 

. . :1 



CHAPTER 1 INTRODUCTION TO 
EXPERT SYSTEMS 

1.1 INTRODUCTION 

This chapter is a broad introduction to expert systems. The fundamental principies of 
expert systems are introduced. The advantages and disadvantages of expert systems are 
discussed and the appropriate areas of application for expert systems are described. The 
relationship of expert systems to other methods of programming are discussed. 

1.2 WHAT IS AN EXPERT SYSTEM 
' .. : .. 

The first step in solving any problem is defining the problem area or domain to be 
solved. This consideration is just as true in artificial intelligence (Al) as· in conven­
tional programming. However, because of the mystique formerly associated with Al, 
there is a lingering tendency to still believe the old adage "It's an Al problem if it 
hasn't been solved yet". This type of mind-set may have been popular in the 1970's 
" !U was entirely in a research stage. However, today there are many real-world 
p1 .ms that are being solved by Al and many commercial applications of Al. 

Although general solutions to classic Al problems such as naturallanguage trans­
lation, speech understanding, and vision have not been ·found, restricting the problem 
domain m ay still produce a useful solution. For example, it is not difficult to build 
simple natural language systems if the input is restricted to sentences of the form: _ 
noun, verb, and object. Currently, systems of this type work very well in providing a 
user-friendly interface to many software products such as database systems and spread­
sheets. In fact, the parsers associated with popular computer text-adventure games today 
exhibit an amazing degree of ability in understanding naturallanguage. 

As Figure 1-1 shows, Al has many areas of interest. The area of expert systems 
is a very successful approximate solution to the classic Al problem of programming 
intelligence. Professor Edward Feigenbaum of Stanford University, an early pioneer of 
expert systems technology, has defined an expert system as " ... an intelligent computer 
program that uses knowledge and inference procedures to sol ve problems that are diffi­
cult enough to require significan! human expertise for th!ir solution." (Feigenbaum 
82). That is, an expert system is a computer system which em·ulates the 
decision-making ability of a human expert. The term emülate means that the expcrt 
system is intended to act in all respects like a human expert. An emulation is much 
stronger than a simulation which is only required to act likc the real thing in sorne 
respects. 

lthough a general purpose problem solver still eludes us, expert systems function 
very well in their restricted domains. As proof of their success, you need only observe 
the many applications of expert systems today in business, medicine, science, and 
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·engineering as well as all the books, joumals, conferences and products dev,.·~d to 
expert systems. 

_::~ :Artificial Intelligence 
T~~, .:: 

Figure 1-1 
Some Areas of Artificial Intelligence 

Expert systems is a branch of Al that malees extensive use of specialized knowl­
edge to sol ve problems at the leve! of a human expert. An expert is a person who has 
expertise in a certain area. That is, the expert has knowledge or special skills that are 
not known or available to most people. An expert can sol ve problems that most people 
cannot solve at aii or solve them much more efficiently (but not as cheaply). When 
expert systems were frrst developed in the 1970's, they contained expert knowledge 
exclusive! y. However, the term expert system is often applied toda y to any system 
which uses expert system technology. This expert system technology may include 
special expert system languages, programs, and hardware designed to · aid in the 
development and execution of expert systems. 

The knowledge in expert systems may be either expertise, or knowledge which is 
general! y available from books, magazines, and knowledgeable persons. The terms ex-· 
pert system, knowledge-based system or knowledge-based expert system 
are often used synonymously. Most people use expert system simply because it's 
shorter, even though there may be no expertise in their expert system, only general 
knowledge. 

':.::: .. -~:.:-. --
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Figure 1-2 illustrates the basic concept of a knowledge-based expert system. The 
uscr supplies facts or othcr information to the expert system and receives expert advice 
or expertise in response. Internally, the expert system consists of two main compo­
nelltS. The knowledge-base contains the knowledge with which the inference engine 
dr~ ws conclusions. These conclusions are the expert system's responses to the user's 
qUt ·ries for expertise. 
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Expert System 

Figure 1-2 
Basic Concept of an Expert System Function 

Useful knowledge-based systems also have been designed to act as an intelligent 
assistant to a human expert. TI1ese intelligent assistants are designed with expert sys­
tems technology because of the development advantages. As more knowledge is added 
to the intelligent assistant, it acts more like an expert. Developing an intelligent assis­
tant may be a useful milestone in producing a complete expert system. In addition, it 
may free up more of the expert's time by speeding up the solution of problems. 

An expert's knowlcdge is specific to one problem domain as opposed to 
knowledge about general problem-solving techniques. A probleni domain is the special 
problem area sucb as medicine, finance, science or engineering and so forth that an 
expert can solve problcms in vcry well. Expcrt systems, like human experts, are 
gencrally designed to be expcrts in one problem domain. Por example, you would not 
normally expect a chess expert to ha ve expert knowledge about medicine. Expertise in 
one problem domain does not at•tomatically carry over to another. 

The expert's knowledge abuut solving specific problems is called the knowledge 
domain of tbe expert. Por example, a medica! expert system designed fo diagnose 
infcctious diseases will ha ve a grcat deal of knowledge about certain symptoms caused 
by infectious diseases. In this case the knowledge domain'is ·medicine and consists of 
knowledge about diseases, symptoms, and treatments. Figure 1-3 illustrates the rela­
tiC'- · "ip between the problem and knowledge domain. Notice that this knowledge 
d .1 is entirely included within the problem domain. The portion outside the 
knowledge domain symbolizes an area in which there is not knowledge about al! the 
problems. 
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One expert system usually does not have knowledge about other b• '1es o 
medicine su eh as surgery or pediatrics. Although its knowledge of infectiou~ ase i: 
equivalen! to a human expert, the expert system would not know anything about othe 
knowledge domains unless it was programmed with that domain knowledge. 

· .. : .. 

~ : ' ' ' . 

Knowledge 
Domain 

Figure 1-3 
A Possible Problem and Knowledge Domain Relationship 

In the knowledge domain that it knows about, the expert system reasons akes 
inferences in the same way that a human expert would infer the solution o __ r'rob­
lem. That is, given sorne facts, a conclusion that follows is inferred. For example, if 
your spouse hasn't spoken to you in a month, you may infer that he or she had nothing 
wonhwhile to say. However, this is only one of severa! possible inferences. 

As with any new technology, we still ha ve a lot to learn about expert systems. 
Table 1-1 summarizes the differing views of the panidpants in a technology. In this 
table, the technologist m ay be an engineer or software designer and the technology may 
be hardware or software. In solving any problem, these are questions that need to be 
answered or the technology will not be successfully used. Like any other too!, expen 
systems have appropriate and inappropriate applications. As our experience with expert 
systems grows, we will discover what these applications are. 

Person Question 
Manager What can 1 use it for? 
Technologist How can 1 best implement it? 
Researcher How can 1 extend it? 
Consumcr How will it help me? 

1 ~ it wonh the trouble and expense? 
1 low reliable is it? 

Table 1-1 
Differil g Views of Technology 
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1.3 ADVANTAGES OF EXPERT SYSTEMS 

Expert systems ha ve a number of attractive features. 

• Increased Availability. Expertise is available on any suitable computer hardware. In 
a véry real sense, an expert system is the mass production of expertise. 

• Reduced e os t. The cost of providing expertise per user is greatly lowered. 
• Reduced Danger. Expert systems can be used in environments that might be 

hazardous for a hum~ n. 
• Pennanence. The expertise is permaner t. Unlikc human experts who may retire, 

quit or die, the expert system's knowledfe willlast indefinitely. 
• Multiple expertíse. The knowledge of nultiple experts can be made available to 

work simultaneously and continuously on a problem at any time. of da y or night. 
The leve! of expertise combined ffom severa! experts may exceed that of a single 
human expert (Harmon 85). · 

• Increased reliabílíty. Expert systems increase confidence that the correct decision 
was made by providing a second opinion to a human expert or break a tie in case 
of disagreements by multiple human experts. Of course, this method probably 
won't work if the expert system was programmed by one of the experts. The expert 
system should al·ways agree with the e:,pert, unless a mistake was made by the 
expert. However, this m ay .happen if the human expert is tired or under suess. 

• Explanation. The expert system can explicitly explain in detail the reasoning that 
led to a conclusion. A human may be too tired, unwilling or unable to do this al! 
the time. This increases the confidence that !he corree! decision is made. 

• 

• 

• 

• 

Fast response. Fast or real-time response may be necessary for sorne applications: 
Depending on the software and hardware used, an expert system may respond faster 
and be more available than a human cxpert. Sorne emergency situations may 
require responses faster than a human and so a real-time expert system is a good 
choice (Hugh 88) (Ennis 86). 
Steady, unemotíonal, and complete response at al/ times. This may be very 
importan! in real-time and emergency situations when a human expert may not 
operate at peak efficiency because of sUess or fatigue. 
Intellígent tutor. The expert system may act as an intelligent tutor by letting the 
student run sample prograrns and explaining the system's reasoning. 
Intelligent Database. Expert systems can be used to access a databasc in an 
intelligent manner (Kerschberg 86) (Schur 88). 

The process of developing an expert system has an indirect benefit also since the 
knowledge of human experts must be pul into an explicit form for catering in the 
computer. Because the knowledge is then explicitly known instead of being implicit in 

·xpert's mind, it can be examined for correctness, consistency and completeness. 
knowledge may then have to be adjusted or re-examined which improves the 

quality of the knowledge. 

.. 

>' .,. 
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1.4 GENERAL CONCEPTS OF EXPERT SYSTEMS 

The knowledge of an ex~rt system may be represented in a number of ways. One 
common method of repre~e~_ting knowledge is in the form of IF TIIEN type rules, 
such as ;·;: ·· · 

IF the 

........ .. :. 

J/L~ ;f}. 
light ·is 'red THEN stop 

¡.: 

Although this is a trivial example, many significan! expe11 systems have been built by 
expressing the knowledge of experts in rules. In fact, the Lnowledge-based approach to 
developing expert systems has completely supplanted the early Al approach of the 
1950's and 1960's which tried to use sophisticated reasoning techniques with no 
reliance on know1edge. 

Toda y, a wide range of knowledge-based expert systems ha ve been built. Large 
systems containing thousands of rules, such as the XCON/R1 system of Digital 
Equipment Corporation, know much more than any single human expert on how to 
configure computer systems (McDermott 84). Many small systems for specialized 
tasks have also been constructed with severa! hundred rules. These small systems m ay 
not operate at the leve! of an expert but are designed to take advantage of expert sys­
tems technology to perform knowledge-intensive tasks. For these small systems, the 
knowledge m ay be in books, joumals, or other publicly available documentation. 

In contras!, a classic expert system embodies unwritten knowledge that n be 
extracted from an expert by extensive interviews with a knowledge engineer over a 
long period of time. The process of building an expert system is called knowledge 
engineering and is done by a knowledge engineer (Mi chic 73). Knowledge engineer­
ing refers to the acquisition of knowledge from a human expert or other source and its 
coding in the expert system. . _ 

The general stages in the:development of an expert sy::tem are illustrated in Figure 
1-4. The knowledge engm'eer' frrst establishes a dialog wit h the human experi in order 
to elicit the expert's knowledge. This stage is analogous 1 o a system designe'r in con­
ventional programming discussing the system requirement ; with a client for whom the 
program will be constructed. TI1e knowledge engineer then :odes the knowledge explic­
itly in the knowledge-base. TI1e expert then evaluates th< expert system and gives a 
critique to the knowledge cngineer. This process iterates until the system's performance 
is judged to be satisfactory by the expert. 

The expression knowledge-based system is a better term for the application of 
knowledge-based technology since it m ay be used for the creation of either expert 
systems or knowledge-based systems. How~ver, like the term artificial intelligence, it 
is common practice toda y to use the term expert systems v. hen referring to both expert 
systems and knowledge-based systems, even when the knowledge is not at the Ievel-of 
a human expert. 

Expert systems are generally designed very differently from conventional pro,li'"'rnS 
because the problems usually have no algorithmic solution and rely on inferer. .o 
achieve a reasonable solution. Note that a reasonable solut.· on is about the best we can 
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expect if no algorithm is available to help us achieve the optimum solution. Since the 
expert system relies on inference, it must be able to explain its reasoning so that its 
reasoning can be checked. An explanation facility is an integral part of sophisti­
cated expert systems. In fact, elaborate cxplanation facilities may be designed to allow 
the user to explore multiple lines of "What if..." type questions, called hypothetical 
reasoning and even translate naturallanguage into rules. 

Human 
Expert .. 

Dial og 

' Knowledge ' ' ' Engineer 

' ' ' .. 
•" 

owledge , 
"' "' 

ExplicifKn 

" 

Knowledge-Base 
of 

Expert Sy:;tem 

. .. . . " '. " . ... 

Figure 1-4 
Development of an Expert System 

Sorne expert systems even allow the system to learn rules by example, through 
rule induction, in which the system creates rules from tables of data. Formalizing 
the'knowledge of experts into rules is not simple, especially when the expert's knowl­
edge has never been systematically explored. There may be inconsistencies, 
ambiguities, duplications or other problems with the expert's knowledge that are not 
apparent until attempts are made to formally represen! the knowledge_ in an expert 
system. 

Human experts also know lhe extent of their knowledge and qualify their advice as 
the problem reaches their Iimits of ignorance. A human expert also knows when 
to "break the rules". Unless expert systems are explicitly designed to deal with uncer­

'V, they will make recommc ndations with the :;ame confidence even if the data they 
.ealing with is inaccurate or incomplete. An expert systems advice, like a human 

expert's, should degrade gracefully at the boundarics of ignorance instead of abruptly. 

···' 

, .. 
.. -
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A practica! limitation of many expert systems today is lack o. usal 
knowledge. That is, the eitpert systems do not really have an understanding of the 
underlying causes and effects in a system. It is much easier to program expert systems 
with shallow knowledge based on empirical and heuristic knowledge ·than deep 
knowledge based on the basic structure, function, and behavior of objects. ·Por exam­
ple, it is much easier lo program an expert system to prescribe an aspirin for a person'~ 
headache !han program all the underlying biochemical, physiological, ahatomical am: 
neurological knowledge about the human body. The programming of a causal model oJ 
the human body would be an enormous task and even if successful, the response time 
of the system would probably be extremely slow because of a1l the information that the 
system would have to process. 

One type of shallow knowledge is heuristic knowledge, where the term 
heuristic comes from the Greek and means to discover. Heuristics are not guaranteed to 
succeed in the same way that an algorithm is a guarantced solution to a problem. 
Instead, heuristics are rules of thumb or empirical knowledge gained from experience 
which may aid in the solution but are not guaranteed to worlc. However, in many fielru 
such as medicine and engincering, heuristics play an essential role in sorne types ol 
problem solving. Even if an exact solution is known, it may be impractical to us¡ 
because of cost or time constraints. Heuristics can provide valuable shortcuts that car 
reduce time and cost. 

Another problem with expert systems toda y is that their expertise is limit~ ~ to th¡ 
knowledge domain that the systems know about. Typical expert systems can !ner· 
alize their knowledge by using analogy to reason about new situations that me wa) 
people can. Although rule induction helps, only limited types of knowledge can be pu; 
into an expert system this way. The customary way of building an expert system b) 
having the knowledge engineer repeat the cycle of interviewing the expert, constructinf 
a prototype, testing, interviewing, and so on is a very time consuming and labo1 
intensive task. In fact, this problem of transferring human knowledge into an exper. 
system is so major that it is called the knowledge acquisition bottleneck. Thü 
is a descriptive term because the knowledge acquisition bottleneck constricts th¡ 
building of an expert system like an ordinary bottleneck constricts fluid flow into : 
bottle. 

In spite of their present limitations, expert systems have been very successful ir 
dealing with real-world problems that conventional programming methodologies hav¡ 
been unable to solve, especially those dealing with uncertain or incomplete informa­
tion. The importan! point is to be aware of the advantages and lirnitations of this nev. 
technology so that it can be appropriately utilized. 

1.5 CHARACTERISTICS OF AN EXPERT SYSTEM 

An expert system is usual! y designed to ha ve the following general characterif' · 
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• High performance. The system must be capable of responding at a leve) of compe­
tency equal to or better than an expert in the field. Thát is, the quality of the advice 
given by the system must be very high. 

• Adequate response time. The system must also perform in a reasonable time, 
comparable to or better than the time required by an expert to reach a decision. An 
expert system that takes a year to reach a decision compared to an expert's time of 
one hour would not be too useful. The time constraints placed on the perfor­
mance of an expert system may be especially severe in the case of real-time 
systems, when a response must be made within a certain time interval. 

• Good reliability. The expert system must be reliable and not prone to crashes or 
else it will not be used. 

• Understa11dab/e. The system should be able to explain the steps of its reasoning 
while executing so that it is understandable. Rather than being just a "black box" 
that produces a miraculous answer, the system should have an explanation 
capability in the same way that human experts can explain their reasoning. This 
feature is very importan! for several reasons . 

• 

One reason is that human life and property may depend on the answers of thc 
expert system. Because of the_great potential for harm, an expert system must be able 
• justify its conclusions in the same way a human expert can explain why a certain 
Jnclusion was reached. Thus,' an explanation facility pro vides an understandable check 

of the reasoning for humans. 
A second reason for having an explanation facility.occurs in the development phase 

of an expert system to confirm that the knowledge has been correctly acquired and is 
being correctly used by the system. This is very importan! in debugging since t~e 
knowledge may be incorrectly entered due to typos or be incorrect due to 
misunderstandings between the knowledge engineer and the expert. A good explanation 
facility allows the expcrt and knowledge engineer to verify the correctness of the 
knowledge. Also, because of the way that typical expert systems are constructed, it is 
very difficult to read a signi ficant program Iisting and understand its operation. 

An additional source rf error may be unforeseen interactions in the expert system, 
which may be detcctcd b: running test cases with known reasoning that the system 
should follow. As wc will discuss in more dctail later, multiple rules may apply lo a 
given situation about wh: ~h the system is reasoning. Thc flow of execution is not 
sequential in an expert sy aem so that you cannot jusi rcad its code line by linc and 
understand how !he systen. operates. That is, the ordcr in which rules have been entercd 
in the system is not ncces :arily !he order in which thcy will be executed. The expert 
system acts much like a pa ·aJlel program in which !he rules are independent knowledge 
processors. 

· Flexibility. Beca use o' the large amount of knowlcdgc that an expert system may 
have, it is importan! o have an efficient mechanism for adding, changing, and 
deleting knowledgc. ')ne reason for the popularity· of rule-based systems is the 
efficient and modular torage capability of rules. 

.. 
.,. 
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Depending on the system, an explanation facility may be simple or elal' ·. A 

simple explanation facility in a rule-based system may simply list all the t. .hat 
made the latest rule execute. More elaborate systems may do the following. 

• List al/ the reasons for and against a particular hypothesis. A hypothesis is a goal 
which is to be proved such as "The patient has a tetanus infection" in a medical 
diagnostic expert system. In a real problem, there may be multiple hypotheses, 
just as a patient may have several diseases at once. A hypothesis can also be 
viewed as a fact whose truth is in doubt and must be proved. · 

• List al/ the hypotheses that m.ay explain the observed evidence. 
• Explain al/ the consequences of a hypothesis. For example, assuming that the 

patient does have tetanus, there should also be evidence of fever as the infection 
runs its course. If this symptom is then observed, it adds credibility that the 
hypothesis is true. If the symptom is not observed, it reduces the credibility of the 
hypothesis. 

• Give a prognosis or prediction of wlrat will occur if the hypothesis is true. 
• Justifv the questions that the program asks of the user for further infomation. 

These questions m ay be used to direct the line of reasoning to likely diagnostic 
paths. In most real problems, it is too expensive or take too long to explore all 
possibilities, and so ni e. way must be provided to guide the search for the correct 
solution. For example; consider the cost, time and effect of administering all 
possible medical tests to a patient complaining of a sore throat. 

• Justify the knowledge of the program. For example, if the program clairns --~¡ the 
hypotliesis "The patient has a tetanus infection" is true, the user could ask for an 
explanation. The program might justify this conclusion on the basis of a rule 
whicl. says that if the patient has a positive blood test for tetanus, the patient has 
tetanus. Now the user could ask the program to justify this rule. The program 
could respond by stating that a positive blood test for a disease is proof of the 
disease. 

In this case, the program is actually quoting a metaru le, which is knowledge 
about rules. The prefix meta means above or beyond. Sorne programs such as Meta­
DENDRAL have been explicitly created to infer new rules (Buchanan 78). A hypothe­
sis is justified by knowledge and the knowledge is justified by a warrant that it is 
correct. A warrant is essentially a meta-explanation that explains the expert systems 
explanation of its reasoning. 

Knowledge can easily grow incrementally in a rule-based system. That is, the 
knowledgc base can grow little by lit ti e· as- rules are added so that the performance and 
correctness of the system can be continually checked. If the rules are properly designed, 
the interactions between rules will be minimized or eliminated to protect against 
unforeseen effects. The incremental growth of knowledge facilitates rapid 
prototyping so that the knowledge engineer can quickly show the expert a working 
prototype of the expert system. This is an importan! feature because it main the 
expert's and management's interest in the project. Rapid prototyping also <¡ ,ückly 
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exposes any gaps, inconsistencies or errors in the expert's· knowledge or the system so 
that corrections can immediately be made. · : ;.:':: 

. •.J·' 

l. 6 THE DEVELOPMENT OF EXPERT SYSTEMS 
TECHNOLOGY 

Al has many branches concerned with speech, vision, robotics, naturallanguage under­
standing, and learning and expert systems. The roots of expert systems lie in many 
disciplines. In particular, one of the major roots of expert systems is the area of human 
infom1ation processing, called cognitive science. Cognition is the study of how 
humans process infonnation. In other words, cognition is the study of how people 
think, especially when solving problems. . 

The study of cognition is very importan! if we want to make computers emulate 
human experts. Often, experts can't explain how they solve problems-the solution 
just comes to them. lf the expert can't explain how a problem is sol ved, it's not possi­
ble to encode the know ledge in an e~pert system based on explicit knowledge. In this 
case, the only possibility is programs that leam by themselves to emulate the expert. 
These are programs based oninduction and artificial neural systems, to be discussed 

' la ter. 

Human Problem-Solving. imd Productions 

The development of expert systems technology draws on a wide background. Table l-2 
is a brief summary of sorne importan! developments that have converged in modero 
cxpert systems. Whencver possible, the starting dates of projects are used. Many pro­
jects extend over many years. These developments are covered in more detail in this 
cbapter and others. The hest single reference for all the early systems is the 
three-volume Handbook of Artificiallntelligence (Feigenbaum 81). 

In the late 1950's and 1960's, a number ol programs werc written with the goal of 
general problem solving. The most famous of these was the General Problem 
Solver created by Newcll and Simon and desclibed in a series of papers culminating in 
their monumental 920-page work on cognition, Human Problem Solving (Newell 72). 

One of the most significan! results demonstrated by Newell and Simon was that 
much of human problem solving or cognition could be expressed by IF THEN type 
production rules. For example, IF it looks like it's going to rain THEN carry an 
umbrella, or IF your spouse is in abad mood THEN don't appear happy. A rule corre­
sponds to a small, modular collection of knowledge callcd a chunk. The chunks are 
organized in a loose arrangement with links to related chunks of knowledge. One theory 
is that all human memory is organized in chunks. An cxamplc of a rule representing a 
'•unk of knowledge is 

.·. 
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Year Events -
1943 Post production rules· McCulloch and Pitts Neuron Model 

1954 Markov Algoritlun for controlling rule execution 

1956 Dartmouth Conference; Logic Theorist; Heuristic Search; "Al" term coined 

1957 Perceptron invented by Rosenblatt; GPS (General Problem Solver) started 
(Newell, Shaw and Simon) 

1958 LISP Al language (McCarthv) 

1962 Rosenblatt's Principies of Neurodvnamics on Perceptions 

1965 Resolution Method of automatic theorem pioving (Robinson) 
Fuzzy Logic for reasoning about fuzzy objects (Zadeh) 
Work begun on DENDRAL, the first expert system (Feigenbaum, Buchanan, 
et.al.) 

1968 Sem<> ntic nets assodative memory model (Quillian) 

1969 MACSYMA math ex¡Íert system (Martin and Moses) 
1970 Work begins on PROLOG (Colmerauer, Roussell, et. al.) 
1971 HEARSA Y I for spee.ch recognition 

Htunan Prob/em Solvilig popularizes rules (Newell and Simon) 

1973 MYCIN expert system for medica! diagnosis(Shortliffe, e t. al.) 
leading to GUIDON, intelligent tutoring (Ciancey) and 
TEIRESIAS, explanation facility concept (Davis) and 
EMYCIN, first sliell (Van Melle, Shortliffe and Buchanan) 
HEARSA Y TI, blackboard model of multiple cooperating experts 

1975 Frames knowledge representation (Minskv) 
1976 AM (Artificial Mathematician) creative discovery of math concepts (Lenat) 

Dempster-Shafer Thcory of Evidence for reasoning under uncertainty 
Work begun on PROSPECTOR expert system for-mineral exploration (Duda, 
Hart e t. al.) 

1977 OPS expert svstem shcll(Forgy), used in XCON/R1 
1978 Work started on XCON/Rl (McDermott, DEC) to configure DEC computer 

systems 
Meta-DENDRAL, metarules and rule induction (Buchanan) 

1979 Rete Algorithm for fast pattem matching (Forgy) 
Commercialization of Al begins 
Inference Corp. formed (releases ART expert system tool in 1985) 

1980 Symbolics, LMI founded to manufacture LISP machines 
1982 SMP math expert system; Hopfield Neural Net; Japanese Fifth Generation 

Project to develop intelligent compuiers 
1983 KEE expert system tool (IntelliCorp) 
1985 CLIPS expert svstem tool (NASA) 

Table 1-2 
Sorne Importan! Events in the History of Expert Systems 
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IF the car doesn't run and 
the fuel gauge reads empty 

THEN fill the gas tank 

,, ..... . 
Newell and Simon popularized the use ofrules to fép~ent human knowledge and 

showed how reasoning could be done with rules. Cogrii.ti~e psyc hologists ha ve used 
rules as a model to explain human information processing:' Tbe b.tSic idea is that sen­
sory input provides stimuli to the brain. The stimuli til.gger the appropriate rules of 
long-term memory which produce the appropriate response. L<'ng-term memory is 
where our knowledge is stored. For example, we al! bave rules sucl1 as 

IF there is flame THEN there is a fire 
IF there is smoke THEN there may be a fire 
IF there is a siren THEN there may be a fire 

Notice that the last two rules are not;expressed with complete certainty. Tbe fue may 
be out, but there may still be smoke in the air. Likewise, a siren does not prove that 
tbere is a tire since it m ay be. a false alarm. The stimuli of seeing flames, smelling 
smoke, and hearing a siren will trigger tbese and similar types of rules. 

Long-term memory consists of many rules having the simple IF TifEN structure . 
•.• fact, a Grand Master chess expert may know 50,000 or more chunks of knowledge 
about chcss pattems. In contras! to the long-term memory, the short-term memory 
is used for the temporary storage of knowledge during problem solving. Although 
long-term memory can hold hundreds of thousands or more chunks, the capacity of 
working memory is surprisingly small--4 to 7 chunks. As a simple example of thi~, 
try visualizing sorne numbers in your mind. Most peoplc can only see 4 to 7 numbers 
at once. Of course we can memorize many more than 4 ·to 7 numbers. However, !hose 
numbers are kept in long-term memory. . . • · 

Onc theory proposes that short-term memory represents tbe number of chunks that 
simultaneously can be active and considers human problcm-solving as a spreadlng of 
these activated chunks in th·~ mind. Eventually, a chunk.may be activated with such 
intensity that a conscious thought is generated and you say to yourself, "Hmm .. 
something's burning." 

The other element necessary for human-problem solving is a cognitive 
processor. The cognitive processor tries to find the rules that will be activated by 
the appropriate stimuli. Not just any rule will do. For example, you w.ouldn't want to 
fill your gas tank every time you heard a siren. Only a rule which matchcd the stimuli 
would be activated. If there are multiple rules tbat are activated at once, tbe cognitive 
processor mus! perform a conflict resolution to decide which rule has highest priority. 
The rule with highest priority will be executed. for example, if both of the following 

es are activated 

IF there is a fire THEN leave 
IF my clothes are burning THEN put out the fire 

'"' oL 

-· '• 
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then the actions of one rule will be executed before the other. The inference · ne 
of modem expert systems corresponds to the cognitive processor. 

The Newell and Simon model of human problem-solving in terms of long-term 
memory (rules), short-term memory (working memory), and a cognitive processor 
(inference engine) is the basis of modem rule-based expert systems. 

Rules like these are a type of production system. Rule-based production sys­
tems are a popular method of implementing expert systems toda y. The individual rules 
that comprise a production system are the production rules. In designing an expert 
system, an importan! factor is the amount of knowledge or granularity of the rules. 
Too little granularity makes it difficult to understand a rule without reference to other 
rules. Too much granularity .. 1flakes the expert system difficult to modify since severa! 
chunks of l:nowledge are intermingled in one rule. · 

Until the mid-sixties, a major quest of Al was to produce intelligent systems that 
relied little on domain knowledge and g'reatly on powerful methods of reasoning. E ven 
the name General Problem Solver illustrates the concentration on machines that were 
not designed for one specific. domain but were intended to sol ve many types of prob­
lems. Although the methods of reasoning used by general problem solvers were very 
powerful, the machines were eterna! beginners. When presented with a new domain, 
they had to discover everything from first principies and were not as good as human 
experts who relied on domain knowledge for high performance. 

An example of the power of knowledge is playing chess. The best chess players 
are humans despite the fact that computers are much fa~:ter than people in doing :u­
lations. Studies have shown (Chase 73) that human expert chess players do not nave 
super powers of reasoning but instead re! y on knowledge of chesspiece pattems built up 
over years of play. As mentioned previously, one estimate places an expert chess 
player's knowledge at about 50,000 pattems. Humans are very good at recognizing pat­
tems such as pieces on a chessboard. Instead of trying tg reason ahead ten or twenty 
possible moves for every piece as a computer might, the human analyzes the game in 
terms of pattems that reveal long-term threats while remaining alert for short-terrn 
surprise moves. 

While domain knowledge is very powerful, it is generally limited to the domain. 
For exainple, a person who becomes an expert chess player does not automatically 
become an expert at solving math problems or even a checkers expert. While sorne 
knowledge m ay carry over to another domain, such as careful planning of moves, this 
is a skill rather than genuine expertise. 

By the early seventies, it became apparent that domain knowledge was the key to 
building m achine problem-solvers that could function at the leve! of human experts. 
Although methods of reasoning are importan!, studies have shown that experts do not 
primarily rely on reasoning for problem-solving. In fact, reasoning may play a minor 
role in an expert's problem solving. Instead, experts rely on a vast knowledge of 
heuristics and experience that they have built up over the years. If an expert cannot 
sol ve a problem based on expertise, then it is necessary for the expert to reasor "-om 
first principies and theory (or more likely ask another expert). The reasoning at of 
an expert is generally no better than that of an average person in dealing with a totally 
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unfamiliar situation. The early attempts at building powerful problem-solvers based 
only on reasoning have shown that a problem-solver is crippled if it must rely solely 
on reasoning. 

The insight that domain knowledge was the key to building real-world problem 
solvers Ied to the succes~ of expert systems. 1be successful expert systems today are 
thus knowledge-based ex¡ ert systems rather than general problem solvers. In addition, 
the same technology that ed to the developmcnt of expert systems has also Ied to the 
development of knowlec ge-based systems that do not necessarily contain human 
expertise. 

While expertise is cousidered knowledgc that is specialized and known only to a 
few, knowledge is general! y found in books, periodicals and other widely available 
resources. For example, the kllowledge of how to sol ve a quadratic equation or perform 
integration and differentiation is widely available. Knowledge-based computer programs 
such as MACSYMA and SMP are available to perfom1 automatically these and many 
other mathematical operati.ons on either numeric· :o¡. symbolic operands. Other 
knowledge-based programs may perform process control of manufacturing plants. 
Today the terms knowledge-based programming and expert systems are oftcn 
used synonymously. In fact, cxpert systcms is now considcrcd an alterna ti ve 
programming model or paradigm to conventiunal algorithmic programming. 

he Rise of Knowledge-based Systems 

With the acceptance of the knowledge-based paradigm in the 1970's, a number of suc­
cessful prototype expert systems were created. These systems could interpret mass 
spectrograms to identify chemical constituents (DENDRAL), diagnose illness 
(MYCIN), analyze geologic data for oil (DIPMETER) and minerals (PROSPECTOR), 
and configure computer systems (XCON/Rl). The ncws that PROSPECTOR had dis­
covered a mineral deposit worth $100 million dollars and that XCON/Rl was saving 
Digital Equipment Corporation (DEC) millions of dollars a year triggered a sensational 
interest in the new expert systems technology by 1980. The branch of Al that had 
started off in the 1950's as a study of human information processing had now grown to 
achieve commercial success by the development of practical programs for real-world 
use. 

The MYCIN expert system was very imprrtant for several reasons. First, it 
demoustrated that Al could be used for practical re: 1-wórld problems. Secoud, MYCIN 
was the testbed of new concepts such as the expJa, ·atioo facility, autol!latic acquisition 
of knowledge, and intelligent tutoring that are fr md in·a number of expert systems 
today. The third reason that MYCIN was imp 1rtant "is that it demonstrated the 
feasibility of the expert system shell. 

Previous expcrt systcms such as DENDRA _ were one-of-a-kind systcms in 
·hich the knowledge-base was int'crmingled with he software that applied the knowl­
Jge, the inference engine. MYCIN explicitly sep ratcd the knowledge-base from the 

inference engiue. This was extreme! y importan! tu the development of expert systcm 
technology sincc it meant that the essential corc of thc expert system could be reuscd. 

, 
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That is, a new expert system could be built much more nlpidly than a DENDRAI ! 

system by emptying out the old knowledge and putting in knowledge about the •• .-w 
domain. The part of MYCIN that dealt with inference and explanation, the shell, could 
then be refilled with knowledge about the new system. The shell produced by removing 
the medica! knowledge of MYCIN was called EMYCIN (Essential or Empty MYCIN). 

By the late seventies, the three concepts that are basic lo most expert systems 
today had converged, as shown in Figure 1-5. These concepts are rules, the shell, and 
knowledge. , . 

Production Rules 
To Model Human 
Problem Solving 

'; : 
Separation of Knowledge 
.. · .. and Inference Engine 

· · The Shell · 
: :: :'1 ~~: ¡ 

EXPERT SYSTEMS 

Figure 1-5 

Knowledge As the·. 
Key To Expertise 

Convergence OfThree Importan! Factors To Create 
· The Modem Rule-based Expert System 

By 19:10 new companies started to bring expert systems out of the university 
Jaboratory : nd produce commercial.products. Powerful new software for expert system 
developmeut was introduced such as the Automated Reasoning Too! (ART) by the 
Inference Corp., the Knowledge Engineering Too! (KEE) by IntelliCorp, and 
Rulcmaster by Radian Corp. In addition, spccialized new hardware was developed to run 
the software with greater speed than ever before. Companies such as Symbolics and 
LMI introduced computers referred toas LISP machines because they were designed for 
LISP, the underlying base Janguage of thc expert systems development software. In 
LISP machines, the native assembly I:,nguage, operating system, and al! other 
fundamental code were done in USP. 

CLIP S 

Unfortunately, this high technology al so e Jmmanded a high price. While a single-user 
LISP machine was much more powerful ard productive than a general purpose machine 
running LISP, the single-user m achine anc a single-user software license costa tot· · f 

$100,000. Establishing an Al lab with a 'mlf-dozen programmers could easily t 

half-million dollars. 
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These objections were overcome in the mid-80's by the introduction of powerful 
development software such as eLIPS by NASA. eLIPS is written in e for speed and 
portability, and also uses a powerful pattem matching called the Rete Algorithm. 
CLIPS is free to Government users and Govemment contractors. The cost to other 
users is $312 (as of 1988) which includes the complete 25,000 lines of eLIPS source 
code. 

Any C compiler that supports the standard Kernigan and Richie e language can be 
uscd to install eLIPS. eLIPS has been installed on the IBM PC and compatibles, 
V AX, Hewlett-Packard, S un, eray and many other mall:es Ú computers. A version for 
the Macintosh is also available that supports the full Macintosh interface with 
pull-down windows and mouse support. The speed of .CLIPS on a 80386 or 68020 
microcomputer is compatible with the state-of-the-art LiSP~based development software 
and LISP machines. · :: '': 

1.7 EXPERT SYSTEMS APPLICATIONS AND DOMAINS 

Conventional computer programs are used to sol ve many types of problems." Gencrally, 
thcse problems have algorithmic solutions that Iend themselves well to conventional 

1grams and programming languages such as FOR1RAN, Pascal, Ada, and so on. In 
.my application arcas such as business and engineering, numeric calculations are of 

primary importance. By contras!, expert systems are primarily designed for symbolic 
rcasoning. 

Whilc languages such as LISP and PROLOG are also used for symbolic 
manipulation, they are more general purpose than expert system shells. This does no~ 
mean that it is not possible to build expert systems in LISP and PROLOG. In fact, 
many expert systems have been built with PROLOG and LISP. PROLOG especially 
has a number of advantagcs for diagnostic systems because of its built-in backward 
chaining. Rather, it is more convenient and efficient to build large expert systems with 
shclls and utility programs specifically designed for expert system building. Instead of 
"rc-inventing the whccl" cvery time a new expert system is to be built, it is more effi­
cicntto use specialized tools designed for expert system. building than general purpose 
tools. 

Applicntions of Expert Systems 

E~pert systcms havc bcen applied to virtually cvery field of knowledge. Sorne have 
bccn designcd as rcscarch tools while others fulfill importan! business and industrial 
functions. Onc cxamplc of an cxpert systcm in routine business use is the XeON sys­
tcm of Digital Equipmcnt eorp. (DEC). The XCON system (originally callcd Rl) was 

vclopcd in conjunction with John McDcnnott of eamegie-Mcllon University . 
.• CON is an expert configuring system for DEC computer systems (McDennott 84). 

Thc configura! ion of a computer systcm mcans that whcn a customer places an 
ordcr, al! the right parts-software, hardware, and documentation-are supplied. For 
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Jarge systems, the custome(s system is set up or configured at the factory and r 1 to 
insure that it meets the customer's requirements. Unli.ke the purchase of a TV • ..>r a 
borne computer, there aré;Jñiioy options and interconnections possible with a large 
computer system. In puttin&:together a Jarge system, it's not enough to just ship the 
requested number of Cfq's, disk drives, terminals and so forth. The proper 
interconnections and cabUng .. must also be supplied and the system checked to verify 

• ' • J. 

that it is working correctly. • 
The XCON system is probably one of the most successful expert syste~s in rou­

tine use and saves DEC millions of dollars a year, reduces time to configure an order, 
and improves the accuracy of an order. XCON can configure an average order in about 
two minutes, which is fifteen times faster !han a human. Also, while the humans con­
figured orders correctly 70% of the time, XCON has an accuracy of 98%. These are 
importan! concems since configuring a complex computer system at the factory 
involves considerable effort. It is very expensive to configure a system partially and 
then find out the system cannot meet the customer's requirements or that other compo­
nents are needed and shipment will be delayed until the parts arrive . 

. Hundreds of expert systems have been built and reponed in computer joumals, 
books, and conferences. This probably represents only the tip of the iceberg since many 
companies and military organizations will not report their systems because of propri­
etary or secret knowledge contained in the systems. Based on the systems described in 
the open Iiterature, certain broad classes of expert systems applications can be 
discemed, as shown in Table 1-3. 

Class Genera/Area 
Configuration Assemble proper components of a system in the proper way. 
Diagnosis lnfer underlying problems based on observed evidence. 
Instru cti on Intelligent teaching so that a student can ask W lzy, H ow and 

What lftype questions just as if a human was teaching. 
Interpretation Expl ain observed data. 
Monitoring Compares observed data to expe'cted data to judge performance. 
Planning Devise actions to yield a desired outcome. 
Prognosis Predict the outcome of a given situation. 
Remedy Prescribe treatment for a problem. 
Control Regulate a process. May require interpretation, diagnosis, 

monitoring, planning, prognosis, and remedies. 

Table 1-3 
Broad Classes ofExpert Systems 

Examples of sorne expert systems are shown in Tables 1-4 through 1-9 (Waterman 
86), and in the H.storical Bibliography at the end of the chapter. 



.· .. 
. ! :· ; ~-- :, 

Expert Systems: 
::i;} 

Principies. árid Programming 

·>!-:-· 

N ame Chemistrv 

CRYSALIS Interpreta protein's 3-D structure 
DENDRAL Interpret molecular structure 
TQMS11JNE Remedy Iriple Quadruple Mass Spectrometer (keep it tuned) 
CLONER Design new biological molecules 
MOLGEN Design gene-cloning experiments 
SECS 
SPEX 

Design complex organic molecules 
Plan molecular biolOQV exoeriments 

N ame 

ACE 
IN-ATE 
NDS 
EURISKO 
PALLADIO~ 

REDESIGN· 
CADHELP 
SOPHIE 

N ame 

PUFF 
VM 
ABEL 
AI/COAG 
AI/RHEUM 
CADUCEUS 
ANNA 
BLUEBOX 
MYCIN 
ONCOCIN 
ATTENDING 
GUIDO N 

Table 1-4 
Chemistry Expert Systems 

E/ectronics 

Diagnosis telephone network faults 
Diagnosis oscilloscope faults 
Diagnose national communication net 
Dcsign 3-D microelectronics 
Design and test new VLSI circuits 
Redesign digital circuits to new 
Instruct for computer aided design 
Instruct circuit fault di<úmosis 

Table 1-5 
Electronics Expert Systems 

Medicine 

Diagnosis lung disease 
Monitors intensive-care patients 
Diagnosis acid-base/electrolytes 
Diagnosis blood disease 
Diagnosis rheumatoid disease 
Diagnosis interna! medicine disease 
Monitor digitalis therapy 
Diagnosis/remedy depression 
Diagnosis/remedy bacteria! infections 
Remedy/manage chemotherapy patieñts 
Instruct in anesthetic management 
Instruct in bacteria! infections 

Table 1-6 
Medica! Expert Systems': ·: 

: ••. ! 
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N ame 
REACTOR 
DELTA 
STEAMER 

N ame 
DIPMETER 
LITIIO 
MUD 

EnRineerinR 
Diagnosis/remedy reactor accidents 
Diagnosis/remedy GE locomotives 
lnstruct ooeration - steam oowerolant 

Table 1-7 
Engineering Expert Systems 

GeoloRV 
Interpret dipmeter logs 
Interpret oil welllog data 
Diagnosis/remedy drilling problems 

PROSPECfOR Interpret l!eolo!!ic data for minerals 

N ame 
PTRANS 
BDS 
XCON 
XSEL 
XSITE 
YES/MVS 
TIMM 

' 

-· , .. ,. Table 1-8 
. ·: ,,.peology Expert Systems 

. ' 

Comvuter Svstems 
· Prognosis for managing DEC computers 
· Diagnosis bad parts in switching net 
Configure DEC computer systems 
Configure DEC computer sales order 
Conligure customer si te for DEC computers 
Mon tor/control IBM MVS operating system 
Dia~nosis DEC comouters 

Table 1-9 
Cor,Iputer Expert Systems 

Appropriate Domains for Expert Systems 

Before starting to build an expert system, it is essential to decide if an expert system is 
the appropriate paradigm. For example, one concem is whether an expert system should 
be used instead of an altemative paradigm such as conventional programming. The 
appropriate domain for an expert svstem depends on a number of factors. 

• Can the problem be so/ved effective~ by conventional programming? If the 
answer is yes, then an expert system is not the best choice. For example, consider 
the problem of diagnosing sorne equipment. If a1I the symptoms for a1I malfunc­
tions are known in advance, then a sinlple table Iookup or decision tree of the fault 
is adequate. Expert systems are best suited for situation~ in which there is no effi­
cient algorithmic solution. Such cases are calleé! ill-structured problen ad 
reasoning may offer the only hope of a good solution. 
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As an example of an ill-structured problem, consider the case of a person who is 
thinking about travel and visits a travel agent. While most people have a destination 
and plans, there are exceptions. Table 1-10 lists sorne characteristics of an ill-structured 
problem as indicated by the person's responses to the travel agent's questions. 

Travel A¡¡ent's Questions · Responses 
Can 1 help you? I'm thinking about going somewhere 
Where do you want to go? I'm not sure where to go 
Any particular dcstination? 1 just like to travel; ·Jestination's not importan! 
How much can you afford? 1 don't have enough money to go 
Can you get sorne money? 1 don't know how ·lo get the money 
When do you want to go? 1 must go soon 

Table 1-10 
An Example of an 111-structured Problem 

Although this is probably an extreme case, it docs illustratc the basic concept of an 
ill-structured problem. As you can sec, an ill-structured problem would not lend itsclf 
well toan algorithmic solution because there are so many possibilities. 

In dealing with ill-structured problems, there is a danger in that the expert system 
,sign may accidentally mirror an algorithmic solution. That is, the development of the 

cxpert system may unknowingly discover an algorithmic solution. A clue that this has 
happened occurs if a solution is found that requires a rigid control structure. That 
is, the rules are forced to execute in a certain sequence by the knowledge engineer 
explicitly sening the priorities of many rules. Forcing a rigid control structure on tbe 
expert system cancels a major advantage of expert system technology, which is dealing 
with unexpected input that does not follow a predetermined pattern (Parrello 88). That 
is, expert systems react opportunistically to their input, whatever it is. Conventional 
programs generally expect input to follow a certain sequence. An expert system with a 
lot of control often indicates a disguised algorithm and may be a good candidate for 
recoding as a conventional program. 

Is the domain well-bounded? It is very important'IO have well-defined limits on 
what the expert systcm is expected to know andy;hat its capabilities should be. 
For example, supposc you wanted to create an expert system to diagnose 
headaches. Ccrtainly mcdical knowledge of a physician would be put in the 
knowledge-base. Howcver, for a deep understanding of headaches, you might also 
put in knowledge about neurochemistry, then its paren! arca of biochemistry, then 
chemistry, molecular biophysics, and so forth perhaps down to subnuclear physics. 
Othcr domains su eh as biofeedback, psychology, psychiatry, physiology, cxcrcise, 
yoga, and stress management may also have pertinent knowledge about headaches. 
The point of all this is-when do you stop addinr domains? The more domains, 
the more complex the expert system becomes. 

j 
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In particular, t11e task of coordinating all the expertise becomes a major task. 1 
real world, we know from experience how <jifficult it is to have coordinated team, of 
experts working ou problems;-especially when they come up with conflicting recom· 
mendations. If we knew how to program well the coordination of expertise, then we 
could try prograrn•ning an e.xpeit system to have the knowledge of multiple experts. 
Attempts ha ve bee[J made to ·cóordinate multiple expert systems in the HEAR~A Y 11 
and HEARSA Y lil systems. However, it is a complex task that should be viewed more 
as research rather tl1an producing a deliverable expert system product. 

• ls there a neeJ anda desire for an expert system? Although it's great experience to 
build an expe1t system, it's rather pointless if no one is willing to use it. If there 
airead y are m: ny human experts, it's difficult to justify an expert system based on 
!he reason of ~caree human expertise. Also, if the experts or users don't want the 
system, it will not be accepted even if there is a need for it. 

Management especially mus! be willing to support the system. This is even more 
critica! for expert systems th3[] conventional prograrns because expert systems is a new 
technology. This means that there are few experienced people and more uncertainty 
about what can be accomplished. However, !he area of expert systems deserves more 
support bccause it attempts to solve the problems that cannot be done by conventional 
programming. The risks are greater but so are the rewards. 

• 

• 

Is there at /ea.rt one human expert who is willing to cooperate? There mus! be an 
expert who is willing, and preferably enthusiastic, about the project. Not al! 
experts are willing to have their knowledge examined for faulL~ and then pul into a 
computer. E ven if there are m u! tiple experts willing to cooperate in the develop­
ment, it might be wise to limit the number of experts-~nvolved in development. 
Different expcrts may have different ways of solving a problem, such as requesting 
different diagnostic tests: Sometimes, they m ay even reach different conclusions. 
Trying to code multiple methods of problem-solving in one knowledge-base may 
create interna! conflicts and incompatibilities. 

Can the expen e.,plain the knowledge so that it is understandable by the knowledge 
engineer? Ev ~n if the expert is willing to cooperate, there m ay be difficulty in 
expressing the knowledge in explicit terms. As a simple example of this difficulty, 
can you expl:.in in words how you move a finger? Although you could say it's 
done by cont1 acting a muscle in the finger, the next question is-how do you 
contrae! a fin:~er muscle? The other difñculty in communication between expert 
and knowledg,! cngineer is that the knowledge engineer doesn't know the technical 
terms of the e.{pert. This problem is particular! y acute with medica! terminology. 
It may take a year or Ionger for !he knowledge engineer to even understand what 
the expert is talldng about, let alone translate that knowledge into exr·· 't 
computer code. 
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• ls the problem-solving knowledge mainly heuristic and·uncertain? Expert systems 
are appropriate when the expert's knowledge is Jargely heuristic and uncertain. That 
is, the knowledge may be based on experience, called experiential knowledge, 
and the expert may have to try various approaches in case one doesn't work. In 
other words, the expert's knowledge may be a trial-and-error approach, rather than 
one based o.n Iogic and algorithms. However, the expert can still sol ve the problem 
faster tban someone else who is not an expert. This is a good application for 
expert systems. If the problem can be sol ved simply by Iogic and algorithms, it is 
best sol ved by a conventional program. 

1.8 LANGUAGES, SHELLS AND TOOLS 

A fundamental decision in defining a problem is deciding how best to model it. Sorne­
times experience is available to aid in choosing tbe best paradigm. For example, 
experience suggests that a payrol~ is best done using conventional procedural 
programming. Experience also suggests that it is preferable to use a commercial 
package, if available, rather than writing one from scratch. A general guide to selecting 
a paradigm is to consider the most traditional one first;-:-eonventional programming. 

reason for doing this is because of the vast amount. of experience we have with 
~ntional programming and the wide variety of comni"ercial packages available. If a 

problem cannot be effectively done by conventional programming, then tum to 
non-conventional paradigms sucb as Al. 

Although expert systems is a branch of Al, there are specialized languages for 
expert systems that are quite different from the commonly used Al languages such as 
LISP and PROLOG. While many others bave been developed, such as IPL-Il, SAIL, 
CONNIVER, KRL and Smalltalk, few are widely used except for research (Scown RS). 

An expert system language is ·a higher order language than Ianguages like LISP or 
C because it is easier todo certain things, but there is also a smaller rangc of problems 
that can be addressed. That is, the specialized nature of expert system languages m akes 
them very suitable for writing expert systems but not for g( neral purpose program­
ming. In many situations, it is even necessary to exit temporarily from an e:cpert 
system language to perform a function in a procedurallanguage. 

The primary functional difference hetween expert system languages and procedural 
languages is the focus of representation. Procedural languages focus un providing 
flexible and robust teclmiques to represen! data. For exantple, data stru~tures such as 
arrays, records, linked lists, stacks, queues, and trees are easily created and manipulated. 
Modem languages such as Modula-2 and Ada are designed to aid in data abstraction 
by providing structures for encapsulation such as modules and packages. This provides 
a leve! of abstraction which is then implcmentcd by methods such as operators ami 

-oi statements to yield a program. The data and methods to manipulate the data are 
• _ .Jy interwoven. In contras!, expert system Ianguages focus on providing flexible 
and robust ways to represen! knowledge. The expert systém.paradigm allows two le veis 
of abstraction: data abstraction and knowledge abstraction. Expert system 

,. 

·> 
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Ianguages specifically sepai"ate·the data from the methods of manipulating the dat 11 

example of this separation•is ·that of facis (data abstraction) and rules (knowleuge 
abstraction) in a rule-based expert system language. 

1bis difference in focus also Ieads to a difference in program design methodology. 
Because of the tight interweaving of data and knowledge in procedurallanguages, pro­
grammers mus! carefully describe the sequence of execution. However, the explicit 
separation of data from knowledge in expert system languages requires considerably less 
rigid control of execution sequence. Typically, an entirely separate piece ofcode, the 
inference engine, is used to apply the knowledge to the data. This separation of 
knowledge and data allows a higber degree of parallelism and modularity. · 

In choosing a language, a basic question should be whether the problem is knowl­
edge or intelligence intensive. Expert systems .rely on a great de al of specialized 
knowledge or expertise to solve a problem, while Al emphasizes a problem solving 
approach. Expert systems often rely on a pattem matching within a restricted knowl­
edge domain to guide their execution while Al generally concentrates on searching 
paradigms in less restricted domains. 

The customary way of defining the nced for an expert system program is to decide 
if you want to program the expertise of a human expert. If such an expert exists and 
will cooperate, then an expert system approach may be successful. 

The road to selecting an expert system language is paved with confusion. A few 
years ago the choice of an expert system language was fairly straightforward. Tl,•re 
were only about a half-dozen languages available, and they were generally free ore 1 

nominal amount from the universities wherc they were developed. 
However, with the explosive commercial growth in the expert systems field since 

the 1970's, the selection of a language is no Ionger so simple. Today thcre are dozens 
of languages available ranging in price up to $75,000. While it is still possible to 
obtain sorne of the older languages such as OPS5 free or at a nominal cost from the 
universities where they were developed, there is a price to pay in terms of efficiency, 
lack of modem features and support. 

Be si des the confusing choice of the many languages available toda y, the terminol­
ogy used to describe the languages is confusing. Sorne vendors refer to their products as 
"tools," while others refer to "shells" and still others talk about "integrated 
environments". For clarity in this book, the terms will be defined as follows: 
• language: A translator of commands written in a specific syntax. An expert sys­
tem language will also provide an inference engine to execute the statements of the 
language. Depending on the implementation, the inference engine may provide forward 
chaining, backward chaining, or both. Under this language definition, LISP is not an 
expert system language while PROLOG is. However, it is possible to write an expert 
system language using LISP, and write Al in PROLOG. For that matter you can even 
write an expert system or Al language in assembly language. Questions of develop­
mcnt time, convenience, maintainability, efficiency and specd determine what language 
software is written in. 
• · too!: A language plus associated utility programs to facilitate the developn . 
debugging, and delivery of application programs. Utility programs may include text and 
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graphics editors, debuggers, file management, and even code generators. Cross assem­
blers may also be provided to port the developed cod¡; to different hardware. For 
example, an expert system may be developed on a Dig¡tal. Equipment Corp. V AX and 
then cross-assembled to run on a Motorola 68000. Sorne tools may even allow the use 
of different paradigms such as forward and backward ch;rlñing in one application. 

In sorne cases, a too! may be integrated with al! lts ~tility programs in one envi­
ronment to present a common interface to the user. This' ápproach minimizes the need 
for the user lo Ieave the environment to perform a task: For example, a simple too! 
may not provide facilities for file management and so a user would have lo exit the too! 
to give operating system commands. An integrated environment allows easy exchange 
of data between utility programs in the environment. Sorne tools do not even require 
the user lo write any code. Instead, the too! allows a user lo enter knowledge by exam­
ples from tables or spreadsheets and generate the appropriate code itself. 

shell: A special purpose too! designed for certain types of applications in which 
the user must only supply the knowledge base. The classic example of this is the 
EMYCIN (empty MYCIN) she!L This shell was made by removing the medica! 
knowledge base of the MYCIN expert system. 

MYCIN was designcd as a backward chaining systcm to diagnose discase. By sim­
ply removing the medica! kriowledge, EMYCIN was made which could be used as a 

ell lo contain knowledge about other kinds of consultative systems which use back­
,fard chaining. The EMYCIN shell demonstrated the reusability of the essential 
MYCIN software such as the inference engine and user interface. This was a very 
importan! step in the development of modero expert system technology because it 
meant that an expert system would not have to be built from scratch for each new 
application. 

Thcre are many ways of characterizing expert systems such as represcntation of 
knowledge, forward or backward chaining, support of unccrtainty, hypothetical reason­
ing, explanation facilities and so forth. Unless a person has built a number of expe.rt 
systems, it is difficult lo appreciate all of these fcatures, .especial! y those found in the 
more expensive tools. The best way to learn expert systems technology is to devclop a 
number of systems with an easy-to-lcarn language and then invcst in a more 
sophisticated too! if you need its features. 

1.9 ELEMENTS OF AN EXPERT SYSTEM 

The elements of a typical expert system are shown in Figure 1-6. In a rule-based sys­
tem, the knowledgc base contains the domain knowledge needed to solve problems 
coded in the form of rules. While rules are a popular paradigm for represcnting knowl­
edge, other types of expert systems use diffcrcnt rcprcscntations, as discusscd in 

mpter 2. 

:.1 
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Structure of a Rule-Based Expert System 

An expeJt system consists of the following components: 

• user imerface - the mechanism by which the user and the expert system 
communicate. 

• explanation facility - explains the reasoning of the system to a user. 
• working memory - a global database of facts used by the rules. 
• inference engine -malees inferences by deciding which mies are satisfied by 

facts, prioritizes the satisfied rules, and executes the rule with the highest priority. 
• agenda - a prioritized Iist of rules created by the inference engine, whose patterns 

are satisfied by facts in working memory. 
• knowledge acquisition facility - an automatic way for the user to enter 

knowledge in the system rather than by having the knowledge engineer explicitly · 
code the knowledge. 

The knowledge acquisition facility is an an optional feature on many systems. In 
sorne expert system tools Iike. KEE and First Class, the too! can leam by rule induc­
tion through examples and automatically generate rules. However, the examp!f 
general! y from tabular or spreadsheet type data better suited to decision trees. Ge. ~ 
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rules constructed by a knowledge engineer can be much more complex than the simple 
rules from rule induction. 

Depending on the implementation of the system, the user interface may be a sim­
ple text-oriented display or a sophisticated high-resolution, bit-mapped display. This 
high-resolution display is commonly used to simulate a control panel with dials and 
displays. 

The knowledge base is also called the production memory in a rule-based 
expert system. As a very simple exruvple, consider the problem of deciding to cross a 
street. The productions for the two rules are as follows, where the arrows mean that the 
system will perform the actions on the right of the arrow if the conditions on the left 
are true. 

the light is red --+stop 
the light is green --+ go 

: ~ '( ; ~ .. ;-· 

The production rules can be expressed in an equivalént pseudocode IF THEN 
format as: 

Rule: Red_light 
IF 

the light is red 
THEN 

stop 

Rule: Green _light 
IF 

the light is green 
THEN 

go 

E 1ch rule is identified by a name. Following the name is thc IF pan of the· rule. The 
se ction of the rule between the IF and THEN part of the rule is called by various names 
such as the anteceden!, conditional part, pattern part or left-hand-side 
(LHS). The individual condition 

the light is green 

is called a conditional element or a pattern. 
Sorne examples of rules from real systems are: 

MYCIN system for diagnosis of meningitis and 
bacteremia (bacterial infections) 
IF 

The site of the culture is blood, and 
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THEN 

!.. '.. .:: 

The identity of the organism is no: known with 
certainty.,: and 

The stain of.:the organism is gramneg, and 
The morphology of the organism is rod, and 
The patient has been seriously burned 

There is weakly suggestive evidence (.4) that the 
identity of the organism is pseudomonas 

XCON/Rl for configuring DEC VAX computer systems 
IF 

THEN 

The current context is assigning devices to 
Unibus modules and 

There is an unassigned dual-port disk drive and 
The type of controller it requires is known and 
There are two such controll~rs, neither of which 

has any devices assigned to it, and 
The number of devices that these controllers can 

support is known 

Assign the disk drive to each of the controller~ 
and 

Note that the two controllers have been 
associated and that each supports one drive 

In a rule-based system, the inference engine determines which rule antecedents, if 
any, are satisfied by the facts. Two general methods of inferencing are comrnonly used: 
forward chaining and backward chaining as the problem solving strategies of 
expert systems. Other methods used for more specific needs may include means-ends 
analysis, problem reduction, backtracking, plan-generate-test, hierarchical planning and 
the Ieast commitment principie, and constraint handling. 

Forward chaining is reasoning from fact~ to the conclusions resulting from those 
facts. For example, if you see that it is raining before Ieaving borne (the fact), then you 
should take an umbrella (!he conclusion). 

Backward chaining involves reasoning in reverse from a hypothesis, a potential 
conclusion to be proved, to the facts which support the hypothesis. For example, if 
you have not looked outside and someone enteis with wet shoes and an umbrella, your 
hypothesis is that it is raining. In order to support this hypothesis, you could ask the 
person if it was raining. If the response is yes, then the hypothesis is proven true and 
becomes a fact. As mentioned before, a hypothesis can be viewed as a fact whose truth 
is in doubt and needs to be established. The hypothesis can then be interpreted as a r· 
to be proven. 
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Depending on the design, an inference engine will do. either forward or backward 
chaining. Por example, OPS5 and CLIPS are designed for forward chaining while 
EMYCIN performs backward chaining. Sorne types of inference engines, such as ART 
and KEE, offer both. The choice of inference engine depends on the type of problem. 
Diagnostic problems are better sol ved with backward chaining while prognosis, moni-

.. toring and control are better done by forward chaining. 
The working memory may contain facts regarding the curren! status of the traffic 

light such as "the light is green" or "the light is red". Either or both of these facts may 
be in working memory at the same time. If the traffic light is working normally, only 
one fact will be in memory. However, it is possible that both facts m ay be in working 
memory if there is a malfunction in the light. Notice the difference between the 
knowledge base and working memory. Pacts do not interact with one another. The fact 
"the light is green" has no effect on the fact "the light is red". Instead, our knowledge 
of traffic lights says that if both facts are simultaneously present, then there is a 
malfunction in the light. 

If there is a fact "the light is green" in working memory, the inference engine will 
notice that this fact satisfies the conditional part of the green light rule and pul this rule 
on the agenda. If a rule has multiple patterus, then al! of its patterns must be simulta­
neously satisfied for the rule to be placed on the agenda. Sorne patterns may even be 

· ~sfied by specifying the absence of certain facts in working memory. 
A rule whose patterns are all satisfied is said to be activated or instantiated. 

Multiple activated rules may be on the agenda at the same time. In this case, the infer­
ence engine must select one rule for firing. The term firing comes from 
Neurophysiology, the study of the nervous system. An individual nerve cell or neuron 
emits an electrical signa! when stimulated. No amount of further stimulation can caus~ 
the neuron to fire again for a short time period. This phenomenon is called refraction. 
Rule-based expert systems are built using refraction in order to preven! trivialloops. 
That is, if the green light rule kept firing on the same fact over and over again, the ex­
pert system would never accomplish any useful work. 

V arious methods have been invented to pro vide refraction. In one type of expert 
system language called OPS5, each fact is given a unique identifier called a timetag 
when it is entered in working memory. After a rule has frred on a fact, the inference 
engine will not fire on that fact again because its time stamp has been used. 

Pollowing the THEN part of a rule is a list of actions to be executed when the 
rule fires. This part of the rule is known as the consequent or right-hand side 
(RUS). When the red light rule fires, it's action "stop" is executed. Likewise, when the 
green light rule fires, it's action is "go". Specific actions usually include the addition or 
removal of facts from working memory or printing results. The format of these actions 
depends on the syntax of the expert system language. Por example, in OPS5, ART, 
and CLIPS, the action to add a new fact called "stop" to working memory would be 

·ert stop). Because of their LISP ancestry, these languages were designed to require 
,. .... entheses around patterns and actions. 

The inference engine operates in cycles. V arious names ha ve be en given to 
describe the cycle such as recognize-act cycle,. select-execute cycle, 
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situation-response cycle, and situation-action cycle. By any name 1 

cycle, the inference engine will repeatedly execute a group of tasks until certain crí¡,_,¡a 
cause execution to cease. The tasks of a cycle for OPS5, a typical expert system shell, 
are shown in the following pseudocode as conflict resolution, act, match, and 
check for halt. 

WHIT...E not done 
Conflict Resolution: If there are activations, then select the <me with 

highest priority else done. 
Act: Sequentially perform the actions on the RHS of the selected activation. 

Those which change worldng memory have immediate effect in this 
cycle. Re m ove the activation which has just fired from the agenda. 

Match: Update the agenda by checldng if the LHS of any rules are satisfied. 
If so actívate them. Remove activations if the LHS of their rules are not 
satisfied any more. 

Check for Halt: II-a'halt action is performed or break command given, then 
done. :~ 

END-WillLE ·: .. · ::~· 

Accept a new user ·command 

Mulliple rules may be activated and put on the agenda during one cycle. Also, 
activations will be left on the agenda from previous cycles unless they are deacti' 1 
because their LHS is no longer satisfied. Thus the number of activations on the agenda 
will vary as execution proceeds. Depending on the program, an activation may always 
be on the agenda but never selected for frring. Likewise some rules may never become 
activated. In these cases, the purpose of these rules should be re-examined be cause the 
rules are either unnecessary or their panems were not correct~y designed. 

The inference engine executes the actions of the highest priority activation on the 
agenda, the n the next highest priority activation and so on until no activations are left. 
Various pri :Jrity schemes have been designed into expert system shells. Generally, al! 
shells let th ' knowledge engineer define the priority of rules. 

Agend:t conflicts occur when different activations have the same priority and the 
inference ettgine must decide on one rule to fire. Different shells ha ve different ways of 
dealing wi.h this problem. In the original Newell and Simon paradigm, those rules 
entered first in the system had the highest defaull priority (Newell 72a). In OPS5, rules 
with more complex pattems ha ve a higher priority. In ART and CLIPS, rules have the 
same default priority unless assigned different ones by the knowledge engineer. 

At this time, control is retumed to the top-level command interpreter for the user 
to give further instructions to the expert system shell. The top-level is the default mode 
in which the user communicates with the expert system and is indicated by the task 
"Accept a new user command". It is the top-level which accepts the new command. 
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The top-level is the user interface to the shell while an expert system application 
is under development. More sophisticated user interfaces are usually designed for the 
expert system to facilitate its operation. For example, the .expert system may have a 
u ser interface for control of a manufacturing plant that' shows a block diagram of the 
plant with a high resolution, bil-mapped color display. Wamings and status messages 
may appear in flashing colors with simulated dials and gauges. In fact, more effort may 
go into the design and implementation of the user interface than in the expert system 
knowledge base, especially in a prototype. Depending on the capabilities of the expert 
system shell, the user interface may be implemeníed by rules or in another language 
called by the expert system. 

An explanation facility will allow the user to ask how the system carne to a cer­
tain conclusion and why certain information is needed. The question of how the system 
carne to a certain conclusion is easy to answer in a rule-based system since a history of 
the activated rules and contents of working memory can be maintained in a stack. 
Sophisticated explanation facilities m ay allow the user to ask "What If' type questions 
to explore altemate reasoning paths through hypothetical reasoning. 

1.10 PRODUCTION SYSTEMS 

; of the most popular type of expert system today is the rule-based system. Rules 
are popular for a number of reasons. 

Modular nature. This makes it easy to encapsulate knowledge and expand the 
expert system by incremental development. _ 

• Explanation facilities. lt is easy to build explanation facilities with rules since the 
antecedents of a rule specify exactly what is necessary to activate the rule. By 
keeping track of which rules have fired, an explanation facility can present the 
chain of reasoning that léd to a certain conclusion. · 
Similarity to the human cogríitive process. Based on the work of Newell and 
Simon., rules appear to be a natural way of modeling how humans sol ve problems. 
The simple IF THEN representation of rules make it easy to explain to expcrts the 
structure of the knowledge that you are trying to elicit from them. Other 
advantages of rules are described in (Hayes-Roth 85). 

Rules are a type of production whose origins go back to thc 1940's. :Because of the 
importance of rule-based systems, it is worthwhile to examine the development of the 
rule concept. This will give you a better idea of why rule-based systems are so useful 
for expert systems. 

- ·t Production Systems 

Production systems were first used in symbolic logic by Post (Post 43) who originated 
the name. He proved the importan! and amazing result that any system of mathcmatics 

., ,, 
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or logic could be written as a certain type of production rule system. This result e 
Jished the great capability of production rules for representing major classes of 
knowledge rather than being limited to a few types. Under the term rewrite rules, 
they are also used in Jinguistics as a way of defining the grammar of a language. 
Computer languages are commonly defined using the Backus-Naur Form (BNF) of 
production rules. 

The basic idea of Post was that any mathematical or logic system is simply a set 
of rules specifying how to change one string of symbols into another set of symbols. 
That is, given an input string;:the anteceden!, a production rule could produce a new 
string, the consequent. This·idea is also valid with programs and expert systems where 
the initial string of symbols is the input data and the output string is sorne 
transformation of the input..,~ '·: 

As a very simple case, if the input string is "palien! has fever" the output string 
might be "take an aspirin". Note that there is no meaning attached to these· strings. 
That is, the manipulations of the strings is based on syntax and not any semantics or 
understanding of what a fever, aspirin, and palien! represen!. A human knows what 
these· strings in terms of the real-world mean but a Post production system is jusi a 
way of transforming one string into another. A production rule for this example could 
be 

Antecedent ~ Consequent 
person has fever ~take aspirin 

where the arrow indicates the transformation of one string into another. We can 
interpret this rule in terms of the more familiar IF THEN notation as 

IF person has fever TREN take aspiri~ 

The production rules can :Uso have multiple antecedents. For example, 

person has fever AND 
fever is greater than 102 ~ see doctor 

Note that the special connective AND is not part of the string. The AND indicates that 
the rule has m u! tiple antecedents. 

A Post production system consists of a group of production rules, such as the 
following (where the numbers in parentheses are for our discussion). 

(1) car won't start ~check battery 
( 2) car won' t start ~ check gas 
(3) check battery AND battery bad ~ replace battery 
(4) check gas AND no gas ~ fill gas tank 
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.1 If there is a string "car won't start", the rules (1) and (2) may be used to generate the 
strings "check battery" and "check gas". However, there is no control mechanism that 
applies both these rules to !he string. Only one rule may be applied, both or none. If 
there is another string "battery bad" and a string "check battery", then rule (3) m ay be 
applied to generate the string "replace battery". 

There is no special significance to !he order in which rules are written. The rules of 
our example could also ha ve been writteo in !he followiog order and it would still be 
!he same system. 

( 4) 

( 2) 

(1) 
(3) 

check gas AND no gas ~fill.gas tank 
car won't start ~check gas,_,.. 
car won't start·~ check battery 

: ~· ... ' 

check battery AND battery bad. ~replace battery . . ... 
¡ .,,_. 

Although Post production rules were useful in laying part of the foundation of 
expert systems, they are not adequate for writing practica! prograrus. The basic limita­
tion of Post production rules for prograruming is lack of a control strategy to guide 
the application of the rules. A Post system perrnits the rules to be applied on the 
strings in any manner because there is no specification given on how !he rules should 
"e applied. 

As an analogy, suppose you go to the Iibrary to frnd a certain book on expert sys­
tems. At !he Iibrary, yo u start randomly looking at books on the shelves for the one 
you want. If the Iibrary is fairly large, it will take a very long time to fmd the book 
you need. E ven if you fmd the section of books on expert systems, your next random 
choice could take you to an entirely different section, such as French cooking. The ~it­
uation becomes even worse if you need material from !he first book to hclp you 
determine the second book that you need to find. A random search for the second book 
will also take a long time. 

Markov Algorithms 

The next advance in applying production rules was made by Markov, who specified a 
control structure for production systems (Markov 54). A Markov algorithm is an 
ordered group of productions which are applied in order of priority toan input string. If 
the highest priority rule is not applicable, then the next one is applied and so forth. 
The Markov algoritlun terminales if either (1) the las! production is not applicahle to a 
striog or (2) a production that cnds with a period is applied. 

Markov algorittuns can also be applied to substrings. of a string, starting f10m thc 
lcft. For exaruple, !he production system consisting of the single rule 

AB ~ HIJ 

when applied to !he input string GABKAB produces !he new string GHIIKAB. Sincc 
!he production now applies to !he new string, the final result is GHIJKHIJ. 

,, 
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The special character ,_·represents the null string of no characterso For e1 1le, 
the production ·.;· · · · 

; i í ~,' 

A-7A 
' ·' . ~ ~ . ' 
-· 

deletes all occurrences of the character A in a stringo 
Other special symbols represen! any single character and are indicated by 1ower-case 

1etters a, b, e, and so fortho These symbols represen! single-character variables and are 
an importan! part of modem expert system languageso For example, the rulé 

AxB -7 BxA 

will re verse the characters A and B o 
The Greek letters a, ~. and so forth are used for special punctuation of stringso The 

Greek letters are used because they are distinct from the alphabet of ordinary letterso 
An example of a Markov algorithm that m oves the first letter of an input string to 

the·end is shown following (Elson 73)o The rules are ordered in terms of highest prior­
ity (1), next highest (2) and so fortho The rules are prioritized in the order that they are 
enteredo 

(1) a.xy -7 yax 

(2) a -7 "o 
(3) A-7a 

For the input string ABC, the execution trace is shown in Table 1-11. 

Rule Success or Failure Str.inJ? 
1 F ABC 
2 F ABC 
3 S aABC 
1 S BaAC 
1 S BCaA 
1 F BCaA 
2 S BCA 

Table 1-ll 
Execution Trace of a Markov Algorithm 

Notice that the a symbol acts analogously to a temporary variable in a 
conventional programming languageo However, instead of holding a value, the a is 
used as a place holder to mark the progression of changes in the input stringo Once its 
job is done, the a is eliminated by rule 2o The program then ends when ru)r • is 
applied since there is a period after rule 20 
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The Rete Algorithm 

Notice that there is a definite control strategy to Markov algoritbms with higher prior­
ity rules ordered first. As long as the highest priority rule applies, it is used. If not, the 
Markov algorithm tries lower priority ones. Although the Markov algorithm can be 
used as the basis of an expert system, it is very inefficient for systems with many 
rules. The problem of efficiency becomes of major importance if we want to créate 
expert systems for real problems containing hundreds or thousands of rules. No matter 
how good everything else is about a system, if a user has to wait a long time for a 
response, the system will not be used. What we really need is an algorithm that knows 
about all the rules and can apply any rule without having to try each rule sequentially. 

A solution to this prob1em is the Rete Algorithm developed by Charles L. 
Forgy at Carnegie-Mellon University in 1979 for his Ph.D thesis on the OPS (Official 
Production System at Carnegie-Mellon) expert system shell. The Rete Algorithm is a 
very fast pattem-matcher that obtains its speed by storing information about the rules 
in a network. Instead of having to match facts against every rule on every recognize-act 
cycle, the Rete algorithm only looks for changes in matches on every cycle.This 
greatly spceds up the matching of facts to antecedents sincc the static data that doesn't 
change from cycle to cycle can be ignored. This topic will be discussed further in the 
e' -s on CLIPS. Fast pattem matching algorithms such as the Rete completed the 
fL .tion for the practica! application of expert systems." Figure 1-7 summarizes the 
foundations of modem rule-based expert system technologies. 

1 Rule-Based Expert Systems h 
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Rules Inference Engine Fact!!l 

1 
1 
1 1 1 

Po" Efficicnt Conflict Execution or lhe 
Production Pan e m Resolution rught-Hon<~-s;,le 

Rules Matching of Rule!!l 
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Algorithm 

1 
•· 

Markov 
Algorilhm 

. ' 

Figure 1-7 
Foundations of Modern Rule-based Expert Systems 
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Different versions of ihe OPS Janguage and shell have been developed as 
OPS2, OPS4, and OPSS. A newer commercial version developed by Forgy is Or.S83, 
a very fast shell. However, OPS83 has a significantly different syntax from the OPSS 
style and is partly procedural for faster execution. 

1.11 PROCEDURAL PARADIGMS 

Programming paradigms can be classified as procedural and nonprocedural. Figure 1-8 
shows a taxonomy or classification of the procedural paradigms in terms of Jan­
guages. Figure 1-9 shows a taxonomy for nonprocedural paradigms. These figures 
illustrate the relationship of expert systerns to other paradigms. These figures should be 
considered only as a general guide and notas strict definitions. Sorne of the paradigms 
and languages have characteristics that may place them in more than one class. For 
example, sorne people consider functional programming a procedural paradigm while 
others refer to it as declarative (Ghezzi 8?1). 
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An algorithm is a method of solving a problem fu.<!. finite number of steps. The 
implementation of an algorithm in a program is a procedural program. The terms 
algorithmic programming, procedural programming, and canventional program­
ming are often used synonymously to mean non-Al type programs. A common 
conception of a procedural program is that it proceeds sequentially, statement by state­
ment, unless a branch instruction is encountered. Another· often used synonym for 
procedural program is sequential program. However, the term sequential 
programming implies too much constraint since all modero programming languages 
support recursion and so programs may not be strictly sequential. 

The distinguishing feature of the procedural paradigm is that the programmer mus! 
specify exactly how a problem solution must be coded. Even code generators must 
produce procedural code. In a sense, the use of code generators is nonprocedural 
programming because it removes most or all of the procedural code writing from the 
programmer. The goal of non-procedural programming is to have the programmer 
specify what !he goal is and Jet !he system determine how to accomplish it. 

Imperative Programming 

The terms imperative and statement-oriented are used synonymously. Languages 
-··eh as FORTRAN, Ada, Pascal, Modula-2, COBOL, and BASIC al! have the domi-

Jt characteristic that statements are imperatives or commands to the computer telling 
it what to do. Imperative Ianguages developed as a way of freeing the programmer from 
coding assembly language in the von Neumann architecture. Consequently, imperative 
Ianguages offer great support to variables, assignment operations, and repetition. These 
are all Iow-Ievel operations that modero Ianguages attempt to hide by providing featur(!_s 
such as recursion, procedures, modules, packages and so forth. Imperative languages are 
also characterized by their emphasis on rigid control structure and their associated 
top-down program designs. 

A serious problem with alllanguages is the difficulty of proving thc correctness of 
programs. From the Al standpoint, another serious problem is that imperative Ian­
guages are not very efficient symbol manipulators. Because the impcrative languagc 
architecture was molded lo fit the von Neumann computer architecturc, we have lan­
guages that can support numbcr-crunching vcry well but not symbolic manipulation. 
However, imperative Ianguages such as C and Ada have been used as !he underlying 
base Ianguage to write expert system shells. These Ianguages and the shel!s built from 
them run more efficiently and quickJy on common general purpose computers than the 
early shells built using LISP. 

Because of their sequential nature, imperative Ianguages are not very efficient for 
directly implementing expert systems, especially rule-based oncs. As an illustration of 
this problem, considcr !he problcm of encoding the information of a real-world problcm 

'•h hundreds or thousands of rules. For example, !he XCON system used by Digital 
•. Jipment Corporation (DEC) to configure computer systems currently has about 

7000 rules in its knowledge base. Early unsuccessful attempts were made to code this 
program in FORTRAN and BASIC before settling on thc.successful expert systems 

•. '"' 



38 Chapter 1 - Introduction To Expert Systems 

npproach. The direct way of coding this knowledge in an imperative language "' 
require 7000 IF THEN statements ora very, very long CASE. This style of corung 
would present major efficiency problems since all 7000 rules need to be searched for 
matching pattems on every recognize-act cycle. Note that the inference engine and its 
recognize-act cycle would also have to be coded in the imperative language. 

The efficiency of the program could be improved if rules were ordered so that !hose 
most likely to be executed were put at the beginning. However, this woufd require 
considerable tuning of the system and would change as new rules are added, or old ones 
deleted and modified. A better method for improving efficiency would be to build a tree 
of the rule pattems to reduce:search time in determining which rules should be acti­
vated. Rather than making the programmer manually construct the tree, it should 
preferably be built automatically by the computer based on the pattern and action syn­
tax of the IF THEN rules. "lt would also be helpful to have an IF THEN syntax that 
was more conducive LO repre.senting knowledge and had powerful pattern matching 
tests. This requires the development of a parser to analyze input structure and an 
interpreter or compile1 to execute the new IF THEN syntax. 

When all of these techniques for improving efficiency are im plemented, the result 
is a dedicated expert system. If Úle inference engine, parser and interpreter are removed 
to provide easy development of other expert systems, they comprise an expert system 
shell. Of course, inste: .d of doing al! of Úlis development from scratch, toda y it is much 
easier just to use an e>lsting shell which is documented and extensively tested. 

Functional Programming 

Ibe nature of functional programming, as exemplified by languages such as LISP 
•md APL, is very different from statement-oriented languages with their heavy reliance 
on elaborate control structures and top-down design. The fundamental idea of functional 
programming is to combine simple functions to yield more powerful functions. This is 
essentially a bottom-up design in contras! to the common top-down designs of 
imperative languages. 

Functional programming is centered around functions. Mathematically, a func­
tion is an association or rule that maps members of one set, the domain, into 
another set, the codomain. An example of a function definition is 

cube(x) = x*x*x, where x is a real number and 
cube is a function with real values 

The three parts of Úle function definition are: -

(1) the association, x*x*x 
(2) the domain, real numbers 
(3) codomain •. real numbers 
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of the cube function. The symbol E means "is equivalen! to" or "is defined as". The 
following notation i3 a shorthand way of writing that the cube mapping is from the 
domain of real numbers, symbolized as 9t, to the codomain of real numbers. 

cube :9t ~ 9t 

A general notation for a function f that maps from a domain S to a domain T is 
f:S~T (Gersting 82). The range of the functionfis the set of al! imagesf(s) where 
s is an element of S. For the case of the cube function, the images of s are s* s* s and 
!he range is the set of al! real numbers. The range and codomain are the samc for the 
e u be function. However, this m ay not be true for other :functions such as the square 
function, x *x, with domain and codomain of real nu1~lbers. Sin ce the range of the 
square function is only non-negative real numbers, the: r'an'ge and codomain are not the 
same. 

Using set notation, the range of a function can be wrítien as 
' . 

) 

RE{f(s) 1 sES) 

The curly braces {} denote a set. The bar,¡, is read as "where". The above state­
·nt can be read that the range R is equivalen! to the set of values f( s) where every 
ment s is in the set S. The association is a set of ordered pairs (s,t), where s E S, 

tE T, and t=f(s). Every.memb.er of S must have one and only one element of T 
associated with it. However, multiple t values may be associated with a singles. As a 
simple example, every positive number n has two square roots, :: -,Jr; 

Functions m ay also be defrned recursi ve! y as in 

factorial(n) E n*factorial(n-1) 
where n is an integer and 
factorial is an integer function 

Recursive functions are commonly used in functionallanguages such as LISP. 
Mathematical conccpts and expressions are referentially transparent bccause 

the meaning of the whole is complete! y detennined froni. .its parts. No synergism is 
involved between the parts. Asan example, consider the. functional expression x+(2*x). 
The result is obviously 3*x. Both x+(2*x) and 3*x give the same results no matter 
what values are substituted for x. E ven other functions can' be substituted for x and the 
result is the same. For example, Jet h(y) be sorne. arbitrary function. Then 
h(y) + (2 * h(y)) would still be equivalen! to 3*h(y). 

Now consider the following assignment statement in an imperative computer 
language such as Pascal. 

sum := f(x) + x 

.. 
., 
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If the parameter x is passed by reference and its value is changed in the function e 
f(x), what value will be used;for: x? Depending on how the compiler is written, the 
value of x might be the original value if it was saved on a stack, or the new value if x 
was not saved. Another source · of confusion occurs if the one compiler evaluates 
expressions right-to-left while anóther evaluates left-to-right. In this case,f(x)+x would 
not evaluate the same as x+j(x) on different compilers even if the same language was 
used. Other side-effects may occur due to global variables. Thus, unlike mathematical 
functions, program functions are not referentially transparent. 

Functional programming languages were created to be referentially transparent. 
Five parts make up a functionallanguage: 

• data objects for the language functions to operate on 
• primitive functions to operate on the data objects 
• functional forms to synthesize new functions from other functions 
• application operations on functions that retums a value and 
• naming procedures to identify new functions. 

Functionallanguages are generally implemented as interpreters for ease of construction 
and immediate user response. 

In LISP (LISt Processing), data objects are symbolic expressions 
(S-expressions) that are either lists or atoms, while in APL (A Programmi.P" 
Language) the objects are arrays. Examples of lists are 

(milk eggs cheese) 
(shopping (groceries (milk eggs cheese) clothes 
(pants))) 
() 

Lists are always enclosed in matching parentheses with spaces separating the elements. 
The elements of lists can be atoros, such as milk, eggs, and cheese, or embedded lists 
such as (milk eggs cheese) and (pants). Lists can be split up but atoros cannot. The 
empty list, (), contains no elements and is called nil. 

There must be sorne primitive functions provided by the language as a basis for 
building more complex functions. In the original version of LISP, created by John 
McCarthy in 1960, there were few primitives, as shown in Table 1-12. Primitives 
CAR, CDR, CPR, and CTR are acronyms named after the specific hardware registers 
in the first machine to run LISP. CPR and CTR are now obsolete but the acronyms of 
the others have remained. Also shown are thé predicates of LISP. Predicates are 
special functions that retum values representing true and false. 

The original version of LISP was called pure LISP because it was purely func­
tional. However, it was also not ver:y efficient for writing programs. Non-functional 
additions ha ve been made to LISP to increasc the efficiency of writing programs. F 
example, SET acts as the assignment operator, while LET and PROG can be uset 
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create local variables and execute a sequence of S-expressions. Although these act like 
functions, they are not functional in the original math~matical sense . 

... 
Function Predicares. .. 
QUOTE ATOM 
CAR EQ 
CDR NULL 
CPR 
CTR 
CONS 
EVAL 
CONO 
LAMBDA 
DEFINE 
LABEL 

, 
Table 1-12 

Original LISP Primitives and Functions 

Since its creation, LISP has been the leading Allanguage in the United States. 
any of the original expert system shells were written in LISP because it is so easy to 

experiment with LISP. However, conventional computers do not execute LISP very 
efficiently and execute the shells built using LISP even worse. In order to circumvent 
this problem, severa! companies offer machines specifically de'signed to execute LISP 
code. These LISP machines use it completely, even as their assembly Ianguage. Hov,:­
ever, the LISP machines cost considerably more than conventional machines and are for 
single users. 

This problem of high cost has an im pact on both the development and the 
delivery problem. It is nol cnough jusi lo develop a great program · if it cannot be 
delivered for use because of high cost. A good development workslation is not 
necessarily a good delivery vchicle due to speed, power, size, weight, environmenlal or 
cost constraints. Sorne applicalions may even require lhal the flnal code be placed in 
ROM for reasons of cosl and nonvolatility. Putting code inlo ROM can be a problcm 
with sorne Al and expert syslems tools lhat require special hardware to ron. It's bettcr 
to consider this possibility in advance rather Iban have to recode a program laler. 

An additional problcm i:; thal of embedding Al with conventional programming 
Ianguages such as C, Ada, Pa~cal and FORTRAN. For example, certain applicalions 
which require extcnsive number-crunching are best done in conventional Ianguages 
rather than in LISP, or expert systems Ianguagcs written in LISP or PROLOG. 

Un!ess special provisions are madc, expcrt systems which are written in LISP are 
•eral! y difflcult to embed in anything olher than LISP programs. One major consid­
.Jon in selecting anAl language should be the Ianguage in which the too! is written. 

For reasons of portability, efficiency, and spced, many expert syslems tools are now 

.. ,. 
,:··. 
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being written in or converted to C. This also eliminates the problem of requi 
expensive special hardware for USP-based applications. 

1.12 NONPROCEDURAL PARADIGMS 

Nonprocedural paradigms do not depend on the programmer giving exact details for how 
a problem is to be solved. This is the opposite of the procedural paradigms which 
specify how a function or statement sequence computes. In nonprocedural paradigms, 
the emphasis is on specifying,;wJra t is to be accomplished and letting the system 
determine how to accomplish il! · 

Declara ti ve Programming: ·:.' 
.. } j :·,.! 

The declarative paradigm separates the goal from the methods used to achieve the 
goal. The user specifies the goal while the underlying mechanism of the implementa­
tion tries to satisfy the goal. A number of paradigms and associated programming 
languages have been created to implement the declarative model. 

Object-oriented Programming 

The object-oriented paradigm is another case of a paradigm which can be consid 
partly imperative and partly declarative. The term object-oriented toda y is used in twv 
different ways. The expression object-oriented design is growing in popularity as 
a programming methodology in imperative programming languages such as Ada and 
Modula-2. The basic idea is to design a program by considering the data used in the 
program as objects and then implementing operations on those objects. This is the 
opposite of top-down design which proceeds by stepwise refinement of a program's 
control structure. In fact, object-oriented design is essentially what used to be called 
bottom-up design. Unfortunately, the term bottom-up never sounded quite as 
impressive as object-oriented. · 

As an example of object-oriented design, consider the task of writing a program to 
manage a charge account with an interactive menu (Riley 87). The importan! data 
objects are curren! balance, amount of charge, and amount of payment. Various opera­
tions can be defined to act on the data objects. These operations would be add charge, 
make payment, and add monthly interest. Once al! data objects, operations and the 
menu interface are defined, coding can begin. This object-oriented design methodology 
is well-suited to a program that has a weak control structure. It would not be as suit­
able in a program that requires a strong control structure such as a payroll appljcation. 
For the payroll case there is a definí te sequence of steps to follow. · 

l. Obtain time-card data 
2. Account for sick-leave and vacation time 
3. Multiply hours worked X rate of pay 
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4. Multiply overtime homo X overtime rate 
5. . Add bonus or sales commissions, if applicable 
6. Subtract deductions for laxes, insurance, dues and retirement 
7. Issue paycheck 

Object-oriented design requires no special language_ features. It can be done in 
FORTRAN, BASIC, C and so on. Languages such as Ada and Modula-2 support 
object-oriented design because these languages have fea:iures to encapsulate data in 
modules and packages. ' · · 

The term object-oriented programming was ·_originally used for languages 
such as Smalltalk, which was specifically designed for objects. The term is now often 
used to mean prograrnming of an object-oriented design 'e.vén in a language which has 
no true object support. ", '· 

Smalltalk has features to support objects built' ü1to the language. In fact, 
Smalltalk has a progran1ming. environment entirely built ·using objects. Smalltalk is 
descended from SIMULA 67, a language developed for sirnulation. ';JMULA 67 intro­
duced the concept of class which led to the concept of information : 1iding in modules. 
A class is essentially a type which is a template that defines the st ucture of data. In 
fact, the concept of typc in Pascal and Modula-2 carne from class. An instance of a 
· • 'S is a data object that can be manipulated. The term instance 1 as carried over to 

~rt systems where it denotes a fact that matches a pattem. Likewi ;e, a rule is said to 
be instantiated if its LHS is satisfied. The tenns activated and instant ated in rule-based 
systems are synonymous . 

. Another significan! concept that carne from SIMULA 67 is inheritance. In 
SIMULA 67, a subclass could be defined to inherit the propertics of classes. FoE 
exarnple, one class m ay be defined to consist of objects that can be Psed in a stack and 
another class defined to be complex numbers. Now a subclass can b• · easily defined as 
objects that are complex numbers used in a stack. That is, these objccts have inherited 
properties from both classes above them, called superclasses. The concept of inheri­
tance can be extended to organize objects in a hierarchy where objects can inherit from 
their classes, which can inherit from their classes, and so on. lnheritance is very useful 
since objects can inherit properties from their classes witho'ut the prograrnmer having 
to specify every property. Many expert systems tools tbday such as ART and KEE 
allow inheritance because it is a very powerful too! i~ constructing large groups of 
facts. 

Logic Programming 

One of the first Al applications of computers was in proving logic theorems with the 
Logic Theorist prograrn of Newell and Simon. This prograrn was first reported al the 

mouth Conference on Al in 1956 and ca u sed a sensation be cause electronic com­
crs previously had been used only for numeric calculations. Now a computer was 

actually reasoning the proofs of mathematical theorems, which had been a task that 
only mathematicians were thought capable of doing. 
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In the Logic Theorist and its successor, the General Problem Solver (Gf 
Newell and Simon concentrated on trying to implement powerful algorithms that co. 
solve any problem. While the Logic Theorist was mt;:ant only for mathematical theo­
rem proving, GPS was designed to sol ve any kind of logic problem, including games 
and puzzles such as chess;c:Tower of Hanoi, Missionaries and Cannibals, and 
cryptarithmetic. An example uf \heir famous cryptarithmetic (secret arithmetic) puzzle 
is 

DONALD 
+ GERALD 

ROBERT ., 

and it is known that D=S. The object is to figure out the arithrnetic values of the other 
letters in the range 0-9. 

GPS was the first problem solving program to clearly separate the problem solv­
ing knowledge from the domain knowledge. This paradigm of explicitly separating the 
problem-solving knowledge from the domain knowledge is now used as the basis of 
expert systems. In expert systems toda y, the inference engine decides what knowledge 
should be used and how it should be applied. 

Efforts continued to improve mechanical theorem proving. By the early 1970's, it 
had been discovered that computation is a special case of mechanical, logical deduction 
(Kowalski 1985). When backward chaining was applied to sentences of the [(,,,. :'' 
"conclusion if conditions", it was powerful enough for significan! theorem provflí. 
The conditions can be thought of as representing patterns to be matched as in produc­
tion rules discussed eárlier. Sentences expressed in this form are called Horn clauses 
after Alfred Hom, who first investigated them. In 1972, the language PROLOG was 
created by Kowalski, Colmerauer and Roussel to implemeQt logic programming by 
backward chaining using Horn clauses. 

Backward chaining can be used both to express the knowledge in a declarative rep­
resenta! ion and also control the reasoning process. Typically, backward chaining 
procecd ; by defining smaller subgoals that must be satisfied if the initial goal is to 
be satis! ied. These subgoals are then further broken down into smaller subgoals and so 
forth . 

.-\n ~:-:.:m\rk L'f tk'<.:hr.1tiw knowkdge is the follov.ing cl:JSSic e:umple. 

i.ll men are mortal 
!:ocrates is a man 

can be , ·xpressed in the Horn clauses 

:~omeone is mortal 
if someone is a man 

: :ocrates is a man 
if (in all cases) 
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For the sentence about Socratcs, the if condition is true in all cases. In other wonls, thc 
knowledge about Socrates does not require any pattem to match. Contras! this with the 
mortal case in which someone must be a man for the pattem of the if condition to be 
satisfied. 

Notice that a Hom clause can be interpreted as a procedure that tells how to satisfy 
a goal. That is, to determine if someone is mortal, it is necessary to detennine if 
someone is a man. As a slightly more complex example, 

A car needs gas, oil and inflated tires to run 

can be expressed in a Hom clause as 

X is a car and runs 
if X has gas and 
if X has oil. and 
if X has inflated tires 

Noticc how the problem of .4etermining if a car will run has been reduced to three sim­
pler subproblems or subgo.als. Now suppose tbere is so me additional declara ti ve 
knowledge as follows. 

The fue! gauge shows not-empty if a car has gas 
The dipstick shows not-empty if a car has oil 
The air pressure gauge shows at least 20 if a car has 
inflated. tires 
The fue! gauge shows not-empty 
The dipstick reads empty 
The air pressure gauge shows at least 15 

These can be translated into the following Hom clauses. 

x has gas 
if the fue! gauge shows not-empty 

x has oil 
if the dipstick shows not-empty 

x has inflated tires 
if the air pressure gauge shows at least 20 

Fue! gauge is not empty 
if (in all cases) 

Dipstick reads empty 
Air pressure is at least 15 

if (in all cases) 

.. 

·' 
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From these clauses, a mechanical theorem prover can prove that the car will :un 
be cause there is no oil and insufficient air pressure. 

One of the advantages of backward chaining systems is that execution can proceed 
in parallel. That is, if multiple processors were available they could work on satisfying 
subgoals simultaneously. 1bis parallel operation can greatly speed up tbe execution of 
programs and is one of the.reasons that the Japanese chose PROLOG as the program­
ming language for tbeir Rifth Generation Computer project (Moto-Oka 1982). This is 
an ambitious project to develop tbe next generation of computers for the 1990's with 
capabilities far surpassing·éurrent models. Tbese machines were to be progriunmed with 
declarative techniques, bilt tbis approach has ':un into difficulties. The Fifth Generation 
project was announced by the Japanese in 1981 witb a budget of $850 million dollars. 
The twenty-six initial goals of the project included natural language translation of 
Japanese to Englisb and vice-versa, problem-solving and inferencing a thousand times 
faster than curren! machines, ability to read handwritten text, understand pictures, 
intelligent access of buge databases, and to converse in naturallanguage. 

PROLOG is more than just a language. At a minimum, PROLOG is a shell since 
it requires 

• an interpreter or inference engine 
• a database (facts and rules) 
• a form of pattem matclúng called unification 
• a backtracking mechanism to pursue alternate subgoals if a searcb to s; y a 

goal is unsuccessful 

More elaborate versions of PROLOG such as TurboPROLOG from Borland are tools 
because of a1l the enbancemcnts provided. 

As an example of backward chaining, suppose you can pay for the oil to make the 
car run if you ha ve cash or a credit card. One subgoal is checked to see if you bave 
cash. If there is no fact tbat you do ha ve casb, the backtracking mechanism will then 
explore the other subgoal to see if you ha ve a credit card. If you ha ve a credit card, the 
goal of paying for oil can be satisfied. Notice that the absence of a fact to prove a goal 
is just as effective, although perhaps less efficient, than a negative fact such as 
"Dipstick reads empty." Either negative facts or missing facts can cause a goal to be 
unsatisfied. 

If the backtracking and pattem matching mechanisms are not needed by the prob­
lem, then the programmer must work around them or code in a different language. One 
of the advantages of logic programming is executable specifications. That is, specify­
ing the requirements of a problem by Horñ clauses produces an executable program. 
This is very different from conventional programming in which the requirements doc­
ument does not look at alllike the final executable code. N"wcr imperative Ianguages 
such as Ada attempt to circumvent this problem by offering t he capability of using Ada 
itself as the program description language (PDL). The PDL can be used as a~· •on 
on which to build the rest of the program. If the PDL does not work right, ther. .1er 
will the program. 
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Unlike production rule systems, the order in which subgoals, facts and rules are 
entered in a PROLOG program has significan! effects. Efficiency and therefore speed are 
affected by the way that PROLOG searches its database. However, there are programs 
that execute correctly if subgoals, facts, and rules are entered one way but go into an 
infinite loop or have a run-time error if the onler changes (Ghezzi 87b). 

Expert Systems 

Expert systems can be considered declarative programming because the programmer 
does not specify how a program is to achieve its goal at the leve! of an algorithm. For 
example, in a rule-based expert system, any of the rules m ay become activated and put 
on the agenda if its LHS matches the facts. The order th~t the rules were entered does 
not affect which rules are activated. Thus, the progranl'~taÍement order does not specify 
a rigid control flow. Other types of expert systems aré based frames, discussed in 
chapter 2, and inference nets discussed in chapter 4. :·· · ·: 

There are a number of differences between expeit systems and conventional 
programs. Table l-131ists sorne typical differences. 

Characteristic Conventional Program Expert System 
Control by ... Statement onler lnference engine 
Control and data Implicit integration Explicit separation 
Control Strength Strong Weak 
Solution by ... Algorithm Rules and inference 
Solution search Small or none Large 
Problem solving Algorithm is corree! Rules 
Input Assumed correct Incomplete, incorrect 
Unexpected input Difficult to deal with Very responsive 
Output Always correct Varies with problem 
Explanation None Usually 
Applications Numeric, file, and text Symbolic reasoning 
Execution Generally sequential Opportunistic rules 
Program design Structured design Little or no structure 
Modifiability Difficult Reasonable 
Expansion Done in major jumps ' Incremental 

Table 1-13 
Sorne Typical Differences between Conventional Programs and Expert Systems 

Expert systems are< •ftcn dcsigncd to deal with uncertainty because reasoning is onc 
of the best tools that wc ha ve discovered for dealing with uncertainty. The uncertainty 

ay arise in the input data to thc cxpert systcm and even the knowledge-base itself. At 
rirst this may seem surprising to people used to conventional programming. However, 
much of human knowledge is heuristic, which means that it may only work correctly 
pan of the time. In addiüon, the input data may be incorrect, incomplete, inconsistcnt 
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and have other errors. Algorithmic solutions are not capable of dealing with sitt \S 

like this because an algorithm guarantees •he solution of a p• :Jblem in a finite se1._- of 
steps. . ·.; 

Depending on the inpuÍcdata and the l:nowledge-base, ru expert system may come 
up with the correct answe~;a good answer, abad answer or n 1 answer at al!. While this 
m ay seem shocking at fifst¡, the alterna ti ve is no answer al! the time. Again, the 
importan! thing to keep iri·0mi~d is that a good expert systc n will perform no worse 
than the best problem-solver for problt~ms like this-a hm :1an expert-and m ay do 
better. If we knew an efficient algorithmic method that was better than an expert sys­
tem, we would use it. The importan! thing is to use the be: t, and perhaps only, tool 
for the job. 

Nondeclarative Programming 

Nondeclarative paradigms are becoming popular. These new paradigms are being 
increasingly used for a wide variety of applications. They can be used in stand-alone 
applications or in conjunction with other paradigms. 

Induction-based Programming 

An application of Al that is attracting interest is induction-based programmin" In 
this paradigm, the program leams by example. One application to which this par n 
has bcen applied is database access. Instead of the user having to type in the spe~.;rfic 
values for one or more fields for a search, it is only necessary to select one or more 
appropriate exan,ple fields with those characteristics. The database prograrn infers the 
characteristics of he data and searches the database for a match. 

Expert systl n tools such as lst-Class and KDS offer induction-learning by which 
they accept exrur: Jles and case studies and automatically generate rules. 

1.13 ARTIFICIAL NEURAL SYSTEMS 

A new developmenr in programming paradigms arose in rhe 1980's called artificial 
neural systems (ANS), based on how the brain processes information. This 
paradigm is sometimes called connectionism because it models solutions to prob­
lems by training sim•Jlated neurons connected in a network. Many researchers are 
investigating neural nets. The nets hold great potential as the front-end of expert sys­
tems that require massive amounts of input from sensors as well as real-time response. 

The Traveling Salesman Problem 

ANS has had remarkable success in providing real-time response to complex P""'m 
recognition problems. In one case, a neural net running on an ordinary microc01 .r 
obtained a very good solution to the Traveling Salesman problem in 0.1 seconds 
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compared to the optimum so1ution that required an ho11r_,of CPU time on a mainframe 
(Port 86). The Traveling Salesman prob1em is importan! because it is the classic 
prob1em faced in optimizing the routing of signals in a:telecommunications system. 
Optimizing routing is importan! in minimizing the travel time, and thus efficiency and 
speed. 

The basic Traveling Salesman problem is to compute the shortest route thro!)gh a 
given list of cities. Table 1-14 shows the possib1e routes for one to four cities. Notice 
that the nurnber of routes is proportional to the factorial of the number of cities minus 
one, (N-1)1. 

Number of Cities Routes 
1 1 
2 1-2-1 
3 1-2-3-1 

1-3-2-1 
4 1-2-3-4-1 

1-2-4-3-1 
1-3-2-4-1 
1-3-4-2-1 
1-4-2-3-1 
143-_::2:1 

Table 1-14 
.. \ 

Traveling Salesman Problem RÓutes 

While there are 9! = 362880 routes for ten cities, therc are 291 = 8.8E30 possible 
routes for thirty cities. The Traveling Salesman problem is a classic example of 
combinatoria! explosion because the number of possible routes increases s.o 
rapidly that there are no practica! solutions for realistic numbers of cities. lf it takes 1 
hour of a mainframe CPU time to solve for thirty cities, it will take 30 hours for 
thirty-one citics and 330 hours for thirty-two cities. Thcse are actually very small 
numbcrs when comparcd to thc thousands of tclecornrnunications switches and citics 
that are used in routing of data packets and real itcrns. 

A neural net can sol ve thc ten-city case just as fast as the thirty-city case whilc a 
conventional cornputer takcs rnuch longcr. For the tcn-city case, the neural nct carne up 
with one of the two best routes and for the thirty-city case, it carne up with one of the 
best 100,000,000 routcs. This is more irnpressive if it is realized that this route is in 
the top IE-22 of the best solutions. Although neural nets may not always give the 
optirnurn answer, they can provide a bcst guess in real-time. In many cases, a 
99.999999999999999999 % correct answcr in one millisecond is better than a 100% 
orrect answer in thirty hours. 

_, 
'. 
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Elements of an ANS 

An ANS is basically an analog computer that uses simple processing elements con­
nected in a bigbly parallel manner. The processing elements perform very simple 
Boolean or arithmetic functions on tbeir inputs. The key to the functioning of an ANS 
is tbe weights associated with eacb element. It is the weights whicb represen! the 
information stored in the system. 

A typical artificial neuron is shown in Figure 1-10. The neuron may have multip1e 
inputs but only one output. The human brain contains about 1010 neurons and one 
neuron may have thousands of connections to anotber. The input signals to the neuron 
are multiplied by tbe weigbts and are summed to yield the total neuron input, l. Tbe 
weights can be represented as a matrix and identified by subscripts. 

1 = Neuron 1 nput 1 = 
,, 

Neuron,O~tput = 

:¿ w1J 1 J 
J 1 

-(I-8) 
+ e 

Figure 1-10 
A Neuron Processing Element 

The neuron output is often taken as a sig.moid function of the input. The sig­
moid is representative of real neurons which approacb Iimits for very small and very 
large inputs. The sigmoid is called an activation function, and a commonly used 
function is (l+e -xrl. Each neuron also has an associated threshold value, e, which 
is subtracted from the total input I. Figure 1-11 shows an ANS which can compute the 
exclusive-OR (XOR) of its inputs using a tecbnique callcd back-propagati 
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The XOR gives a true output only when its inputs are not aii true or not allfalse. The 
number of nodes in the hidden !ayer will vary depending .O[l the application and design. 

Figure 1-11 
A Back-propagation Net 

Output 
Layer 

Hldden 
Layer 

Input 
Layer 

Neural nets are not programmed in the conventional sense. There are about thirteen 
known neural net leaming algorithms, such as counter-propagation and 
back-propagation, to train nets. The programmer "programs" the net by simply 
supplying the input and corresponding output data. The net leams by automatically ad­
justing weights in the network which connect the neurons. The weights and the 
threshold values of neurons determine the propagation of data through the net and so its 
corree! response to the training data. Training the net to the corree! responses may take 
hours or days depending on the number of pattems that the net must Iearn~ the hard­
ware, and software. However, once the Iearning is accomplished, the net responds very 
quickly. 
• If software simulation is not fast enough, ANS can be fabricated in chips for 

real-time response. Once the network has been trained and the weights determined, a 
chip can be constructed. A T &T and other companies are fabricating experimental neural 
net chips containing hundreds of neurons. In the next few ycars, it is very likely that 
chips will be fabricated containing thousands of neurons. 

Characteristics of ANS 

ANS architecture is very different from a conventional computer architecture. In a con­
ventional computer, it is possible to correlate discrete information with memory cells. 
For example, a Social Security number could be stored as ASCII code in a contiguous 
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group of memory cells. By examining the contents of this contiguous gror 1e 
Social Security number could be directly reconstructed. This reconstruction is pos~1ble 
because there is a one-to-one relationship between each character of the Social Security 
number and the memory cell that contains the ASCII code of that character. 

ANS are modeled after curren! brain theories in which information is represented 
by the weights. However, there is no direct correlation between a specific weight and a 
specific item of stored information. This distributed rep res• :ntation of information is 
similar to that of a holográm in which the lines of the hol< •gram act as a diffraction 
grating to reconstruct the stóred image when laser light is pa~ ;ed through. 

A neural net is a good 'choice wben there is much em pir cal data and no algorithm 
exists which provides sufficíent accuracy and speed. AHS offers.several advantages 
compared to the storage of•conventional computers. 

• Storage is very fault toleran/. Portions of the net can be removed and there is 
only a degradation in quality of the stored dat:1. · 'his occurs because the 
information is stored in a distributed marmer. 

• .Tize quality of tlze stored image degrades gracefully i,z p. oportion to the amount of 
net removed. There is no catastrophic loss of inform:<tio 1. The storage and quality 
fea tu res are also characteristic of holograms. 

• Data is naturally stored in tlze form of associative nemory. An associative 
memory is one in which partial data is sufficient to cet .tll of the complete stnred 
information. This contrasts with conventional memory iu which data is recal. >Y 
specifying the address of the data to be recalled. A partial or noisy input m ay still 
elicit the complete original information. 

• Nets can extrapola/e and interpolate from tlzeir stored informa/ion. Training 
teaches a net to look for significan! features or relationships in the data. After­
wards, the net can extrapolate. to suggest relationships on new data. In one 
experiment (Hinton 86), a neural net was trained on the family relationships of 
twenty-four hypothetical people. Afterwards, the net could also answer correctly 
relationships about which it had not been trained. 

• Nets have plasticity. Even if a number of neurons are removed, the net can be 
retrained to its original skilllevel if cnough neurons remain. This is also a charac­
teristic of the brain in which portions can be destroyed and the original skilllevels 
can be relearned in time. 

These characteristics make ANS very attractive for robot spacecraft, oi!'field 
equipment, underwater de vices, proc ess control and other applications that need to 
function a long time in a hostile environmenl without repair. Besides the issue of reli­
ability, ANS offer the potential of low maintenance cost because of plasticity. Even if 
hardware repair can be done, it will probably be more cost-effective to reprogram the 
neural net than replace it. 

ANS are generally not well-suited for applications that require number-crur 'g 
or an optimum solution. Also, if a 1·ractical algorithmic solution exists, an J.. .s 
not a good choice. 
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Developments in ANS Technology 

The origins of ANS started with the mathematical modeling of neurons by McCulloch 
and Pitts in 1943 (McCulloch 43). An explanation of learning by neurons was given 
by Hebb in 1949 (Hebb 49). In Hebbian learning, a neuron's efficiency in triggering 
another neuron increases with firing. The term firing means that a neuron emits an 
electrochemical impulse which can stimulate other neurons connected to it. There is 
evidence that the conductivity of connections between 'neurons at their connections, 
called synapses, increases with firing. In ANS, the wéight of connections betwecn 
neurons is changed to simulate the changing conductance .of natural neurons. 

In 1961, Rosenblatt published an influential book.'~eaiing with a new typc of arti­
ficial neuron system he had been investigating cal1e~(a perceptron (Rosenblatt 61). 
The perceptron was a remarkable device that showed c~pabilities for learning and pattem 
recognition. It basically consisted of two layers of neúr'óiis and a simple learning algo­
rithm. The weights had to be manually se! in contrasi· to modem ANS that set the 
weights themselves based on training. Many researchers .entered the field of ANS and 
began studying perceptrons during the 1960's. 

The early perceptron era carne to an end in 1969 when Minsky and Papert pub­
lished a book called Perceptrons that showed the theoreticallimitations of perceptrons 
as a general computing machine (Minsky 69). They pointed out a deficiency of the 
,.>erceptron in being able to compute only 14 of the 16 basic logic functions, which 
means that a Perceptron is not a general purpose computing device. In particular, thcy 
proved a perceptron could not recognize the exclusive-OR. Although they had not seri­
ously investigated multiple )ayer ANS, thcy gave the pessimistic view that multiple 
layers would probably not be able to solve the XOR problem. Govemment funding of 
ANS research ceascd in favor of the symbolic approach to Al using languages sucli as 
LISP and algorithms. New methods of representing symbolic Al information by 
frames, invented by Minsky, became popular during the 1970's. Further work on per­
ceptrons has continued with new types able to overcome Minsky's objections (Reece 
87). Beca use of their simplicity, perceptrons and other· ANS are easy to construct with 
modem integrated circuit technology. 

ANS research continued on a small scale in the 1970's. However, the field final! y 
entered a renaissance starting with the work of Hopfield in 1982 (Hopfield 82). He put 
ANS on a firm theoretical foundation with the two-layer Hopfield Net and demonstrated 
how ANS could sol ve a wide variety of problcms. The· general structure of a Hopficld 
Net is shown in Figure 1-12. In particular, he showed·how an ANS could solve the 
Traveling Salesman Problcm in constan! time as compared to the combinatoria! explo­
sion encountered by conventional algorithmic solutions: An electronic circuit form of 
an ANS could sol ve the Traveling Salcsman Problcm in 1 1! second. Other combinato­
ria! optimization problems can casily be done by ANS such as the four-color map, the 
Buclidean-match (Hopfield 86b), and the transposition codc (Tank 85). 

An ANS that can easily solve the XOR problem is the back-propagation net, 
also known as the generalized delta rule (Rumelhart 86). The back-propagation net 
is commonly implemcntcd as a three-layer nct, although additionallaycrs can be speci-

.(.. 
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fied. The layers between the input and output layers are called hidden layers becat 
only the input and output layers are visible to the externa! world. An importan! 
theoretical result from mathematics, the Kolmogorov Theorem, can be interpreted as 
proving that a three-layer netv.\?rk with n inputs and 2n + 1 neurons in the hidden !ayer 
can map any continuous functiol;!.(Hecht-Nielsen 86). · 

.':' ... ¡ :~: 

f;~:.~ (' '· 

Figure 1-12 
A Hopfield Artificial Neural Net 

Applications of ANS Technology 

A significan! example of learning by back-propagalion was demonstrated by a neural 
net that learned corree! pronunciation of words from text (Sejnowski 86). The ANS was 
trained by correcting its output using a Digital Equipment Co_rp. text to speech device 
called DECTalk. lt required twenty years of linguistic research lo devise rules for corree! 
pronunciation used by DECTalk. The ANS taught itself equivalen! pronunciation sk.ills 
overnight by simply listening lo. the corree! pronunciation of speech from text. No 
linguistic skills were programmed inlo the ANS. 

Investigations of the ANS are under way for recognition of radar targels by elec­
tronic and optical computers (Farhat 86). New implemcntations of neural nets using 
optical components promise optical computers with speeds millions of times faster 
than electronic ones. Optical implementation of ANS is attractive because of the 
inherent parallclism of light. That is, light rays do not interfere with one another as 
they travel. Huge numbers of photons can easily be generatcd and manipulated by opti­
cal components such as mirrors, tenses, high-speed programmable spatial light 
modulators, anays of optical bistable devices that can function as optical neurons, and 
diffraction gratings. Optical computers designed as ANS appear to be complementary to 
one another. 
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Commercial Developments in ANS 

A number of new companies and existing firms have been organized to develop ANS 
technology and products. N estor markets an ANS product called NestorWriter that can 
recognize handwritten input and convert it to text using a PC. Other companies such as 
TRW, SAIC, HNC, Synaptics, Neural Tech, Revelations Research and Texas 
Instruments market a variety of ANS simulators and hardware accelerator boards to 
speed up Ieaming. One of the best bargains for getting started in neural computing is 
volume 3 of Rumelhart's books on Parallel Distributed Processing available from the 
MIT Press. The book describes a half-dozcn ANS simulators and also includes a 
diskette with software for an IBM PC compatible machine for $27.50. By purchasing a 
386 accelcrator card for an IBM XT or compatible, a person can have a very powerful 
system for ANS at Iow cost. 

1.14 CONNECTIONIST EXPERT SYSTEMS AND 
INDUCTIVE LEARNING 

lt is possiblc to build cxpcct systems using ANS. In one systcm, the ANS is lhc 
knowledge-basc construclcú by training examples from medicine for disease (Gallant 
9 n' In Ibis system, lhe exp :rt system tries lo classify a disease from its symptoms 

. one of the known disc.tses lhal the syslem has been trained on. An inference 
engine called MACIE (Matri ; Controlled Infcrcnce Engine) was designed thal uses the 
ANS knowledge-base. The s::slem uses forward chaining to make inferences and back­
ward chaining to query the ~:ser for any additional data needed to produce a solution. 

· Although an ANS by ilself cannol explain why its weights are set to certain values, 
MACIE can interpret the ANS and generate IF TIIEN rules to explain its knowledge. -

An ANS expert system such as this uses inductive learning. That is, the sys­
tem induces the information in its knowledge-base· by example. Induction is the 
process of inferring the genct al case from the specific. Besides ANS, there are a number 
of commcrcially available expert systems shclls that explicitly generate rules frorn 
examples. The goal of inúuctive leaming is to reduce or eliminate the knowlcúge 
acquisition bottleneck. By placing the burden of knowledge acquisition on thc expcrt 
syslem, the developmenl time m ay be reduced and thc rcliability may be increascd if lhe 
syslem induces rules thal wcre nol known by a buman. 

1.15 SUMMARY ,,-. 

In this chapler we have reviewed the problems and developments which have Ied lo 
expert syslems. Thesc problerns lhal expert syslems are ,used for are generally nol 

'lble by conventional programs because lhey Iack a known or efficienl algorilhm . 
.e expert syslems are knowledge-based, thcy can be effectively used for real-world 

problems that are ill-struclured and difficull lo sol ve by other means. 
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The advantages and disadvantages of expert systems were also discussed in t' 

context of selecting an approp,riate problem domain for an expert system applicati, 
Criteria for selecting approprillte,applications were given. 

The essentials of an expe_rt system shell were discussed with reference to rule-based 
expert systems. The basic recognize-act inference engine cycle was described and illus­
trated. by a simple rule example.' Finally, the relationship of expert systems to other 
programming paradigms was :described in terms of the appropriate domain qf each 
paradigm. The importan! point of al! this is the concept that expert systems should be 
viewed as another programming too! that is suitable for sorne applications and unsuit­
able for others. Later chapters will describe the features and suitability of expert 
systems in much more detall. 

PROBLEMS 

1-l. Identify a person other than yourself who is considered an expert or very 
knowledgeable. Interview this expert and discuss how well this person's expertise · 
would be modeled by an expert system in terms of each criterion in the section 
"Advantages of Expert Systems." 

1-2. a) Write ten nontrivial rules expressing the expert of problem l's 
knowledge. 

b) Write a program that will give your expert's advice. Include test results t'tf 
show that each of the ten rules gives the corree! advice. For ease of 
programming, you m ay allow the user to providc input from a menu. 

1-3. a) In Newell and Simon's book, Human Prob/em Solving, they mention the 
9-Dot Problem. Given 9 dots arranged as follows, how can you draw four 
lines through al! the dots without (a) lifting your pencil from the paper 
and (b) crossing any dot? (Hint: you can extend the line past the dots) 

• • • 
• • • 
• • • 

b) Explain your reasoning (if any) in finding the solution and whether an 
expert system or sorne other type of program would be a good paradigm 
to sol ve this type of problem. 

1-4. Write a program that can sol ve cryptarithmetic problems. Show the result for 
the following problem, where D=5. 

DONALD 
+ GERALD 

ROBERT 
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CHAPTER 11 EFFICIENCY IN 
RULE-BASED LANGUAGES 

'l'TRODUCTION 

er provides many techniques for increasing the efficiency of a rule·based 
em which uses the Rete Pattem Matching Algorithm. The reasons for need­
;ient pattem matching algorithm are discussed before the Rete Algorithm is 
Several techniques for writing rules more efficiently are discussed. 

fE RETE PATTERN MATCHING ALGORITHM 

' languages such as CLIPS, ART, OPS5, and OPS83 use a vcry efficient 
or matching facts against the pattems in rules to détermine which rules ha ve 
iúons saúsfied. Tbis algorithm is called the Rete Pattern Matching 
1. Writing efficient CLIPS rules does not require an understanding of the 
rithm. However, an understanding of the underlying algorithm used in 
other rule-based languages makes it easier to understand why writing rules 
more efficient than writing them another way. 
ierstand why the Rete Algorithm is efficient, it will be helpful to look at the 
· matching facts to rules in general and exanüne other algorithms which are 
ient. Figure ll-1 shows tbe problem addressed by the Rete Algorithm. 

FACfS 
INFERENCE 

ENG!NE 

AGENDA 

Figure 11-1 
Pattem Matching: Rules and Facts 

•! 

RULES 

:: 
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If the matching process only has to occur once, then the solution to the problem 
straightforward. The inference engine can examine eacb rule and then search the set of 
facts to determine if the rule's pattems ha ve been satisfied. If the rule's pattems are sat­
isfied, then the rule can be placed on the agenda. Figure 11-2 sbows this approach of 
baving the rules look for !he facts needed to match tbeir conditions. 

-
/ 

~ /.-
FACTS ~/ --- RULES 

/ , 
--~ 

V_ 
AGENDA 

Figure 11-2 
Rules Searcbing for Facts 

·•· 

In rule-based 1anguages, however, the matching process talfes place repeatedly. 
Normally, the fact-list will be modified during eacb cycle of execution. New facts may 
be added to the fact-list or old facts m ay be removed from the fact-list. These changes 
m ay cause previously unsatisfied patterns-to be satisfied or previously satisfied pattems 
to become unsatisfied. The problem of matching now becomes an ongoing process. 
During each cycle, as facts are added and removed, tbe set of rules that are satisfied must 
be maintained and updated. 

Having the inference engine check each rule to direct the search for facts after each 
cycle of execution provides a very simple and straightforward technique for solving this 
problem. The primary disadvantage of such a technique is that it can be vcry slow. 
Most rule-based expert systems exhibit a property- called temporal reduódancy. 
Typically, tbe actions of a rule will only change a few facts in the fact-list. That is, the 
facts in the expert system change slowly over time. Each cycle of execution may see 
only a small percentage of facts either added or removed and so only a small ¡x:n:cntage 
of rules are typically affected by the changes in the fact:list. TI!Us ha\ing thc n1lcs drive 
th.: search for nceded facts rcquires a lot oLunnecessary computation since most of the 
rules are likely to find the san1c facts in the curren! cycle as found in the last cycle. The 
inefficiency of this approach is shown in Figure 11-3. The shaded area represents the 
changcs that have bccn maúe to the fact-list. Unnecessary recomputation could be 

,. 
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by remembering wbat has already matched from cycle to cycle and computing 
! cbanges necessary for tbe newly added or removed facts as sbown in Figure 
is tbe rules tbat remain static and the facts tbat change. Tbus tbe facts should 
rules and not tbe otber way around. 

RULES 

AGENDA 

Figure 11-3 
Unnecessary Computations wben Rules Search for Facts 

FACTS RULES 

AGE!'.'DA 

·-. 
Figure 11-4 

Facts Scarching for Rules 
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The Rete Pattern Matching algorithm is designed to tak:e advantage of the tempo. 
redundancy exhibited by rule-based expert systems. It does tbis by saving the state of 
the matching process from cycle to cycle and recomputing the changes in this statc 
only for the changes that occur in the fact-list. That is, if a set of patterns finds two of 
three required facts in one cycle, a check does not have to be made in the next cycle for 
the two facts tbat have airead y been found. Only the third fact is of interest. The state 
of tl:e matdüng process is updated only as facts are added and removed. lf the number of 
facts added and removed is small compared to the total number of facts and patterns, 
then the process of matching will proceed quickly. As a worst case, if all the facts were 
to be changed, then the matching process would work as if al! the facts were compared 
against aJl of the pattems. 

If only updates to the fact-list are processed, then each rule must remember what 
has already matched it. That is, if a new fact has matched the tbird pattem of a rule, 
then information about the matches for the first two pattems must be available to fin­
ish the matching process. Tbis type of state information indicating the facts that ha ve. 
matched previous pattems in a rule is called a partial match. A partiJ.l match for a 
rule is any set of facts wbich satisfy thc rule's pattems beginning with the first pattern 
of the rule and ending with any pattern up to and including the rule's last pattern. Thus, 
a rule with three pattems would have partial matches for the first pattem. the first and 
second pattems, and the first, second, and third pattems. A partial match of all of 11-~ 
patterns of a rule will also be an activatiou. The other type of state infom1ation sa· 
is called a pattern match. A pattem match occurs when a fact has satisfied a single 
pattem in any rule without regard to variables in other pattems that may restrict the 
matching process. 

The primar}· disadvantage of the Rete Pattem Matching Algorithm is that it is very 
memory intensive. Simply comparing al! of the facts to all of-the pattems requires no 
memory. Saving the state of the system using pattem matches and partiJ.l matches, 
however, can consume considerable amounts of memory. In general, this tradeoff of 
memory for speed is worthwhile. It is importan! to note that the Rete Algorithm does 
not perform a simple search in attempting to match facts against rules. Since memory 
is used to save both pattem matches and partial matches for the rules, a poorly written 
rule can not only run slowly, but it can use up considerable amounts of memory. Like 
errors in procedurallanguages such as a recursive loop that never bottoms out or nested 
loops that ha ve a combinatorial number of itcrations, this is a commonly made error in 
rule-ba~ed programming. 

111e Rete Algorithm also improves the eflicíency of rulc-baseJ systenis by taking 
advantage of structural similarity in the rules. Structural similarity re fers to the 
fact that many rules often contain similar pattcms or groups of pattems. The Rete 
Algorithm takes advantage of this fcaturc to increase efficiency by pooling common 
components togcther so that they do not ha veto be computed more than once . 

. ~-. 



PATHS ANO TRAJECTORIES 
A PATH WILL BE DEFINED AS A LINE IN 20 SPACE THAT IS TO BE 
TRAVERSED. 

A TRAJECTORY WILL BE DEFINED AS A TIME HISTORY OF POSITION, 
VELOCITY, ANO ACCELERATION FOR EACH DEGREE OF FREEDOM. 

FOR OUR ROBOTS, THE DEGREES OF FREEDOM ARE THE MOTIONS OF THE 
ORIVE MOTORS ANO THE STEER MOTORS. 

******************************************************************** 

A FIRST PROBLEM IS ASSOCIATED WITH THE HUMAN AND/OR ROBOTIC 
INTERFACE: NAMELY, HOW TO SPECIFY A PATH (e. g. in the 
CARTOGRAPHER) ANO HOW TO GENERA TE A TRAJECTORY. 

THE SPECIFICATION SHOULD BE AS "EASY" AS POSSIBLE WITH THE 
DETAILS LEFT TO THE ON·BOARD AND/OR OFF-BOARD COMPUTERS. 

FOR EXAMPLE, THE USER MIGHT JUST SPECIFY THE DESIRED GOAL 
POSTURE ANO THE STARTING POSTURE ANO THE "SYSTEM" SHOULD 
DECIDE ON THE SHAPE OF THE PATH TO GET THERE ANO GENERA TE THE 
TRAJECTORIES. 

~******************************************************************** 

THIS PROBLEM CAN BE THOUGHT OF AS A FORWARD COMPUTATION ANO 
AN INVERSE COMPUTATION. 

THE FORWARD COMPUTATION CALCULATES THE ROBOT POSITIONS ANO 
ORIENTATIONS FROM SOME SPECIFIED MOTIONS OF THE MOTORS. 

THE INVERSE COMPUTATION CALCULATES THE MOTOR MOTIONS FROM 
SOME SPECIFIED PATH AND/OR TRAJECTORY OF THE ROBOT. 

..· 



~---

A TRAJECTORY COULO BE CHARACTERIZEO AS A "HISTORICAL 
TRAJECTORY" ORA "PLAN NEO" TRAJECTORY. 

A HISTORICAL TRAJECTORY ISA TIME HISTORY OF POSITION, SPEEO, ANO 
ACCELERATION THAT HAS OCCURREO (IN THE PAST). 

A PLANNEO TRAJECTORY ISA SPECIFICATION OF PROPOSEO VALUES OF 
POSITION, SPEEO, ANO ACCELERATION THAT SHOULO OCCUR (IN THE 
FUTURE). 

'********************************************************************** 

A PLAN NEO TRAJECTORY MAYOR MAY NOT BE PHYSICALL Y POSSIBLE FOR. 
THE ROBOT TO EXECUTE! 

THIS IS ILLUSTRATEO WITH A SIMPLE ONE-OIMENSIONAL EXAMPLE: 

GIVEN BELOW ARE SEVERAL PROPOSEO PATHS FOR A VARIABLE (e. g. AN 
ANGLE, THETA, THAT MIGHT BE THE ANGLE OF ONE OF THE ORIVE 
MOTORS OR MIGHT BE THE ANGLE SPECIFYING THE POSE OF THE ROBOT. 
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Severa! posslble path shapes 



CONSIOER THE FOLLOWING PROBLEM: 

¿vE FROM THE INITIAL POSITION AT t = O ANO AT REST TO THE FINAL POSITION AT t = t¡ 
ANO AT REST SUCH THAT THE PATH IS "SMOOTH". 

INITIAL ANO FINAL V ALU ES 

INITIAL ANO FINAL SPEEOS 

ASSUMEO CUBIC RELATIONSHIP 

OERIVATIVES 

INITIAL POSITION 

FINAL POSITION 

INITIAL SPEEO 

FINAL SPEEO 

B(O) :::: Bo, 

B(,¡)=B¡· 

B(O) =o, 

9(t 1) =o. 

•• 



NOW HAVE 4 EQUATIONS WITH 4 UNKNOWNS: 

SOLUTION FOR a¡: 

EXAMPLE: 

a 1 == O, 

éj(o) =/.5"" 

G {3) = -¡.s-

FINO COEFFICIENTS ANO PLOT: 

COEFFICIENTS: a o - 15.0, 

a¡ = 0.0, 

a2 = 20.0, 

. a3 = -4.44 . 

POSITION 

O(t) = 15.0 + 20.0t 2 
- 4.44t

3
, 

SPEEO 
o 0 

O(t) = 40.0t- 13.33t", 

ACCELERATION 
üttJ == 40.0- 26.oot. 
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NOTE THAT THE POSITION IS GIVEN BY A CUBIC CURVE, THE VELOCITY IS PARABOLIC, AND 
THE ACCELERATION IS LINEAR (THE MAXIMUM ACCELERATION ANO THE MAXIMUM 
OECELLERATION OCCUR AT THE END POINTS). 

********************************************************************** 
z.. 

WHAT IF THE MAXIMUM ALLOWED ACCELERATION IS (SAY) 30 DEGREES/SECONO ( + OR ·)? 

START WITH THE MAXIMUM ACCELERATION Ofe•' 
· . -::: 3 O ==- C..ONS Í: 

-THE VELOCITY IS e ~ 30 t 

ANO THE POSITION IS GIVEN BY 

ea-)= 
NOTE THAT THE ABOVE SOLUTION IS ONLY VALlO UNTIL THE TIME WHEN THE ANGLE 
"CATCHES UP" TO THE OE.SIRED TRAJECTORY. THE TIME FOR "CATCHING UP" IS ' ..,¿' 

e_ = ;sé:r15 = ~ot -=,Zoiz.-f.'-1'11: 3+~ 
3o ¡/ .¿ ';J.. s-

-S"j = -1, '!Y 4>-é = f-W =/./Zt. ~-
. ONE FORM OF FULL TRAJECTORY COULO BE GENERATED BY USING "BANG·BANG" 

CONTROL ON THE ACCELERATION. NOTE THAT WHEN THE ACCELERATION IS LIMITEO, THE 
MAXIMUM SPEEO OURING THE TRAJECTORY IS HIGHER TO REACH THE SAME ENO POINT AT 
ZERO SPEED! THIS IS GENERALLY TRUE, IF YOU HAVE LESS ACCELERATION AVAILABLE, 
YOU MUST GO FASTER TO GET TO THE SAME POINT AT THE SAME TIME. 

E}., = ;s--é ~/.5 == 3~. CJZ z = Sr6 ..l-

~6 , T -=: /7/' A = 33 '28 1.!!!! """"~ li.J&-fl&./2 .Sr'.$JGP 

é'lo¿ = .tftJ t- /.3:3 3t '::. ;28. 1~ 
¡::¿,e ,E)<./fm/'LL: 

--
9o+ 

S"!Et: ~.JEc/¿¿,.12'( 
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THE UMITATION ON ACCELERATION THAT WAS APPUED IN THE ABOVE EXAMPUE IS KNOWN 
AS A CONSTRAINT. CONSTRAINTS ARE VERY COMMON IN TRAJECTORY GENERATION. THE 
CONSTRAINTS CAN TAKE MANY FORMS. FOR EXAMPUE, SINCE ACCEUERATION IS 
PROPORTIONAL TO FORCE (OR TOROUE) A LIMIT TO THE AVAILABUE ACCEUERATION IS 
QUITE NATURAL SINCE THE MOTOR S MAY BE ONLY ABLE TO DELIVER A LIMITE O TORO U E. 

CONSTRAINTS COULD ALSO BE APPLIED TO SPEED OR TO POSITION. IN THE CASE OF 
SPEED THERE COULD BE ANY NUMBER OF REASONS (OFTEN ASSOCIATED WITH SAFETY) 
TO CONSTRAIN THE SPEED TO VALUES BELOW SOME SPECIFICATION. POSITION COULD 
BE CONSTRAINED BY REOUIRING THAT THE ANGLE (OR A ROBOT FOR THAT MATTER) NOT 
PASS A CERTAIN POSITION BEFORE SOME TIME. IN TWO DIMENSIONS, THE POSITION IS 
VERY OFTEN CONSTRAINED BY THE PRESENCE OF AN OBSTACUE. 

THUS, IF A TWO DIMENSIONAL PATH WERE TO BE CONSIDERED UKE THE ONE SKETCHED 
BELOW FOR A POINT ROBOT MANEUVERING AROUND A CORNEA, THE PROBLEM COULD BE 
CONSTRAINED BY POSITION (NAMEL Y THE ROBOT IS NOT ALLOWED TO TOUCH THE 
WALLS), BY ACCEUERATION (THE ROBOT HAS A UMITED AMOUNT OF TOROUE AVAILABUE) 
ANO BY VELOCITY (EITHER LINEAR OR ANGULAR) BECAUSE THE ROBOT HAS SAFETY 
SPEED LIMITS OR IT MAY SLIP OR SKID AROUND CORNEAS. 

THE PATH SKETCHED ABOVE COULD BE TRANSFORMED INTO A TRAJECTORY BY PLACING 
APPROPRIATE TIME MARKS ON IT. IF THE TIME MARKS ARE ARBITRARY, THEN THE 
TRAJECTORY MAY NOT BE REAUZABUE BY THE ROBOT. THE "BEST" REALIZABLE 
TRAJECTORY NEEDS SOME DEFINITION OF THE MEANING OF "BEST". THIS COULD, FOR 
EXAMPUE BE THE MINIMUM TIME, THE MINIMUM ENERGY, THE MINIMUM DEVIATION FROM 
THE PLANNED PATH, ETC. THESE CONCEPTS LEAD TO THE FIELD OF OPTIMUM 
TRAJECTORY PLANNING. 

AN OPTIMUM TRAJECTORY IS ONE THAT IS "BEST" ACCORDING TO THE FUNCTION TO BE 
OPTIMIZED ANO THAT MEETS ALL OF THE SPECIFIED CONSTRAINTS. 



WHAT IF THE MAXIMUM ALLOWED ACCELERATION OF THE SIMPLE ONE-DIMENSIONAL 
EXAMPLE PROBLEM IS (SAY) 25 DEGREESjSEC2 

AGAIN, START WITH THE MAXIMUM ACCELERATION. 

THENATTHESTART: e :::...2_5 {"eo.NsT-) 

é ==-;2.:5" t_ (s;Nc.fE étc)=o) 

tz. z e= o2 s-- -1-- el¿) J ==-/c:z~ s .¿ --r /S" 
cZ . . 

WE SEE BELOW THAT THE POSITION NEVER CATCHES UP TO THE UNCONSTRAINED CASE. (cv81C) 

c9LS~ /.:l~S ¿-z._,...¡_s-= 8~c¿ -,zo_iz._L¡'..f'fé 3-r¡s-

. - 1.-S i z._ - -7, Lf '1 t 3 

t =- 7-S" :=: /, ¿' f ~dP_s 
~~'f 

;:>/..S'" $~/V'P..f' 

e.u- = (/.z,s}Z,zsjf!s--= ;rs.!.zs 
THE DISTANCE TRAVELLED IN 1.5.SECONDS IS 28.125 DEGREES . .ó.~ == .z_ 8:./2--0 . 

THEREFORE, IT IS NOT POSSIBLE TO GET TO THE GOAL (60 DEGREES DISTANCE) IN 3 
SECONDS IF STOPPED AT THE END. . 

THE TIME REQUIRED TO GO 30 DEGREES IS 1.549 SECONDS. THEREFORE, THE SHORTEST z.. 
TIME FROM START TO GOAL (80TH STOPPED) IS 1.549 x 2 = 3.098 SECONDS. ¿¡.5"=!.2-S"-1: +/S'" 

12~Si:z=3o 
t: z.-== ~ 1 ,S<¡' .4l2t:, 

NOTE THAT THE MAXIMUM SPEED IS 38.725 DEGREES/SECOND. 

THE TIME IS LONG TO GET THERE BUT THE MAXIMUM VELOCITY IS HIGH. 



THE PREVIOUS EXAMPLE IS A CASE IN WHICH THE ACCELERATION IS INSUFFICIENT TO 
ALLOW THE TRAJECTORY TO BE COMPLETED WITHIN THE SPECIFIED TIME. IF THIS 
TRAJECTORY IS ONE LEG OF A TOTAL PATH, THEN THIS RESULT MAY EITHER MAKE THE 
ARRIVAL TIME AT THE FINAL DESTINATION LA TER THAN DESIRED {IF THE OTHER LEGS, FOR 
EXAMPLE, ARE OPTIMIZED ANO COULD ACTUALLY MEET THEIR EXPECTATIONS), OR, ONE 
MIGHT RE-EXAMINE OTHER LEGS TO SEE IF THEY COULD BE SHORTENED TO "MAKE UP" 
FOR THE DELAY IN THIS LEG. THUS, WE SEE THAT EACH LEG OF A PATH IS NOT PLANNED 
INDEPENDENTL Y OF THE OTHER LEGS. 

THE WORD "PLANNED"IS USED ABOYE. HOW DOES PATH PLANNING OCCUR? 

CONSIDER THE FOLLOWING SEQUENCE: 

1) RECEIVE INFORMATION CONCERNING START ANO GOAL POSITION ANO START ANO 
GOAL TIMES. 

2) KNOW CONSTRAINTS ON MACHI NE {ACCELERATIONS ANO VELOCITIES). 

3) DETERMINE CONSTRAINTS ON POSITION (CARTOGRAPHER- MAPS). 

4) PLAN A PATH TAKING INTO ACCOUNT THE POSITION CONSTRAINTS. 

5) TAKING END-POINT TIMES INTO ACCOUNT, DIVIDE TIMES INTO THE LEGS OF THE PATH 
(FOR EXAMPLE BY TIME BEING PROPORTIONAL TO LEG LENGTH) 

6) IF ONE WERE TO STOP AT THE END OF EACH LEG, THEN SOMETHING UKE THE 
PREVIOUS EXAMPLES COULD BE USED FOR EACH LEG (IN TWO DIMENSIONS) TO 
CALCULA TE THE TRAJECTORIES FOR EACH LEG. 

7) IF SOME LEG(s) EXCEED THE ALLOWED TIME, SEE IF TIME CAN BE MADE UP IN OTHER 
LEG(S). 

8) IF ONE DOES NOT STOP AT THE END OF LEG(s), THEN THESE END POINTS MIGHT BE 
TREATED AS WAY-POINTS ANO AN ITERATIVE PROCEDURE ADOPTED TO BEST MEET THE 
REOUIREMENTS. 

9) THE END RESULT SHOULD BE A PLANNED TRAJECTORY THAT MEETS THE CONSTRAINTS 
OF THE ROBOT (ACCELERATIONS ANO VELOCITIES), THE CONSTRAINTS OF THE 
ENVIRONMENT (POSITION), THE SPECIFICATIONS OF THE ARRIVAL TIMES, ANO MEETS ANY 
OPTIMAL PRINCIPLES SUCH AS MINIMUM ENERGY, MAXIMUM CLEARANCE, MINIMUM TIME, 
ETC. 

THIS 15 A TOUGH PROBLEM 



USUALL Y, ONE WISHES TO PASS THROUGH A VIA POINT WITHOUT STOPPING, SO WE NEED 
TO GENERAUZE THE WAY OF GENERATING TRAJECTORIES TO SATISFY CONSTRAINTS. 
LET'S CONSIDER ONLY THE VIA POINTS AS CONSTRAINTS AND REUEVE THE CONSTRAINTS 
FROM THE ACCELERATIONS, ETC. 

CONSIDER A ONE DIMENSIONAL PROBLEM, AGAIN, AND CONSIDER FITS TO CUBIC 
POL YNOMIALS, AGAIN. THE CUBIC EOUATION AND THE CONSTRAINTS ARE GIVEN BELOW. 
NOTE THAT THE VELOCITIES AT THE END POINTS NOW NOT ZERO. 

INITIAL SPEED: . . 
8(0) = 80 , 

FINAL SPEED: 

CUBIC: 

B(t) = a0 + a 1 t + a 2 t 2 + a3 t 3
, 

EQUATIONS FOR CONSTRAINTS: 

INITIAL POSITION: 

FINAL POSITION: 

INITIAL SPEED: 

FINAL SPEED: 

SOLUTIONS FOR a¡: 

., 
'• 



IF THE DESIRED SPEEDS ARE KNOWN AT EACH VIA POINT, THEN IT IS A 
SIMPLE MATTERTOAPPLYTHE EQUATIONS FORTHE a¡TO EACH SEGMENT 
TO FINO THE SPECIFIC CUBIC EQUATIONS FOR EACH SEGMENT. 

HOWEVER, THE DESIRED SPEEDS AT THE VIA POINTS ARE NOT USUALLY 
KNOWN. THUS, ONE COULD CONSIDER SEVERAL OPTIONS: 

1) THE USER SPECIFIES THE DESIRED SPEED AT EACH VIA POINT. THIS 
OPTION IS MUCH TOO USER-DEPENDENT FOR OUR AUTONOMOUS 
MOBILE ROBOTS. 

2) THE "SYSTEM" [NAMEL Y, THE COMPUTER SYSTEM CONTROLLING THE 
ASPECT OF PLANNING OF TRAJECTORIES] AUTOMATICALL Y 
CHOOSES THE SPEEDS AT THE VIA POINTS BY APPLYING A SUITABLE 
HEURISTIC. 

3) THE "SYSTEM" [NAMEL Y, THE COMPUTER SYSTEM CONTROLLING THE 
ASPECT OF PLANNING OF TRAJECTORIES] AUTOMATICALLY 
CHOOSES THE SPEEDS AT THE VIA POINTS BY APPLYING SOME 
PRINCIPLES SUCH AS CONTINUOUS ACCELERATION AT VIA POINTS, 
ACCELERATIONS AND SPEEDS MEET CONSTRAINTS, ETC. AND 
GENERA TE TRAJECTORIES BASED ON THESE PRINCIPLES. 

CONSIDER THE PATH SPECIFIED BY VIA POINTS (IN ONE DIMENSION) 
BELOW. THE SPEEDS AT THE VIA POINTS ARE SHOWN WITH SMALL LINE 
SEGMENTS REPRESENTING TANGENTS TO THE CURVE AT EACH VIA POINT. 
THIS CHOICE IS THE RESULT OF APPLYING A CONCEPTUALLY AND 
COMPUTATIONALLY SIMPLE HEURISTIC. 

IMAGINE THE V/A POINTS CONNECTED WITH STRAIGHT UNE 
SEGMENTS - IF THE SLOPE OF THESE UNES CHANGES S/GN AT 
THE V/A PO/N[¡ CHOOSE ZERO VELOCI1Y;...IF THE SLOPE OF THESE 
UNES DOES IVOT CHANGE SIGN....._pHOO~E THE AVERAGE OF THE 
TWO SLOPES AS THE V/A VELOC/1 r. ·· 
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Via points with desired velocities at the points indicated 
by tangents. 



TO ILLUSTRATE ONE METHOD TO PERFORM THE PROBLEM AS SPECIFIED 
IN 3), CONSIDER THE CASE OF REQUIRING THAT ACCELERATION IS 
CONTINUOUS AT THE VIA POINT. TO DO THIS, WE REPLACE THE TWO 
VELOCI1Y CONSTRAITS AT THE CONNECTION OF THE TWO CUBICS WITH 
THE TWO CONSTRAINTS THAT a) VELOCI1Y IS CONTINUOUS ANO b) 
ACCELERATION IS CONTINUOUS. CONSIDER THE EXAMPLE BELOW: 

THE PROBLEM IS TO SOLVE FOR THE COEFFICIENTS OF TWO CUBICS 
WHtiH ARE CONNECTED IN A TWO-SEGMENT SPLINE WITH CONTINUOUS 
ACCELERATION AT THE INTERMEDIATE VIA POINT. THE INITIAL ANGLE IS 

8, THE VIA POINT 1St:?, ANO THE GOAL POINT IS8. 
e if ~ 

FIRST CUBIC: 
2 

3 

8(t) = a 10 + a 11t + a 12t + a13t 1 

SECOND CUBIC: 

EACH CUBIC IS EVALUATED OVER AN INTERVAL STARTING AT t = O ANO 
ENDING AT t = tfi, WHERE i = 1 or i = 2. 

THE CONSTRAINTS ARE: 

O= a 21 + 2a22 t /:;!_ + 3a~ 3 th, 

a11 + 2a12t11 +3al3t'l = a211 

2al2 + 6al3tfl = 2a22· 

~- ' 



THE PROBLEM IS TO SOLVE EIGHT EOUATIONS WITH EIGHT UNKNOWNS. 
FOR THE CASE THE t¡ = t¡1 = t¡2 THE FOLLOWING VALUES FOR THE 
COEFFICIENTS ARE OBTAINED: 

FOR THE GENERAL CASE OF n CUBIC SEGMENTS THE EOUATIONS WHICH 
ARISE FROM INSISTING ON CONTINUOUS ACCELERATION AT THE VIA 
POINTS MAY BE CAST IN MATRIX FORM WHICH IS SOLVED TO COMPUTE 
THE SPEEDS AT THE VIA POINTS. THE MATRIX TURNS OUT TO BE 
TRIDIAGONAL ANO EASILY SOLVED (SEE D. ROGERS ANO J. A. ADAMS, 
MATHEMATICAL ELEMENTS FOR COMPUTER GRAPHICS, McGraw-Hill, 1976.) 

OBVIOUSL Y, HIGHER ORDER POL YNOMIALS COULD BE USED. 



LINEAR FUNCTION WITH PARABOLIC BLENOS 

IN THIS CASE, ONE COULO CHOOSE THE PATH SHAPE TO BE LINEAR (SEE 
FIGURE BELOW). THE PROBLEM WITH THIS CHOICE IS THAT THE SPEEOS 
ARE OISCONTINUOUS AT THE END POINTS. TO CREATE A SMOOTH PATH 
WITH CONTINUOUS POSITION ANO SPEEO, IT IS POSSIBLE TO AOO A 
PARABOLIC "BLENO" REGION NEAR EACH PATH ENO POINT. 

~, ---------

~----------------L---~1 ~ ~ 

Linear interpolation requiiing infinite acceler&tion. 

' 
DURING THE BLEND PORTION OF THE TRAJECTORY, CONSTANT 
ACCELERATION IS USED TO CHANGE SPEEO SMOOTHLY. THE FIGURE 
BELOW SHOWS A SIMPLE TRAJECTORY CONSTRUCTED IN THIS WAY. THE 
LINEAR FUNCTION ANO THE TWO PARABOLIC FUNCTIONS ARE SPLINED 
TOGETHER SO THAT THE ENTIRE TRAJECTORY IS CONTINUOUS IN 
POSITION ANO SPEED. 

FOR AN EXAMPLE, SEE CRAIG, INTROOUCTION TO ROBOTICS, Addison 
Wesley, 1989. 

8 

Linear segment with parabolic blenda 

··• 



THE RESULT OF APPLYING LINEAR INTERPOLATION WITH PAAABOLIC 
BLENDS TOAN EXAMPLE PROBLEM: 
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:nterpolation with parabolic blends. The set of curves on the left are based on 
a higher acceleration during the blends than those on the right. 



LINEAR FUNCTIONS WITH PARABOLIC BLENDS CAN BE APPLIED TO PATHS 
WITH VIA POINTS. SEE THE FIGURE BELOW: (AGAIN SEE CRAIG FOR 
EXAMPLES) 
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Multisegment linear path with blends. 



PILOTING ALONG A SEQUENCE 

OF STRAIGHT LINES: 

A PATH SPECIFICATION THAT CONSISTS OF A SEQUENCE OF STRAIGHT 
UNES IS ONE OF THE MOST SIMPLE WAYS TO DEFINE A PATH IN TWO 
DIMENSIONS. 

FOLLOWING THE STRAIGHT UNES REQUIRES A TRANSITION FROM ONE 
UNE TO ANOTHER. THIS IS ACCOMPUSHED BY A COORDINATE 
TRANSFORMATION. 

VEHICLE (REFERRED TO AS AMR) IS ASSUMED TO BE A POINT ANO 
OBJECTS ARE ENLARGED TO CORRECT FOR THE FINITE SIZE OF THE 
VEHICLE. 



ESCRIBE POSTURE BY(x, y,e) 

(x, y, e) = posture in XY frame 

(x', y', e') = posture in X'Y' frame 

(x1, y1) = coordinates of new origin O' in old (XY) coordinate system 

$ 1 = angle betvveen new and old X- axes. 

[x1, y1 ,e1] = transformation from new to old coordinate system. 

THE TRANSFORMATION EQUATIONS ARE: 

X 

y 
B 

• 1 
X 

y' 
B' 

coa B1 

sin B1 

o 

sinB1 O 
cos B1 O 

o 1 

x' 
y' 
B' 

X 

y 
9 

+ • 

• 



EXAMPLE: THE ORIGINAL AND NEW COORDINA TES ARE SHOWN 
BELOW. 

(X, Y, e) = (1, 2, 71" /2) 

(X1, Y1,$1) = (1, 1, Tf/4) 

y 

y...l 

X 



THE TRANSFORMATION IS APPLIED AS FOLLOWS: 
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CONSIDER A VEHICLE WITH A FEEDBACK CONTROL SYSTEM 
SUCH THAT IT TRAVELS ON THE X-AXIS OF THE CURRENT 
COORDINATE SYSTEM IN THE POSITIVE DIRECTION WITH A 
GIVEN SPEED V. THE CONTROLLER TRIES TO KEEP THE 
FOLLOWING CONDITIONS AS NEARLY TRUE AS POSSIBLE: 

y=O 

dyjdt =o 

dxjdt = v 

WHEN THE VEHICLE IS TO CHANGE DIRECTION, THEN THE 
COORDINATE TRANSFORMATION [x1, y1, 1] IS ISSUED ATAN 
EXIT POSITION, E. 

NOW THE FEEDBACK CONTROLLER IS TO USE THE ABOVE 
CONTROL SCHEME TO CONTROL THE VEHICLE ONTO THE X-AXIS 
OF THE NEW COORDINA TE SYSTEM. 

THE FOLLOWING FIGURES ILLUSTRATE SOME OF THE 
POSSIBILITIES FOR TRANSITIONING FROM ONE PATH TO 
ANOTHER. 
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Path specification by directed straight lines. 
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~ Examples of transformations. (a) [100,0,90] (left turn). (b) [100,0,30] 
(left turn by 30°). (e) [100,0,135] (left turn by 135°). (e) [0,50,n] (u-turn). (From 
Ref. l.) 
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THE MITCHI ROAD FOLLOWER 

THE LUMELSKY BUGS 

THE FENG & KROGH PILOTING 

CONTENTS 

INTRODUCTION (PREPARED BY N. J. McCormick- 1989) 

PILOTING BY A SEQUENCE OF STRAIGHT UNES WITHOUT 
SENSOR FEEDBACK (THE MITCHI ROAD FOLLOWER) 

NAVIGATION WITH TACTILE SENSORS (THE LUMELSKY BUGS) 

NAVIGATION WITH PROXIMITY SENSORS (FENG & KROGH PILOT) 



l. Introduction 

1-1. Overview of intelligent control 

Operation of an autonomous mobile robot (A:\IR) requires several hierarchicallevels 
of intelligent control which include planning, navigation, and piloting. These separate 
levels of control are needed because not al! control aspects can be done in the local AMR 
env1ronment. 

The problem at the top or "planning" leve! is to define the overall.mission for the 
A:\IR. including its initial and desired final locations and a priori known obstacles and 
constraints. During the planning operation the global path of the AMR is speciíied. Also, 
there may be an overall maximum time speciíied for the mission. 

The role of the "navigation" stage is to find a continuous motion that will take the 
A:\IR from its initial position to its desired final position along a locally-deíined (i.e., 
segmented) geometric path v."ithin the geometric constraints and that avoids obstacles 
encountered with the A:V!R sensors. For the 2-D problem of interest to us, this means that 
given two locally-defined positions (x;,y;) and (x¡,y¡) and the AMR initial orientation 
B; with respect to the x-axis, find a continuous wall-avoiding motion between the two 
positions or establish that no such motion exists. 

L'l a sense, planning can be considered as "global obstacle avoidance without consid­
eration for the operation of sensors' while navigation enables the AMR to avoid those 
obstacies. 

The navigator also must consider the time required to accomplish the local mission. 
Sin ce a mobile robot will ordinarily negotiate any given path only once (as opposed to a 
manipuiator, which might perform the same task thousands of times), the navigator wants 
to plar1 a path that can be negotiated "quickly" rather than "optim~ly." In sorne cases 
this means that the navigator can use straight lines for the paths, and angular rotations 
at turns. to plan a path . 

. . -\ third le,·e"l in the hierarchy is that of "piloting." This is the problem offollowing the 
path prescribed by the .-\MR na•-igator. To analyze the motion of the vehicle along a path, 
i t is necessary to link the time variable to the path: the combination of a path and "time 
marks"' along a path gives a ·'trajectory." At this level of the analysis, the dynamics of the 
motion of the A)llR can become importan! since the vehicle must be capable of negotiating 
the path without tipping over. (Of course the A:V!R must have sufficient power resources 
co enable it to follow the trajectory, and this leads to addiíional design considerations.) 

One useful analogy may help us better understand tbe role of the planner, navigator, 
'~" ::-: 1ot oi the A:\IR. This analogy occurs in the transoceanic shipping industry where 
the planner is in the front office of a company that schedules a vessel for transit between 
two ports. The front office person typically uses an atlas to plan a great circle path for 
the ship, subject to known islands and reefs that may be obstacles. 

The ship "s navigator is the individual responsible for keeping track of the local position 
oi ¡he ship and monitoring its motion with feedback from local sensors (e.g., •-isual, sonar, 
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etc.) of obstacles (such as other ships) that have not been foreseen by the front office. The 
navigator uses knowledge about the current, wind speed, ship speed, etc. to keep track of 
the ship motion and instructs the pilot on the directional bearing of the ship. 

A ship's pilot is the person at the wheel of the ship who must act on the navigator"s 
instructions. The pilot is the one who knows the effects of the ship's momentum on its 
maneuverability and is responsible for avoiding all obstacles identified by the navigator. 

A second analogy is that of fiying an airplane. In this case the airline company 
plans the trips between two destinations, an on-bóard navigator keeps track of the aircraft 
location as it moves along a sequence of planned paths between different route checkpoints, 
and the pilot actually controls the airplane motion. 

Finally, i t should be remarked that there is no uniform set of words or phrases in the 
discipline of robotics to describe the different levels of intelligent control, so one is always 
advised to read the literature carefully befare placing an article in one category or another. 

1-2. Introduction to navigation and piloting 

We shall first look at an algorithm for two-dimensional piloting activities in Section 
2. Then in Sections 3 and 4 we examine navigation algorithrns. 

There are two basic. models for navigation, those \vith #complete inforination and 
those with incomplete iniormation. For any application where the path planning ·is not 
perfect, the latter model is more appropriate, and this is the model of interest to us. With 
su eh a model, sensors are needed to provide feedback information to the AY!R during its ¡¡¡,;:. 

motion and that information is incomplete and imprecise. 

Two types of feedback sensors are tactile, in which the AMR is allowed to come into 
contact \Vith obstacles (or to within an allowable distance controlled by se::J.sors)\ and 
proximity sensors that provide a map of the locally visible obstacles within a finite range. 
We shalllook at navigation algorithms with tactile sensors in Section 3 and with proximity 
sensors in Section 4. 

2. Piloting by a sequence of straight lines without sensor feedback 

In this section we deal with how to follow paths with a low-level controller (without 
sensors). The objective is to balance smooth vehicle control with an efficient path spec­
ification. The path description is based on a sequence of directed straight lines and a 
coordinate transformation. A key feature of the approach is its pure geornetrical nature 
a...'ld hardware independence: a key limitation is that it does not take into account the 
specific characteristics of an A:V!R. The presentation follows that of Ref. l. 

2-1. Path specification 

\Ve assume that the vehicle is a point, and that the objects are appropriately enlarged 
so as to correct for the finite size of the AY!R footprint. (This procedure works best, 
incidently, with a nearly circular footprint since a constant distance can be used in all 
directions from the center of the footprint to enlarge obstacles; with a vehicle shaped like 
a ladder, for example, obstacle "bloorning" becomes more messy to implement.) 
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For paths like that in Fig. 2-1, the path of the AMR is well approximated by a 
sequence of directed straight lines if a transient portien from one straight line to another 
can be appropriately generated. (In most cases, in fact, vehicle paths used in an indoor 
environment have straight-line segments as major components.) The transient portions are 
determined by a combination of "exit" specifications and characteristics of the feedback 
control system. 

For a directed straight line X, the AMR poJtu.re (x, y, 11) can be described by. its 
position coordinates (x, y) and vehicle orientation B, measured counterclockwise from the 
X -axis. Each directed straight line is the X -axis of a local coordinate system XY. 

~fotion between two directed line segments, X -+ X', is specified by a coordinate 
transformation from (x, y, 11) to (x', y', 11'). Also, let (x1 , y1 ) denote the coordina tes of the 
origin O' of X'Y' in the XY coordinates, and 111 the angle between the new axis X' and 
the old axis X, as shown in Fig. 2-2. 

From Fig. 2-2 it follows that the transformation [x 1 , y1 , B1] between the new posture 
and the old one can be written as a composite of the translation (x 1 , y1 ) and the rotation 
ll¡ , 

(2-1) 

("N o te the use of symbols [ and ] to define transformation instead of ( and ) to define 
posture!) Hence, rearrangement of this equation gives the transformation from the old 
posture to the new one, 

sin B1 

cos B1 

o D ( G) (~J) 
Examples of transformations are shown in Fig. 2-3. 

2-2. The MITCHI locomotion command system 

Piloting along a path is complicated for the following reasons: 

(2-2) 

o Sin ce the dead reckoning capability of a vehicle is lirnited, the A~-IR must continuously 
re-calibrate its current posture (x, y, B). 

o The AMR must be capable of modifying the navigator plan in case there are differences 
between the plan and the environment or moving objects that cannot be described in 
the navigator's plan. 

The ).HTCHI command system (for "road" in Japanese) is one such system designed 
cu cuuuv; ,;·,e: A:VIR through a sequence of commands sent via the co=unication interface 
between the vehicle and the master control. A command is a unit of operation; for example, 
< go > is a command that specifies a transformation [x 1 , y1 , B1 ] together with an exit x,. 
The ·motion of the A?vfR is infiuenced by the position of the exit, as seen in Fig. 2-
4. A.n arbitrary path for a sequence of straight lines can be defined by a sequence of 

. transfor::nations as in Eq. (2-2) and exits. 
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The commands are broken clown into two types: Jlow commands, such as < go > 
and other commands that are executed sequentially one after another, and faJt commands 
such as < cancel > to cancelan earlier command, or < stopO >, to decelerate immediately 
until stopped, that need to be executed rapidly. 

The vehicle control states in ).-!ITCHI are categorized in two classes, active and waiting. 
vVben the vehicle is in a waiting state, any commands stored in the buffer are not executed 
(on a "first-in-first-out" basis) until a< start > command is received. The three types 
of active states are ·active-Jtop, moving-.ltationary, and tranJient. In the active-stop state, 
the vehicle remains stationary until it receives a < go > or < spin > command: in the 
moving-stationary state it tra,·els on an X -axis with a constant speed, and in the transient 
state it is between an exit and an entry or is accelerating or decelerating. 

The ).,fiTCHI command system is explained in Table 2-1 and is expressed "-ith the 
syntax shown in Table 2-2. 

2-3. Feedback control without sensors 

It is necessary to impose limits on the vehicle acceleration and angular acceleration in 
arder to maintain a·reasonable path following capability, and to avoid tipping and excessive 
power requirements caused by "jack-rabbit" starts. Feedback control is necessary even in a 
stationary state because there are many types of disturbances to the motion, both interna! 
and externa! to the vehicle. 

To keep the vehicle traveling along an intended axis X with speed v = dx 1 dt, the "" 
y-coordinate should be small. Sin ce dy = tan 1! dx, and sin ce tan 1! "" 1! for 1! small, it; ', 
follows that for a stable solution of Eq. (2-2) to exist when the vehicle speed is constant, 
it is necessary that 

dyldt ""vi!. (2-3a) 

As a· second necessary condition for a stable solution, a constraint must be placed 
on the angular acceleration a ,;, d:.J 1 dt, where the angular velocity w-= di! 1 dt. Since y is 
coupled to 1! ,·ia Eq. (2-3a), this can be satisfied by 

a"" -k1y- k21!- k3w, (2-3b) 

where k 1 , k2 , and k3 are properly chosen positive constants. After differentiating Eq. 
(2-3b) and using Eq. (2-3a), it is seen that a stable solution of Eq. (2-2) exists if the 
third-order differential equation for 1!, 

(2-4) 

is satisfied for appropriate k1 , k2 , and k3 . 

A more complicated set of control equations than this is necessary, however, when v 
is not constant and y is not necessarily small. Tl::e co:::trol eq_-c.2.t:c:: ¿;:--~:: '- "l.ef. 1 for the 
acceleration dv 1 dt is: 

''fdt = ¡ O, if v=Vmax and g(y,li,v,"-')>0, 

O, if v = -Vmax and g(y,li,v,w) < 0: 

g( y, 1!, v, w ), otherwise, 
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where 

with 

g(y,B,v,w) = { -A., if v 2: vd(y, B, w), 

=A., if v<vd(y,B,w), 

The corresponding control equation for the angular acceleration dw/ dt is: 

where 

with 

dwfdt = { 
o. if V= nmax and J(y,B,v,w) >o, 
O, if v=-r!max and f(y,B,v.w)<O, 

J(y,B,v,w), otherWise, 

f(y, B, : ... :) = max[min[A.,, (-f¡ (y)- k2B- k3w )] 

f¡(y) = k1max[min[yo, y], -yo]-

(2-5b) 

The values Vmax, nmax •.• .J.., A,, Vdo, C¡, c2, k¡, k2, k3, and Yo are positi,·e constant 
parameters. For the ·'Y amabico 9" of Re f. 1, actual val u es are 

:vfa.ximum veloci ty: Vmax = 35 cm s - 1 

:vra.x:imum angular velocity: nmax ::::: 2~ s- 1 

Default ve!ocity ( changeable by a < velocity > command): V do = 30 cm s- 1 

Parameters for deceleration during rotation: c1 = 30 cm s-1 f-:r and c2 = 30 cm s-1 /(2-:r s-1 ) 

Acce!eration: Av = 30 cm s- 2 

Angular acceleration: • . - ?- s-2 .'"1(,/ - _,¡ . 

The archit~cture of the feedback control system is shown in Fig. 2-5. 
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2-4. Example of the MITCHI locomotion command system 

An illustration of the MITCHI system with the Yamabico dynamic behavior is shown 
in Fig. 2-6 for the following control sequence: 

( 1) G O, O, O, O; 

(2) G 100, 100, O, 90; 

(3) G 90, 100,20, 180; 

(-±) G 100,130. O, -90: 

(5) G 200,170, O, -90; 

(6) G 120,130,70, 180; 

( 7) G 170, 180, O, 90: 

(S) G 100,100, -±0, O; 

(9) p 150; 

(10) S. 

6 

(2-6) 
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2-5. Figures and tables for Section 2 
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Fig. 2-l. Pa.th ;¡:,¿c:::ca.::on by directed straight lines. (From Ref. 1.) 

y 

y' 

----o+l--_¿~----------------~x 
fold X AXlS) 

i 

~-2. Coordinate transformations (Ftom Ref. l.) 

í 



Y' 

y 

y X' 

100 

X 

o E 
o' o E o' 

(3) (b) 

y 
y í ~ 

X' ( 

o·j 

( 

~ 135. ,-----.. 
~ 

o E e--"' X 
1 ~ 

o l' 
y •• 

Y' 

(e) (d) 

Fig. 2-3. Examples of transformations. (a) [100, O, 90) (left turn). (b) [100, O, 30) 
(left turn by 30° ). (e) [100, O, 135) (left turn by 135° ). (e) [O, 50, ;r) ( u-t-w;:,). (F~c~ 
Ref. 1.) 
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Fig. 2-4. Effects of diñerent exit positions. (From Ref. l.) 
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Table-2-1. MITCHI comroand systero. (From Reí. 1.) 

(command) :: ~ (slow command) 1 (Jast command} 
(slow command) :: ~ (go) 1 (stop) 1 (reverse) 1 (spin) 1 

(wait) 1 (velocity) 1 (control) 
(go) :: ~ G(e), (x), {y), (8}; 1 G, (x), (y), (8); 
(stop) :: ~ P(x); 
(reverse) ::=· R 
(spin) :: ~ N(8); 
(wait) ::= W 
(velocity) :: = V(u); 
(control) :: = C(pl), (p2); 
(Jast command) :: = (start) 1 (adjust) 1 (ser) 1 

(global-ger) 1 (sropO) 1 ( velocityO) 1 
(cancel) 1 (servo} 1 (Jreemotor) 1 
(serbrake) 1 (reserbrake) 

(start) :: = S 
(adjust) :: = A (x),(y),(8); 
(ser) :: = H (x), (y), (8); 
(global-ser) :: = l(x), (y), (8); 
(ger) :: = T 
(global-ger) :: = J 
(stopO) :: = Q 
(velociryO) :: = U( u); 
(cancel) :: = L 
(servo) :: = E 
(Jreemoror) :: = F 
(serbrake) :: = B 

(reserbrake) :: = K 
(x) :: = (integer) 
(y) :: = (integer) 
(8) :: = (imeger) 
(e) :: = (integer) 
(u) :: = (integer) 
(pi) :: = (integer) 
(p2) :: = (inreger) 
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1) (go): In thc 11/i•l'ing-slalionary statc, ca mes the trans­
forma! ion )(x), (y), (O)) to he cxccutcd and the vchicle to 
allcmptto ridc on the 11ew X-a~is, when the concJition x ~ (e) 
i' 'a11,ficd, i.e., the V·:hicle passes the exit (Figs. 5, 6, nnd 7). 
lnthc aclil•e-s/op statc, it causes the transforma! ion) (x), (y)·. 
(O)) to be immccJiatcly executcd and thc ve hiele to allempl lo 
ride on thc ncw X-axis. In this case, the parameter (e) is 
ignorcd (Fig. 11 ). 

2) (slop): Stops the vchicle al a given X coordinate of (x). 
lf the vehicle goes bcyoncJ that point, it goes back up lo the 
point. 
. 3) (reverse): Exchanges the front and back faces of the 

vehicle. This does not cause any coordinate lransformations 
(Fig. 12). 

4) (spin): Makes the vehicle turn (O) degrces. This (spin) 
is effective only in the, stop state and docs not cause· any 
coordinare transformations (Fig. 13). 

5) (wair): Changes the vehicle state from aclive lo wail. 
6) (velocily): Sets the vchiclc's traveling spced to (v) cm/ 

s. The cJefauh value is specified in the initialization. 
"7) (con/rol): Sets the control parameter (pl} of MITCIII 

the value (p2). The details of specification are not given here. 
Some are discusscd in Section V-E. 

8) (slarl): Changcs the vehicle slate from wailing to 
aclive. 

9) (adjusl): lmmecJiately cxecutes the transformation )(x), 

(y), (0)). An exit ncecJ not he spccified as in the slow (go) 
commarlll, hecause thc currclll po>ition is considcred an· 
"ni!." Thi> wnunancJ is uscful fnr cJynamically acJjusting the 
vchicle's position or local path in hoth 11/0I'ing-s/atioiwry and 
slop state>. For cxample, an (ad)llsl) commancJ "AO, 50, O;" 
cause> an cffcct similar lO thc transfonnation >hown in Fig. 
6(d). 

JO) (se/): Changes the currentlocal posture into ((x), (y), 
(0)) immediatcly. The efkct is similar to an (ad)llsl) 
commancJ. Suppnse the vchicle is in a 'lationary stale ancJ is al 
posturc (100, O, 0,). Thena (se1)commancJ "11100, -50, O;" 
cause> thc >ame cffect as that of thc (adjusl) command "AO, 
50, O;" as shown a hove . 

11) (glo/Jal-sel): Changes the curren! global post u re to 
((x), (y), (0)) immediately. 

12) (gel): Asks the vchiclc to transmit the current local 
posture (x, y, 0). 

13) (global-gel): Asks the vehicle to transmit the global 
posture (x, y, 0). 

14) (slopO): Decelerates immccJiately to stop the vehicle. 
15) (1•elociJyO): Changes the vehide's traveling spcecJ to 

(1•) cm/s i¡nmcdiatcly. 
16) (cancel): Clears all commands in the command buffer 

which have previously heen scnt from thc master. 
1 7) (servo): Starts motor servoing in orcJer to try to kecp 

its curren! position even in thc ~iop statc. 
18) Url?i!IIIOIOr): Kills motor servoing so that the vchicle 

can be moved manual! y. 
19) (seJbrake): Applies the mechanical brake. 
20) (reseJbrake): Rcleases the mechanical braK.~ .. 
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3. Navigation with tactile sensors 

Tactile sensing is the sirnplest form of sensing in which the AMR, rnodeled as a point 
object, is assumed to operate in a straight line frorn its ,•tart position S until it reaches its 
target T or interacts with the ith obstacle at hit point H;. (:'.¡ote that an actual collision 
with an obstacle need not take place if the "bloomed" obstacles incorporate a nonzero 
mínimum interaction distance as a safety factor.) The AMR then follows the perirneter 
of the obstacle until it reaches a leave point L; on the obstacle and continues on another 
straight line journey toward T. Since there is no information to decide in wlúch direction 
to circumvent the obstacle, one can assume for sirnplicity that the local direction is always 
left as in Fig. 3-1. 

The presentation of this simple approach to obstacle avoidance follows that of Refs. 
2 to 4. \Ve shall consider two algorithms proposed for AMRs with tactile sensors, Bug1 
and Bug2. The algorithms differ according to the ava.ilable information. 

3-1. The Bugl algorithm 

The procedure for Bug1 to be executed at any point of a continuous path consists of 
the following steps (see Fig. 3-2): 

l. From the point l;_ 1 (with lo =S), move toward T along the straight line,(S, T) 
until one of the following occurs: 

(a) T is reached; the procedure stops. 

(b) An obstacle is encountered and a hit point H; is defined; go to step 2. 

2. 1:.: sing the accepted local direction, follow the obstacle boundary. If T is reached, 
stop. Vihile traversing, store the coordinates of the current point Qm located the 
closest to T. After traversing the whole boundary and returning to H;, define a new 
leave point L; = Qm and go to step 3. 

3. If the stra.ight line segrnent between l; and T crosses the obstacle at point l., 
stop because the target is not reachable. Otherv.;se, follow the shorter path along the 
boundary to L, ánd set i = i + 1; go to step l. 

Bug1 requires the algorithm be executed at every point of a continuous path. The 
procedure uses three registers, R1 , R2 , R3 , to store intermediate information until reaching 
a new hit point, whereupon all three are reset to zero. Register R1 is used to store the 
current coordinates of the point, Qm, on the boundary at wlúch the distance d(Q, T) 
between a point on the boundary Q and T is a mínimum, wlúle R2 integrates the length of 
the obstacle boundar:; starting at H, and R3 imegrates the length of the obstacle boundary 
starting at Qm. 

:?or Bug1 it is sufficient if the A:..IR knows its direction toward T and its distance from 
T instead of its exact coordinates. Tlús can be incorporated into the algorithm by storing 
in re gis ter R 1 the minimum distance d( Qm, T) of the current point Qm to T, rather than 
the coordinates of Qm; then in step 3 the .-\:VIR can compare its current distance to T with 
that stored in R 1 • 
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It is of interest to check the upper bound of the necessa.ry distance of travel of the 
A~fR to reach T with Bugl. The length of the path will never exceed the lirnit 

P = D + 1.5 :Lp,, (3-1) 

where D is the straight line distance d(S, T) between the points S and T, and p; is the 
perimeter of the i th obstacle. He re the sum over i includes al! obstacles intersecting the 
circle oí radius D centered at T. 

3-2. The Bug2 algorithm 

The procedure for Bug2 to be executed at any point of a continuous path consists of 
the following steps (see Fig. 3-3): 

l. From the point Lj-I (with L0 =S), move toward T along the straight line (S, T) 
. umil one of the following occurs: 

(a) T is reached; the procedure stops. 

(b) An obstacle is encountered and a hit point Hi is defined; go to step 2. 

2. (" sing the accepted local direction, follow· the obstacle boundary until: 

(a) T is reached, in which case stop. 

(b) The straight line (S, T) is met ata point Q such that the distance d(Q, T) < 
d(Hi, T) and the straight iine (Q, T) does not cross the current obstac!e at the point 
Q. Define the leave point Li = Qm, set j = j + 1, and go to step l. 

(e) The A~R completely traverses the boundary a.nd returns to Hi without having 
defined the next hit point Hj+l, in which case stop since the target is trapped a.nd 
ca.nnot be reached. 

l:nlike Bug1, ";th the Bug2 algorithm the sa.me obstacle can be hit more tha.n once, 
as seen in Fig. 3--±. (That is the reason the index j was used for a hit, to distinguish it from 
the index for obstacle i.) Also, the relationship between the perimeters of the obstacles 
a11d the !ength of the paths generated by Bug2 is not as clear as in the case of Bugl. The 
path arou11d a.n obstacle is sometimes shorter than the perimeter, as in Fig. 3-3, but with 
obstacles as in Figs. 3-4 a.nd 3-5 things can get much worse. 

It is of interest to check the upper bound of the necessary distance of travel of the 
A:\!R to reach T with Bug2. The length of the path will never exceed the lirnit 

P = D + 0.5 2: nipi, _ 
i 

(3-2) 

where D is the distan ce d( S, T) and ni is the number of intersections between tbe straight 
line (S, T) and the jth obstacle. The sum over i refers to the obstac!es intersecting the 
straight llne segment (S, T). 

\Vbile n1 = 2 if the jth obstacle is convex, exa.mples of n 1 = 10 and n1 = 16 are shown 
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in Fig. 3-4. If all .obstacles are convex, then in the worst case the length of the path is 

(3-3) 

while on the average the path length is 

(3-4) 

On a practical leve!. Bugl is rather "conservative" while Bug2 is more "aggressive" 
and more efficient in many cases. 

3-3. Figures and tables for Section 3 

--_ .. 

S :a:-t 

Fig. 3-1. :\. left local direction :\.MR path. From Ref. 2. 
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F:g. 3-2. A:\·!R path (dotted lines) under the Bugl algorithm, with obstacles obl 
and ob2, hit points H 1 and H2 , and lea ve points L1 and L 2 • From Ref. 4. 

S 

F:g. 3-3. A:\!R path (dotted !ine) under the Bug2 algorithm, with obstacles obl 
and ob2. hit points H 1 and H2 , and leave points L 1 and L2 . From Ref. 4. 
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Fig. 3-4. A?viR paths (dotted Jines) around two ma:ze-like obstacles under the Bug2 
algorithm. While both obstacles (a) and (b) are equally complex, the straight line 
(S, T) crosses the obstacle 10 times, ni = 10, and for (b ), ni = 16. (From Ref. 4.) 

S 

Fig. 3-5. A:.•IR path when S is outside the obstacle and T is inside. From Ref; 4. 
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4. Piloting with proximity sensors 

In an environment where only local information is available and piloting decisions 
must be made dynamically, in repense to a changing environment as the vehicle moves 
along its trajectory, the A?v!R must be able to make decisions quickly. These decisions 
must include consideration of the kinematic and dynamic constra.ints of the A::.IR. It is 
within this framework that satiJji.cing feedback strategies have been developed in Refs. 5 
to 7. For such a strategy, it is necessary to satisfice: "to decide on and pursue a course of 
action that will satisfy the mínimum requirements necessary to achieve a particular goal" 
(as deíi.ned in the Supplement to the 0:-:ford English Dictionary, 1982).· Thus satisficing 
decision strategies are based only on local feedback information and must be done in real 
time while avoiding obstacles and converging to a goal. 

The algorithm necessary to implement the satisficing strategy is broken clown into 
two parts: a subgoal selection algorithm (SSA) and a steering decision algorithm (SDA). 
In the first a subgoal is generated that provides a temporary direction to pursue when the 
final goal is not visible, and in the second a reference trajectory is generated that leads 
the .-\:\IR until the next subgoal is generated. · 

4-1 Subgoal selection algorithm 

The objecúve of subgoal selection algorithm is to enable the A:\·!R to move using 
feedback information about the locally visible environment while avoiding collisions with 
unamicipated obstacles and without stopping to replan the path to the goal. This has 
advantages over a piloting algorithm without feedback or with tactile feedback which re­
quires the A?v!R to "stop, look, and move,'' i.e., to stop and generate a new collision-free 
path befare aga.in moving. 

The .-\:\IRis modeled as a point object that is to be steered from an initial position 
p 0 to the final goal Pg through a 2D space conta.ining a finite number of obstacles. The 
obstacles are appropriately "bloomed" convex polygons; the minirnup:t physical distance 
bet·seen points on any two obstacles must exceed the smallest circle encompassing the 
A::.IR (so that the ,·ehicle is capable of passing between them). The A:.\·!R is assumed to 
ha,·e an SDA and a servo control systern capable of following a reference trajectory with 
a known accuracy, provided that trajectory satisfies the necessary kinernatic constra.ints. 
Also. estimates oi the A::.IR position, orientation, and velocity in the global coordinate 
fra.rne must be a va.ilable for piloting decisions at regular time intervals. 

For the kth iteration of the SSA, the .-\:\-IR position is denoted by Pk and a local 
map is presumed to be c:-eated that consists oí a set O(pk) of line segrnents representing 
obstacle faces that are visible irorn P<. as iilustrated in Fig. 4-1. (~ote that the A:\·!R 
need not be stopped at p k since the ti:ne delay caused by operation of the sensors and 
map processor ca.TJ. be accounted for by the e,·aluation of tbe safeness of the subgoals.) The 
dynamic state of the A:\o!R at time t, including its position, can be denoted by x(t). 

In arder for the SS_-\ to generate the next subgoal, it is necessary to define a candidate 
sub goal g• to be saje at time t with respect to local map O(pk) and the current dynarnic 
state x(t) if the SD.-\ can bring the .-\::.IR to rest at g" along a collision-free trajectory in 
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Fig. -±-1. Locai· obstacle map from the posmon Pk( + ), together with the cor~e­
spondi::1g "bloo~ed'' local map ( dotted lines ). The bold lines indica te the faces of 
the ,·isible obstacles. From Reí. 7. 

O(pk). :\'ote that the safeness of a subgoal is evaluated at the current time t, wlúch is 
dirrerent from the time at which the sensor data for local map O(pk) were taken. 

The SSA has. been developed using functions · and data structures in a pseudopro­
gramming language in which small bold-faced letters represent pointsjn the plane, large 
bold-faced letters represent other data structures, and small capitals are used for function 
names. with brac..\:ets <, > delimiting function arguments. A straight line (unbounded) 
comaini::1g two points a and b is denoted by ab, v;ith the open or closed termination of a 
line segr.-:ent indicted by a parenthesis or bracket, respe~ti~·ely. For example, (ab] denotes 
the line segmem from ato b that contains b but not a, wlúle [ab) is the ray beginning at 
and inch:G.ing a and reaching b. 

The :'ollowing 10 pages is an explanation of the SSA taken directly from pp. 78-87 of 
Ref. 7, including at the end a summary of definitions of al] the notation and functions. 
We will ::ot discuss the proof of convergence of the algorithm given in Refs. 5 and 6. 
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The tunction INT<ab.cd> equals the.point at which the two l1nes ab and cd intersect. Jf 

the arguments of INT< ... > do not intersect the function retums the symbol NIL, which is 

used throughout the algorithm definition to indicate empty sets or vacuous conditions. 

At the k-" execution of the SSA. the local map cons,s:s oí a set O(p¡,) of line segments 

representing obs:acle taces which are visible frcm Pt· Connected lines in O(Ptl are 

faces of the same obstacle. Given two points a and b, the function OBS<a.b> is defined 

as the line segment (obstacle tace) in O(a} which intersects !he line segment (ab), along 

witn al! other faces in O(a) connected to the intersected tace. When point b is visible 

fror.1 ¡::>oint a, OBS<a.b> equals NIL 

o::s:acle edges in the local map with respect to the position pl: are defined as the 

extreme points of the connected lines in O(p,), that is, they are the extreme points on 

ea::h c::Jnnec:ed se! of obstacle faces visible from P:- We denote·~he set of edges at 

iteration k by E(pk). Note that if obs:acle A is only partially visible from Pe• due to the 

presence of another obstacie, 3, then at leas! one extreme point on obstacle A is not 

actl;ally visfble. To distinguish edges which are actually vertices of the obstacle models 

trom extreme points arising trom obstructions, we Jet E'(Pcl denote the set of edges 

which are actually visible extreme points on the visible obstacles in O(p,). Given two 

points a and b, if OBS<a,b> "' NIL. then the two extreme points on the connected lines in 

oas<a.b> correspond to two edges in E(pk), but not necessarily in E'(p,). From the 
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perspec:ive of P;,· we distinguish the two edges on CBS<pk.b> as "right edge" and 'left 

edge", with the obvious meaning. Note that a particular physical obstacle can lead to 

more than one set of connected faces in O(pJ when it is partially obstructed from view 

by other obstac!es. but it can lead to no more .than two visible edges in E'(pJ 

Subgoals are always associated with obstacle edges or vertices .in a local map. A 

subgcal g and its associated obstacle edge (or vertex) e make up the fundamental data 

structure referred toas a subgoal-edge pair, denoted by (g.e). For an edge e e EK, the 

associated subgcal is defined as a point g a distance E::! O from e. The precise locations 

of subgoals g with rescec: to associate edges e are given below in the cescriptions of 

the functions NEXT_VE;:;Ex. CHOCSE_SDGE. OTr-IEr:I_SDGE. EXTEND_FACE. 011-iER_VEr:ITEX, 

and SUBGOAL We choose E:> x/2 t6 assure that the subgoal for an edge is not on 

another obstac!e (which mus\ be at least a dis:ance lC from e). The purpose of setting 

the subgoal a ce~ain dis:ance from the edge is to guide the AMR around a vertex to a 

vantage point trom which it is guaranteed that fur.her. subgoals will be generated. 

Subgoal-edge pairs generated in the SSA are stored on a dynamic stack S which is 

operared on using.the s:ancard functons ?CP<S> and PUSH<(g.e),S>. In the remainder 

ot the pa¡:er (g. ej cer:ctes the subgcar-ecge ¡:;air currently being pursued ':Jy the SDA, 

and (g T,e T) denotes t.~ e tcp cf the stack S, L"lat is. (g T,e T)=POP<S>. The function 

·H:O!GHT <S> equals the r:umcer oí subgóal-edge pairs in the stack S. 

c¡a 1 ..... an} denotes the ooen convex hull oí a set of n points in the plane ¡a1 ..... anl· L 

is a ¡:;a~icular subset of subgoa!s genera:ed by the SSA. The meaning of the points in L 

is desc:ibed below in the aiscussion of step 4 of the SSA. 

The SSA is given in F:g. 5·2. In the rer:-:ainder of this section we discuss each step in 

tum. providing fur.her de:init1ons of variacies, cata structures and functions a_s needed. 

The aigorithm is initiai:;:ed in s:ep 1 when (=0 and the AMR is at rest at p
0

• lf there are 

r.o obs:acies between the AMR anc the final gcal Pg· the subgoal g is set equal to Pg 
and the SSA terrrmates. lt is assumed :hat the SDA can drive the AMR frcm rest to any 

v1sible point. Thus. p gis a sale subgoal at this s:age and no other subgoals are needed. 

When p gis not visible ir11t1ally. it is :::~shec on the stack (with a defau~ value o! Pg ter the 

edge), L and h (ceñned ~elow) are in1tiaiized. anc the algonthm is continuad at step 5. lt 

will be shown in the following section that in this case more subgoals will be put on the 

s:ack in step 5 anc a saíe subgoal-edge pair will be generated. 

The SSA termir.ates at step 2 when the final goal is already being pursued (no further 

subgoals are needed), or when the ray irom the goal on top of the stack g T through Pk 

does not intersect the ray from the current edge e through the goal g. As illustrated in 

1,' 
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s:ep 2: 

step 3: 

step 4: 
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~ (k=O) then 
n (OBS<p ,p >•Nil) !han 

• t 

else 

(g.e) .- (P
1

.P
1

) 

extt 

PUSH<(P 
1
,p 

1
),5> 

l ~ NIL 

h <-- P. 
(g', e') .- CHOCSé_EDGE<OSS<P •. P

1
» 

goto ste~ 5 
H ( 9=PJ or INT<fg p,. (eg>•NIL) then 

exn 
SAVE <S. (g,e ).[ab]. L.h> 

H (HEIG;.,'T <5> 2: 3) then 
goto step 6 

H (HEIG;{f <5>-1) then 

elsa 

H (oas<P,.P,>•NIL) then 
gota step 7 

H (O(p,) r> C (p,.g.e) "NIL) then 
gato Siep 8 

(g', e') .- NEXT_VERoo.X < O(p,), (g, e)> 
H (INT < (ge'), (ep

1
) >" NIL or e'-e) then 

H (OBS<p,.~,> r- C(g,e,p
1
)-NIL) then 

goto s:ep 8 
else 

(g', e') >- CHOCSE_EDGE<OBS<p,. p
1
>> 

L .- L v {h) 
h.- g 

H (INT <(hg1.(P 
1
:<> "NIL and INT <(hgl,(p

1
x)>•NIL for so me x E L) then 

(g',e') >- OTHER_EDGE<O(p,),(g',e')> 

H (O(;l,) r-C[p,.g7.e7]~1LPtten 
gota step 6 _ 

(¡;',e') >- EXTEND_FACE < O(p,), (g T. e')> 
H (I~'T <(hgl,(p 

1
1>" NIL and INT <(hg1,(p 

1
X)>•Nil for somo X E l) then 

(g',e') >- Cn-<ER_VERTEX<O(p,),(g',O')> 
?OP<S> 

s:ep 5: [ab} <-- [p,e1 
(g, e) ._ (p,. p,) 
P'JSH < (g', e), S> 

step 6: while (O(p,) r> C(p,.·g T. aT) "NIL or OBS<P,.QT> "NIL) 

(g',e) .- CREATEG<P,.(g T,e T).(g,e),{abj> 
H ((g',e')-NIL) then 

goto step 8 
elsa 

PUSH<(g',e').S> 
step 7: (g,e) .- POP<S> 

H (SAFE<g, X(l), O(p,)>then 
exh 

step 8: RES'TOiiE<S.(g,e),[ab),L.h> 
end 

Figuré 5-2: Sub9oal Selection Algorithm (SSA) 
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Fig. 5·3, this sec:md condition assures that a new subgoal is sought only a!:er !!":e AMR 

has gane beyond the curren! edge e so that visibility of the subgoal g Ton the top of the 

stack is not blocked by the obs:acle lace that produced e. 

[e g 

g 

Figure 5-3: Condition tes:ed in step 2: pk must be past curren! edge e befare the 

visibility cf swbgaal g T is evaluated. 

In step 3 the func:ion SAVE stares the curren\ conrext which consists of the stack S, the 

current subgoal-edge pair (g,e), line segment (ab], a set of previous subgoals L and 

vector h ((ab], L. and h are aefined below). Atter the context is saved in step 3, the 

algorithm jumps to step 6 if there are three or more subgcal-edge pairs in the stack S. lf 

it is ce:errruned in s:e:::s .! .through 7 that a new subgoal should nct be selected on the 

current iteration, !he comext s:ored in s:ep 3 is retneved by the func~on f'.E5TO.RE in step 
Q 
~-

Stec .! is executec tor -:wo mutually exclusive cases. namely, when cniy the fir.al goal 

Pg remains in the stack (HEIGHT<5>=1) or when the s:ack contains one subgoal in 

adéition to the final goal (HEIGhT <5>=2). In the first case. if the final goal is visible from 

P<· the aigonthm jum¡::s to step 7 to evaluate whether the final goal is sale. lf the final 

goal is not visible. the next conci:ion in step 4 assur~s the line segment (e. g) is visible. 

lf it is not visible. t!":e SSA jumas to step 8 to restare the original context. Otherwise. 

steo 4 continues and the function NEXT _ vE;:.It:.X generales a subgaal-ecge pair (g', e') 

where e' is the next visible vertex on the obstacle containing the curren! edge e in the 

cirection of g. The associated subgoal g' is on the extension of the tace containing e', a 

dis~nce E from e'. lt the current edge e is an extreme paint in O(pk), then NEXT_VERTEX 

retums (g', e)=(g, e), the current subgaal-edge pair. 
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The next lf condition in ste¡l 4 determines whether the ecge e' is en a tace between the 

curren: edge and the goal. This condition is illustrated in Fig. 5-4. lf 

INI <{ge'),(ep
8
)> == NIL or e' =e. the curren! edge is the last ene that must be circ:.;mvented 

on tr~at obsta:le. In tnis case. oefore choosing an ecge on another ct:s:a::!e. a test is 

periormed te see if the obstacie between pk and p8 intersects the region Cíg.e.pgl· The 

purpose of this test is te assure that the next obstacle lies between the c:.;rrent subgoal 

and p
8
. lf C8S<Pk· p8>n C{g.e.p8)=NIL, the SSA jumps te step 8 anc terminates. lf 

C8S<p1 .. pg>nC{g.e,p8J := NIL. a subgoal-edge pair is generated by the functien 

CHocs::_i:DGi: from ene of the two edges ter CSS<p,,pg>. Since enly locai infor:7>aiion is 

bem·; used in the SSA, there is no "opiimal" choice between these two edges. In our 

imoiemen:ation of CHocs::_::DGi: we select the edge closest te p
8
. We show in the 

iollow1ng section that the SSA steers the AM,, to the final goal no matter which edge is 

seie::ec by CHOCSi:_i:cK;:: . 

• p 

' r , . 

< 

(e p ) 
g 

Figure 5-4: Concition testee in step ~: if ver:ex e' is not a tace blocking the view of p8, 
a new obstac!e is used te genera:e a subgoal. 

When a new obs:c.cle is used to generate the potential subgoal-edge pair, h is added 

to the set L. The variable h is then set equal to the c:irrent subgoal g. Thus, h is the 

final subgoal genera:ed in step 4 for a particular obs:acle before swnchmg to a new 

obs:acle and L is the set of previous values o! h. The set of subgoals L serves as a 

"memory" of where the AMR has been so that it does not cycle around the final goal 

indefinnely. This is assured by the next condition tes:ed in step 4 which, in words, 
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checks to see if the subgoal g' will take the AMR "behind" a previous subgcal in L. This 

concition is illustrated in Fig. 5-5. lf it occurs. the function OTiiER_EDGE generates a 

subgoal-edge pair from the other edge on the obstacle containing e'. This conc!udes 

step 4 when HEIGHT<5>=1. 

h 

[h g '] 

g h ' ' ' ' ' ' ' u 

~:, 
. . ' 

. ' ' 

Figure 5-5: Example o! canc'idate subgcal g' taking !he line [hg1 "behinc· a previous 
sub goal h • in L in s¡ep 4. 

In the second case cf s:ep 4 (when H:iGHT <5>=2). i! the line segment (g 7 e 1) is not 

ccr:-,piete!y visible from p, (which is tr.e case when there are obs:ac!es ir. C[p,.g 1 ,e1}. 

tr.e SSA jum;:s to s:ep 6. Otherwise. func:ion EXTEND_FACE c:1ooses e' as the mcst 

ex:reme vis\cie point en the tace ce linear with (g T e1 ) in the direc:ion o! g 1 irom e'. The 

subgoal g' is genera:e: as :~.e extension OÍ this tace a cis:ance E !rom e', 3eiore going 

. te s:ep 5 to push this new subgcal eoge pair on ~he s:ack, the same ~est !s appiied as 

des::nbed acove for case ene of slep 4 to make sure the subgcal generated by 

EX7::r·<D_FAC: is not :ak1ng the AMR behind a prev1ous subgoal in L. 1! it is, the other 

vertex of the tace is c.~csen by OTc;:;:::_vE::;r::.x to generale the subgoal-ecge pair (g',e'). 

This subgoai-ecge pa1r wiil replace the subgoal-;;dge ;:air on top oí the s:ack (g '.e 1) 

which is "popped" anc dis::arced. 

Steo 5 upcates the appropriate vanables w1th !he subgoal-edge pair (g', e') generated 

in step 4. The \ine [ab] is set equal to line segment [p,e1. which is guaranteed not to 

intersec: the interior oí any ocstacles. The curren! edge e is set equal :o p, for use in 
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the function CREATC:G-in step 6. The subgoal-edge pair (g',e') is then pushed on the 

stack. We shall see that the line segment [ab] provides the "memory" required to assure 

tr.at if any other subgoal-edge pairs are pushed on top of (g',e'). they will guide the AMR 

to a point from which the sutlgoal g' is visible. 

In step 6, the function CREATC:G generates subgoal-edge pairs when the s:ack already 

contains a subgoal-edge pair generated previously in step 4. The function CREAT::G is 

defined in Fig. 5-6: An edge selected by CREATC:G must satisfy conditions related to its 

proximity to the curren\ edge e, the edge e Ton top of the s:ack and the line [ab). lf no 

such eoge exists. NIL is returned. The tunction CREAT::G chocses the edge e' in E'(pk) 

(the set of visible edges) which is ciosest to the line [ab] while being in the region 

C(g.e.g 1 .e)]. The signiflcance ol these conditions is ex:Jiained in the following section 

where we prove tne trajec:ory c::>nverges to the final goal in finite time. 

e;:.::.:.. T::G<p ,.(g 7 .e 1 ). (g .e).[ ab]. E'(p<)> 

A ~ E'(p1.) n (C{e.g, e 1 ,g 1 ) u [g,g 1 ]) 

lf (A=NIL) then 
(g',e') ~ NIL 

el se 
e' ~ MIN_DISí <A.(ab]> 
g' <- SUSGOAL<e',[abj> 

retum (g'.e') 

Figure 5-6: Function CREAT::G 

As illus:rated in Fig. 5-7, tunc:ion SUSGOAL generales a subgoal g' a distance E lrom e' 

on a line per¡lencicular te, and in the direc~ion of. the line segment [ab]. Subgoal-edge 

pairs are generated tly Ci'.EAí::G anc pushed on the stack until the line segment [g Te 1) is 

visible. lf cR::.:..í::G returns NIL. the algorithm jumps to step 8 and the original context is 

restored. 

In step 7 the top ol :~.e s:ack is popped and the (visibie) subgoal is evaluated by the 

function SA;::: which retums the logical c::>ndition TRUE if th.e SDA can drive the AMR to g 

aiong a collision free path ¡;ive:-: :~e current system state xrr) and the local obstacle 

map O(pk). lf g is a sale subgoal, the algorithm terminales and this new subgoal is 

pursued by the SDA. 11 g is not sale, step S is executed and the original context is 

resto red. 
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b 

a 

Figure 5-7: Loc¡¡tion of subgoal g' generated by function SUBGOAL for edge e'. 

In the following, we list the notat1on. parameters and functions that have been defined 

in this section. They will be frequently refered to in the next section. 

Notation 

NIL 
empty set or vacuous result 

E 
distance between a subgoal g and its associated edge e 

ab 
s:raight line (unbounded) through points a and b 

[ab 
ray from point a througn point b containmg point a 

(ab] 
line segment from poir.t a t::l ;::oint b c::~ntaining b but nota 

l( 

mínimum distance bet'Neen obstac!es 

(g,e) 
subgoal-edge pair currently being pursued 

(gT.eT) 
subgcal-edge pair on te~ :: s:=.c.k S 

h 
most recent extreme subgoal generated in step 4 

Po 
initial position 
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Po 
f1ñal goal position 

Pk 
position at beginning of the kt'1 execution of the SSA 

xk 
dynamic state of the AMR at beginmng of the k:~ iteration 

C(a~ .... an) 
open convex hull of points a~ , .... an 

E(a) 
set of obstacle edges in O(a}, that is, extreme points of the connected obstacle 
taces in O(a) 

E'(a} 
set of visible edges in E(a) 

L 
set of extreme suogoals generated in step 4 of SSA 

O(a) 
local map: set of ot:stacle taces (line segments) visible from point a 

S 
stack of swbgoal-edge pairs r;,ain:ained by SSA 

Func~1ons 

CHOCS ::_::DG i:<08S<pk, p 0 > > 
retums subgoal-eoge pa1r (g'.e') with e' one ot the two edge in E(pk) on OBS<P~:·Pg> 
and g' a distance E from e' on extension of the fac: terminating at e' 

CR::.~T::G<pk.(g 1 .e 1).(g.e).[ab].E'(pk)> 
generates subgoa!-edge pairs in step 6, as defined in section 3 

EXT:ND _FACt:<O {pk), (g. e)> 
retums subgoal-edge pair (g'.e') where e' is the vertex (extreme ~oint) of the tace in 
O(pk) con:aining e in direction of g and g' is defined as in CHOos::_::DG:: 

H::IGi·iT <S> 
numoer·of subgoal·edge pairs in stack S 

MIN_DIST<A,[abj> 
choeses one point in setA closest to line [ab] 

NEXT _ v::RTE.>kO(pk),(g.e)> 
retums subgoal-edge pair (g'.e') with e' as the next vertex en obstacle in O{pk) 
containing e in the direc~on of g and g' a dis:ance E from e' on extension of lace 
[ee1 

OBS<a.b> 
set of obstacle faces in local map O(a) connected to and including a tace 
intersected by line segment (ab) 

OTHER_::DGE<O(pk), (g .e)> 
retums subgoal·edge pair (g'.e') where e' is the other edge in E(pk) en the obstacle 
in O(pk) with edge e', and g' is deñned as in CHOOSt:_EDGE 
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OTHER_VERTEX<O{pk),(g,e)> 
retums subgoal-edge pair (g',e') where e' is the other vertex (extreme point) for the 
lace in O(p) containing e, and g' is defined as in CHOOSE_EDGE 

POP<S> 
removes and retums top subgoal-edge pair from stack S 

PUSH<{g,e),S> 
puts subgoal-edge pair (g,e) en stack S 

RESTORE<S,(ge),(ab],L.h> 
sets arguments equal te values store by SAVE 

SAFE<g,x(t), O(pk)> 
retums logical TRUE if the SCA can bring the AMR te a stop at g from state x(t) 
along a path in the visible obstacle-free space in O(pk) 

SAVE<S, (g.e),(ab]. L.h> 
stores context of SSA 

SU6GOAL<e.(ab]> 
generates a subgoal g a distance E from e on the line perpendicular to, and in the 
direction of, line segment [ab] 



4-2. Steering decision algorithm 

A steering decision algorithm must necessarily depend upon the type of A:\IR. The 
two general types are the omnidirectional A?IIR (OA:..IR) in which the vehicle is capable 
of pure rotation as well as translation, and the conwmionaily-steered A:\IR (CX\IR) with 
front wheel steering and rear wheel drive. Since the Denning robots in our laboratory are 
of the OA:..IR type, we shall only examine the SDA for this type; fortunately, the algorithm 
is easier than ;hat for the C.-1.:-.IR. The following 12 pages is an explanation taken directly 
from pp. 11-22 of the Ref. 6 mai1uscript, which a.!so contains a discussion of the SDA for 
a C.-\.:OIR which is not included here. 

4. An SDA for Omnidirectional Mobile Robots 
In ;h1s sec::cn. ért~ention is fcc~·sed on tr.e rea.lizaric.1 of the SDA for an omnidirectional 

2.~~::-:::mct..;s ii:C::i!e rc.:ct (CA~\~~}. CA,\1?. is c:-~arac:enz::d 'cy three Cegrees of f:-eec'cm in the 

¡;!ar.e. in centras: to :r.e t.vc ce·;rees cf :reecc~ cf norr.:al 'Nhee!-t:ased AMRs. Starting from 

res¡, an CA:Vi,.:;; is c.:;:c.cle oi tra:-:s~1 atü .. :g c.!or:g any cirec::::n in the ¡;!c.ne. In adc'ition, it can also 

rcta:e. Exaro.:::les cf AMRs c:r.stn.:c:ed with Cmnic:rec:¡cnal charac:eristics inc!ude th€> 

t.Jnir..ation rcbot [33], Urc.nus [3~~. ar:d tr":e i!onatcr Cart [3CJ. 

4.1. OAMR Reference Mcdel 

Fcr :/':e pt..:rpcse of reference trajec:cry generaticn. we c:ns:der the OAMR as a point in the 

g~ct::al cocrC:inate :ra~e. When naviga:ing through ct:stac~e environments, the ñnite size of the 

CAMR can t:e c:mpensated for by means of expanding the cbstac~e regions in the local map. 

(Sií.";ulaticn exar~;;Jes ws¡,íg ex:a:.Ced c.:s~acle mc::cs io ..-:avig.:te A~1Rs of finite si:e are given 

in Sec::on 6.) Becat.:se cf tr.e omn:cirec::cr.al ;:rccerc¡, we consicer only the position of the 

CAMR wnen ;e:;e:a:1r.g :he re~erence ~:'2.Jec:=r¡. Th~s. the reference state variables are the 
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pesition vec:or r=p, ar.d velec::y vec:cr r=Y, el t~e ret::et in R2. The steering vec:cr is u=a. the 

acce!eration el the point p, also in R2. Thus. we can medel the reference trajec:cry dynamics 

. by r,o;o-dimensienal double integrater dynamics: 

p(l) = P(tn).,. (1-/n)Y(In)- 0.5(t-ln):a(tn) 

V(t) = Y(tn) + (1-l.)a(t,.) 

(2) 

(3) 

We represent the OAMM's cper2.:mg limits by l":"':agni!:..:ce c::nstraints on the acce!eration and 

velccity vec:ors given by: 

---­C.J ,...,. 

Tr.ese !:~~~s c:ns!itute the system ccnstra1r.t set l:'s ter tr.e CAMA. 

4.2. OAMR Free-space 

(4) 

(5) 

Befare defir.ing the free-space ter the OAMR, we first intrcduce some notation. A straight, 

unc:ounced !ir-.e contair:ing :wo pcin:s a and b is denoted t::y ab. The epen or c:csed termination 

ct a line segments is indicated by a parent.~esis or bracket. respec:ively. For example, (ab] 

der.c:es the lir:e segment frcm a to b whió contair.s b t::ut not a. añd (ab denotes the ray 

te;:r:r-.ir:g at ar.C ir.c!uC:r.g a pass;r.g :hrcwgh b. In tr.e fcllc.,.,ir.g, we Cesc;¡te a set of rules for 

c:r.s:íl.:c:ing the free-space tor the CA~1R. 

T:-:e CA.'./R ::-ee-s~ace is ce:i~ed in asscc:a:.:;n wi:i1 t!'":e c:..:rrer.t s~.;:gcal g, the c:..:rrent 
rc':o·--c:o s·-•:o and ·~e c··r·cn• 'c--1 --~ ct 'he cr"'·---en·t O(t ) ........ ::: .. .,. • .::. .... , 1 "'' .,. 1 ... H 1 1-C. ¡¡,.;::.,_¡ , :.,. _ .... ,lvlllll 1 k, 

wr.en a s;.:bgoal g has jl.!st t:ec:~e the c:.:r:-ent!y pursued s:..::gcal. 

C~ns'der the situation 

S~;::;::ose the OAMR is 

c:..:r:-er.t~y at re:erence s~a:e p. v anc :eg¡¡¡¡-:¡ng :o purst.:e !he subg:al g as shcwn in figure 4·1. 

The iocal ma.o is indicated in the figure t::y :r.e :cid lines en the et::stac!es. which are t11e 

ot::s:ac!e taces visible from :he AMR pcs;t;on p. T~.e subgc~l selec:ien algenthm guarantees that 

g 1s a sale and v1sible frcm p. We c:;oose one el :he free-space boundaries te be the line 

segment [pg]. The seccnd t:oundc.r¡ is de:ermined t::y the ray emit:ing frcm p in t'1e direction of 

the ve!oc:ty vec:cr v. These bct.:ncary cncices are motivated t:y the follcwing oc:servation. With 

re!:rence :o figure 4-1. wr.en the ve!oc:ty vec:cr vis ¡:cint1ng imo the hall ¡:lane to the right of 

the lir:e pg, then the :ra;ec::ry :cwc.re the suc:gcal shcuid s:ay 1n the right halt-plane detenmined 

.•. 
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by pg, other.vise. the resu!!ir:g ;:ath wculd be !cr:ger than necessar¡. A similar argunient can be· 

made for the undesirability of the trajectcry being to the right of the ray emitting from p in ,~ · 

Cirection Of V. 

Figure 4·1: Ccns~n~c::on cf free-s;:ace for CA~·~~R. case 1. 

The !as: bour:car¡ is ce:ir.ec ::y a lir.e se;;r:-.er.t gz where :r.e pc1nt z is chosen such that gz l. 

gp aM zp 1s colinear with v. Chocsir.g the touncary gz to be perpencicular :o gp constrams 

the tra¡ec:cr; frc~ overs:1octl~g the goal. For :r.e case shcwn in ligur'ª· 4·1, tr.e ~e e space is 

ceiined as :r.e convex hui! of three pcir.ts p, g, anc z cenated by C(p,g.z). 

Far the case. s:1cwn in fig~re 4-2. the a!:icve ce:i~1:icn wculd results in a free-space that 

ir.~ersec:s ot:s~ac:e re~ic:iS. !n :~.is cese. te exc!~,;Ce ~~.e c:::s:ac~e re~icn frcm C(p.g,z). we rotate 
(gz arCL.:í.C g ::· ... ares p ~:-:t;! C(p.g.z)r.O=·~. A free-s;:c.ce tr·.c.t h~s its vertex z :o the right(!eft) of 

tl"':e Si.:bt;cal gas v1ewec f:-cr.1 :~e pcir.t p 1s :c.ilec a n~:--.:(lett)-hanc ~ree-s;:¡ace. =.s is the case in 
figure 4·1 (4·2). 

Once an in1tia.J free-s::ace is Cef:ned ~cr a st..::;:.::.l. t~e swtsec.L.:e;.t free-s~aces fcr t..,e 

s~ogcal are cetir:ed w1::1 res::ec: :o :~e first free·s::ace as the CAMR mcves toward the 
. 

suogaal. Ccns:cer the s:t~.;aticn sr.awn in figure 4-3. The flrst free-scace 's cefined far the 

subgoal g at r, as Clplr,).g.zrr,)). Far the CAMR state p(t0 ), v(t0 ), the free-space for the 

subgaal g is cei1r.ed as crplr,).g.zu,)) where the pc1nt zrr,) is the intersec::cn between the 

extens:on af the velcc:ty vec:cr v(t
0

) fro~ p(:,,) ar:d :re :::cunear¡ gzrr,). Thus. :,~e sec;uence al 

free-s¡:;aces fcr a subgaal al! have a single c:mr.1on bour:cary [gz(r,)j cefined w~en the fir~ 
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Figure 4-2: Ccnstruction of free-s¡:ace for CAMR, case 2. 

free-space for !~e subgoal is constructed. Each free-spaca may differ from the others in the 

ct~er ~NO boundaries which are determined by the subgoal and the OAMR state at the time 

wi":en the free-space is constructeC. Therefore. we can siü.;:::fify ~r:e notation for the fre~e-spaces 

fcr a partícula subgoal to C(r,). For example. in figure 4-3,. the free-space C(p(r,) .. g.z(r")) is 

denoted by C(r,) and the free·space C(p(r,_<).g.z(r,_<)) is dencted by CCt,_,). 

The free-space can te represented analy1ically as a set of linear inec;ua!ities of the form 

C(t,) = {q 1 [n.(r,)]Tqs.t,(r,) i=1.2.3). 

whare the vectcfs n,(tnl are normal to the boundaries [gz], [zp(tn)J, [gp(t")], resoec:ively, and tJ·,e 

c~r:stc.r.~ e',(!,-) Ceter:-nine the bounCar¡ lines in ~he piane. 

4.3. OAMR Default Maneuver and Safe States 

The default maneuver fcr the CAMR is defined t:y applying the maximum constan! 

cecaleration opposing tl".e Cl:rrent ve!cc:ty el ::-.e OA~~R unt:l the OAMR comes to a stop. This 

maneuvar resui:S in a strarght line trajec:ory. For an OAMR_wrth velocity v(to). the time required 

to brir.g !he OA.V.R :o a stco using the cefault r.1aneuver is: 

(6) 
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Figure 4-3: Ccnstn..!c:ion of free-s;::ace fcr CAMM after ~he init:a.J free-space. 

The steering vec!or for the CAMR C:efault maneuver ís g!ven by 

a=v(r) 
arr)=- 'cr r <·<r" · llv(r,)ll · o-'- · 

January 31, 1989 

We cenote the pos;tion of the CAMR when 1t comes to a rest by P¡ (p(rj.v(r)). whích is given 

by: 

(7) 
. llv(r

0
)11 

P¡ (p(r0).v(r0 )) = p(r,)- -a--v(rJ. 
m= 

By !he general C:efinition el sa~e state giver1 in sec!!cn 2. an CAMA s!ate in a free-space is 

sale if the CAMR can be brought to a s:cp alcng the C:elault maneuver trajeC:cry which lies 

enmely within the free space. Therefcre. an OAMR s:ate v(r
0

), pir) is a safe state in a free 

s;::ace C(() if 

• p(t0 ) E C(() and 
-• P; lp(r.).v(rJ) E C(f). 
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4.4. OAMR Eflvironment Constraints 

In this section, we present a method for mapping the constraints on the state of the OAMR 

cwe to the free-space boundaries into constraints on the steering vector at each time interval to 

produce the environmental constraint set U, for the SOA. We first consider the mapping of the 

ct:stac!e c:::ns:raints at a time to wr.en a new subgcal g is to be pursued. 

Given that p(r.,), v(r.,) is safe in C(r.,) (which is guaranteed by the S3A), we want to constraint 

the steering vector a(r.,) so that the state p(t 1), v(t1) remains safe in C(r.,). In other worcs, the 

steering vector a(t0 ) is cor.strained so that the cefault maneuver trajectory starting from p(t
1 

), 

v(tJ remains within the bouncaries cf C(r0 ). Using the cefiniticn of the sale state for p(t,) and 

v(t~). the iree-space c:::ns:raint can be expressed as 

(8) 

where i = l. 2. and 3 ter tr.e first. sec:::nd, and third bcuncaries of the free-space C(r.,) 

res¡::ectively. By equations (3) and (7), the term p"(r"(p(r1).v(r1)).p(r1),v(l1)) can be written in 

terms of P(lo). V( lo) and a(t0) as: 

P¡ (p(!¡).V(!¡)) 

1 IIV(r0 )+óa(r
0

)11 
= p(r.,) T :-.v(r.,) T .,acr.,):-.2 + (v(r.,)+"-a(r.,)). 

- am.c.:r 

St.:::stitt.:ting this expression fcr p; (p(r 1),v(r1)) in inequa!ity (8) we cbtain the following constraint 
en a(t

0
): 

(9) 

ter ' = 1. 2. and 3. n·.ese cons:raints on a(t0 ) gt.:aran:ee the :rajeetory remains in the free space 

fcr tE [t0. t1 J and that the A1\-1R is in a safe state at t=t,. 

AlthcL:;h tr.e constraints on the sta!e of the CAMR have been mapped ir.to the steering 

vec:cr s.::aee. the resulting cons:raints (9) are nonlinear. These constraints are too complicated 

fcr application in a real-time feect;ack scheme. Thus. we simplify these cons:raints to obtain 

linear ccnstraints of the form 

c/a(r.,)!>ar 

Tnis simplification is ceserit:ed as follows: 

First. consicer the case for i = 1 corresponding to the free-space bouncary gz. This eonstraint 

is r.cnlir.ear cue to the magnitude cor.s:raint on the acceleraticn a(tnl· By considering cnly the 

ccmponent of the OAMR velccity normal to U1e boundary, t'1e noniinear cons:raint can be 

ac::rcximated by a linear constraint. lf we apply the constraint (9) only to the components of the 
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OAMR reference state and the steering vector ~at are perpendicular to t11e third boundary of 

:~e tree·space C(rJ. the constraint becomes a sc~lar inequality: 

[&7 1 (r,J ]2+(26 Y¡ (r,.)+~2a,,,)a 1 (r,.)+(Y¡ (r,.Jr+2a-=(~ Y 1 (r,.)J :5. 2a~1 

where c: 1CrJ. Y 1(rJ. and p 1(r0) are the projecticr.s cf a(rJ. v(rJ. ar.d p(rJ cnto n1(rJ. This 

quadratic inequality can be represented by the lir.ear inequality 

where c1(rJ=n 1(rJ and 

_ -{2+t.am=)--J 6 1amai-ruv1 (rJamaz-3(Ll. v1 (rJ-2d1 (rJ)a,..-= 
a¡(rJ = 26 

The linear approximations to the ncnlinear cor.s:raínt (9) are plct:ed for corr.parison in figure 

4-4. We note that althcugh the approximaticn is an cuter approximation. it is very clase. to the 

original constraint in the vicin,ty of the system c:~s:raint set U1 (the circular ac:eleraticn limit), 

and can :e compensated fcr in the steering vectcr se!ection procedure. 

2.00 

1.50 

1 

'"[ \ 
' 

·3.CO ·2.00 -u: o 
1 

1.1)0 2.00 3.00 
1 1 

___.:----\ ~.50 /----_ 

Figure <1-4: Cons:raints due to the third bo~r.dary el the free-space and tl1eir line2.r 
approximatíons. 
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From the geometry of the free-space. we note that the constraint (9) for ¡ = 2 (corresponding 

to the free-space boundary [pz]) can be replaced by simple linear constraint. To illustrate the 

aq::rcac:-J, we consider the right-handed free-space C(tr) si1own in figure 4-5. The purpose of 

constraint (9) is to constrain a(t0 ) so that the default maneuver trajec:ory starting from the state 

p(t,). v(t 1) remains in the left hall plane cefined by the line p(t0)z. Since the cefault maneuver at 

time t1 would generate a trajectory that is colinear with v(t 1), constraining the velocity vector 

v(t1) to point into the left-half plane, away from the line zp(t0 ), has the ·same effect as constraint 

(9). Thus. we can replace constraint 9 for i = 2 by 

(12) 

where c:Cr;J = n:(r;J. This constraint is consisten! with the goal to reach the subgoal g since in 

order to reach the goal we must effect a change in the direction of the velocity vector so that it 

rotates toward the direction of the subgoal, as is required by the constraint ( 12). 

e cr l 
n 

V (t ) 
o 

Figure 4-5: Simplification of the cor.straints dueto free-space bour.dary. 

S y ¡;eQ~etrical ot::servaticn. we note that the constraint 9 for i = 3 (corresponcing to bouncary 

[pg]) can be replaced by linear constrair:t simdarly as in the case of i = 2. Again without loss of 

genera11ty, we cons":::er the s;tuation show in figure 4-5. The cons;raint (B) tor i = 3 is designed 

to ¡::rcr.;t::it the default ~aneuver trajec:ory star.ing from the state p(t1), v(t 1) from crossing the 

first bour:cary of the free-s¡::ace C(tr). that is. tne line [gp(~)]. The same effe~ can be achieved 

if we c:::nstraint the velocity vec:or v(;1) to point :o the right of the line [gp(r1)] as shown in figure 
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4-5. Tr.is wou!d ensu~e that the default maneuver star1ing from p(r1), v(r1) t:e unable to exit the 

free-space through boundary (gp(l,)]. The constraint on the velocity vector v(r¡) can 

expressed as the inequality: 

[1(g-p(r1))]Tv(r1):SO. (13) 

where i\g-p(r1)) is the vector (g-p(r1)) rotated 90 degrees to the left. In tact, 
1(g-p(r1)) = ll(g-p(r1))11n3(r1), where n3(r1) is the unit vector that defines the crientation of the first 

boundary of the free-space C(t1). Theretore. the inequality (13) can be written as: 

~Ct,)ra(r,):Sa3 (14) 

(g-p(t.,)l" V(t_) 
where c3(r '= g-p(r0)+0.5ov(r) and a3 =-:-:::--e=,:.,<::';:-:;; This is a linear constraint on a(t

0
) that 

oJ .!.'Q-p(t;-0.5..!.V(I.,.JII' 

is parailel to the vector g-p(r).,.{).5~v(r). 

Th~.;s. we have transfcrmed !he constraints cue to tr.e cbstac!es, as represented by the free­

space, into constraints on the steering vector a given by the environmental constraint set 

u,= (a 1 c,r a :S a, for 1=1.2.3 J. We note that the three ::ouncaries of the set u, are completely 

determinad by the stc.:e of the OAMR. the currer.t st:t:goal and the third boundary of the free-

spa.ce. 

4.5. Objective Vector and Steering Vector Selection 

Havir.g transformad the obstac!e constraints ínto the env:ronment ccr:straint set U, a'·­

representad the system cons:raint t:y tr.e set u,. tr.e acceleraticn vector a(r) for generating the 

reference trajec:ory over the time interval (r
0
,r1) can be compu!ed by choosing an acceleration 

vector a(lo) that approximates the objective vector d • (r,) subject !o the constraint a(r,) e U ,f'U s­

The cbjective vector is to produce a "good" re!erence trajectory to the--subgcal. lt ís desirable 

that the objective vec:cr ;::rocuces a sequen ce el steering vectors lec.ding to a cirect and smooth 

tra¡ectcry to the goal. To this end. we construc: tne cb¡ect1ve vector frcm two components, 

t:ased en a generalízed potent1al fieid. as 

d '(r") = d ./9 • .v(r").p(r"))-·~,(C.v(r").p( r")) ( 15) 

where da is an attrac:ive potential gracient cetermmed frcm the goal, and d, is the repulsiva 

potential gradient caused by generali:ed .::ctential fie!C:s assigned :o the free s;::ace boundaries 

(1 6]. 

The attrac:ive potent:al gracient vec:or towarcs ::<e subgoal is cons:ructed heuristically based 

on the t1me-opnma1 control solut1on to tne double integrator dynam1cs in one dimensional space 

(15]. Give the subgoal g, and the OAMR reference state p(t0 ), v(t0 ) the attrac:íon vector d3 is 

defined :o be: 
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(16) 

where n, and n2 are uní! vectors that are normal and cclinear. respectively. to [gp(rnll sub{ect 

to: 

nfvCrJ:>O. and 

ni[g-p(r
0
)]:>0 

The gains ~· i=1,2, are the mmimum times required to crive the ene-dimensional couble 

integrator from an initial state n,r p(rJ. n{ v(r
0

) to the final state n/ g.n{ v with maximum 

acceleration magnitude of amax· Thus the gains 1:1 and 1:2 reflect the urgency to accelerate in 

each direction in arder to bring the AMR to res! at the subgoal. 

The repulsive potential gradient d,(C.v(rJ.p(rJ) is the sum of repulsive potential gradients 

from each of the three boundaries of the free space C(rJ. A repulsive accelerating vector is 

normal to the boundary which generales it. Assuming the geometric relationship betvleen the 

AMR reference state p(rn). v(rn) and the ith boundary of the C(rn) ata distance of d¡ away from 

the pcsiticn p. the repufsive potent'al gradient fcr the íth bcurdary is given b¡'7 

n, 
d ·=---

fl "t -,l.J"m 
(17) 

where n, is a unit vector normal to the ith boundary and is pc1nted away from the free space. 

The parameter -r, is the time it takes to reduce the speed of the AMR towards the ith boundary 

to :ero with maximum ceceleraticn. given by 

v(r0 l n¡ 
'tm=--­

ama.z 

Trie parameter 'M is t'le time it takes to recuce 

bcundary wíth a constant deceleration. given by 

2d, 

( 18) 

the speed to zero just befare hitting the 

( 19) 

Substituting 't'" and1:.11 in equation (17) with expressions (18) and (19) and summing over ifrom 

1 to 3. we obtain the repulsive potential gradient for the free-space boundaries as. 

3 a (n .ÍV(r \)n d=' mG:l'i oll 
,. .t.... r· ,. 

•=1 2d,ama.%- en, ver;;)-

The parameter ·r in equatíon (15) is used to balance the effects of the attractive and the 

repulsive vectors en the ob¡ec:;ve vector. Simulation experiments show that 0.1 is a reasonable 
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The final stage of the SDA is to selecta steering vector to approximateá'the cbjective vr 
; 

subject to the constraints posted by u, and Ur This problem is illus:rated in figure 4-6. , . __ 

system constraint set U
1 

is show as the circle. The two linear boundaries (cue :~ :he free-space 

bouncaries 1 and 3) of the environmental constraint set U, are shown. The o~":er boundary is 

located very far frcm the origin of the steering vector space in this case. and is not shown in the 

figure. The task is to select a steerir:g vector a(r.,) that bes! approximates the cbjective vector 

d • (r.,). lhis problem can t:e fcn7H;Iated as an optimizaticn prcblem t:y cefir:ir:g a objective 

. " . ...: .. 

· . .::. 

' . ", :--·~· ..., .. 
·u 

::..:...-:._· -· . -· -----

Figure 4-6: Sclvir.g the steerir.g vec:cr. 

func::cn and sclved using standard numerical procedures, However. because of the nonlinear 

c:r.s~rc.l:-:t Us. s~c.1 a fcrmw!atlcn c'ces nct lec.d to a simple scluticn proceCI..'."e. Cn the other 

hand. the s:ec:al s:ruc:ure of the ccnstraints can be exploited to allow a reasonable steering 

vec:or :o be selected wrth mrnrmal ccmputation burden usir:g the hueristrc procecure presented 

in figure 4-7. 

The computation rec;uiremer.t ~or thrs ;:rocecure is very small. lt needs to test at most 3 linear 

inec;uaiities ar:d solve at mcst 2 linear ec;uations (repres.ented by the procedure LINESOLVE). 

The eariy active.t'c, of !he default maneuver at line 1 in figure 4-7 compensates for the outer 

approximaticn cf the c:ns:rarnt cue third bouncary of ~'le free-space. As shown by the 

simulaticn examples rn sec:icn 6. the cefault mar:euver is not ncrmally invoked. 
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1 if (<l¡ < 0) 

V(tn) 
a =-a 

"""':lv(tn)ll 

2 

3 

4 

S 

6 

7 

el se 

a• = a d*; n=: 

i! e el a· s:a3 l 

a(rn)=WiéSOL'.'E.(.la • ,O.c3.J3) 

~f {c1
7a(rn)Si11) 

a(rn)=LJSESOLVE.(C(tn),a l ,J..a(tn),Q) 

else if ( c/a(tn)S:J2) 

a( tn)=LJSéSOL VE.(.la • ,O.c2.a :l 

i! cc/aCrn)S:a1> 

a(rn)=Ll.\'éSOLVE.(C(rn).a 1 ~a(tn),O) 

el se 
a(rn)=a. 

if (c 1'a(t")S:a1) 

a(r n)=t..:::r:.s.:;L '.lE.( C(r n),a 1 ~(r "),0) 

January 31, 1989 

Figure 4· 7: Procedure fcr selec::r.g the s:eering vec:or sut:;ect to the environmentaf and 
sys:em c::ns:raints 
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FOR 
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OTHER THINGS 
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ONE MAY SEARCH FOR: 

1) SOME PATH 

2) OPTIMAL PATH 

3) WAYS TO WIN THE GAME 

Depth-first 

Hill clirnbing 

Sorne path ---+-Hreadth-first'<-­

Bearn 

Hest-first 

Search_-+_Optirnal path 

Rritish rnuseurn 

Branch and bound 

Dynarnic prograrnrning 

A• 

\\inirnax 

Alpha-beta pruning 

Carnes-----+-- Progressive deepening 

Heuristic prunin.; 

Heuristic cont in u al ion 

Search procedures. Many procedures-address the problem of finding 
satisfactory paths. Others concentrate on the harder problem of finding opti­
mal paths. Procedures for games differ from ordinary path-finding procedures, 
because games involve adversaries. 



THE BASIC SEARCH PROBLEM: 

GIVENS: 

1) THE STARTING POINT (NOOE) 

2) THE GOAL POINT (NOOE) 

3) A MAP OF NOOES ANO CONNECTIONS 

GOALS: 

1) FINO SOME PATH OR FINO THE "BEST" PATH [MAYBE 
SHORTEST] 

SOME PATH MAY BE THE CORRECT PROCEOURE IF THE TERRAIN 
IS TRAVERSEO ONLY SELOOM ANO THE JOB OF FINOING THE 
BEST PATH IS OIFFICULT. 

BEST PATH MAY BE THE CORRECT PROCEOURE IF THE TERRAIN 
IS TRAVERSEO OFTEN. 

2) TRAVERSE THE PATH 

A COLLECTION OF NOOES ANO LINKS AS SHOWN . BELOW IS 
CALLEO A "NET'. 

4 

3 

4 

A ba:;ic search prublem. A. path is to lw fouud from the start node. 
S. to tlw goal node. C. Search procedures f'xplore nets likf' these. learning about 
connert ion;; and distancf':' as thrY go. 



A COLLECTION OF NOOES (MAY BE REPEATING) ANO BRANCHES 
IS CALLEO A "TREE". THE IREE BELOW IS FOf=!MEO FROM THE 
PREVIOUS NET. 

NOOES CLOSER TO THE TOP OF THE TREE ARE CALLEO 
"PARENTS". 

THE NOOE AT THE TOP WITH NO PARENT IS CALLEO THE "ROOT 
NOOE". · 

THE NOOES AT THE BOTIOM WITH NO CHILOREN ARE CALLEO 
"TERMINAL NOOES". 

THE TREE BELOW HAS EIGHT "LEVELS". 

25 

' · A tree made from a net. Nets are made into trees by tracing out all 
possible paths to the point where they reenter previously visited nodes. Node S 
is the root node. Node S is abo a parent node, with its children being A and D, 
and an ancestor node, with all other nodes in the tree being descendants. The 
nodes with no children are the terminal nodes. The numbers beside the terminal 
nades are accuJnulated dista.JICPs. 



DEPTH FIRST SEARCH: 

1) FORMA ONE-ELEMENT OUEUE CONSISTING OF THE ROOT 
NODE 

2) UNTIL THE QUEUE IS EMPTY OR THE GOAL IS REACHED 
DETERMINE IF THE FIRST ELEMENT IN THE QUEUE IS THE 
GOALNODE. 

3) 

2a) IF THE FIRST ELEMENT IS THE GOAL NODE, DO 
NOTHING 

2b) IF THE FIRST ELEMENT IS NOT THE GOAL NODE, 
REMOV!:: THE FIRST ELEMENT FROM THE QUEUE ANO ADD 
THE FIRST ELEMENT'S CHILDREN, IF ANY , TO THE FRONT 
OFTHE QUEUE 

IF THE GOAL NODE IS FOUND ANNOUNCE SUCCESS; 
OTHERWISE ANNOUNCE FAILURE. 

- ··- S 

SEE EXAMPLE BELOW: 
' 

' ' 

... -

.-\n •·xalllplc of rkptb-Hrst ,p;urh. Ouc altcrnattvr is selected and 
;Jc:~·"".:t·cl "l carh u ocle unt il t he goal is rcarhcd or a no de is reached where further 
downward motion is impossrble. \Vhen funher rlownward motion is impossib!e 
scarril 15 re,tartcd at thc uearcst anrcstor uode with unexplored children. ' 



HILL CLIMBING: 

1) FORMA ONE-ELEMENT QUEUE CONSISTING OF THE ROOT 
NODE 

2) 

3) 

UNTIL THE QUEUE IS EMPTY OR THE GOAL IS REACHED 
DETERMINE IF THE FIRST ELEMENT IN THE OUEUE IS THE 
GOAL NODE. 

2a) IF THE FIRST ELEMENT IS THE GOAL NODE, DO 
NOTHIN'G 

2b) IF THE FIRST ELEMENT IS NOT THE GOAL NODE~ 
REMOV!:: THE FIRST ELEMENT FROM THE QUEUE SOR t 
THE F/RST ELEMENT'S CH/LDREN, IF ANYh BY ESTfMATEO 
REMAINING 0/STANCE:..- AND ADD THE FIHST ELEMENT'S 
"CHILDREN, IF ANY, TO 1 HE FRONT OF THE QUEUE 

IF THE GOAL NODE IS FOUND ANNOUNCE SUCCESS; 
OTHERWISE ANNOUNCE FAILURE. 

SEE EXAMPLE BELOW: 

/ ' 
/ ' 

1 \ 
\ 

_.\ll<'Xampl<' of hill el""¡,"'~· Hill clilllhillg i:; depth-first search with a 
heuristic mcasuremcnt that ordcrs rhmces as 110dcs art• expauded. The numbers 
bP>Ide the nades are stra¡ght-lllle di,ta11ccs to thc goal nodc. 



PROBLEMS WITH HIL-L CLIMBING: 

a z b z 

~----------------------~~r: 

c. 

Hill clilllbiug is a bad idea in ditticult tcrrain. In a, foothills stop 
progress. In b. plains cause aimlcss wauderiug. In e, with thc terrain described 
by a contour map, all ridgc points look likc pcaks bccause all four east-west and 
north-south probe directious lead to lowcr quality mcasuremcnts. 



BREADTH FIRST SEARCH: 

1) FORM A ONE-ELEMENT QUEUE CONSISTING OF THE ROOT 
NODE 

2) UNTIL THE OUEUE IS EMPlY OR THE GOAL IS REACHED 
DETERMINE IF THE FIRST ELEMENT IN THE QUEUE IS THE 
GOALNODE. 

3) 

2a) IF THE FIRST ELEMENT IS THE GOAL NODE, DO 
NOTHIN'G . 

2b) IF THE FIRST ELEMENT IS NOT THE GOAL NODE, 
REMOVE THE FIRST ELEMENT FROM THE QUEUE ANO ADD 
THE FIRST ELEMENT'S CHILDREN, IF ANY, TO THE BACK OF 
THEQUEUE. 

IF THE GOAL NODE IS FOUND ANNOUNCE SUCCESS; 
OTHERWISE ANNOUNCE FAILURE. 

SEE EXAMPLE BELOW: 

Au example of br~·adth-tirst sean·h. Duwuward motion proceeds leve! 
by leve! until the I!Oal is rP'lrhPrl 



BEAM SEARCH: 

LIKE BREADTH FIRST BUT SEARCH ONLY MOVES DOWNWARD 
FROM THE BEST W NODES AT EACH LEVEL WHERE W IS CHOSEN 
EXTERNAL TO THE SEARCH ALGORITHM 

SEE EXAMPLE BELOW: 

2 

X 

4 o 

0.0 

Ficure ~-5 .. -\n exarnple of brarn oearch. lnvrsu~~t,un 'preads through the search 
trrr lrvel by leve!. but only the best w nades are rxpanded. where w = 2 here. 
The numhPrs bPside thP nodPs a:c strai¡:!:ht-linP rlistanrTs to the goa1 nade. 



BEST FIRST SEARCH: 

1) FORM A ONE-ELEMENT OUEUE CONSISTING OF THE ROOT 
NODE 

2) UNTIL THE OUEUE IS EMPTY OR THE GOAL IS REACHED 
DETERMINE IF THE FIRST ELEMENT IN THE OUEUE IS THE 
GOAL NODE. 

3) 

2a) IF THE FIRST ELEMENT IS THE GOAL NODE, DO 
NOTHIN'G 

2b) IF THE FIRST ELEMENT IS NOT THE GOAL NODE, 
REMOV~ THE FIRST ELEMENT FROM THE OUEUE ANO ADD 
THE FIRST ELEMENT'S CHILDREN1, IF ANY, TO THE QUEU~ 
ANO SORT THE ENTIRE QUEUE Br ESTIMATED REMAININ~.::~ 
0/STANCE. 

IF THE GOAL NODE IS FOUND ANNOUNCE SUCCESS; 
OTHERWISE ANNOUNCE FAILURE. 



FINO THE SHORTEST PATH: 

1) EXHAUSTIVE SEARCH (EITHER OEPTH FIRST OR BREAOTH 
FIRST) 

2) BRANCH ANO BOUNO SEARCH (EXPANO THE LEAST COST 
PARTIAL PATH) · 



BRANCH ANO BOUND SEARCH: 

1) FORMA QUEUE OF PARTIAL PATHS. LET THE INITIAL QUEUE 
CONSIST OF THE ZERO-LENGTH, ZERO-STEP PATH FROM 
THE ROOT NODE TO NOWHERE. 

2) UNTIL THE QUEUE IS EMPTY OR. THE GOAL HAS BEEN 
REACHED, DETERMINE IF THE FIRST PATH IN THE QUEUE 
REACHES THE GOAL NODE. 

2a) IF THE FIRST PATH REACHES THE GOAL NODE, 
DO NOrHING. 

2b) IF THE FIRST PATH DOES NOT REACH THE GOAL 
NODE: 

QUEUE 
2b1) REMOVE THE FIRST PATH FROM THE 

2b2) FORM NEW PATHS FROM THE REMOVED 
PATH BY EXTENDING ONE STEP 

· 2b3) ADD THE NEW PATHS TO THE QUEUE 

2b4) SORTTHE QUEUE BY COST ACCUMULATED 
SO FAR, WITH LEAST-COST PATHS IN FRONT 

3) IF THE GOAL NODE HAS BEEN FOUND, ANNOUNCE SUCCESS; 
OTHERWISE ANNOUNCE FAILURE. -
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4 

Figure 4-10. In branch-and-bound scarch. tht:> nade cxpanded is the one at the 
end of the shortest path lcading to an open nodc. Expansion continues Un ti! there 
is a path reaching the goal that is of length equal to or shorter than al! incomplete 
paths terminating at open nones. A sample nct is shown in a. along with partially 
developed search trecs in b and c. The numbC'rs bcneath the nades in the trees 
are accumulated dista.nces. In b. node A might just as well be cxpanded. for even 
if 'i satisfactory path through 8 is found. thcrc may be a shorter one through A. 
In e, however. it makes no semc to expand node B. because there is a complete 
path to the goal that i' sliOrtC'r thau tll<' patb C'IHiing <tt I3, 
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Figure 4-11. Branch-and-bound search determines that path S-D-E-F-G is op­
timal. The numbers beside the nodes are accumulated distances. Searr· op!' 
when all partial paths to open nodes are as long as or longer than the co~-t-~letf 
path S-D-E-r-G. 



BRANCH ANO BOUND WITH UNDERESTIMATES: 

1) FORMA QUEUE OF PARTIAL PATHS. LET THE INITIAL QUEUE 
CONSIST OF THE ZERO-LENGTH, ZERO-STEP PATH FROM 
THE ROOT NODE TO NOWHERE. 

2) UNTIL THE QUEUE IS EMPTY OR THE GOAL HAS BEEN . 
REACHED, DETERMINE IF THE FIRST PATH IN THE QUEUE 
REACHES THE GOAL NODE. 

2a) IF THE FIRST PATH REACHES THE GOAL NODE, 
DO N01HING. 

2b) IF THE FIRST PATH DOES NOT REACH THE GOAL 
NODE: 

QUEUE 
2b1) REMOVE THE FIRST PATH FROM THE 

2b2Y FORM NEW PATHS FROM THE REMOVED 
PATH BY EXTENDING ONE STEP 

·2b3) ADD THE NEW PATHS TO THE OUEUE 

2b4) SORT THE QUEUE BY THE SUM OF COST 
ACCUMULATED SO FAR ANO A LOWER-BOUND ESTIMA TE OF 
THE COST REMAINING, WITH LEAST-COST PATHS IN FRONT 

3) IF THE GOAL NODE HAS BEEN FOUND, ANNOUNCE SUCCESS; 
OTHERWISE ANNOUNCE FAILUñc. 

SEE EXAMPLE FOLLOWING: 



DEFINE: 

e(total path length) = ESTIMATE OFTOTAL PATH LENGTH 

d(already traveled) = KNOWN DISTANCE ALREADY TRAVELED 

e(distance remaining) = ESTIMA TE OF DISTANCE REMAINING 

e(total path length) = d(already traveled) + e(distance remaining) 

AN OVERESTIMATE OF e(distance remaining) CAN BE VERY BAO!. 

AN UNDERESTIMATE CAN NOT CAUSE THE CORRECT PATH TO 
BE OVERLOOKED. 

DEFINE u() TO BE AN UNDERESTIMATE OF THE ARGUMENT 

u(total path length) = d(already traveled) + u(distance remaining) 

SEE EXAMPLE FOLLOWING: 
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Branch-aud- houuJ ,,.,uch augul<'Jlted hy uud<•restimates determines 
that the path S D E F G i~ optilll<tl. The uurnh<·rs lH•sidt• thC' nades arP accu­
nwlat ed dist ances ¡.>1 u:; u utl< · n·s t i lllat ,., uf d ¡, t a¡H·es n'lllai u i ug. U uderestimate:; 
quickly push up thc leugths assuciateJ with bad paths. !u this example, many 
fewer nades are exp<Uldt·d rhau with hrauch-,wtl-huuwl sC'arch aperatiug without 
un de res tuna tes. 



SEARCHING USING THE DYNAMIC PROGRAMMING PRINCIPLE: 

"WHEN LOOKING FOR THE BEST PATH FROM STO G, ALL PATHS 
FROM S TO ANY INTERMEDIATE NODE, 1, OTHER THAN THE 
MINIMUM-LENGTH PATH FROM STO 1, CAN BE IGNORED." 

SEE EXAMPLE BELOW: 

1 , \ 

1 \ 

, , , 

D -- Expand next 
\ ~ 

\ 

--·\evcr expand 

An illustration of the dynamic-programming principie. The num­
bers. beside the nodes are accumulated distances. There is no point to expanding 
~he mstance of nodeD at thc end of S-A-D because getting to the goal via the 
mstance of D at the end of S-D is obviously better. 



BRANCH ANO BOUND WITH DYNAMIC PROGRAMMING: 

1) FORM A QUEUE OF PARTIAL PATHS. LET THE INITIAL QUEUE 
CONSIST OF THE ZERO-LENGTH, ZERO-STEP PATH FROM 
THE ROOT NODE TO NOWHERE. . 

2) UNTIL THE QUEUE IS EMPTY OR THE GOAL HAS BEEN 
REACHED, DETERMINE IF THE FIRST PATH IN THE OUEUE 
REACHES THE GOAL NODE. 

2a) IF THE FIRST PATH REACHES THE GOAL NODE, 
DO NOrHING. 

2b) IF THE FIRST PATH DOES NOT REACH THE GOAL 
NODE: · ... 

OUEUE 
2b1) REMOVE THE FIRST PATH FROM THE 

2b2) FORM NEW PATHS FROM THE REMOVED 
PATH.BY EXTENDING ONE STEP 

· . 2b3) ADD THE NEW PATHS TO THE OUEUE 

· 2b4) SORT THE OUEUE BY COST ACCUMULATED 
SO FAR, WITH LEAST-COST PATHS IN FRONT. 

2b5) IF TWO OR MORE PATHS REACH A COMMON 
NODE DELETf ALL THOSE PATHS EXCEPT THE ONE THAT 
REACHES THE COMMON NODE W!T.'-! T.LfE .".1f,"!!MUM COST. 

3) IF THE GOAL NODE HAS BEEN FOUND, ANNOUNCE SUCCESS; 
OTHERWISE ANNOUNCE FAILURE. . 



BRANCH ANO BOUND WITH DYNAMIC PROGRAMMING EXAMPLE: 
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Branch-and-bound search, augmented by dyuamic programming, 
determines that path S· D-E· F G is optimal. The numbers beside the nodes are 
<U:cumulated distances. Many nodes, those crossed out, are found to be red un- .. 
dant. Fewer nodes are expanded than with branch-and-bound search operating 
without dvnamic programming. 



THE A* ALGORITHM (IMPROVED BRANCHAND BOUND): 

1) FORMA QUEUE OF PARTIAL PATHS. LET THE INITIAL QUEUE 
CONSIST OF THE ZERO-LENGTH, ZERO-STEP PATH FROM 
THE ROOT NODE TO NOWHERE. . 

2) UNTIL THE QUEUE IS EMPTY OR THE GOAL HAS BEEN 
REACHED, DETERMINE IF THE FIRST PATH IN THE QUEUE 
REACHES THE GOAL NODE. 

2a) IF THE FIRST PATH REACHES THE GOAL NODE, 
DO N01HING. -

2b) IF THE FIRST PATH DOES NOT REACH THE GOAL 
NODE: 

OUEUE 
2b1) REMOVE THE FIRST PATH FROM THE 

2b2) FORM NEW PATHS FROM THE REMOVED 
PATH BY EXTENDING ONE STEP 

2b3) ADD THE NEW PATHS TO THE OUEUE 

2b4) SORT THE QUEUE BY SUM OF COST 
ACCUMUlATED SO FAR ANO A LOWER BOUND ESTIMA TE OF 
THE COST REMAINING, WITH LEAST-COST PATHS IN FRONT. 

2b5) IF TWO OR MORE PATHS RFACH A COMMON 
NODE

1
, DELETE. ALL THOSE PATHS EXCEPT THE ONE THAT 

REACnES THE COMMON NODE WITH THE MINIMUM COST. 

3) IF THE GOAL NODE HAS BEEN FOUND, ANNOUNCE SUCCESS; 
OTHERWISE ANNOUNCE FAILURE. 
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An Algorithm for Planning 
Collision-Free Paths 
Among Polyhedral Obstacles 

Tomás Lozano-Pérez and Michael A. Wesley 
IBM Thomas J. Watson Research Center 

This paper describes a collision al·oidance algorithm 
for planning a safe path for a pol)hedral object mo,·ing 
among known poi~ hedral objects. The algorithm 
rransforms the obstacles so that they represent the locus 
of forbidden positions for an arbitrar~ reference point 
on the mo,·ing object. A trajectory of this reference point 
\-\hich a,·oids all forbidden re.gions is free of collisions. 
Trajectories are found b) searching a neh\ork "hich 
indicates. for ea eh' ertex in the transformed obstacles. 
""hich other venices can be reached safel~. 

Key \\·ords and Phrases: path finding. collision-íree 
paths. polyhedral objects. poi) h<dral ub,tad<>. graph 
searching. gro" ing objects 

CR Categories: 3.15. 3.64, 3.66. 8.1 
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l. Jntroduction 

The problem of avoidmg coliJSJons when operating 
on computer models of physical objects is central ' 
model-based manipulation systems. This paper describt_ 
an algornhm for planning safe. that is collis10n-free. 
raths for a polvhedral object among similarly described 
obstacles.' The algorithm JS requ1red to: 

( 1) find safe paths that might involve going near ob-
stacles. and · 

( ~) guarantee that these paths are shon relative to a 
prespecified distance metrlc. 

The s:mp\est col!Js10n 3\'0Jdance ;..¡\~orithms f<ill mto 
the generare and te~t parad1gm. A simple path from stan 
to goal. usually a straight line. is hypothesized and then 
the path 1s tested for potential collisions·. If collisions are 
detected. a ne'' path is proposed. possihl: using informa­
tion about the detected collision to help h' pothes1ze the 
new path. This JS repeated until no col\isions are detected 
a long the path. Roughly. the three stcps in th~> t~ pe of 
Jl&orithm are 

( 1 ) calculate the 'olume swept out by the mo\'ing ob­
ject along the proposed path. 

( 2) determine the O\erlap bet\\een the S\\Cpt \O\ume 
and :he obstacles. and 

1 3) propase a new path. 

The sccond step. determ1mng the O\ erlap between th/ 
':'''ert \Olume and the obstacles. IS abo kno,,n asan ir. 
tersecuon or mterference calculauon [2. 3 ]. Current com­
ruter modeling techn1ques employ Jarge numbers of sim­
ple suriaces to model accuratel: e,·en the most common 
übjects. It can be quite dlfiicult to determme whether rwo 
such models O\'erlap This general method. which we will 
call the s~t·t·pr \'O/wnc :nerhod~ has a more fundamental 
dra,,bad. .. The problem is m the relationsh1p between the 
second ood th1rd steps. Each proposed path provides 
oni: local 1nformarion about poten tia! collisions. for ex­
ample. the shape of rhe intersectJons of the volumes in­
'ohed. or the Jdenuty of the obstacle f!I'ing nse to the 
co\IJS.10n. Th1s mformat¡on sú~~ests local path changes 
hut 1s not surticient to determine when a radically differ­
ent ~ath ''ould be better. This lack of a global \JCW can 
:-csu!t iíl Jn C\penSJ' e search of the ~pace of possJble 
;"Jth.:; \\J:h J \t'r: Jarge urper bound 00 the \\Orst case 
lcnf!th oi the p:.1th. 

A radlcJ] ªJtcrnati\ e 10 the S\\ ert \'Oiume method IS 
:(~ cc'míluce e\pllcitly the con<;traJnts on rhe posillon of 
;he mo\Jilg object relatJ\e to the obstacles. The des1red 
trajectory is the shortest path \\hJCh SJtisñcs al! the posi­
!lOn con5Haints lf the ohJects 3re m0deled as collections 
oí con,e.\ poi: hedra, the position constraints can be 
<;tated 1n te_rms of the posJtion of the \'CrtJces of the m o· 

:\\e.,.,¡]¡ hencef,.. •. ~.- .,~ :!-e :~·":1 "i'ol~hedron · for closed 
:1fures bounded by ··ft;.d:. · 1n ;v..u or thrce dlmer:sJOns. 

Comrr.umcat1ons Octol:>er 1979 
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::.g obje.:r re!atr\·~ ~o !he ¡:;!J:-:ec;; of the obsracle suri~H:es. 
The tr~Jectory rroblem c~:m then be posed as an optlmt­
za¡ion probiem as ¡n lgna(yev ¡5]. The dJtliculty v.ith 
this formul;:;.rion is th:H these position constramts. al­
though lineor. do not all apply simultaneously. lt is not 
necessary for each point on the monng object ro be our­
side al/ the planes of the obstocles; it is surticient for eoch 
roint to he ourside ar leau 011e of rhe planes of each ob­
siade. This property makes traditional !mear optimiz:J.­

tion methods inapplicable. 
The olgonthm presented m this paper IS closely re­

l~ued to the opt1mizatton approach. The constratnts on 
the posiuon of an arbitrary reference pomt on the mO\"­

mg obJect are computed. Po!~ hedral obstac!es in two or 
rhree dimcnsions ~1\e n~e ro s~tc; of pol~hedral jurbld­
dt·n rt·gwn~. :hat ts. regions corresponding: to poSHlOns 
L"~f rhe reference pO!nt \\here co!!lSIOns \\Ou!d occur. This 
rransformarion reduces the problem of finding a safe 
?Oth for ¡he poi: hedron to the simpler problem of find­
¡ng a safe p.J.th for a point This last rask is accomp!ished 
~: finding J path through a graph connecung \·en ices of 
the forbidden reg1ons. 

The rechn1que of compuung the posiuon consrraints 
L~n an object JS constra1nts on J reference point !S ex­
iremelv rollerful and has been applted tndependently ¡o 

J;fferent problems. lt has been used bv L:dupa [9] for 
p!.:t:lning safe paths for computer-controlled man1pub.­
~ors. by Lozano-Perez (6] for identifying feasible grasp 
?OintS on an object. and by Adamowicz and Albano [ 1] 
!or t\\O-d¡;¡¡.;;-,siona! templare !a: out. 

Cdupa uses a simple ··grov.ing·· transformation on 
obst.J.c!es w compute approximatlons to the forbrdden 
re~:ons for the three-d1mens¡onal reference p01nt of a 
three degree of freedom subset of a mampulotor. The 
s~srem maintJ.ins a \3riable reso!uuon descnption of the 
legal posiuons of the reference point ( the free space) 

Saíe paths for the subset manipulator are found by re­
cur~i\'ely introducmg mtermediate goals into a srraig.ht 
!!!le rath unlll the complete path is m free space. Th!S 
r.1et!lod has t\\O drawbacks: 

¡ 1 l Beca use the complete manipulator has more than 
three degrees of freedom. the three-d!mens!Onal for­
b!dden reg10ns cannot mode\ a!l the constraJnts on 
:he mantpulator. When a trajectory fails. L:dupa·s 
s: stem makes a correction us1ng man1pulator-de· 
pendent heunstics. The use of heuristics tends to 
limlt the performance of rhe algorithm 111 cluuered 
spaces. 

12) The recursive path finder uses only local informa· 
rion to determine a safe path and therefore suffers 
from sornt:: oi the same drav.backs as the sv.ept \Ol­
ume method. 

The algorithm presented in th1s paper uses a more 
JccurJte grov. ing operation to compute the forbidden 
regions in both tv.o and three dimensions. It introduces 
a sraph searchtng technique for path finding which pro-
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Juces optJmum two-dimensional paths when only trans­
LJ.tions are involved. Th1s rechnique is then f_enerJ!izcd 
to dea\ \\ith three-dimensiona\ obstacles and extended ro 
de al umfor-m!y wnh more than three degrees of freedom. 
The resuhing algorithm no longer guarantees optimum 
paths. This algorithm has been used to plan safe trajec­
tories for a se\·en degree of freedom manipulator. These 
tr:Jjec:ories h3\ e been succeo;sfully e\ecuted. 

A detailed sun·ey of pre\·ious \\Ork in collision 
J\'O!dJnce. >pecificall: 10 connecnon '' nh computer­
comrolled manipulators. can be found m Vdupa [9]. 

The nature of the models used for the obstacles af­
fects the details of any collision J\'OJdance algonthm. 
·For concreteness. the detai\ed discussions and e:o;amples 
tn thJS paper ossume that all objects are modeled as sets 
o f. poss1bl~ o\·erlapping. convex poi~ hedra. Any object 
can be modeled to any des1red degree of accuracy in this 
fashion .. -\ method for finding: collision-free parhs for a 
smgle com·ex poi: hedron among sets of com·ex poly­
hedra can be simply e\tended to plon saie paths for a 
complex m o\ 1ng object among complex obstacles. The 
extension m vol ves finding the constraJnts due ro each of 
the com·ex components of the mo\ 1ng ObJeCt relati\·e ro 
each of the components of al\ obsrac!es. The constramts 
for rhe composite mo\'ing object are the unJOn of the con­
straints on irs components. 

The co\lls!On a\Oidance a!gorHhm 1s defined for three 
d1mensJOns. Hm\ever. the presentatJon is easier to fo\Jow 
10 l\\O dimens10ns; for c!anty the ne:\t sections first de­
\ elop the complete algorithm for rhe two-dimensional 
case and rhen consider the extension to rhree d¡mensJons. 
Secrion ~ ;'lresents a simple form of the algonthm for the 
case of a pol:gonal object rranslating in the plane among 
poligonal obstacles. Sectton 3 constders the effect of al­
lO\~ ¡ng rhe mo\·mg object to rota te as well as translate. 
Secrion-+ deals \\Íth more complex moving objects with 
more degrees of freedom. Sec::tion 5 discusses generaliza. 
tion ro three dimensions. Discussion of the two steps of 
the algomhm that are directlv affected bv the choice of 
model!ng methodology is relegated to the appendices. 
These steps will be functionallv described in the body of 
the paper. 

2. Colüsion .. hoidance on the Plane 

Consider the problem. shown m Figure 1. of moving 
a point object A from position S to poSttion G while 
a,·otding the obstacles (shown shaded); the shorte.st col­
!isio:1-free path from Sto Gis al so shown. The important 
propeny of thlS path is that it is composed of straight 
ltnes jotning the origin to the destinatton via a possibly 
empty sequence of vertices of obstacles. In the case of 
motton in the plane with arbitrary polygonal objects, the 
shortest collision-free path connecting any two acces.sible 
points always has this propeny. 

The undirected graph VG(N, L) is defined: The node 
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set .\' is ~· -- {5, C} ''here Vis the set of all vertices of 
obsracles and :he L::~l\ set Lis the set of alllinl-.s ( n, !1¡ J 

such that a straighr !me connectmg the ith e!ement cf S 
;o the ah do~s nor O\·erlap any obstacle. The graph 
\·Gr N. L) is called the '1S,bi/11y graph (\'GRAPH) of S 
'-ince ..:onnec:ed 'eruces m the graph can see each other. 
The \ GRAPH !S ~hcw:1 In Figure l. The shortest colli­
:-:on-free pa:h fro:n S to G on the plane is the shortest 
;'Jth in the \.GRAPH from the nade correspondm~ toS 
;c1 that corr~spondHif! tu G v. hen the eucildean metnc is 
~~ed on the l1nl-.s. \\e,,¡]¡ cal\ th1s method for finding 

.::c,III"!O:l-fr::c ~J.t~s for J pmnt by findmg the shonest 
~<.:!h in a ':~~~ility FJ;:"h the \'GRAPH algonthm. This 
-:-:;:-:hod was "JSCd :~·r :!Jsif_ating SHAKEY [8]. an e::r!; 
:,1:.0r \ch:.:!c. ;_¡:¡.:! :s. 2.!so descnbed tn s.or:1e detall 1:1 
! ~ :-!:.: t ·:e\ ; :: j 

The Slmplic:tl 0f the VGRAPH algor~thm 11ems 
f~c:n the í:..:-:-t that :he mo\'Jng obJeCt A JS a pomt. Thi5 

~:na\1 m re!auon to the obstac!es. but causes pcb!;::-:1s 
Oi her\\ JSe. lf.nat"~ e\' [S. p 2-+ l] puts it as follm\ s 

The :-obo: :-:::t=ins :o r.:(1\e from the romt ,\i· tS 1:-. ~':.:; n:::-:--.;-:"' 1 

:.don~ the d::-e.::tJOn :o :he .x-:9 (a Hrte:\). Here he :-:11.:~: :l':-s,ier 
··1s dtmensJOns m order r.ot to run i:Ho the 0bst.:.:.:ie~ :..nd v. ..:ils 

Thi5 paper shO\\S hC\\ 3 mc:--e ~eneral form 0f !~:.> .:-cl~l· 

sion 3\0JÓ2.:1ce r-:--o::!~::--: c~:1 be :--cduceJ :o::-::?\ l.;.": -'•.PH 
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prob!em. In other words. it concerns how the robot 
"'must cons1der h1s dimensJOns. ·· · 

A s:mple generalization of the problem in Fi,;ure 1 is 
to make the moving object A a circle with nonnegligible 
rad:us r,. The VGRAPH algorithm c:¡p be adapted to 

this sJtuation by moving the vertices a\\ay from the 
obstac!es so that they are at least r.~ away .from all the 

s1des (Figure 2). ~1oving A so that its center point m oves 
throu~h the new displaced 1·enices will sttll produce a 
mm1mum distance. co!ltsion-free path. Notice. however, 
that the path found is d:f!erent from that in F:gure l. 
This technique of displacmg the ,·ertices "as also used 
in SHAKEY [8]. 

The \.GR.-\PH algorithm requires that the moving 

object be 3 romí: the obstacles then represent the for­
bidden reg1ons for the position of that point. lf the rno,·­
ing object 1s not a po1nt. a new set of obstacles must be 
compUied \\ hich are the forb1dden regions of sorne ref­
:?re:lcc r01nt 01 the m o\ ing object. These new obstacles 
must descnbe the !ocus of positions of this reference 
p01m wh1ch would cause a collision with any of the 
ori~1na! obstac!es. The displaced vertices of Figure 2 are, 
1n facr. appro\imations to the ,·eruces of these new ob· 

stacles when the reference pomt is the center of A. 
The operation of computing a new obstacle O' from 

an orig:nal obstacle O and a moving object A will be 
..:a!!ed groh·ing O by A. This namc Jt:i1c:~,.·¡s the fact that 
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tne uoStdClt!S are oe1ng. grm~ n so tnat the m0\'111g C'ClJC'Ct 

can be shrunk 10 the reference pomt. The result of grow­
ing a set cf obstoc!es by A '"11 be indicated by G05(.41. 
1.e .. the Croh·n Obstacle Set of A. :\ole that the growing 
operation is e lose! y related to that of deriving the path of 
a machine lOO! lO CUt OUt a part. 

Consider the situation m Figure 3(a). The same ob­
c;tacles in Figures 1 and 2 are shown but the mo\'ing. 
object A IS now a rectangular salid. Figure 3<bl shows 
the obstacles after thev have been grown by A lt also 
shows the shortest collision-free path for A ·s refercncc 
point from S to C. This figure demonstrates how the 
process of growing obstacles allov.;s representing A as a 
point. :>:atice that the boundary of the obstacle space is 
treated asan obstacle and is also grown. thus m·oiding 
paths '' hich im oh·e m o' tng outside 1he space 

The growmg operat1on ''as defined as computing. the 
locus of posittons of the m o' ing object's reference point 
that would cause a col lisian with a given obstacle. The 
position of the m o' ing object has been interpreted as its 
( r, .\) posJtion. 1.e .. the grO\\ O obstac!es o. re polygons in 
(.r. y) space. This is an arbitral)' but natural choice. Dif­
ferent t~ pes of m o' ing objects would cal! for different 
..:-ho1ces. Figure 4(a) shows one such c:J.se in an {X, y) co­
ordinare system. The monng object A can rotare about a 
fixed po1nt and can change length. This defines a polar 
coordinare system (r, n). FigUre 4(b) shows rhe reg10n of 
the (r, o) space which is forbidden to the tip of A by the 
presence of the obsracle in F1gure 4(a); an alternat¡\·e 
way of representmg this reg10n is shown in (x, y) coordi­
nares in Figure ·He). The choice of representation de­
pends e~: 

( 1 ) the ease of compuung the forbidden regions. i.e .. 
growmg the obstacles. \ersus 

( 2) the ease of building the VGRAPH from the grow n 
obstacles. 

The use of polyhedra as the bas1c unit of shape de­
scription mfluences our choice of obstacle representa­
tion. Polyhedra (polygons when on the plane) ha ve 
boundanes ~hich are linear equations in the coordinare 
variables. Th1s property makes them computationally 
attracri' e. In this section ~e ha,·e represented objects as 
polygons in a planar cartesJan coordinare sysrem. The 
natural choice is to express the gro~An obstacles m the 
same space, thus makmg the growing operarían a map­
ping from polyhedra to pol:hedra. :\otice that in F1gure 
4 ( b) the object O was mterpreted as a polvgon in ( x . . ' J 

space and the resulting gro\l.n obstacle O' In {r." l 1s not 
a polygon m that space. 

Another factor in the cho1ce of obstacle representa­
tion 1s rhe shape of the path bet\\een rwo nades 10 a 
VGRAPH. A link connecung two nades in the \"GRAPH 
implies that the path between the corresponding loca­
tions does not O\frlap any of the obstacles Paths ha' e 
so far been shown as stra1ght lines m cartesian space: 
sine e the gro\1. n obstacles were in this coordinare space. 
the use of straight lines s1mplifies the detect10n of over-
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lap. Of course. paths could be more complicated curves 
which are besr expressed in different coordinare systems. 
For example. the object in F1~ure 4 might move in 
straight lines in the ( r, a) system. In that case it m1ght be 
more efficient to use the polar form of the grown ob­
"!acles in detecting O\·erlap. 

The choice of representation for the grown obstacles 
depends on the geometric details of the application do­
mam. The choice should be made so as to simplifv the 
o,·erall computauon. For the sake of simpliClly the next 
section v.ill continue to assume that the grown obstacles 
are polygons in (x, y) space. 
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.'. Thc Effcct of Rotation 

lt i~ Jmrl"'rtJnt to nouce thJt the gro'' ing. operation as 
:-ho,,n 1n F1~ures ~ and 3 JS sensitJ\e to the onentat10n of 
A. This ''35 not app2rent m Figure 2 because the mo,mg 
('l~ject '' ::.s a circle The onenr::mon dependence fo\Jows 
from the fJctth::n a ~ro,,n obstacle iS derlned as the for­

':Jdden re~ion für a ~e:erence point. T~e ¡yosiuon of a 
~o1nt on the pl3ne c2n encode oniJ rwo deg.rees of free­
dom. ''hereJS dlf1erenuatmg the legalit~ of l\\O püSI­

tions of A '' Hh d1ñerenr onentations requ1rcs at \east 
three de free~ of freedcm. Figure 5 sho,,s thot J d1ñerent 
·•nentái.iOJ1 of A fro:-:1 ~h:n m Figure :; \\ i\1 rrnduce dtf-

:rent ~ro'' n l~bstJclcs ;:md a d¡fferent path. Tu ma~e the 
onent3:!0n e~plicit. ''e \\Jll denote the result of grO\\Jnf! 
al! the ob~tJcle~ \\ith 3 ITIO\'Jng. obJeCt A. ''hose onenta­
tion ru3meter !S the angle o. GQS(A.,). The >et of 'er­
u.:es of :hese gro,,:l ~."~C.stacles \\ill be called V.,. 

To .summarize . .:;¡¡~ position of A ::n onemation o for 
\\ h1ch A ·s reierence ;::'OJnt is outs1de al! the elements of 
the f.:-0\\11 ~,.-,f.::.t:-J..:le 5e: 1s free of col\is10nS. The s1des of 
~J.:h obslJ.:-!e m G05( A. J are computed by tracmg. the 
j.""Jth oí,..¡'::: rcft.~ ... e:1.,:-e rOlnt arollnd eJch of the origmal 
,.,bJcc:s \\ h1k \..eer:n~ A m contJCt ,,·nh :he obstacle. Be­
'l"~rc :\\C• \"'~r.icq<:. .:0:l1Ge :he~ mu~t first wu..:h: therefore 
...:;-]y T'c-.:::l~:l t"~f :h:: ;c-:·t>rence f'Olllt that ''ould cau.se a 
:~.11!:s.lo;¡ mu>t be :;-;s1Je the obstacle. :J:1d 3n~ rosllJOn 
ou:s1dc I.IUS! re s~fe. Clearly th1s conditJO!l pre:'urpose.s 
:hat ::,e 0j'ier~l~tio:l 0f A does nor chanfc 

e .._-,r.~:...:t.'r .:le ;-.-.. J.:-]~;71 0f !TlQ\ ;n~ o;-_i:?.:t .-l f:-0:n rc'l­
.;,¡(¡(1:1 S \\ i;!J 0Tien:J:l .... )fl t1 10 e \\ Jth J Cifferent OT!till:.!­
:l(\:1 :' A ... :.t!t: :r.:!Je.::or: c::.nnot be iuund t-: s,.¡mrl~ 

... .:..:;:·;--:..::::::;, :J r:.::'-: '~Jt :'-free ílf (¡'ll~"'·'"~ ·~1 (J)....,IA l 

::nd GOSt.{·) ~1nce. 1:1 chan&m& the oriej'.\:Jtl0í1 :~L~m .. 

10 ·~.A r:1Us.t p:.~ss 1hrough the '' ho!e r.::nf:e 0i Jntcr:-:ledJ­
Jte 0rien1ations. Qne way to ñnd a p2;h ~;::::_;'J::-r.: .. :..n0'' n:~ 
\\hJt po~lllons onthe pianc \\iil .::1),_1\\ ~~.: .._:._.,,;::J roiJ­
rion 10 !J:l..e rla.:e. The alf:OT!thm C3:1 :::t':l ;-'1:::: :: t'3.;h 

_,rrom the start iO 0:1e oi these po~i:10:1:'. m:~:c :.:1 thc 
dt:sired oric:-~t3:io:1. ar:d mo'e 1n 1h~H ü~:e:-.:~::~-:1 :u ihe 
~o al. 
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For a position to a\low a change m orientat10n there 
must be no O\'erlap between the rotating object in any of 
Jts intermediate orientations and any of the obstacles. 
Figure 6 shows the area that A 1ra' erses in g.oing from 
onentation a to j3; th1s area may be approx1mated by 
another polygon A 1n .~ 1 shO\\O rectangular for Slmplicity. 
This new object. called an en' clope, can be u sed to grow 
a new obstacle ser GOS(A 1" ;¡ ). al so shown m Figure 6. 
which repréSents the forbidden regions for the reference 
pmnt of A in any of the orientations \\Jthin the inter\'al 
frr.¡3l. \Ve ,,¡JI refer to this as a rransition obstacle ser. 
By anaiogy to the \ertex set V". the set V 1" .~ 1 represents 
the set of \·enices of obstacles m the transiuon obstacle 
set. In general ''e can assoc1ate WJth allthe elements of 
a venex set an orientation inter\'al {possibly singular) as 
''ellas a posn10n. 

The problem in Figure 6 can now be soh ed by: 

( l) tinding a path starting with orientauon a at S which 
a\'OÍds the obstacles m GOS (A .. ) -and wh1ch ends ar 
a point clear of the obstacles in GOS ( ..1 , .. ·''). 

{ 2) rotating to orientation ¡3. and 
13) finding a path to G a\'oiding the obstacles 1n 

GOS(A,;). 

ThJS con be SJated as a \'GRAPH problem of findmg rhe 
shortest rath [rom S lOGIn a \'ISÍbllity frJph defined as 
iollo\\s: 

\'G .... ¡.\· .. . '·L. : J 

''he re 

\' = 1' - 1' 

1 = 1'., ~ {5) 
V 3l = v,, u { G) 

" 
v~ .. ,;, defined as abo,·e 

and 

L, .~ = {(n,.n.)} 
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S".JCh th:!t tl-:e following \'icbil:n· condaio1J.'i ho!d on tnc 
hnk: 

( l) the oricntation inter\'Jis [a, b 1 and le. dl must nm 

be dÍSJOin!. 

12) 11, ís outsíde all the obstac\es in GOS(A,.,. .,:). 
13) 11, ísoutsídealltheobstac\esínGOS(A 1• ,, ). 

(4) thepathfromn,tOil,eíther: 
1 a) does n<'t o'<rlap anv obstac\e in GOS( A,... l. 

or 
1 b) does not O\crlap an: obsta ele 1n GOSIA •· ) . 

. -\ so\ution path in VG .. ,; is a sequcnce of nades start­
¡ng at S and cnding at G: 

S.II¡.II:, ... '11,, G 

in \\hi.:h Jdjacent nades are connected ~y a link in L .. l­

Each n, e V ,_ 1 1s detlned su~h th:::n 1i 11. is uutside al! 
obstacles ín GOS(A ,., ,,; ). then the refcrence point of the 
r:lO\'lng object A can be ar position 11, in ::m: orientJtion 
\\ 1thin the 1nten al [a, b] '' 1thout danger of collisions. Fol­
lowmg the l111k from n, to n,. 1 means that the reference 
point of A must make the corresponding trans\auon. 
.-\!so. :f n. and ti. .. be long: to ddlerent \'ertex sets. V ... 

:md ~/ ( ~ re5-pecti\'ely. then a chang.e of orientauon m ay 
al so be requ¡red. The condnwns on L. ,l require that the 
orientatJOn m ten als cbrrespond1ng ro the endp01nts of .1 

lmk must not be d1sjomt. Th1s means that there IS sorne 
onenta.tJOn .\. such that ¡fa~ b .:md e~ d then mJ:da. e) 
S: t S: m1n(b. d). for \\h1ch A can safely be at e1ther nade 
of the hnk. \1oving ;:¡,Jong the link requ1res first rotJting 
ro the onentat100 x and then trans\ating from the first 
node to the ~ec0nd. Smce the translatJOn happens in an 
onemation compauble \\ Hh both nades of the link. the 
\isibdity conditJOns on the link require only checkmg for 
overlap \\'Jth the obstac\es 111 the obstacle set of eJther one 
of the nades. Alternatlvely, 1f the path from 11 1 to 11:.1 is 
outsíde al\ obstacles in both GOS(A ,.,. ,,,) and GOS(A,. , , ). 
then the rotation m ay take place in conjunction with the 
trans\auon a!ong the l1nk. 

The use of transitíon sets, e.g., GOS(A '"·J.), has two 
important drawbacks. The shortest solution path in 
\'Gn ;: 1s no Jonge'r guaranteed to be an optimum so\utJon 
to the original problem, and failure to find a solutíon 
path in the \'GRAPH does not necessaríly mean that no 
safe uajectory ex1sts. The reasons are tv.ofold. The ñrst 
and most basic is that paths found m thiS VGRAPH wi\1 
change the orientation of the mo,·ing object only at \oca­
trons where the íull rotatíon can be performed. lf the 
opt:mum path in\OJ\·es tra\·ersmg a nJrro,.,. passag:e 
where the onentation.of A must be within a smal\ sub­
range of the orientations between a and ¡1. then th!S rath 
cou!d nc: be 3 so!ut!On path in this \ersion of the 
VGR.-\PH algorithm. Secondl\', e"en if the first problem 
were avoided, the current formulation considers onenta­
uons only in the range [a. ;3]: it could not negouate a 
passage where the movmg object cou\d only fit at an 
onentation outside the spec1fied range. The latter prob­
lem can be solved simply by e<panding the orientauon 
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in ten JI. hut only at the e:\pense of making the former 
rrcb!em \\<..'rse 

The l\\Oproblems mentloned abo\ e can be a\Je,iated 
i"~ replacmg the smgle tr3nsaion obstacle set. GOS 
¡ .4 [ .. .,]). by the un1on oi se\ eral other obst3cle sets. each 
f~:1erated \\ nh 3 sma\\er onentJt1on m ten al for the mO\­
Irlf: cbject. In this fashion the rJnge of legal onentauons 
..:-311 a\so be C'-:tended beyond the mterval [o:. 13]. :\s 
the number of tr::msition L~bst2..:\e sets incre::J.ses. the 
\'GR . .\PH becomes a better match to the angina\ prob­
lem. l'nfortunately. the comput:mon::J.l burden also 111-
creJses rapidly. EJch new ub~tdL.le ~t:t require~ growing. 
al\ thc obstJc!es '' ith the mo' ing object in a new con­
ñgurJuon. though the ~rm\lng oper.:won can be speeded 
up by us1ng appro\imauons. as\\¡\\ be shown la ter. Al so. 
the ;.H.lJed 'ertices from the extra obstacle sets make 
::;earch1n~ the \ is1bility graph much more time consum­
ing. Alternatively. it may be possible to derive 3uto­
matic3\l~ :ransition sets to handle narrow passages spe­
Cifically. and combine ihese \\Jth \\'lder-range trans1tion 
sets. 

-l. :\lore Degrees of Free~om 

Transnion obstac\e sers can be used \\henever the 
m o\ ing object has more degrees of freedom than can be 
re¡::'resented by a point in the obstacle coordmate space. 
The onl\ requirement JS that 1t be possíb\e to compute 
.:m envelope A .· , 1 which JS Jn object of the same type as 
~. c.g .. 3 pol~gon. such t!lat any po1nt IOS!de an A:. 

.r S:.: S: y. is a\ so ins¡de A·: ., 1• This object then can be 
l!sed i11 the grO\\ ing operatlon to genera te a trans1tion 
obstacle s.et. There are no other restrictions on the nature 
of the parameter range [x . . 'J: in particular, 1t need not be 
an orientation range Jnd both x and y may a\so be vec· 
tors. A point outside all of the obstac\es ín GOS(A 1, , 1) 

mdicates a position where each of A='s configuranon 

parame1ers, .:,, can sJfe!y take on va\ues such that 
X' :::; ;:, ::;: )',. 
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Figure 7 repeats the example of Figure 4 except that 
now the moving. object can translate in x and y as wéll as 
rota te and chanee its length. The choice of a coordinate 
svstem for the g;own obs~acles will a! so determine which 
¿¡ the coordin;te \'ariables is to be used for the config­
urauon r:n3me!ers. For example. if the grown obstacles 
are represented as polygons m(,\._,). then lr. n) are con­
figuration parameters and \'ice-\'ersa. 

ConfiguratJon parameters can also be used to dea! 
with a mo,·ing object whose shape can change due to 
changes in the relati\'e positions of its components. The 
object sho'' n in Figure 8 is composed of two rectangles 
that are free ro rotare about a common pomt. The shape 
of this object re\atl' e to a srationar~ obstacle c~m he 
described b~: 

( l) the sha~e of its components. 
( 2) rhe1r relat¡, e d:sp!Jcements. 
t 3 l the l'' o angles' and p Ind1cated 111 F1gure S. 

In th1s exampie only the ::mgles e:~:-~ change during a 
mouon. therefore the obstacle set for this moving object 
IilL!St be rarameteriz.ej by the \al u e of both g and r· Gen­
erJil~ the .:o;-¡:igura:!c:-t parameters describe not onl~ the 
global onen:a:JOn or posnion of the object bm aiso the 
re!J.:i\ e pc~n!ons of ¡:s components. 

In ~enerai. obj~.::s need not be grO\\ O 1:1 the íull di­
me;¡sional cc::ilgur::.:ion space: instead. rereated use 1s 
maje of ope=-:?.~ions 0::1n !O''-er di~enswnai. paruuoned. 
COn!Íf:UT3lJ00 Si)3CCS \\hich 3110\\S the grO\\\'l~ operatJOn 
to ''ork :na .:o:~,·enie::t subspace of the fu11 ..:~..~nfigur~ltJon 
>pace. The \"GRAPH algonthm descnbed in Sewons : 
and 3 remams unchanged e\cept that the scalar rara­
meters and ::-::e:-' a~::. are replaced 1:-y 'ector rarameters 
and m ter' ::.!s. 

5. Collision A' oidance in Threc Dimensions 

The \ GR.-\PH oi§'Ortthr[l has so far been presented 
as an Jl:;o:-::h:n for co!lisJon av01dance on !he plane. 
Tlns 5-ectio:-~ e:\amir:es how three~dlJ'':1e:1SJonal ~..~bstacles 
J.f.e.:r the 3!:;crith:-:1 Th1s generaJ¡zauon does nc·! .;ffe:¡ 
¡he stJ:e:-:1e:-:t 0í r::e ::J~~..)nthm tlür does Jffe.:t ¡he detads 
of :he o2:;.:..;cle f.TO\\ 1ng and f_raph searchl:":f: T!le~e ~ub­

JC'Cis :::re C:~c:.1s~cd :~:he append1ces 
The gene~2i~z.: 1.:l"1 to three d:memJor:~ :::1~ ~~ L:n­

:c':-IL!na·e ~·de eñe:: The snoneq p~th ~ro:..~:-:J ~ ;-'lli\­

hedra! obs;.ta.:le does not m ~eneral trJHrs;.e rnh 'en:ce" 
oí the rol~hedron ( Ftf.Ure 9l. Th:::n ¡<;,,:he ~hOrlt>.l r~::, ¡:) 

a\ GK.APH \\ho~~ :1.,1Je set cv;~¡;:,;-;:., ._,:·.:: · --~-

f:íO\\n obstacles is not guaranteed to be !he s."'i ... )i'ics: .: ... -·dil­
s:on-free path In f.C:leral. the shonest pa:h \\Jli ::1\llhc 
gomg. '13 ~01nts en ed~es of ¡he obstac!es. 0:.;:- ~:--;-·:-c~~c;: 

1s to introdu.:e addit1onal \Crtices ~lon~ tC~~~ ~·:· :::e 
grown obstacles so that no edfe 1s lo;;ger ::-:~:'.:! ;-:::5tC· 
ciñed ma\1mum \e~f.th. This :nethod &er.er2:!: :-~~:-',.;::s 1n 
3 ;ood ::!.;:'~fC:\Jr:n:ic;~ !o the 0romum pá:h 

The use of th:-ee-dimenSIL)n~J l~::-:-.;~.::(·:- ..::~., :· . ..!.., a 

566 

Fi¡;. 8. 

' 

i 
,l 

1 

/ 
' 

sJgniticant effect on the execution nme of the a\gorithm. 
The three-dJmens1onal grO\\ mg operation is much more 
tJme consum¡ng. than the correspondmg 0perauon in two 
dimensJOns. Grown obstacles in three dimensions are 
generally much more comple:-. than the underlying ob­
JeCts ( Append1\ 1 ). The iarger 'en ex sets al so 1ncrease 
the tJme necessar~ to search rhe \JSib!IJt~· graph. These 
effects make the use of appro:\imations necessary for 

.practJca\appii;:atJOns 
A ,great sa\'Jng can be realized by usmg. the detailed 

f:TO''-ing 0pera:ion spaíingly. ~1any applicauon domams 
ha\e the propeny th3t the mo,ing object need only be 
clase to obstacles at a smal\ number of pomts along the 
path. These ce. re pomrs usually me lude the start and goal 
l~f the ra:h. E~5-e\\ he re the requirements on the path are 
less s:rict. 1:1 l.::.:L 1t JS ufren undesirable to mo\e close to 
the obqacles \\ hen 3'' a~ from the e are po1nts. This prop­
en~ can easll~ be e-'\plolled in the \'GR .. ~PH algornhm. 
:-:~:.:-:.:j C'f n=:utmg r;,e deta!led gr0\\i0~ oreration on 
eJch of the kncm n obstacles. it need only be executed on 
those obsracles clase to the care p01ms. Av. ay from the 
care po1nts drastic 3ppro:\imations can safely be used. 
Complex objects. budt up from many poi~·hedra. can be 
.;ppro:\im~ted by a single enc!osmg poi~ hedron. The 
ffiQ\'ing object can re similarly appro\imated so as to 
further simpltfy the process. In addition. a 'ery simple 
form of the !;fO\\ ing operation t Ap;.,cnJi.\ i ¡ can be u sed 
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.,, h:ch. at :~e e:-..pen::.é uf ~..::curacy. is faster Jnd results in 
s;mpler obJects. 

The key to using this approximauon technique !S an 
c~ecrive "ay of determming "h1ch objecrs are clase to 
!~e c3re ¡::-oints. Clearly a ca re point JS e lose toan object 
if Jt is ins1de or clase to one of the sides of the grown 
obsracle resulting from it. This means that the movmg 
object \\he~ '!ocated at the ca re pomt is either inside or 
.:lose to a side of the obJeCt. Approximating both the 
móqng .:::1d the stationary objects wil1 cause the care 
poim to be inside the grown obstacle. This condiuon can 
be used as a cruerion for careful grov.mg.. \\'hen the 
movmg obJeCt JS large relative to the obstacles. approxJ­
:naung it as a single object results in detailed growmg of 
too many obstacles. The larger the movmg obJect. the 
worse a simple approximation is likely to be. In particu­
l.Jr. sorne j)an of the mov1ng object. relative\y far from 
the care pomt. wil\ cause the grov.n obstacle 10 1nclude 
the e are potnt. The solution is to ha' e a h1erarchic de­
composmon of the moving object: that is. 1f the test fa!ls 
for the roughest descflpt¡on. then use 3 s!J~htly better 
approx¡mation. In this way the source of poten tia! colli­
S>on can be better isolated. The other components o[ the 
monng object which are not involved need not be con­
sidered care[ully. L'dupa !9] proposed a similar vanable 
leve! o[ detail approX>mation scheme. 

Another way to mcrease the efficiency o[ the algo-
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:-ithm :s :o u:-e heunsucs m rhe f!":?.j:_"h se aren opc:r JtJUn 

This is discussed briefty 10 Appendix:! which deals \\lth 

seardHr.f :~e VGRAPH. 

6. Summar)'· and Discussion 

This p.Jper has shown how the Simple \·is1bility ~raph 
algorithm U;CJ for na,·igation of SHAKEY !Si can ce 
~\tended lO more general co!hSIOO 3\'0idJ.nce probiems. 
The mechanism necessary to ach1e\e this in\olve-; gro,~­

mg the obstac\es and shrinking the moving object to a 
point. This approach has the Jesirable property o[ pro-

.\ 1Jing t\\ o subproblems. grO\\ mg the obstacles and 
searching :.1 visibt!Jty graph. which can be pursued inde­
pendently . .-\ Jescripuon oi our current ;,¡pproach tu 
the~e problems 1s included 1n the append1ces . 

The most ¡mportam remammg prob\em \\ith the 
\'GRAPH algornhm is the quantJzation of configurJtlon 
parameters into mrerva\s. Paths that requlfe a\most con­
onuous changes of·onentation .JS \\el\ as püSIUOn reqUlre 
smail quantlz.Jtion mtervals. resulting m many trans1tion 
obst.Jcle sets. and are therefore e\pensive to compute. 

The \"GRAPH algorithm as described in th>s paper 
has been >mplemented in PL. l on an 18\t 3i0_, 168. lt 
has been used to pl.Jn coÚisJOn·free trJ_1ectories for J 

~eYen degree of freedom computer-controlled manipu­
!ator [ l 0]: these trajectories ha\·e been successfully e.xe­
cuted m the laboratory 

Appcndi' 1: Gro,.ing the Obstacles 

This appendix describes the component o[ the 
VGRAPH algorithm that computes from an obstacle de­
scription the shape of the forb>dden regions for the posi­
tion o[ the moving object) reference point. This is called 
growmg rhe obstac\e. The ideas\\ ill be qeveloped in t\\O 

dimensions and rhen extended ro their three-dimensional 
counrerpans. In the in1tial t\\O-d!mensional case the de­
grees of freedom used for growmg \\ ill be the x and y 

posttion of the mo\·ing object. 
Cons1der gro\\ing a polygonal obstacle by a circular 

so lid as m Figure lO. Thc Slmplest growing algorithm 
mm es each of the sides of the original obstac!e by a con­
stant amount r t and then mtersects the lines to obtam 
the \·enices of the grown poi~ gon. The drawbacks of this 
J!gor:rhm are twofold: 

( 1) lt \\Orks well only for moving objects that are 
ne-arly circular. 

( 2) iL gt:Jit:ratcs \\asted sp.Jce r:eJr pointed corners. as 
se en by the dar k shaded reg>ons in Figure 1 O. This 
problem can be alleviated by clipping the corners 
o[ the gro\\n pol,·gon. 

This was the form o[ the growing algorithm used by 
U dupa 19]. 
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Fig 12(a). 

.-\ SI m¡::- le \'J.T;J~ion of th:s procedure wd! sol\·e proh­
ie:11 1 ::~bo\'e. Fif:ure J 1 sho,,s a comex polygon O anda 
::10, 1ng object A. ::.o:h J. re rectangular and both are 
::llgned '' llh the ~loba! coordmate ;:L\eS. R. the reference 
?Olnt of A. coinc1des '''lth one of the 'ertlces of A. The 
t->ound3.r~ of the :oTblCden refJDn for the pos1t10n of A JS 
:he locus of pos::ic:1s of R for '' hich A is m contact with 
o This Jocus de:=;nes J.nother COO\'eX polygon o· shown 
;n Figure 1 l. Clearly any romt ins1de this polygon ¡m­
pl!es a col\Jsion bet\\een A andO. Th1s gro''" pol~gon 
h2s side ns1de, corresponding to each s:de i:dc, cf the 
origmal obsiJC!e. T~e distance from nsidc. to szde. 1s the 
'JerpendJcul:H c:s:2.nce of R írom sidc, minu-::. the ¡:>t:rpt:ll­
j¡cular distance to :.he pomt \\here A \\OU!d first contact 
s:de The d1star.ce from side, to this contact poinr on A 
!S the r:un1mum ¡:'C:-¡:'e:1dicu\ar dtstance of al\ of the \Cr­
:.ices of A from s:dc . Once the s1des are displaced b: 
¡h¡s amount. the Enes can be intersected to genera:.e the 
~~0\\ n r01~ gon 

Th1s mc:hod ord~ mJhes use of the distance from the 
~eference roint :o the contact pomt for a stde. In poly­
_::üns "ith inier!L1í 2nfles of less than a right an~\e the 
::1ethod Ce:'cr:~ec ú~o' e produces \\asted space at the 
'eruces. This '' 2.~1e C3.n be- reCuced by simpl~ cuning the 
CL)rner 2! a con~ef\3.lJ\C dJStJnce .-\more accurJ.te pO\\­

::if: procedl.:re ..:::1 r¿ ohtained b~ determining the actual 
iL'~cus of :i!Ot!O:l of R along each .üde. as the cor.tact 
;-'l"~:nt sl1des 3lo::;; :he ~ide. F:f.t.:re 1 :(al sho,,s ihe !i:1e 
~e~:-:lCfl!<; tr3Ce:::: 0t.:! ~~ this rwcedure 1 bold lJne~) :"t"~­

::_·e :~at ¡t;e l::1e ~t'f:!:en;s do nc"~t mtersect and :.~¡.Jt the 
e1d:-'0l'liS d these il;;e se~ments corresrond to the ¡--os;­

: ll:l of R \\ hen :he Cl'~nl2Ct romt of A \\ llh o :e; ~! 3 

'-:rtt:\ ol eJ. Tr:::~~ ;'l'~iilon~ ,,,¡¡ b~: rticn.:J ,u..:~, ...... -
";a{ !uno poin; 5 

To c0mplete :he r.~ure. nouce that the !ocus 0í R Js 
.i mo,·cs f:-om 1:s contJct pomt \\llh ~:de, to 11s .:,-,;-,t~ct 

roint '' ¡¡h thc adJ3Cent 51dt·. ::-J.ces successh e ed~es (lf .-1 
bet,,een the l\\O contJct p01nts on A. In the cot.:r5t! (l:· 

_onnecring JI! the ma\1ma! locus pomts. al! the eCf.es of 
A 2.:-e tr3ced ot.:: ~:1 re,·er5e 0~der thea,·~· dac;hed ~·-e< 1 _:¡,. 

~;m pie :.iiforithm for f:rD\\ ing com t:X poi~ fO:lS e\:~:~ 
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"hich JS based on merging a list of displaced edges of O 
wuh a re,·erse arder list of displaced edges of A. To 
simpl!fy the geometry of the grown object. the locus of 
R between successi\'e contact points can be consen·a­
uvely estimated by a straight bne e·,, which is parallel to 

the !me c. 1 connecting the ma>..1mal locus romts but dis­
placed w the positJon of the point on the actual locus 
furthest from the Jine. c, 1 as shown in Figure 12(b). 

The approximare method for growing a convex poly­
approach is to grow each face of the pol,·hedron inde­
pe:ldently ;:md then introduce ne\v f2ct-s !O complete the 
grown poi~ hedron. The steps in the process of growing 
a rt:t.:tanguiar sol id O \\ ith a rotated re~iaiigu!ar sol id A 
are sho"n in F1gure 13. The locus oí R as the contact 
pomt of A moves along each edge oí face, is called the 
ma.uma/locus cdge, Figure 13(a). Such edges define po­
tentia\ new edges for the faces of the grO\\n potyhedron. 
Each edge of O generates two adjacent maximal loci. 
These edges have to be connected in a-manner analogous 
to the way m ''h1ch ma:x:Jmallocus points are connected 
in a gro'' n rolygon. Figure 12(b). The edge has to be dis­
placed to compensate for points on A whJCh are closer to 

O than the plane defined by the two adjacent maximal 
locus cdges and passmg through the corresponding con­
tact p01nts Faces are introduced to connect each pair of 
ed~es of the grO\\ n faces arising from a common edge. 
Figure 13(b). These new faces introduce new edges. each 

of \\ hich connecrs rwo points on rhe grov. n faces arising 
from a COiTli:lOn \ertex of A. Al! the edges corresponding 
toa smgle \ene'\ al so define a new set of faces. F1gure 
13icl. The total number of faces m a pol~hedron grown 
from an object O in t'his fash10n is equal to the sum of 
,:1c 11umbcr::.- .._1[ f~.:cs. edges. and ,·ertices of O. 

The operation of growing a polyhedron 1s related to 

an operatlon hnown as mixing polyhedra [i]. A mixed 
rolyhedron ts the set of poims which can be expressed as 
a lmear co:nbinatlon of pomts from the t\\O starung poly­
!'1edr3. A polyhedron isomorphic toa gro,,n obstacle can 
be obtamed by mixing the underlying obstac\e with a 
negati\'e image of the moving object. ac. 10 con­
\ ulut1on. 
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Appendix 2: Finding a Path 

A generahzed \I::.ibtlit.v graph \'G(.\', L) conrams J 

nade set S anda link set L,, of llnks between nade pa1rs 
(n .. n.) for which a \'iSJbility íunction l(n, n;) is true. A 
nade is a representation of a reg10n in an n-d1mensional 
?ar:::-:;eter space: for e.1ch :1ode the assoc1ated region IS 

represen red by two n-dimensiOnal. parameter 'ectors 91 
Jnd 9:· Ind!ndual elements of the difíerence ,·ecwr óó = 
';- - ·:); ''di be zero \\ hen !~e corre5ponding parameter 
has a ñxed ,·alue. or nonzero when the parameter hJs a 
range of 'a!ues. 

The palh findmg problem 1S defined as: Gi,·en a node 
ser S '' ith an associated parameter ,·ector set. a start 
node n., and a goal node n,. find a sequence of nodes 
from n. ton~·· by v.ay of an ordered set. of intermedJate 
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n0ces 11 • 11 . \\ ntcn n:::.y rt: ;.u!!. ::uch tn:.!! i:11.! \ 1~1· 

hdit: funct!t""~n ior e3ch nade p3ir m sequence: 

L, =!In .. n:) 

L: = /(n,, n:) 

L.:.' = /(1\¡, 1\. 

1'1 true. Jnd that J cost function 

C=~dn .. n.) 

\\he re ( ( n .. tz.) 2 O 1s tniOltnizeJ. 
A d1rccl opproach lo finding an opumum palh is ro 

enumerare all possible p::nhs and choose one for which C 
is m1mmum. For nade ~ets ''hose! cJrdmality is of prJc· 
nc:!l H1terest (e.g .. >:50¡ ¡he computational loJd ot' thc 
J¡rect 3ppwJch is prohlbitl\C. :tnd more ertkient hcuris· 
tic based search methuds m ay be used. 

The A • algorilhm vf Han el al. [~] allows use of 
erticient heÜristic inft)rmauon. For each nade. an csu­
mare hhar 1S made t""~f the cost h 10 trJ\ el from the nade to 
the ~oal. lnJtiallv. n. 1s placed on J l!st of candidate 
nod;s for e'"mi~a!Jon 1 lhe OPE:-.1 llsl 1 Al each slep of 
the Jigorithm, the nade \\ 1th m1n1mum total p::nh cost 
est¡mate ( 1.e .. Jctual cost of íeJching the nade along the 
tnJl ;:'3th plus hhar l IS mo,·ed onto a CLOSE ltst and its 
mmimum cost estima te \ IStble successor nodes are 
placed on lhe OPE:\ lisl 

Han et al. ha\'e shO\\ n that the A" algorithm finds an 
opttmum path when hhm 1S a lower bound estimate of the 
true cost h. \Vhen the est1mator for lihat !S zero ami ~umt: 
c(n,. n.)---. =O n .. n, é S. the esttmate gi\'eS no heuristic 
inform.:!llon to ass1st m the choice of a path: as hhat- h. 
the heunstJC information 1ncreases and the a\'erage rium-
ber of unsuccessfu\ tria\ paths 1s reduced. In the context '~ 

of th1s ílJper. the IO\\er bound requ1rement for hhat, i.e.. '' 
hhar:::; /1, may be met by assuming !(nr. n.,) to be rrue and 
compuling hhar, = c(n .. _n.J. 

The cost funcuon cfn . n_.) may be tailored to suit the 
reqUirements of a panicular problem en\ 1ronment. for 
example: 

-d1stance lo be tra' eled in a subspace of lhc para­
meter space: 

-function~ of distances in par::1me:er space. for ex­
ample. u me ro complete J change based on allow­
a.ble ra.te of change of parameters. \\ nh the option 
of selecting the llmning ( i.e .. slm\eSt )dimension. 

-spectal costs may be asstgned to particular nade 
sequence pa1rs to allow. for example. costs to be 
assigned depending on whether the pair allows the 
mÓtion to proceed \\ nhout a speed change, as op­
poseJ tu p .. .lLr::; 1Co..iütiing a change of speed or an 
mtermediate halt. 

The form of lhe 'isibilily funclion l(n, n,) depends 
on rhe semantics of the parameters. T~\'O mutually ex· 
clus¡,·e classes of parameters. are considered as described 
in Section 3: 
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-those that m ay vary conunuou_?ly, that 15. those em­

bodied in the growing operation: 
-those that ma) occupy orily discrete ranges. that is. 

those that are represented by transition obstaclc. 
sets. 

~ate that this distmction bet"een continuous ~nd dis­
crete parameters is an anifact introduced to s1mpllfy the 
handling o! spaces o! high dtmenstonality ( i.e .. n > 3 1 
and that the partitioning of the parameter set is not 
unique: In general. either linear or rotary motions m ay 
be represented by continuous or discrete ranges. In the 
case of discrete range parameters. speclfic Yalues rnust 
be chosen to enable 1 and hhar to be evaluated. In all 
cases of parameter change, a path functJon defines the 
mo[Jon eñect of the change. as either linear or nonhnear 
mouons in parameter space. 

In the formalization for path planning descnbed m 
the body o~ this paper. an obstacle A is grm' n under 
sorne parameter dependem transf ormation to produce 
GOS(Ac.¡ c-J where tól. 92) represems a range of para­
meters Three parameters represent continuous motion. 

· and the rest represent discrete mouons. The \'JSibilny 
functJon is line of s1ght m three-dJmensJonal orthogonal 
canes1an space. '' nh the pronsJOn that \'JSJbl!ity JS pos­
sible only '' hen the d1screte parameter ranges at the 
stan and end of the path segment O\erlap. Jnd ,·a!ues 
asstgned w these pararncters are m the O\ erl.::.p reg.ion. 

ln many practica] situations. the comput:HJonal cost 
1f e'aluating 1 JS \ery rnuch greater than th~H of e\'alu­
ating hhar far candidate successar nades. In such cases 
it JS camputatJOnally erñcient 10 select a cand1date suc­
cessor nade m ter;ns of mm1mum hhat befare comput­
mg /. 
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irlffercd the'de,elorment of the multiple obstacle ~et 
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CHAPTER 7 IN'Jl',RODUCTION 
TO CLIPS 

7.1 INTRODUCTION 

This chapter begins the introducticn of the practica! concepts necessary to build an 
expert system. The previous ch<Jpters have discussed the background, history, 
definitions, terminology, concepts, tools, and applications of expert systems. In short, 
they have provided an understanding of what cxpert systems are and what they can do. 
This theoretical framework of concepts and algorithms is essential in building expert 
systems. However, there are many practica! aspects to building expert systems which 
must be learned by doing. Building :.tn expert system is much like writing a program in 
a procedural language. Knowing how an algorithm works is not equivalen! to being 
able to write a procedural program to perform that algorithm. Similarly, capturing an 
expert's knowledge is not equivalen! to building an expert system. For this reason, 
practica! experience using an expert system too! is invaluable in learning about expert 
systems. 

The expert system language th;:! will be used to demonstrate various concepts in 
t1 >t of the book is CLIPS. Th : chapter describes the basic components of an 
e. . system (as discussed in Ch:: >ter 1) that are found· witbin CLIPS. The basic 
elements of CLIPS are: 

l. fact-list: global memory for data 
2. knowledge-base: contains a'J the rules 
3. inference engine: controls nverall execution 

These three components of CLIPS will provide the emphasis of this chapter. The first 
componen!, facts, will be covered n detail. Adding, removing, browsing·, and tracing 
facts will be discussed. Followin¡: this will be a discussion on how the rules of a 
CLIP S program interact with facts to make a progran1 execute. Finally, the interaction 
of multiple rules will be demonstrated. 

To provide tbe basis for man) examples throughout this chapter, a hypothetical 
expert system that morutors the .activities of ao industrial plant will be u sed. This 
expert system will monitor and respond to a raoge of possible emergencies. One such 
emergency would be a fire. Another would be a flood. 

7.2 CLIPS 

r '\ is a forward chaining rule-based language that has in•'erencing and representation 
e ,ilities similar to those of OPSS. Syntactically, CLIFS very closely resembles a 
subset of ART. ART, however, is a multi-paradigm tool.which provides forward and 
backward chaining, hypothetical reasoning, a schema representation language, and 
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.. ' ". 
object-oriented programmfug.,among other features. eLIPS provides only the f rd 
chaining capabilities of ARll\ Backward chaining, hypothetical reasoning, a s~ .. -.na 
representation language and·object-oriented programming are not provided in CLIPS. 

CLIPS was designediatrNASNJohnson Space Center with the specific purposes of 
providing high portability, low cost, and e as y integration with extemal systems. 
CLIPS was written using the C programming language to facilitate these objectives. 
CLIPS is an acronym for e Language Integrated Production System. The e Language 
portion of the acronym can be somewhat misleading, howevcr, since there is also an 
ADA version of CLIP S. 

Because of its high portability, CLIPS has been installed on a wide variety of 
computers ranging from PCs to CRA Y supercomputers. The majority of examples 
shown in this and the following chapters should work on any computer on which 
CLIPS has been installed. It is recommended, however, that CLIPS users have sorne 
knowledge of the operating system of the computer on which CLIPS is being used. 
For example, the method for specifying files tends to vary from one operating system 
to another. When commands may vary depending upon the machine or operating 
system, this will be noted. 

7.3 NOTATION 

This chapter and the following chapters will use the same notation for describ:' e 
syntax of various commandS and constructs that are introduced. This notation co .. ~.sts 
of three different types of tex! which are to be ente red. 

The first type of notation is for words and characters that are to be entered exactly 
as shown. Anything that is not enclosed by the symbol pairs < >, [ ], or { ), should be 
entered exactly as shown. For example, consider the .syntax description shown 
following. 

(example) 

This synlax description means that ( example) should be enlered as shown. To be 
exact, the character '(' should be entered first, followed by the character 'e', then 'x', 'a', 
'm', 'p', '1', 'e' and finally the character ')'. 

Brackets, [ ], indicate that the contents of the brackets are optional. For examp1e, 
the synlax description 

(example [1]) 

indicates that the 1 found within the brackets is optional. So the following entry would 
be consisten! with the syntax 

(example) 
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, ... 
. -· 

aswould this entry 

l (example 1) 
' 

The less than and greater than symbols, < > indicate that a replacement is to be 
made with the value specified by the words found within the <; >. For example, finding 

~. the following within a syntax description 

<integer> 

indicates that a substitution should be made with an actual integer value. Following the 
previous examples, the syntax description 

(example <integer>) 

could be replaced with 

(example 1) 

(example 5) 

or 

(example -20) 

or many more entries which contained the· characters "( example ", followed by an 
integer, followed by the character ')'. It is importan! to note that spaces shown in the 
syntax description should al so be included in the entry. 

Another notation is indicated by the symbol pair << >> enclosing a description. 
This indicates that the dcscription can be replaced with zero or more occurrences of the 
value specified. Spaces should be placed after each occurrence of a value. For example, 
the syntax description 

<<integer>> 

could be replaced with 

1 

1 2 
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or 

1 2 3 

or with any number of integers, or with nothing at all. 
A description enclosed by three less than and three greater than symbols indicateE 

that one or more of the values specified by the description should by used in place. of 
the syntax description. Note that for this notation, the syntax description 

<<<integer>>> 

is equivalen! to the syntax description 

<integer> <<integer>> 

Braces, { } , indicate that one and only one of the items contained within the braces 
should be used in place of this syntax description. The items within the braces are 
separated by commas. For example, the syntax description 

{all,none,some} 

could be replaced with 

all 

or 

non e 

or 

sorne 

7.4 FIELDS 

As a knowledge base is constructed, CLIPS is required to read input from the keyboard 
and files to executc commands and load programs. As CLIPS reads characters from the 
keyboard or files, it groups them together into tokens. Tokens represen! groups of 
characters that have special meaning to CLIPS. Some tokens such as left and right 
parentheses consist of only one character. 

The group of tokens known as fields are of particular importance. There are three 
types of fields, A word is one type of field that starts with a printable ASCII acter 
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and is followed by zero or more characters with certain e~~P!ions. A word m ay not 
begin with any of the following characters or groups of charnct~l:s 

< & $ ? + 1 :. 

In addition, a word m ay not contain any of the following characters 

< & ; 

These characters have spccial meaning to CUPS, and so act as delimiters to indicate 
the end of a word. 

Examples of valid words are the following . 

. emergency 
fire 
emergency-fire 
activate_sprinkler_system 
notify-fire-department 
shut-down-electrical-junction-387 
!?#$~* 

'•·: 

Notice how the underscore and dash characters are used to tie words together to 
malee them a single field. The last word shown demonstrates that words can have 
unusual characters placed within them. . . , .. 

CLIPS will preserve the uppercase and lowercase letters it finds in tokens. CLIPS _ 
is said to be case-sensitive because it distinguishes between uppercase and lowercase 
letters. For example, the following word fields are considered by CLIPS to be different 

fire 
FIRE 
Fire 

The second type of field is the string. A string must begin and end with double 
quotes. The quotes are part of the field. There can be zero or more characters of any kind 
between the double quotes including characters normally used by CLIP S as delimiters. 
The following shows sorne definitions of strings. 

"Activate the sprinkler system." 
"Shut down electrical junction 387." 
"!?#$"'"• 
"<-; () +-" 

Spaces normally act as delimiters in CLIPS to separate fields (such as words) and 
other tokens. Additional spaces used between tokens are discarded. S paces included as 
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part of a string, however, are preserved. For example, the following st s are 
considered by CLIP S to be four distinct strings. 

"fire" 
"fire " 
n fire" 
" fire " 

If the surrounding double quotes were removed, CLIPS would consider eách of the lines 
to contain the same word since spaces other !han thosc used as delimiters would be 
ignored. 

Since double quotes are used to delimit strings, it is not possible to directly place a 
double quote within a string. For example, the following Iine 

""fire"" 

would be interpreted by .CLIPS as the three separate tokens shown following 

"" 
fire 

"" 

since double quotes act as dclimiters. 
Within a string, doublc quotes can be included by using the backslash operator, \. 

For example, tl1e Iine 

"\"fire\"" 

will be interpreted by CLIP S as the string field 

""fire"" 

Only a single field is created bccause the backslash character prevents the following 
double quotes from acting as a delimiter. The backslash character itself m ay be placed 
within a string by using two backslashes in succession. For example, the line 

"\\fire\\" 

will be interpreted by CLIPS as the string field 

"\fire\" 

The third type of field is the numeric field or simply number, .ich 
represents a floating point number. All numbers in CLIPS, including integer values, 
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are stored as floating point numbers. A numeric field consists of three parts: the sign, 
the value, and the expónent. The sigo and the exponent are optional. TI1e sigo is either 
+ or -. The value contains one or more digits with a single optional decimal point 
contained with the digits. The exponen! consists of the letter e or E followed by an 
optional + or- followed by one or more digits. 

The following are all examples of valid CLIPS numbers ' · ' '· 

1 
1.5 
. 7 

+3 
-1 

65 
3.5e10 

7.5 FACTS 

In order to solve a problem, a CLIPS program must have data or information with 
whi<:' can reason. A "chunk" of information in CLIPS is called a fact. A fact 
cons J one or more fields enclosed in matching left and right parentheses. The 
following are all examples of facts 

(sing1e-fie1d) 
(h1o fie1ds) 
(speed 38 rnph) 
(cost 78 do11ars :~3 cents) 
(narne "John Doe") 

Al though CLIP S will acccpt any combination of ficlds as a fact, good 
>rogramming style dictates that a method be uscd to insure that facts are rcprcscntcd in 
'meaningful manner. For examplc, considcr the fullowing scts of facts 

(fire) 
(f1ood) 
(Tuesday) 
(Wednesday) 

(ernergency-fire) 
(ernergency-f1ood) 

'ay-Tuesday) 
.ay-Wednesday) 

(ernergency fire) 

i 
'· 

' ¡ 

: i 

. '. 

! ., 
'1 
l 
' ' 
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(emergency flood) 
(day Tuesday) 
(day Wednesday) 

In the first set of facts, the facts (tire) and (flood) could be used to indica te t: 
presence ofthese occurrences, as the facts (Tuesday) and (Wednesday) could be used 
indicate days of the week. Notice that the facts (frre) and (flood) are related by bo 
being types of emergencies and the facts (Tuesday) and (Wednesday) are both days oftl 
week. Howeverf any relationship between the facts (fire) and (flood) and between ti 
facts (Tuesday) and (Wednesday) can only be inferred. No explicit statement indicates 
relationship between the facts (fire) and (flood) exists any more than a relationsh 
between the facts (tire) and (Tuesday) exists,. 

The second set of facts goes a step further and implies a relationship between fac 
by using similar components as the first part of each word. Each fact, however, onl 
contains a single field:·Sfuee fields are treated as indivisible items, a rule will not 1 
1ble to access the prefu part of the field. These facts, then, while being recognized by 

· person as being similar, cannot be recognized by a rule as being similar. 
The third set of facts explicitly declares the relationship between fire and flood ru 

tJetween Tuesday and Wednesday. The first field of the facts, emergency and day, is USl 

to describe the relationship of the followíng fields. When used this way, the first fie 
is called a relation name. The remaining fields of the fact are then used f,... ~pecif 
values. In this case, fire and flood are types of emergencies, and Tuesday and 1esda 
:rre days. The use of a relation name explicitly states the relationship betweeu tire an 
tlood and the relationship between Tuesday and Wednesday. 

7.6 FACT TEMPLATES 

Groups of facts having the same relation can be described for purposes o 
documentation by usíng a template. A template for a fact shows the relation narn 
followed by one or more general ítems or specific items. Por example, the template fo 
the emergency facts is 

(emergency <type>) 

where the symbol <type> índicates a general ítem that could be replaced by a specifi, 
ítem such as fire or flood. More than one template can be used to indicate variations or 
a set of facts. Por instance, the following facts 

(action activate sprinkler-system) 
(action activate fire-alarm) 
(action notify fire-department) 
(action shutdown-electrical-power) 
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could be represented with the following three templates 

(action activate <device>) 
(action notify <group>) 
(action <specific-action>) 

More than one field can be represented with a template. 1be fact 

(computer-components cpu disk-drive· 'terminal) 

could be described with the template 
:!·!·· 

(computer-components <<component-list>>) 

381 

where <<component-list>> represents zero or more fields. The template could be 
slightly modified to represen! more than one componen! list. For example, these facts 

l 

(components computer cpu disk-drive terminal) 
(components car tires engine body gas-tank) 

a; Jcribed by this template 

(components <itero> <<component-list>>) 

Templates are convenient for documenting facts and the expected Jields t.hat are found in 
them. They are not accepted by CLIPS as commands and should only be used for­
docwnenting CLIPS code. 

7.7 ENTERING AND EXITING CLIPS 

CLIPS can be entered by issuing the appropriate run command for the machine on 
which CLIP S has been installed. The CLIPS prompt should appear as follows. 

CLIP S> 

At this point, commands can be entered directly to CLIPS. This mode, in which direct 
commands can be entered, is called the top-level. 

The normal mode of leaving CLIPS is with the exit command. The syntax of this 
commandis 

(exit) 
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Notice that the word exit is enclosed within matching parentheses. Many ' based 
languages draw their origins from LISP which uses parentheses as delimi, Since 
CLIPS is based on a language that was originally developed using LISP machines, it 
retains these delimiters. The word exit without enclosing parentheses has quite a 
different meaning than the word exit with enclosing parentheses. The parentheses 
around exit indicate that exit is a command to be executed and not just the word exit. 
We'U see later that parentheses serve as importan! delimiters for commanqs. 

For now, it is only\mportant to remember that each CLIPS command must 
having a matching nurniie'r of left and right parentheses and that the parentheses are 
propcrly balanced. 

The final step in executing a CLIPS command after the command has been entered 
with properly balanced parentheses is to press the carriage return key. The carriage 
retum key may also be pressed before or after any token has been entered. Pressing the 
carriage retum key after entering the characters 'ex', but before entering the characters 'it' 
would create two tokens: ·a token for the word ex and a token for the word it. 

The following command sequence demonstrates a· sample session of entering 
CLIP S and then immediately exiting. The example shown is for an IBM PCIM using 
MS-DOS in which the CLIPS executable is stored on a disk in drive A and the curren! 
drive is also A. The name of the CLIP S executable is assumed to be CLIPS. Output 
displayed by MS-DOS or CLIPS is shown in regular type. AH input that must be 
typed by you is shown in bold. The carriage retum key is indicated by the character .J. 
CLIPS is case sensitive, so it is importan! to type upper and lower case lette ~actly 

as they appear. 

A>CLIPS.J 
CLIPS (V4.20 4/29/88) 

CLIP S> (exit) .J 
A> 

7.8 ADDING AND REMOVING FACTS 

Thc group of all facts known to CLIPS is stored in the fact-list. Facts representing 
information can be added and removed from the fact-list. New facts can be added to the 
fact-list using the assert command. The syntax of the assert command is 

(assert <<<fact>>>) 

As an example, let's consider a hypothetical expert system that monitors the 
activities of •m industrial plant. This expert system will monitor and respond to a range 
of possiblc cmergencies. One such emergency would be a fir>":. A fact representing that 
a fue emergcncy exists could be added to thc fact-list by using the foÚowing command 
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CLIPS> (a: sert (emergency fire))~ 

CLIP S> 

383 

The facts command can be used to display the facts in the fact-list. The basic syntax 
ofthefacts command is 

(facts) 

For example, 

CLIPS> (facts) ~ 
f-1· (emergency fire) 
CLIP S> 

The term "f-1" is the fact identifier assigned to the fact by CLIP S. Every fact 
that is inserted into thc fact-list is assigned a unique faci identifier starting wilh the 
letter f and followed by an integer called thc fact-index. 

CLIPS docs not accept duplicate entries of a fact. Therefore, attcmpting to place a 
second (emergency fue) fact into the fact-list will have no result. Of course, other facts 
tJ- '0 not duplicate existing facts can be easily added to lhe fact-list. For example, 

CLIPS> (assert (emergency f1ood))~ 

CLIPS> (facts) ~ 
f-1 (emergency fire) 
f-2 (emergency f1ood) 
CLIP S> 

As the syntax of the assert command indicates, more than one fact can be asserted 
using a single assert command. For exan1ple, the command 

CLIPS> (assert (emergency fire)~ 

(emergency f1ood))~ 

CLIP S> 

will assert two facts into the fact-list. 
An important point to realize is that identifiers in the fact-list are n()t neccssarily 

sequential. Justas facts can be added to the fact-list, there iE ·also a way Lo remove facts. 
As facts are removed from the fact-list, the deleted fact identifiers will be missing in the 
fact-list. So the fact-identifiers may not be strictly sequcntial as a CLIPS program 
executes. 

<;ince large numbers of facts can be contained in the fact-list, it is often useful to 
l Je view only a portion of the fact-list. This can be accomplished using additional 
arguments for the facts command. The complete syntax for tlie facts command is 
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(facts [<start> [<end> [<maximum>]]]) 

where <start>, <end>, and <maximum> are positive integers. Notice that the syntax 
the facts command allows from zero to three arguments. It no arguments are specifie 
all facts are displayed .. If the <start> argument is specified, all facts with fact-index 
greater than or equal to <start> are displayed. If <start> and <end> are specified, : 
facts with fact-indexes greater than or equal to <start> and less than or equal to <em 
are displayed. Finally, if <maximum> is specified along with <start> and <end>, r 
more than <maximum> facts will be displayed. 

Just as facts can be added to the fact-list, they can also be removed. Removir 
facts from the fact-list is called retraction and is done wi!h the retract comman, 
Tbe syntax of the retract command is 

(retract <<<fact-index>>>) 

Tbe fact indexes of one or more fa el~ to be retracted are included as the arguments of ti 
retract command. For example, suppose the fact-list is 

f-1 (emergency fire) 
f-3 (emergency flood) 
f-4 (action activate-sprinkler-system) 

Thecommand 

(retract 3) 

would remove the fact (emergency flood). Similarly, the command 

(retract 1) 

will retrae! the fact with identifier f-1 wlúch is ( emergency fire) and the command 

(retract 4) 

will retract the fact (action activate-sprinkler-system). Notice that to retract a fact , tht 
fact-index and not the position of the fact in the fact-list must be specified. Attemptin¡ 
to retract a non-existen! fact will produce the following error message 

Fact <fact-index> does not exist 

For example, 

CLIPS> (retract 4).J 
CLIP S> (ret:z;act 4) .J 
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Fact 4 does not exist 
CLIP S> 

·. . 
~ ., . 

'•''"· 
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A single retract command can be used to retrae! multiple facts at once. For 
example, the command 

(retract 3 1 4) 

will retrae! all three facts. 

7.9 THE COMPONENTS OF A RULE 

In order to accomplish useful work, an expert system must have rules as well as facts. 
Now that fact assertions and retractions have been discussed, it's possible to see how 
rules work. 

Rules can be typed directly into CLIPS or they can be loaded in from a file of rules 
created by an editor. For information on how to use the editor of CLIPS, refer to 
Appendix F. Care must be taken when using a word processor to be sure that it does 
nr · 'roduce document fonnatting characters into the so urce code sin ce such characters 
\\ 1! be accepted by CLIPS. For example, the non-document mode should be used 
with WordstarTM on an IBM PC, and the SA VE AS ... with text only option should be 
used on a MacintoshlM with MacWrite1M. 

Initially, the examples shown will be rules entered directly into CLIP S from the 
top-level. The pseudocode for one of the possible rules in the industrial plan! 
monitoring expert system is shown following 

IF the ernergency is a fire 
THEN the action is to activate the sprinkler systern 

Shown following is the rule expressed in CLIPS syntax. Thc rule can be entered by 
typing it in after the CLIPS prompt. 

(defrule fire-emergency "An exarnple rule" 
(ernergency fire) 

=> 
(ass~rt (action activate-sprinkler-system))) 

If the rule is entercd correctly as shown, then the CLIPS prompt reappears. 
Otherwise, an error message, most likely indicating a misspelled keyword or misplaced 
Paathesis, will appear. 
~own following is the samc rule with comments added to match the parts of the 

rule. Comments begin with a semicolon and continue until a carriage return. 
Comments are ignored by CLIPS and will be discusscd in greatcr dctail latcr. 
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; Rule header 
(defrul" fire-emergency "An example rule" 

; Pat'.terns 
(emergency fire) 
; THJ:N arrow 
=> 
; Act ions 
(ass<,rt (action activate-sprinkler-system))). 

The general fonn¡¡ t of a rule is 

(defrule <rule name> [<optional comment>] 
<<patterns>> ; Left-Hand Side (LHS) of the rule 
=> .::: '. 
<<actions>>) ; Right-Hand Side (RHS) of the rule 

The entire rule must be surrounded by parentheses. Each of !he pattems and actior 
of the rule must be surrounded by parentheses. A rule may ha ve multiple pattems an 
actions. The parcntheses surrounding pattems and actions must be properly balanced. 
they are nested. In thefire-emergency rule, there is one pattem and one action. 

The header of !he rule consists of three parts. The rule must start witl> -lefrul 
keyword. Following defrule must be !he name of the rule. The name can t ¡ vali 
CLIPS word. If a rule is entered with a rule name that is the san1e as an existing rule 
then the new rule replaces !he old rule. In this rule, thc rule narnl! is fire-emergenC) 
Next is an optional cornment within double quotes. For this rule, the comment is "A. 
example rule". The comrnent is nonnally used to describe the purpose of the rule o 
any other infonnation the prograrnrner desires. Unlike cornrnents beginning with 
sernicolon, thc cornrnent following the rule name is not ignored and can be displaye' 
along with the rest of !he rule (using !he pprule command introduced in Section 7.11). 

After the rule header are zero or more patterns or conditional elements. Eacl 
pattem consists of one or more fields. In !he Jire-emergency rule, !he pattem i 
(emergency fire). The fields are emergency andfire. CLIPS attempts to match th1 
patterns of rules against facts in the fact-list. If al! the patterns o! a rule match facts 
!he rule is activated and pul on the agenda, !he collection of activated rules. Then 
may be zero or more rules in the agenda. If a rule has no pattems, then !he specia 
pattem (initial-fact) will be added as a pattem for the rule. The reason for using thi: 
pattern will become clear when the reset command is discussed Iater. 

The symbol => that follows the pattems in a rule is called an arrow. It is formec 
by typing the equal sign followed by the greater !han sign. The arrow. is a symbo 
representing the beginning of the THEN part of an IF-THEN rule. The part of the rul< 
before !he arrow is called the left-hand side (LHS) and the part after !he arrow is callee 
!he right-hand side (RHS). 

The last part of a rule is the list of ac.tions that will be executed whe .e ruh 
tires. A rule may have no actions. This is not particularly useful, but it can be done 
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In our example, the one action is to assert the fact (action activate-sprinkler-system). 
The tenn fires means that CLIPS executes the actions of a rule from the agenda. A 
program nonnally ceases execution when there are no rules on the agenda. When there 
are multiple rules on the agenda, CLIPS automatically determines which is the appro­
priate rule to fire. CUPS orders the rules on the agenda in tenns of increasing priority 
and fires the rule with the highest priority, called salience. Salience will be discu3sed 
in more detail in Chapter 9. 

fi 7.10 THE AGENDA AND EXECUTION. 

A CUPS program can be made to run with the run command. The syntax of the run 
commandis 

(run [<limit>]) 

where the optional argument <limit> is the maximum number of rules to be fired. If 
<limit> is not included or <limit> is -1, then rules will be fired until no rules are left 
on the agenda. Otherwise, execution of rules will cease after <limit> number of rules 
· ·e fired. 

When a CLIPS program is run, the rule with the lúghest salience on the agenda is 
fired. lf there is only one rule on the agenda, that rule will fire. Since the conditional 
element of the fire-emergency rule is satisfied by the fact (emergency fire), the 
fire-emergency rule should fire when the program is run. 

If the run command is attempted when the fire-emergency rule has been entered 
after the fact (emergency fire), then the fire-emergency rule does not fire. The reason 
CLIPS does not tire the rule has to do with the way CLIPS is designed. The design of 
CLIPS is such that rules only see facts that have been entered after the rules. Thus 
newly entered rules will not "see" the facts that are currently on the fact-list. Only new 
facts that are entered will be seen by the rule. Tlús means that a rule can only be 
activated by facts that are asserted after the rule is entcred. 

Activating the Rule 

To actívate thefire-emergency rule, the fact (emergency fire) must be asserted after the 
rule has been entered. At first thought, tlús seems trivial sin ce the fact (emergency fue) 
just needs to be asserted. However, if the (emcrgency fue) fact is already in the fact-list, 
asserting a new (emergency fue) fact will have no effect. In order to re-assert tlús fact, 
the original version of the fact must be retracted. Once this is done, a new (emergency 
firc) fact can be asserted sincc no duplication will occur. Tlús new version of thc fact 

''1 ha ve a different fact-index from the original and the fire-emergency rule will be 
..ed on the agenda. 
The list of rules on the agenda can be displayed with the agenda command. The 

syntax of the agenda command is 



388 Chapter 7 • lntroduction to CLIPS 
' .. .' . 

(agenda) 

If no activations are on the agenda, the CLIPS prompt will reappear after th 
agenda command is issued. If the fire-emergeny rule had been activated by th 
(emergency fue) fact with a fact index of 2, an agenda command would produce th 
following output 

CLIPS> (agenda)~ 

O fire·-emergency f-2 
CLIP S> 

The O indicates the salience of the rule on the agenda. After the· salience comes th< 
name of the rule followed by the fact identifiers that match the rule. In this case, then 
is only one fact identifier, f-2. 

Rules and Refraction 

With the fire-emergency rule on the agenda, the run command will now cause the rul< 
to fue and produce the following output 

CLIP S> (run) ~ 
1 rules fired 
Run time is 0.0167 seconds 
CLIP S> 

The message "1 rules fired" is an information message generated by the run 
command indicating the number of rules that were fued. The message following tbat 
indicates the amount of time taken to fire the rules. The timing message may not 
appear on al! machines on which CLIPS runs, since sorne machines do not bave 
interna! clocks. The fact (action activate-sprinkler-system) will be added to the fact-list 
as the action of the rule. 

An interesting question occurs at this point. What if the run command is issued 
again7 There is a rule and there is a fact which satisfies the rule and so the rule sbould 
fire again. However, a run command attempted now will produce no results. Checking 
the agenda will verify that no rules are fired because there were no rules on the agenda. 

The rule didn't fire again because of the way thtt CLIPS is designed. CLIPS was 
programmed with a characteristic of a nerve cell (neuron). After a neuron transmits a 
nerve impulse (fues), no amount of stimulation will make it fire for sorne time. This 
phenomenon is called refraction and is very importan! in expert systems. 

Without refraction, expert systems would always be caught in trivial loops. That 
is, as soon as a rule fired, it would keep on firing on that same fact over and over 
again. In the real world, the stimulus that caused the firing would eventually dis~opear. 
For example, the fire would eventually be pul out by the sprinkler system 01 .1 out 
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by itself. However, in the computer world, once a fact is entered in the fact-list, it stays 
there until explicitly removed. 

If necessary, the rule be made to fire again by retracting the fact (emergency fire) 
and asserting it again. Basically, CLIPS rePlembers the fact identifiers that triggered a 
rule into firing and will not activate that ruk again with the exact same combination of 
fact identifiers. Identical sets of fact identifiers must match oñe-for-one in both order 
and fact indices. In Chapter 8, examples will shown how a single fact can match a 
pattem in more than one way. In this case, severa! activations with the same set of fact 
identifiers for a single rule can be placed on the agenda, one for each distinct match. 

7.11 COMMANDS USED WITH RULES 

Displaying the Rules in the Knowle lge Base 

The rules command is used to display the · :urrent list of rules maintained by CLIP S. 
lts syntax is 

(rules) 

For, .pie, 

CLIPS> (rul.es) -l 
fire-emergency 
CLIP S> 

The pprule (pretty print rule) command is used to display _the iext representation 
of a rule. Its syntax is 

(pprule <rule-name>) 

lts single argument specifics the name of the rule to be displayed. For example, 

CLIPS> (pprul.e fire-emergency)-l 
(defrule fire-emergency "An example rule" 

(emergency fire) 
=> 
(assert (action activate-sprinkler-system))) 

CLIP S> 

r· ·os puts diff<'rent parts of the rule on different lines for the sake of readability. 
rhe . ;ms before the arrow are still considered the LHS and the actions after the 
trrow are still the RHS of the rule. 
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Loading Rules from a File 

A file of rules inade with a text editor can be Ioaded into CLIPS using the 1 o a d 
command. The syntax of the load command is 

(load <file~name>) 

where <file-n ame> is a string containing the name of the file to be loaded. . 
Assuming that the fire-emergency rule was stored in a file called fire.clp on drive B 

of an IBM PC, then the following command would load the rule into CLIPS 

(load "B:fire:clp") 

Of course, the specification of a file name will be m achine dependen! and so this 
example should be taken only as a guide. A problem that m ay occur in loading is due 
to the backslash character used on sorne operating systcms as a directory path separator. 
Since CLIPS interprets the backslash as an escape character, two backslashes must be 
used to create a single backslash in a string. For example, normal! y a pathname might 
be written as 

B:\usr\clips\fire.clp 

To preserve the backslash characters, however, the pathname would have to be written 
as shown in the following command 

(load "B:\\usr\\clips\\fire.clp") 

Rules do not have to al! be kept in a single file. They can be stored in more Iban 
one file and loaded using severa! load commands. 

Saving Rules to a File 

CLIPS also provides the opposite of the load command. Thc save command allows 
the set of rules stored in CLIPS to be saved to a disk file. The syntax of the save 
commandis 

(save <file-name>) 

For example, the following command will save the fire-emergency rule to a file 
called fire.clp on drive B 

(save "B:fire.clp") 
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The save command will save alJ the rules in CLIPS to the specified file. lt is not 
possible to save sped.fied rules to a file. The save and load commands also save and 
load deffacts (which will be discussed shortly). Nonnally, if an editor is used to create 
and modify the rules, there is no need to use the save command since the rules will be 
saved while using the editor. Sometimes, however, it is convenient to enter rules 
directly at the CLIP S prompt and then save the rules to a file. 

7.12 COMMENTING RULES 

It's a good idea to include comments in a CLIPS program. Sometimes, rules can be 
difficult to understand and comments can be t1sed to explain to the reader what the rule 
is doing. Comments are also used for good documentation of programs and will be 
very helpful in lengthy programs. 

A comment in CLIPS is any text that b< :giPs with a semicolon and ends with a 
carriage retum. The following is an example o f comments in the fire program . 

• 

; ************************* ~********* 
. * 
' * 
. * Progranuner: G. D. Rile y * ' . * * ' . * Title : The Fire Prograrn * ' . * * ' . * Date ' : 10/31/88 * 
. * 
' * 
;*********************************** 

; Facts used in this program use the 
; following ternplates 

; 
(ernergency <type-of-emergency>) 
(action <action-to-be-performed>) 

; The purpose of this rule is to activate 
; the sprinkler system if there is a fire 

(defrule fire-emergency "An example rule" ; IF 
; there is a fire ernergency 
(emergency fire) 
=> ; THEN 

; acti vate the sprinkler systen1 
(assert (action activate-the-sprinkler-system))) 
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¡~·r~~ 
Loading this rule intoc:CLIPS and then pretty printing it with the pprul 1man 

will demonstrate that'evé'ry comrnent starting with a semicolon is elimin~ .. in th 
CLIPS program. The ónl}• comment that is retained is the one in quotes ·after the rul 
name. That is, CLIPS will ignore the semicolon comments as it's· loading tb 
program. 

7.13 THE PRINTOUT COMMAND 

Besides asserting facts in the RHS of rules, the RHS can also be used to print ou 
information using the printout command. The syntax of the printout command is 

(printout <logical-name> <<print-items>>) 

where <logical-name> indicates the output destination of the printout command an< 
<<<print-items>>> are the zero or more items to be printed by this comrnand. 

The following rule demonstrates the use of the printout command 

(defrule fire-emergency 
(emergency fire) 
=> 
(printout "t "Activate the sprinkler system" 

' '<' 
. o:: crlf)) .. ; 

It is very importan! to include the letter t following the printout command as thi: 
argument indicates the destination of the output. This destination is also referred toas: 
Iogical name. In this case, the logical name t tells CLIPS to send the output to tb¡ 
standard output device of the computer. Generally, the standard output device ü 
the terminal. However, this m ay be redefined so that the standard output device is som¡ 
other device such as a modem or printer. In Chapter 1 O, the concept of logical name1 
will be fully introduced and the printout comrnand will be used for disk JjO. 

The arguments following the Iogical name are items to be printed by the printou; 
command. The string 

"Activate the sprinkler system" 

will be printed at the terminal without the enclosing quotes. The word crlf is treated 
specially by the printout command. 1t forces a carriage return/line feéd. This is useful 
in inlproving the appearance of output by formatting it on different lines . 

. .. ~·~ 
.· .. 
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7....-. USING MULTIPLE RULES 

Until now, only the simples! type of prograrn consisting. ·of just one rule has been 
shown. However, expert systems consisting of only one rule are not too useful. 
Practica! expert systems m ay consist of hundreds or thousands of rules. In addition to 

. the fire-emergency rule, the expert system monitoring the industrial plan! might also 
include a rule for emergencies in which flooding has occurred. The expanded set of rules 
now looks like 

(defrule fire-emergency 
(emergency fire) 

=> 
(printout t "Activate the sprinkler system" 

crlf) ) 

(defrule flood-emergency 
(emergency flood) 
=> 
(printout t "Shut down electrical'. equipment" 

crlf)) '', 

·- '"..; .. 

vnce these rules have been entered into CLIPS, asserting the fact (emergency frre) 
and then issuing a run command will produce the output "Activate the sprinkler 
system". Asserting the fact ( emergency flood) and issuing a run command will produce 
the output "Shut down the elcctrical equipment." 

Capturing the Real World in a Rule 

As long as the fires and floods are the only two emergencies which must be handled, 
then the rules above would be sufficient. However, the real world is not quite that 
simple. For instance, not al! fires can be extinguished using water. Sorne fires may 
rcquire chemical extinguishcrs. What should be done if a fue produces poisonous gas or 
an explosion may occur? Should an off-site fire dcpartment be notified in addition to 
the on-site firemen? Does it matter which floor of the building the fire is on? 
Activating thc water sprinklcrs on the second floor might cause water damage to both 
the frrst and second floors. Electrical power to equipment might ha ve to be shut off on 
both floors. A fire on the first floor may only requirc that power bé shut off to 
equipment on the first floor. If the building is flooded, are there watertight doors that 
can be shut to preven! darnage? What should be done in case a plant break-in is 
detected? If all of thesc situations are includcd as rules, have all possibilities now becn 
cr· ·""!d? 

nfortunately, the answer is no. In th: real world, things don't always operate 
penectly. Capturing al! pertinent knowledgc in an expcrt system can be quite difficult. 
In the best case~ it m ay be possible to re :o gnize most ·major emergencics and to 
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provide rules to allow:the expert system to recognize when it doesn't. rr nize : 
emergency. 

Rules with Multiple Patterns 

Most real-world heuristics are too complicated to be expressed as a rule with just 
single pattem. For example, activating the sprinkler system for any type of fue migt 
not only be wrong-it could be dangerous. Pires involving ordinary combustibles suc 
as paper, wood, and cloth (class A fires) can be extinguished using water or water-base 
extinguishers. However, fues involving flammable and combustible liquids, grease, 
and similar materials ( class B fires) must be extinguished using a different method suc 
as a carbon-dioxide extinguisher. 

Rules with more !han one pattem could be used to express these conditions. Th 
first pattern would determine that a fue emergency exists. The second pattern woul 
determine whether the fire was a class A fire or a class B fire. In addition, more rule 
could be used to determine whether a specific burning material constituted either a cla: 
A or B fire. Two rules for class A and B fire emergencies are shown as follows 

(defrule class-A-fire-emergency 
(emergerú:y' fire) 
(fire-class A) 

=> 
(printout t "Activate sprinkler system" crlf¡ 1 

(defrule class-B-fire-emergency 
(emergency fire) 
(fire-class B) 

=> 
(printout t "Use carbon dioxide extinguisher" 

crlf) ) 

Both rules have two pattems. Both pattems in each of the rules must be satisfie< 
by facts in the fact-list for the rule to fire. Entering both rules and then asserting th< 
facts (emergency fue) and (fire-class A) will cause the c/ass-A-fire-emergency rule to b< 
placed on the agenda. Running the system would then produce the output "Activa!< 
sprinkler system". 

Any number of patterns can be placed in a rule. The importan! point to realize h 
that the rule is placed on the agenda only if all the pattems are satisfied by facts. Thi~ 
type of restriction is called a logical AND. Because the pattems are of the logica! 
AND type, the rule will not tire if only one of the pattems is satisfied. All the fact~ 
must be present before the LHS of a rule is satisfied and the rule is placed on the 
agenda. 
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L., THE DEFFACTS CONSTRUCT 

It is often very convenient to be able to automatically assert a set of facts instead of 
typing in the same assertions from the top-level. This is particularly true for facts 
which are known to be true before running a program (i.e., the initial knowledge). 
Running test cases to debug a program is another instanee in which it is useful to 
automatically assert a group of facts. Groups of facts which represent initial knowledge , ... ',... 

can be defined using the define facts keyword, deffacts.-Fof example, the following 
deffacts statement provides initial information about the tYP.e-of emergency 

(deffacts status "Sorne facts about the emergency" 
(emergency fire) 
( fire-class A) ) 

The general formal of a deffacts is 

(deffacts <deffacts name> [<optional comment>] 
<<facts>>) 

~'<ollowing the deffact~ keyword is the required name of this deffacts statement. Any 
v rmbolic field can be used as the name. In this case, the name chosen was status. 
Fo,._,wing thc name is an optional comment in double quotes. Like the optional 
comment of a rule, this comment will be retained with the deffacts after it's been Ioaded 
by CUPS. After the name or comment are the facts that will be asserted in the fact-list 
by this deffacts statement. 

The facts in a deffacts statement are asserted using the CLIPS reset command. -
The syntax of the reset command is 

.. ' 

(reset) ::l , . 

• 1 

Assuming that the status deffacts had been entered, the followmg dialog shows how the 
reset command adds the facts to the fact-list 

CLIP S> 
CLIP S> 
f-0 
f-1 

f-2 
CLIP S> 

(reset) .J 
(facts).J 
(initial-fact) 
( emergency fire) 
(fire-class A) 

The output shows the facts from the deffacts statement and a new fact generated by 
th et command called initial-fact. Upon stanup, CLIPS automatically defines a 
detracts statement with the following format 

1. 
1 . 

i 
1 

1 

i 
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(deffacts initial-fact 
(initial-fact)) 

Thus, even if you have not defined any deffact~ statements, a reset will assert ti 
fact (initial-fact). The fact-identifier of the initial-fact is always f-0. The utility < 

(initial-fact) Iies in starting the execution of a program. A CLIPS program will n• 
start running unless there are rule:: whose LHS are satisfied by facts. The res' 
command asserts a default startup fact as well as asserting the facts in deffac: 
statements. As stated. previously, a rule without any patterns has the patter 
(initial-fact) added to:its . .i:HS. Thus any rule without LHS patterns will be placed o 
the agenda wben a reset is perfoimed. 

The reset command is the key method for starting or restarting an expert system i 
CLIPS. The reset command removes al! activated rules from the agenda and al! fact 
from tbe fact-Iist. It then asserts the facts from existing deffacts statements. Normal!) 
this will cause the faci (initial-fact) to be asserted, since this is a fact found in th 
initia/jacts deffacts provided for you by CLIPS. 

There are sorne additional commands that are useful with deffacts. For examph 
list-deffacts will list the names of deffacts that are currently loaded in CLIP~ 
Another useful command is ppd effact that prints the facts stored in a deffacts. Th 
syntax of these two con¡mands are 

( list -deffact s) 
(ppdeffact <deffacts-name>) 

Forexample 

CLIP S> (l.i.st-deffacts) .J 
initial-fact 
status 
CLIP S> (ppdeffact status) .J 
(deffacts st.atus "Sorne facts about the emergency" 

(emergency fire) 
(fire-cla~s A)) 

CLIP S> 

7.16 REMOVING DEFFACTS AND RULES 

Deffacts statements can be removed from CLIPS by using the undeffacts cornmand. 
The syntax of this command is 

(undeffacts <deffacts-name>) 

For example, to remove the status deffacts, the cornmand 
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' ' ,. ; (undeffacts status) 

, would be used. A reset now would only add the fact (initial-fact). The undeffacts status 
command has erased the status deffacts from memory. To regain a deffacts statement 
after an undeffacts command, the deffacts statement must be re-entered. 

Even the initial-fact deffacts can be remove using undeffacts command as shown 
following. 

(undeffacts initial-fact) 

Now, whenever a reset command is performed, the initial-fact will not appear. 
CLIPS also allows rules to be selectively removed by using the excise command. 

The syntax of the excise command is 

.... ~ : ' 

(excise <rule-name>) 

For example, to get rid of the fire~emergency rule, the_ following command with 
the name of the rule as an argument would be u sed. 

(excise fire-emergency) 

The clear command can be used to remove al! inforrnation contained in the 
CLIPS environment. It restores the original state of CLIP S just as if it has just been 
started up. The syntax of the c/ear command is 

(clear) 

The clear command causes all of the facts in the fact-list to be removed as well as 
removing al! rule and deffacts currently contained in CLIPS. 

7.17 THE WATCH COMMAND 

The watch command is useful for debugging programs. The syntax of this command 
is 

(watch {facts,rules,activations,all}) 

Facts, rules, and activations may be watched in anY, .. combination to provide the 
appropriate amount of dcbugging information. Thc watch command can be used more 
lb' 'nce to watch more than one feature of CLIPS execution. The word al/ can be 
u. 'enable al! of the watch fealures (facts, rules, and activations). 

• 

.1 
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If facts are being :watched, CUPS will automatically print a messag1 licatir 
that an update has been made to the fact-Iist whenever facts are asserted or retracted. TI 
following command di~og illustrates the use of this debugging command: 

CLIP S> (reset) ..J 
CLIP S> (watch facts)..J 
CLIP S> (assert (emergency fire)).J 
~> f-1 (emergency fire) 
CLIP S> (assert (emergency f~oo.d) ) ..J 

==> f-2 (emergency flood) 
CLIP S> (retract 2) 
<== f-2 (emergency flood) 

If activations are being watched, CLIPS will automatically print a messag. 
whenever an activation has been added to or removed from the agenda. If rules are bein 
watched, CLIPS will print a message whenever a rule is fired. Note that watchin 
·activations will not cause a message to be displayed when a rule is fued. 

In addition, if the :rules are being watched while loading a program, CLIPS wü 
display a message such as 

Compiling rtlle: cut-power-to-electrical-fire +~ · '+j 

As the rules are being loaded, CLIPS is compiling the source code. The "+j+J+J" strin¡ 
at the end of the message is sorne information from CLIPS about the interna! structurc 
of the compiled rules. This information will be useful to know for tuni~g a pro gran 
and will be discussed in Chapter 11 which deals with efficiency. 

The effects of a watch command may be tumed-off by using the correspondinf 
unwatch command. The syntax of the unwatch command is 

(unwatch {.facts, rules, activations, all)) 

7.18 THE MATCHES COMMAND 

CLIP S has a debugging command called matches which indicates which pattems in a 
rule match facts. This capability is useful for debugging cases in which a rule appears 
to have al! of its pattems satisfied, but is nonetheless not activated. Those pattems 
which do not match prevent the rule fr6m becoming activated. One common reason 
that a pattem won't match a fact is misspelling an element either in the pattem or the 
assertion of the fact. The syntax of the matclzes command is 

(matches <rule-name>) 
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The argument of the matches command is the name of the rule to be checked for 
matches. The follow[ng rule will be used to demonstrate the matches command. 

C1ass C Fires inve1ve energized,e1ectrica1 
; equipment. Remeve the power to such a fire 
; if possib1e. . ·. ,_,.: 

.. 
(defru1e cut-power-to-e1ectrica1-fire 

; Emergency is a fire 
(emergency fire) 
; Fire invo1ves energized e1ectrica1 equipment 
(fire-c1ass C) 
; Power can be safe1y removed 
(power can-be-safe1y-removed) 

=> 
(printout t "Remove power from the fire" cr1f)) 

The following command sequence shows how the marches command is used. 
No ti ce that the watch facts command is used to provide immediate feedback when facts 

assened. 

CLIP S> 
CLIP S> 
=> f-1 

(watch facts) .J 
(assert (emergency fire)).J 

(emergency fire) 
CLIP S> (matches cut-pewer-te-e1ectrica1-fire).J 
Matches for Pattern 1 '· ' 

f-1 
Matches fer Pattern 2 

None 
Matches fer Pattern 3 

Non e 
Partia1 matches for patterns 1 - 2 

Nene 
Activatiens 

Nene 

The matches command considers the patterns to be ordered sequentially as follows. 

(defru1e cut-pewer-to-e1ectrica1-fire 
(emergency fire) 
(fire-c1ass C) 
(power can-be-safely-removed) 

=> 

;Pattern 1 
;Pattern 2 
;Pattern 3 

(printout t "Remeve power frem the fire" cr1f)) 



400 Chapter 7 • lntroduction to CLIPS 

The fact with fact-identifier f-1 matches the first pattem in the rule ru : so re 
ported by the matches command. Given that a rule has N pattems, the term partia 
matches refers to any set of matches of the first N-1 pattems with facts. That is, th< 
partial matches begin with the first pattem in a rule and end with any pattem up to bu 
not including the last (N'th) pattem. As soon as one partial match can't be made 
CLIPS does not check iny further. For example, a rule with four pattems would havt 
partial matches of the first and second pattems, and also the first, seéond and thin 
pattems. If all N pattems match, the rule will be activated. 

The following.commands continue this example 

CLIPS> (assert (fire-class C))~ 

=> f-2 (fire-class C) 
CLIPS> (matches cut-power-to-electrical-fire)~ 

Matches fer Pattern 1 
f-1 

Matches fer Pattern 2 
f-2 

Matches fer Pattern 3 
Nene 

Partial matches fer patterns 1 - 2 
f-1 f-2 

Activatiens 
Nene 

Notice that with the second fact asserted, there is now a partial match for pattems 1 and 
2. Of course, if the fact (power can-be-safely-removed) had been asserted instead of 
(fire-class C), there wouJd have been no partial match for pattems 1 - 2. 

This next command sequence' asserts the final fact to match the third pattem in the 
rule. 

CLIPS> (assert (power can-be-safely-removed))~ 

=> f-3 (pewer can-be-safely-remeved) 
CLIPS> (matches cut-power-to-electrical-fire)~ 

Matches fer Pattern 1 
f-1 

Matches fer Pattern 2 
f-2 

Matches fer Pattern 3 
f-3 

Partial matches fer patterns 1 - 2 
f-1 f-2 

Activatiens 
f-1 f-2 f-3 
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With the addition of the third and final pattem, the Activations information shows the 
fact-identifiers which cause an activation of the rule. 

7.19 THE SET-BREAK COMMAND 

CLIPS has a debugging command called set-break which allows execution to be 
halted before any rule from a specified group of rules is fired. A rule which halts 
execution before being fired is called a breakpoint. The syntax of the set-break 
commandis 

(set-break <rule-name>) 

where <rule-name> is the name of a rule to make a breakpoint. As an example, 
consider the following rules 

(defrule first 
=> 
(assert (fire second))) 

,defrule second 
(fire second) 

=> 
(asser: (fire third))) 

(defrule third 
(fire third) 

=>) 

The following command dialog shows execution of the rules without any 
breakpoints set. 

CLIP S> (watch all) .J 
CLIP S> (reset) .J 
==> f-0 (initia1-fact) 
==> Activation O 
CLIP S> (run) .J 

1 first: f-0 

first: f-0 

FIRE 
==> f-1 ( fire second) 
==> Activation O second: f-1 
~IRE 2 second: f-1 
==> f-2 (fire third) 
==> Activation O third: f-2 
FIRE 3 third: f-2 

.': .. \ .. 

.¡ 
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3 rules fired. 
CLIP S> 

AU three rules tire in succession when the run command is issued. The following 
command dialog demonstrates the use of the set-break command to halt execution. 

CLIP S> 
CLIP S> 
CioiPS> 
CLIP S> 

(set-break second)~ 

(set-break third)~ 

(watch all) ~ 
(reset)~ 

<== Activation O first: f-0 
==> f-0 (initial-fact) 
==> Activation O 
CLIPS> (run)~ 

FIRE 1 first: f-0 

first: f-0 

==> f-1 (fire second) 
==> Activation O second: f-1 
Breaking on rule second 
1 rules fired 
CLIP S> (run) .J 
FIRE 
==> f-2 

1 secon,j: f-1 
(fire third) 

==> Activntion O third: f-2 
Breaking on rule third 
1 rules fired 
CLIP S> (run) ~ 
FIRE 1 third: f-2 
1 rules fired 
CLIP S> 

In thls case, execution halts before the rules second and third are allowed to tire. 
Notice that at least one rule must be fired by the run command before a breakpoint will 
stop execution. For example, after the rule second has halted execution, it does not halt 
execution again when the run command is given. 

The show-breaks command can be used to list ali breakpoints. Its syntax is 

( show-breaks) 

The remove-break command can be used to remove breakpoints. Its syntax is 

(remove-break [<rule-name>] 

If <rule-name> is provided as an argument, only the breakpoint for that rule wi 
removed. Otherwise, all breakpoints will be removed. 
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7.20 SUMMARY 

This cbapter introduced tbe fundamental components of CLIPS. Facts are tbe first 
componen! of a CLIPS system. Facts are made up of fields whicb are either a word, 
string, or number. Tbe first field of a fact is normally used to indicate tbe type of 
information stored in a fact and is called a relation. Fact templates can be used to 
document tbe type of information tbat is stored in a faét. Commands for adding, 
rem oving and displaying facts were discussed. The deffacts construct can be used to 
specify facts as initial knowledge. . 

Rules are tbe second componen! of a CLIPS system. A rule is divided into a LHS 
and a RHS. Tbe LHS of a rule can be tbougbt of as the IF portion and tbe RHS can be 
tbougbt of as tbe TREN portion of a rule. Rules can bave multiple pattems and 
actions. Commands are available for displaying tbe list of rules and the text of an 
individual rule. 

The third componen! of CLIPS is tbe inference engine. Rules tha! have their 
pattems satisfied by facts produce an activation which is placed on the agenda. 
Refraction prevents rules from constantly being activated by old facts. 

Fact assertions and retractions, rule firings, and activations can be traced by using 
the watch command. The mate/res command will display the facts that have matched 
wattems of a rule as well as the list of partial matches for a rule. Tbe set-break 
~and allows execution to be halted before a rule is fired. The printout command 
can be used to output information from the RHS of a rule. The clear command is used 
to re-initialize tbe state of the CLIPS enviromnent. 

PROBLEMS AND PROGRAMS 

7 -l. Convert tbe following sentences to facts in a· deffacts statement. For each 
group of related facts, build a fact template which describes a more general relationship. 

The father of John is Tom. 
The mother of John is Susan. 
The parents of John are Tom and Susan. 
Tom is a father. 
Susan is a mother. 
John is a son. 
Tom is a male. 
Susan is a female. 
John is a male. 

Describe a fact template for a fact containing information about a set. The 
k . template should include information about the name or dcscription of tbe set, the 
lis! of elements in the set and whether it is a subset of another set. Represen! the 
following sets as facts using tbe format specified by your fact tcmplates. 
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A = { 1, 2, 3 } 

B = { 1, 2, 3, 4, 5 } 

e = { red, green, yel1ow, blue } 

D = { CPU, memory, I/0, address bus, 
data bus, video display } 

7-3. A sparsely populated array is an array that contains relatively'few non-ze¡ 
elements. 1t is more efficiently represented as a linked Iist or tree. How might 
sparsely populated array be represented using facts? Describe the templates used for tl 
facts to represent the array. What are the possible disadvantages of representing an arrn 
using facts as opposed to using an array data structure in a procedurallanguage? 

7-4. Convert the general net representing airline routes as shown in Figure 2-4 (: 
to a series of facts in a deffacts statement. Use a single lemplate lo describe the facts . 

7-5. Convert the semantic net representing a family as shown in Figure 2-4 (b)' 
·a series of facts in a deffacts slatement. Use several templales to describe the fac' 
produced 

7-6. How might facts be used to represen! Object-Attribute-Value triplets an 
Attribute-Value pairs? Give examples for the sentences in Problem 7-1. 

7-7. Convert lhe semantic net shown in Figure 2-5 toa series of facts in a deffact 
statement. Use severa! templates to describe the facts. For exan1ple, the IS-A link:s an 
AKO links should be relation names and each should have its own template. 

7-8. Convert the binary decision tree representing animal classificatioJ 
information of Figure 3-3 to a series of facts in a deffacts statement. Show how t11 
links between the nodes can be representcd. Do the leafs of the tree require a differer1 
representation than the ·other nodes of the tree? 

7-9. Explain the output from the matches command for the following comman< 
sequence. 

CLIPS> (assert (b)) 
CLIPS> (defru1e mateher (a) (b) (e) =>) 
CLIPS> (assert (a) (e)) 
CLIPS> (matehes mateher) 

7-10. Convert the decision tree shown in Figure 3-3 to a series of CLIPS rules 
Creale pattems lo match facts using !he templatc (queslion <query-slring> <answer>) 
For exan1ple, if the ;mswer to the question represented by t11e root node in thP ·-·e wa~ 
no, the fact represcnting this information would be (question "Is it very ' no) 
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Wbat infonnation that was contained in the decision tree is now lost by representing 
the tree as rules in this manner? 

7-11. Plants require many different types of nutrients for proper .growth. Three of 
the most imponant plant nutrients that are provided by fenilizer are nitrogen, 
phosphorus, and potassium. A deficiency in one of these nutrients will produce various 
symptoms. Translate the following heuristics below to rules which determine nutrient 
deficiency. Assume that the plant is nonnally green. 

A plant with stunted growth may have a nitrogen 
deficiency. 

A plant that is pale yellow in color may have a 
nitrogen deficiency. 

A plant that has reddish-brown leaf edges may have a 
nitrogen deficiency. . .. -

A plant with stunted root growth may have a 
phosphorus deficiency. 

A plant with a spindly stalk may have a phosphorus 
deficiency. 

A plant that is purplish in color may have a 
phosphorus deficiency. 

A plant that has delayed in maturing may have a 
phosphorus deficiency. 

A plant with leaf edges that appear scorched may have 
a potassium deficiency. 

A plant with weakened stems may have a potassium 
deficiency. 

A plant with shriveled seeds or fruits may have a 
potassium deficiency. 

Include comments which define the templates used for the facts in the rules. The input 
to the program should be made by assening symptoms as facts. The output should 
indicate which nutrient deficiencies exist by printing to the terminal. Implement a 
method so that multiple printouts for a single deficiency caused by more than one 
symptom are avoided. Test your program with the following inputs: 

The plant has stunted root growth. 
The plant is purplish in color. 

7-12. Fires are classificd according to their principal burning material. Translate the 
following infonnation to rules for detemlining fue class. 

Type A fires involve ordinary combustibles such as 
paper, wood, and cloth. 

" 
.. 

'' • 
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Type B fires involve flammable and combustible 
liquids, greases, and similar materials. 

Type e fires involve energi'zed electrical equipment. 
Type D fires involve combustible metals such as 

magnesium, sodium, potassium, titanium, and 
zirconium. 

The type of extinguisher that should be used on a tire depends upon the fire class. 
Translate the following infonnation to rules. 

elass A fires should be extinguished with 
heat-absorbing or combustion-retarding 
extinguishers such as water or water based liquids 
and dry chemicals. 

elass B fires should be extinguished by excluding 
air, inhibiting the release of combustible vapors, 
or interrupting the combustion chain reaction. 
Extinguishers include dry chemicals, carbon 
dioxide, foam, and bromotrifluoromethane. 

elass e fires should be extinguished with a 
non-conduct.ing agent to prevent shock. If 
possible the power should be cut. Extinguishe. 
include dry chemicals, carbon dioxide, and 
bromotrifluoromethane. 

elass D fires should be extinguished with smothering 
and heat-absorbing chemicals that do not react 
with the burning metals. Such chemicals include 
trimethoxyboroxine and screened graphitized coke. 

Include comments which define the templates used for the facts in the rules. The input 
to the program should be made by asserting the type of burning material as a fact. The 
output should indicate wlúch extinguishers may be used on the fire and other actions 
that should be takcn such as cutting off the power. Show that your program works for 
a material from ea eh of the fire classes. 
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CHAPTER s- PATTERN MATCHING 

8.1 INTRODUCTION 

The type of rules shown in Chapter 7 illustrate simple pattem matching of pattems to 
facts. This chapter will introduce severa! concepts which provide very powerful 
capabilities for matching and manipulating facts. The first concept will be the use of 
variables in pattem matching. Secondly, field constraints will be discussed and the use 
of functions in CLIP S will then be introduced and basic arithmetic will be covered. 

8.2 VARIABLES 

Just as with other programming Ianguages, CLIPS has variables available to store 
values. Variables in CLIPS are always written in the syntax of a question mark foi­
Iowed by a symbolic field name. Variable names follow the syntax of a word with the 
exception that they must begin with a charactcr. For good programming style, vari­
ables should be given mcaningful names. Some examples of variables are as follows. 

?speed 
?sensor 
?value 
?no un 
?color 

Spaces should not be used between the question mark and symbolic field name. As will 
be discussed Iater, a question mark by itself has its own use. 

Before a variable can be used, it must be assigned a value. The following rule 
shows a case in which thc variable ?x is used in a printout command without having 
been assigned a value. 

(defrule test 
(initial-fact) 

=> 
(printout t ?x crlf)) 

In the above exan1ple, notice how initial-fact is used to trigger the rule. This is 
convenient since (initial-fact) can be a~serted by simply using the reset command. In 
fact, for this rule, it is not nccessary to place thc (initial-fact) pattem on thc LHS, since 
a rule with no pattems automatically has the (initial-fact) paltem added to its LHS. 

When the rule is entered, CLIP S will respond with the error messagc 

Undefined variable x referenced on rhs of rule 
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CLIPS gives an error message because it cannot find a value which has been · 1d 
to ?x. The terms bound and bind are used to describe tbe assignment of a valuc ,o a 
variable. 

One common use of variables is to bind a value on the LHS and tben assert tbe 
bound variable on tbe RHS. The following rule demonstrates this use 

(defrule grandfather 
(is-a-grandfather ?name) 
=> 
(assert (is-a~man.?name))) 

If the fact (is-a-grandfather Jack) is asserted and the program is run, the grandfather rule 
will assert the fact (is-a-man Jack) because the variable ?name was bound to Jack. 

Of course, a variable can be used more than once as the following rule shows 

(defrule grandfather 
(is-a-grandfather ?name) 
=> 
(assert (is-a-father ?name) 

(is-a-man ?name))) 

If the fact (is-a-grandfather Jack) is asserted and the rule is fired, the facts (is-a­
Jack) and (is-a-man Jack) will be placed in the fact-list since the variable ?name is u~ed 
twice. 

Variables are also commonly used in printing output, as in 

(defrule grandfather 
(is-a-grandfather ?name) 
=> 
(printout t .?name " is a grandfather" crlf)) 

If the fact (is-a-grandfather Jack) is asserted and the rule is executed, the following 
output would he produced 

Jack is a grandfather 

8.3 FACT ADDRESSES AND RETRACTION 

Retraction is very useful in expert systems and is usually done on the RHS rather than 
in the top-level. Before a fact can be retracted, it must he specified to CLIPS. To retrae! 
a f:tct from a rule, the fact-address must first be bound to a variable on the LHS. 

There is a big difference between binding a variable to the contents of a fact 
binding a variable to the fact-address. In the examples of pattems previously used, such 
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as (is-a-grand.father ?name), a variable was bound to the value of a field. That is, ?name 
was bound to Jack. However, ifthe fact whose contents are (is-a-grandfather Jack) is to 
be removed, then CLIP S must know the address of the fact to be retracted. 

The address of the fact is specified using the left arrow operator, "<-". This 
operator is made by typing a"<" symbol followed by a"-". 

Shown following is an example of fact retraction from a rule 

(defrule modify-grandfather-fact 
?old-fact <- (is-a-grandfatler Jack) 
=> 
1 
(retract ?old-fact) 
(assert (has-a-grandchild Jack) 

(is-a-man Jack) )) 

If the fact (is-a-grandfather Jack) is asserted and the rule is executed, then the fact 
(is-a-grandfather Jack) will be retracted from the fact-list and the two facts 
(has-a-grandchild Jack) and (is-a-man Jack) will be asserted into the fact-list. The pattern 
in the rule assigns the address of (is-a-grandfather Jack) to the variable ?old-fact. The 
retract command then removes the fact (is-a-grandfather Jack) whose address was 

· ~ed to ?old-fact. 
Variables can be used to pickup a fact value at the same time as an address. For 

example 

(defrule modify-grandfather-fact 
?old-fact <- (is-a-grandfather ?name) 
=> 
(retract ?old-fact) 
(assert (has-a-grandchild ?name) 

(is-a-man ?name))) 

The above rule will tire when ?nan1e is assigned to any field. For example, if the 
facts (is-a-grandfather Brian), (is-a-grandfather Steve), and (is-a-grandfather Gary) are 
asserted into the fact-list, the rule will produce an activation for each of the three facts. 

The assert command can be used with retract command to produce somc intercsting 
effects. The following rule demonstrates a simple looping effect. lt can be activated by 
asserting the fact (loop-fact). 

(defrule simple-loop 
?old-fact <- (loop-fact) 
=> 
(printout t "Looping" crlf) 
(retract ?old-fact) 
(assert (loop-fact))) 
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The program executes an infinite loop since it asserts a new (loop-fact) ~ re-
tracting the fact bound to ?old-fact. Note that to make a new (loop-fact) the individual 
fields must be asserted. CUP S is not designed to allow assertions of entire facts with 
statements like (assert (?old-fact)). After the new (loop-fact) is asscrted, the rule then 
tires on the new (loop-fact). 

The only way to stop an infinite loop like this is by interrupting CLIPS using a 
Controi-C or other appropriate interrupt command for the computer on which CLIPS is 
running. In extreme cases on personal· computers it m ay be necessary to reboot and 
then restart CLIPS. 

The program will not produce an infinite loop if the retract command is removed 
since the attempted assertions would then be duplicates of the fact airead y in memory. 

8.4 MULTIPLE USE OF VARIABLES 

The modify-grandfather-fact rule can only be activated by a fact with two fields. A fact 
matching the template 

(is-a-grandfather <grandfather> <grandchild>) 

such as (is-a-grandfather Jack John), will not match the mle because it contain• ~e 

fields. In order to match against a template containing the name of both the ·gran .r 
and the grandchild, the rule must be modified to match against three fields. One ap­
proach to modify the rule might be to use two variables called ?name to match the two 
name fields in (is-a-grandfather Jack John). 

(defrule rnodify-grandfather-fact 
?old-fact <- (is-a-grandfather ?narne ?narne) 
=> 
(retract ?old-fact) 
(assert (has-a-grandchild ?narne ?narne) 

(is-a-rnan ?narne))) 
1 

However, this rule won't fire on (is-a-grandfather Jack John) because the pattem 
(is-a-grandfather ?name ?name) specifies that the two fields must be the same since the 
same variable ?name is used for both fields. 

The way to bind both names is to use two different variables, as follows 

(defrule rnodify-grandfather-fact 
?old-fact <- (is-a-grandfather ?grandfather 

?grandchild) 
=> 
(retract ?old-fact) 
(assert (has-a~grandchild ?grandfather 
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?grandchild) 
(is-a-rnan ?grandfather))) 

411 

This rule will become activated when the fact (is-a-grandfather Jack John) is asserted. 
This rule will also fue if Jack has a grandchild named after him. That is, the fact 

(is-a-grandfather Jack Jack) will also cause the rule to become activated. Different vari­
ables are allowed to ha ve the same values. 

Notice that the pattem (is-a-grandfather ?grandfather ?grandchild) matched any two 
symbolic fields for the variables while (is-a-grandfather ?name ?name) required that the 
two fields bound lo the variables were the same. 

V aria bies that are u sed in multiple pattems ha ve an importan! and use fu! property. 
The first time that a variable is bound to a value, it retains that value within the rule. 
The following rule and deffacts demonstrate this principie. Notice that the same vari­
able, ?father, is used in both pattems of the detennine-grandfatlzer rule. 

(defrule deterrnine-grandfather 
(the-father-of ?grandchild is ?father) 
(the-father-of ?father is ?grandfather) 

=> 
(printout t "The grandfather of " ?grandchild 

"is" ?grandfather crlf)) 

(deffacts father-of-relations 
(the-father-of Jill is John) 
(the-father-of Bob is John) 
(the-father-of John is Jack) 
(the-father-of Bill is Fred) 
(the-father-of Sally is Fred) 
(the-father-of Fred is Gene) 

When CLIPS is reset and the facts from the deffacts construct are asserted, the fust 
pattem will match al! six facts. The variable ?father will be bound to the names Jolrn, 
John, Jack, Fred, Fred, and Gene respectively for each of the six facts. When CLIPS 
tries to match the second pattem of the rule, orúy the facts with a second field bound to 
one of these values will be able to match. Of the six facts, only the fact (the-father-of 
John is Jack) and (the-father-of Fred is Gene) will be able to match the second pattem 
for facts which matched the first pattem. 

8.5 SINGLE FIELD WILDCARDS 

.her than having to specify a specific field of a fact to trigger a rule, a general pattem 
can be specified by using a wildcard. For example, suppose a database of information 



412 Chapter 8 - Pattern Matching 

exists about tbe eye and líair color of a group of people. Each fact in tbe da, ;e is 
specified by the following-teinplate 

(person <name> <eye-color> <hair-color>) 

and the database could be the described by tbe deffacts 

(deffacts persons 
(person John brown black) 
(person Jill blue blond) 
(person Jack green brown) 
(person Jan e brown brown) 
(person Fred green red)) 

where, for example, the fact (person John brown black) indicates that John has brown 
eyes and black hair. Rules can be written to search the fact-list for people meeting cer­
tain specifications. One such specification could be to write a rule which finds al! 
people who have brown hair. For this specification, the color of the person's eyes is 
unimportant. 

Titis type of situation in which onl y part of the fact is needed to determine a match 
is very common. To solve this problem, a wildcard can be used for the fields are 
unimportant. 

The simples! form of wildcard is caiied a single-field wildcard and is shown 
by a question mark, "?".A sing'e-field wildcard stands for one field. The following mle 
shows how a wildcard can be Jsed wi th the previous deffacts to find all people with 
brown hair. 

(defrule find-brown-hnired-people 
(person ?name ? brown) 
=> 
(printout t ?name " has brown hair" crlf)) 

The pattern includes a wíldcard to indicate that the color of the person's eyes is not 
importan!. So long as the hair color of the person is brown, the rule will be satislied 
and fu-e. 

Notice now the importance of not including a space between the question mark ami 
the symbolic name of a variable. Doing this to tbe pattern 

(person ?name ? brown) 

would produce the pattern 

(person ? name ? brown) 
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which is completely different. The fust pattem would match a fact with four fields. The 
fust field of the fact \VOuld be the word person and the fourth field of the fact would be 
the word brown. The second pattem would match a fact with five fields whose first field 
was the word person, third field was the word name, and Íifth field was the word brown. 

Suppose it is desired to match against a fact with the following template 

(person <name> <eye-color> <hair-color> 
<nationality>) 

to find all persons with brown hair. Since this templatc has an additional ficld, an 
additional wildcard must be added to the previous pattem. Thus the pattem 

(person ?name ? brown ?) 

would have to be used. The importan! point to remember is that each field of the 
pattem must match to a field in the fact. 

8.6 BLOCKS WORLD 

n example to demonstrate variables bindings, a program to m ove blocks in a sim­
ple hlocks world will be built. Th.is type of program is analogous to the classic blocks 
world program in which the knowledge domain is restricted to blocks [Fircbaugh 88]. 
An example like this is a good example of planning and núght be applied to automated 
manufacturing where a robot arm is manipulating parts .. : _ 

The only thing of interest in blocks world are blocks. A single block may be 
stacked upon another block. The goal of a complcx blocks worid program would be to 
rearrange the stacks of block into a goal configuration with the minimum number of 
m oves. Por this example, a number of simplifying restrictions will be made. The first 
of these restrictions is that only one primary goal is allowed and this goal can only be 
to move one block on top of another block. With this restriction, it is rather trivial to 
determine the optimalmoves to achieve the goal. lf the goal is to m ove block x on top 
of block y, then move al! blocks (if any) on top of block x to the fioor and all blocks 
(if any) on top of block y to the floor and then m ove block x on top of block y. 

The second restriction will be that any goal mus! not have already been achieved. 
That is, the goal cannot be to move block x on top of block y if block x is already on 
top of block y. This is a rather simple condition to check, however, the appropriate 
syntax to test for this condition is not introduced until Chapter 9. 

To begin to solve this problem, it will be useful to se! up a configuration of 
blocks which can be uscd for tcsting thc program. Figure 8-1 shows the configuration 
•;, ,J}~ill be used. There are two stacks in this configuration. The first stack has block 
¡: · ; top of block B on top of block C. The second stack has block D on top of block 

E on top of block F. 

.. 
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Figure 8-1 
' .: . 

To determine which type of rules would be useful in sülving the problem, a step 
by step completion of a blocks world goal would be useful. What steps must be taken 
tb m ove block C on top of block E? The easiest solution for this problem would be to 
directly m ove block C on top of block E. This rule, however, could only be applied if 
both block C and block E had no blocks on top of them. The pseudo code for this rule 
wouldbe 

RULE MOVE-DIRECTLY 
IF The goal is to mov" block ?upper on top of 

block ?lower and 
block ?upper is the top block in its stack and 
block ?lower is the top block in its stack, 

THEN Move block ?upper on top of block ?lower. 

The move-directly rule cannot be used in this case, however, since blocks A and B 
are on top of block C, and block D is on top of block E. In order to allow the 
move-directly rule to move block C on top of block E, blocks A, B, and D must be 
moved to the floor. The blocks are moved to the floor si nce this is the easiest step to 
take to get them out of the way. The simple blocks world does not require that the 
blocks be restacked and only a single primary goal is allowed, so there is no need to 
stack blocks when they are moved out of the way. This rule can be expressed as two 
pseudocode rules: one rule to clear blocks off the block to be moved and one rule to 
clear blocks off the block to be stacked on. 

RULE CLEAR-UPPER-BLOCK 
IF The _goal is to move block ?x and · 

block ?x is not the top block in its stack and 
block ?above is on top of block ?x, 

THEN The goal is to move block ?above to the flo 
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RULE CLEAR-LOWER-BLOCK 
IF The goal is to move another block on top of 

block ?x and 

415 

block ?x is not the top block in its stack and 
block ?above is on top of block ?x, 

"THEN The goal is to move block ?aboye te the floor 
•1 ., 

The clear-upper-block rule will work to clear the bÍÓ~Ícs off block C. It will first 
determine that block B needs to be moved to the floor. In order to m ove block B to the 
fioor, this sarne rule will determine that block A needs io .be moved to the floor. Simi­
larly, the clear-lower-block rule wiii determine that block D needs to be moved to the 
fioor in order to m ove something on top of block E. 

Now there are goals to move blocks A, B, and D to the:floor. Blocks A and D can 
be moved directly to the floor. If written properly, the move-directly rule might be able 
to handle moving blocks on top of the floor as well as other blocks. However, since 
the floor is really not a block, it may be necessary to treat the floor differently. The 
following pseudocode rule will handle the special case of moving a block to the floor 

RULE MOVE-TO-FLOOR 
IF The goal is to move block ?upper on top of the 

floor and 
block ?upper is the top block in its stack, 

THEN Move block ?upper on top of the floor. 

The move-to-floor rule can now m ove blocks A and D to the floor. Once block A 
is moved to the floor, the move-to-floor rule can be activated to m ove block B to thc-­
fioor. With blocks A, B, and D on the floor, blocks C and E are now the top blocks in 
their stacks and it is possible to use the move-directly rule lo m ove block C on top of 
block E. 

Now that the rules have been written using pseudocode,'the facts to be used by the 
rules should be determined. The types of facts needed cannot always be determincd 
without sorne prototyping. In this case, however, the pseudocode rules point out sev­
era! types of facts that will be needed. For cxamplc, the information about which 
blocks are on top of other blocks is crucial. This information could be described with 
the following template _ 

(on-top-of <upper-block> <lower-block>) 

and the facts described by this template would be 

(on-top-of A B) 
(on-top-of B C) 
(on-top-of D E) 
(on-top-of E F) 

• 
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Since it is also importan! to know which block is at the top of a stack ru hich 
block is at the bottom of a stack, it would be useful to include the facts 

(on-top-of nothing A) 
(on-top-of e floor) 
(on-top-of nothing D) 
(on-top-of F :·floor) 

'-: ~ ::; 

The words nothingcarid floor have special meaning in these facts. The facts 
( on-top-of notlúng A) and ( on-top-of nothing D) indicate that A and D are the top 
blocks in their stacks. Similarly, the facts ( on-top-of C floor) and ( on-top-of F floor) 
indicate that blocks A and F are the bottom blocks in their stacks. Including these 
facts, however, does not necessarily solve the problem of determining the top and 
bottom blocks in a stack. If the rules are not written correctly, the words floor and 
nothing might be mistaken as the names of blocks. Facts that indicate the name of the 
blocks might be useful. The following template 

(block <name>) 

can be used to identify the blocks from the special words nothing andfloor. The facts 
described by this template would be 

(block A) 

(block B) 

(block e) 
(block D) 
(block E) 

(block F) 

Fin:tlly, a fact is needed to describe the block moving goals that are being 
processed. These goals could be described with the template 

(move-goal <block> on-top-of <target-destination>) 

and the initial goal using this template would be 

(move-goal e on-top-of E) 

Note that the word on-top-of has been included in the template. This word serves 
no other purpose in !he template and fact other !han providing increased readability. The 
target destination in the move goal could also be the floor. 

With the facts and templates now defined, the initial configuration of !he 1-'-~ks 
· world can be described by the following deffacts. 
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(deffacts initial-state 
(block A) 
(block B) 
(block e) 

(block D) 
(block E) 
(block F) 
(on-top-of nothing A) 

(on-top-of A B) 

(on-top-of B e) 
(on-top-of e floor) 
(on-top-of nothing D) 
(on-top-of D E) 
(on-top-of E F) 
(on-top-of F floor) 
(move-goal e on-top-of 

._:, '. 

· .. , 

E)) 
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Notice that information is included in the on-top-of facts to indicate which blocks 
are th~ top blocks and which blocks are the botto111 blocks. The block facts help 
dü sh the blocks from the wordsfloor and notlzing. The goal for the program is to 
ffiO\ •• Jlock e on top of block E. 

The move-directly rule is written as follows 

(defrule move-directly 
?goal <- (move-goal ?blockl on-top-of ?block2) 
(block ?block1) 
(block ?block2) 
(on-top-of nothing ?blockl) 
?stack-1 <- (on-top-of ?blockl ?block3) 
?stack-2 <- (on-top-of nothing ?block2) 
=> 
(retract ?goal ?stack-1 ?stack-2)' 
(assert (on-top-of ?blockl ?blockj)) 
(assert (on-top-of nothing ?block3)) 
(printout t ?block1 " moved on top of " ?block2 

"." crlf)) 

The first three pattems determine that there is a goal to move a block on top of 
another block. Patterns two and three insure that a goal to move a block onto the floor 
will not be proccssed by this rule. Thc fourth and sixth pattems check that the blocks 
are top blocks in their stacks. The fifth pattern matches against information neces­
sary to updatc the stack from which the moving block is being taken. The actions of 
the rule update the stack infom1ation for the two stacks and prints a message. The 
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block benealh the moved block is now lhe top block in that slack, and the bloc :ing 
moved is now lhe lop block in the slack lo which it was moved. 

The move-to-floor rule is implemented as follows 

(defrule move-to-floor 
?goal <- (move-goal ?blockl on-top-of floor) 
(block ?blo'ckl) 
(on-top-of n.o.thing ?blockl) 
?stack <- >(ori.-top-of ?blockl ?block2) 
=> ¡ ·. 

(retract ?goá'l ?stack) 
(assert (on~top-of ?blockl floor)) 
(assert (on-top-of nothing ?block2)) 

/ 
(printout t· ?blockl " moved on top of floor ;-" 

crlf)) 

This rule is similar to the move-directly rule wilh the exceplion lhal it is nol 
necessary lo updale sorne infonnalion aboul the floor since il is nol a block. 

The clear-upper-b/ock rule is in1plemen1ed as follows 

(defrule clear-upper-block 
(move-goal ?blockl on-top-of ?) 
(block ?blockl) 
(on-top-of ?block2 ?blockl) 
(block ?block2) · 
=> 
(assert (move-goal ?block2 on-top-of floor))) 

The clear-lower-b/ock rule is implemenled as follows 

(defrule clear-lower-block 
(move-goal ? on-top-of ?blockl) 
(block ?blockl) 
(on-top-of ?block2 ?blockl) 
(block ?block2) 
=> 
(assert (move-goal ?block2 on-top-of floor))) 

The program is now complete wilh lhe move-directly, move-to-floor, 
clear-upper-block, and clear-lower-block rules and the initial-state deffacts. The follow­
ing output shows a sample run of this blocks world prograrn. 

CLIPS> (reset) .J 
CLIPS> (run).J 
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A moved on top of floor. 
B moved on top of floor. 
D moved on top of floor. 
e moved on top of E. 
7 rules fired 
CLIP S> 

Blocks A and B are frrst moved to the floor to clear block C. Block D is then moved to 
!he floor to clear block E. Finally, block C can be moved on top of block E to solve 
!he primary goal. 

This example has dcmonstrated building a program us.ing a step by step method. 
First, pseudorules wcre written using English-like text. Second, the pseudorules were 
used to determine the types of facts that would be requ~d. Templates describing the 
facts were designed, and the initial knowledge for !he prógram was coded using these 
templates. Finally, the pseudorules were translated to <:;LIPS rules using the fact 
templates as a guide for translation. 

Typically, the development of añ expert system requires a great deal more proto­
typing and iterative development than was shown in developing this example. 1t is not 
always possible to determine !he best method for representing facts or !he types of rules 
ti>' ·ill be needed to build an expert system. Following a consisten! methodology, 
h er, can aid in !he development of an expert system even when a great deal of 
prototyping and itemtion needs to be performed. 

8.7 MUL TIFIELD WILDCARDS AND VARIABLES 

Multifields 

~ 
Multifield wildcards and variables can be used to match against zero or more fields of a 
pattem. The multifield wildcard is a dollar sign followed by a question mark, "$?", 
and represents zero or more occurrences of a field. Note that ordinary variables and 
wildcards match exactly one field. This is a slight, but very in1portant difference. The 
following rule and deffacts show how multifield wildcards can be used to find al! 
occurrences of facts that represe11t a list of items, regardless of the size of !he lis t. 

(defrule find-list 
(list $?) 

=> 

. :: 

(printout t "Found a list" crlf)) 

(deffacts different-lists 
(list a) 
(list b d) 
(list a b e) 
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(list a e e e) 
(list e d b)) 

nus program, when run, will fue the find-list rule five times since there are five list 
facts. 

Wildcards have another ·importan! use because they can be attached to a symbolic 
field to create a variable such as ?x, $?x, ?mme, $?name. Single field variables are 
preceded by a"?", while multifield variables a11' preceded by a"$?". 

As an example of a multifield variable, the following version of the find-lisi rule 
also prints out the item field(s) of the matching fact because a variable is equated to the 
item field(s) that match. 

(defrule find-list 
(list $? items) 
=> 
(printout t "Found a list with items: " $?items 

erlf)) 

When this rule is fired, the items found in the lists will be printed. The multifield 
wildcard can match any number of fields. No matter how many ítem fields that a list 
has, the multifield wildcard will match against all of them. 

Multifield variables can also be used to find all lists that co"ntain a particu em 
field, even if the position of the ítem field is not known in advance. Suppose we want 
to find all list facts containing the ítem c. The following facts from the different-lists 
dcffacts al1 contain the ítem e 

(list a b e) 
(list a e e e) 
(list e d b) ; 

Notice that the fact (lista e e e) would actually match twice since there are two c's 
in the ítem list. This rcpresents a. case in which two activations of the same rule are 
placcd on the agenda with the exact same fact identifiers. Nonnally, CLIP~ will not 
allow this to happen, but in this case, the facts have been matched in different ways 
because multifield variables were used. ' 

The following rule will match all facts containing the ítem e and print out the 
ítem fields found before and after the item c. 

(defrule find-item-e 
(list $?before e $?after) 

=> 
(printout t "Items befo~e e: " $?befare erlf) 
(printout t "Items after e: "$?after erlf)) 
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The pattem matches any list facts th<~t have an item e anywhere in lhem. 
Single and multifield wildcards can be combined. For:example, tbe pattem 

(list ? $? e ?) 

means lhat the first and last fields can be anything, and that the field just before the last 
. field must be the word c. The pattem also requires lhat the matching fact must have at 
leas! four fields. Table 8-1 shows which of lhe facts found in the di.fferent-lists deffacts 
will match this pattem. 

Fact Marches 
(list e) No 
(list e d) No 
(lista e e) Y es 
(lista e d b) No 
(listad e b) Y es 

Table 8-1 
Matches for lhe Pattem (list ? $? e ?) 

1\ JJat 'the $? can match zero or more occurrences of 'ii'" field. Matching zero occur­
rences means that there can be a match with no fields. So a pattem like (list $?items) 
will match any list fact. In contras!, the ? requires a field to match. 

Although multifield variables can be essential for pattem matching in many cases, 
tbeir overuse can cause a lot of inefficiency because of increased memory requirements .. 
and slower execution. As a general rule of style, $? should only be used when the 
length'of.the fields being matched against is not known. The $? should not be used as a 
convenience to avoid typing severa! single field wildcards. Chaptcr ll,.which discusses 
efficiency, has more details on lhe efficient use of multifield wildcards and variables. 

Implementing a Stack 

A stack is an ordered data structure to which items can be added and removed. Items are 
added and removed to one "end" of the stack. A new item can be pushed (added) to the 
stack or the last item added can be popped (removed) from the stack. In a stack, the fust 
value added is the last itcm to be removed and the last item added is the first item lo be 
removed. 

A useful analogy for a stack is a set of cafeteria trays. New trays are added (pushed) 
on lhe top of the trays airead y in the stack. Thc last trays added to the top of the stack 
will be lhe first trays removed (popped). 

is relatively easy to implement a stack capable of performing push and pop op­
e.. Jns using multificld variables. First of all, a stack fact similar lo the /ist facts 
previously discussed can be used. The following rule will push a value onto the stack 
fa e t. 

,.,. 

,-
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(defrule push-value 
?push-value <- (push-value ?value) 
?stack <- (stack $?rest) 
=> 
(retract ?push-value ?stack) 
(assert (stack ?value ~?rest)) 
(printout t "Pushing value" ?value crlf)) 

Tw o rules are necessary to implement the pop action: one for im empty stack an' 
am ther if the stack has a value to pop. 

(defrule pop-value-valid 
?pop-value <- (pop-value) 
?stack <- :(stack ?value $?rest) 
=> 
(retrac~·~pop-value ?stack) 
(assert , (-stack $?rest)) 
(printotit' ·t "Popping value " ?value crlf) ,______... 

(defrule pop-value-invalid 
?pop-value <- (pop-value) 
(stack) 

=> 
(retract ?pop-value) 
(printout t "Popping from empty stack" crlf)) 

These rules could easily be changed to push and pop values to named stacks. For 
example, the patterns 

?push-value <- (push-value ?value) 
?stack <- (stack $?rest) 

could be replaced wilh 

?push-value.<- (push~value ?name ?value) 
?stack <- (stack ?name $?rest) 

where ?name represents,the name of !he stack. 

Blocks World Revisited 

Using multifield variables and wildcards, the blocks worlú problem can be reimple· 
mented in a much easier fashion. Each stack can be represented by a sing ct as 
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shown below. The operations on moving the blocks are very similar to those used in 
the push/pop example. 

(deffacts initial-state 
(stack A B C) 
(stack D E F) 
(rnove-goal e on-top-of E) 
(stack)) 

The empty stack fact is included to prevent this fact from being added later, for exam­
ple, when a stack has one block in it and that block is m6ved on top of another stack. 

The rules for the blocks world program using niultifield variables are shown 
below. 

(defrule rnove-directly 
?goal <- (rnove-goal ?block1 on-top-of ?block2) 
?stack-1 <- (stack ?block! $?restl) 
?stack-2 <- (stack ?block2 $?rest2) 
=> 
(retract ?goal ?stack-1 ?stack-2) 
(assert (stack $?rest1)) 
(assert (stack ?block1 ?block2 $?rest2)) 
(printout t ?block1 " moved on top of " 

?block2" • crlf)) 

(defrule rnove-to-floor 
?goal <- (move-goal ?block1 on-top-of floor) 
?stack-1 <- (stack ?block1 $?rest) 
=> 
(retract ?goal ?stack-1) 
(assert (stack ?block1)) 
(assert (stack $?rest)) 
(printout t ?block1 "moved on.top of floor." 

crlf) ) 

(defrule clear-upper-block 
(move-goal ?block1 on-top-of ?) 
(stack ?top $? ?block1 $?) 

=> 
(assert (move-goal ?top on-top-of floor))) 

(defrule clear-lower-block 
(move-goal ? on-top-of ?block1) 
(stack ?top $? ?block1 $?) 
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=> 
(assert (move-goal ?top on-top-of floor))) 

8.8 FIELD CONSTRAINTS 

The NOT Field Constraint 

Chapter 7 demonstrated elementary pattern matching using the industrial plan! 
monitoring system example. In addition to those elementary pattern matching 
capabilities, CLIPS has more powerful pattem matching operators. These additional 
pattem matching capabilities will be introduced by reconsidering the problem of deter­
mining groups of people with certain hair and eye colors. Suppose, for example, it is 
necessary to find ai1 people who do not have brown hair. One way to do this is to write 
rules for each type of hair color. For example, the following rule fmds people with 
black hair. 

{defrule black-hair-is-not-brown-hair 
(person ?name···.·:?·:·black) 
=> ::•' ; ' 
(printout t ?riame " does not have brown hair" 

crlf)) 

Another rule would cover people having blonde hair. 

{defrule blonde-hair-is-not-brown-hair 
{person ?name ? blande) 
=> 
{printout t ?name " does not have brown hair" 

crlf)) 

Y el another rule could be written lo find people having red hair. The problem with 
wriling the rules in this manner, however, is that the condilion bcing checked is that 
the hair is not brown. The previous rules attempt to test this condition in a 
round-about manner. That is, determine a11the hair colors other than brown and write a 
rule for cach one. If all the colors can be specified, then this technique will work. For 
this example, however, it would be simpler to assume that hair color could be anything 
(even purple or green). 

A way of handling this case is to use a field constraint to restrict the values a 
field may have on the LHS. The field constraint pul limits on the values a field may 
have on the LHS. The field constraint acts like operators on pattems. 

One typc of field constrainl is called a logical constraint. There are three typeo 
of logical constraints. The first type of logical constraint is called a N O 
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constraint. Its symbol is the tilde, "~". The NOT constraint acts on the one value 
that immediately follows it. It prevents that value from matching a field of the pattem. 

The rule that looks for people without brown hair can be written much more easily 
using the NOT constraint as shown in the following rule, . 

~- .. -~ 

(defrule person-without-brown-hair 
(person ?name ? -brown) 
=> 
(printout t ?name " does not have brown hair" 

crlf)) 

By using the NOT constraint, this one rule does the work of many others that required 
specifying each hair color. 

The OR Field Constraint 

The secend logical constraint is the OR constraint, represented by the bar "1". The 
OR constraint is used to allow one or more possible values to match a field of a 
pattem. 

For example, the following rule finds al! people with either black or brown hair 
1g the OR constraint. 

(defrule black-or-brown-hair 
\ \ (person ?name ? brown ·1 black) 

' 1 => 
(printout t ?name " has dark hair" crlf)) 

Asserting the facts (person Joe blue brown) and (person Mark brown black) would 
place an instantiation for each of the facts on the agenda. 

The AND Field Constraint 

The third type of logical constraint is thc AND constraint. The AND constraint is 
different from the logical AND discussed in Chapter 7. The symbol of thc AND 
constraint is the an1persand, "&". The AND constraint is normally used only with the 
other constraints since otherwisc it's not of much practica! use. 

One case in which the AND constraint is useful is to place additional constraints 
with the binding instancc of a variable. Suppose, for examp!e, that a rule is triggered 
by a person fact with hair color of brown or black. Thc pattcm to find such a fact can 
be expressed easily using the OR constraint as shown in thc prcvious example. 
TT~wever, how can the value of the hair color be identified7 The solution is to bind a 

able to the color that is matched using thc AND constraint and thcn print out the 
variable. This is a case in which the AND constraint is useful, as shown following. 

'· 
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(defrule black-or-brown-hair 
(person ?name ? ?color&brownlblack) 
=> 
(printout t ?name "has" ?color" hair" crlf)) 

The variable ?color will be bound to whatever color is matched by the brownlblack 
fiel d. 

The AND constraint is also useful with the NOT constmint. For example, the fol-
lowing rule triggers when a person's hair color is not black and not brown. · 

defrule black-or-brown-hair 
(person ?name ? ?color&-brown&-black) 
=> 
(printout t ?name" has" ?color" hair" crlf)) 

The following rule. illustrates a case in which the AND constraint is not useful. 

(defrule person-with-black-and-blonde 
(person ?name ? black&blonde) 
=> 
(printout t ?name " has black and blonde hair" 

crlf) ) 

This rule will never be triggered since there is no possible fact whose hair color 
value is both black and blonde (assuming, of course, that a person's natural hair color 
can only be one color). The pattem will not match on black, blonde, or even 
blackblonde. 

The following rule illustrates another case where the AND constraint is not very 
use fu!. 

(defrule person-with-black-hair 
(person ?name ? black&-blonde) 
=> 
(printout t ?narne "has black hair" crlf)) 

The pattem will match a person whose hair color is black and not blonde. In this 
case, the rule can be triggered by the fact (person Mark brown black) since black is 
black and not blonde. However, it's much more efficient to just write the rule as 

(defrule person-with-black-hair 
(person ?narne ? black) 

=> 
(printout t ?narne" has black hair" crlf)) 
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since hair that is black: c31Ulot be blonde anyway. 

Combining Field Constraints 

Field constraints can be mixed together with variables and other literal values to pro­
vide very powerful pattem matching capabilities. SuppÓse, for example, a rule is 
needed which determines if two people exist with the following conditions. The first 
person has either blue or green eyes and does not have black hair. The second person 
does not have the same color eyes as the first person and has either red hair or the same 
color hair as the first person. The following rule will match these constraints. 

(defrule complex-eye-hair-match 
(person ?namel ?eyesl&bluelgreen ?hairl&-black) 
(person ?name2&-?namel ?eyes2&-?eyesl 

?hairl&redl?hairl) 
=> 
(printout t ?namel " has " ?eyesl " eyes .and " 

?hairl " hair 11 crlf) 
(printout t ?name2 " has " ?eyes2 " eyes and " 

?hair2 " ha ir" crlf) ) 

This example is worth studying in sorne detail. The field ?eyesl&bluelgreen bind~ 
the first person's eye color to the variable ?e y es 1 if the eye color val u e of the fact being 
matched is either blue or green. The field ?hairl&-black binds the variable ?hairl if the 
hair color value of the fact being matched is not black. 

The pattem ?name2&-?nan1e 1 performs a very useful operation. lt binds the name­
value of the person fact to the variable ?name2 if it is not the same as thc value of 
?namel. If the namcs are unique tags, this will insure that both pattems do nor match 
the same fact. For these two pattems, this cannot happen since the eye col01 of thc 
second person must be different from the eye color of the first person. However, it is a 
use fu! technique lo understand and has many useful applications. Chapter 12 wi 11 show 
how this same technique can be accomplished using fact addresses to make sure that the 
facts are different. This will allow the rule to work for people with the same names, 
but different hair and eye colors. 

The pattern field ?eyes2&-?eyesl perforn1s much the same test as the previous 
field. The final field, ?hair2&redl?hairl, binds the hair color valuc of the second person 
to the variable ?hair2 if the hair color is eithcr red or the same value a-s the variable 
?hairl. Note that a variable must already be bound if it used as part of an OR field 
constraint. 

Variables will be bound only if they are the first condition in a field and only if 
thP.y occur singly or are tied to the other conditions by an AND field constraint. For 

nple, the following rule 
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(defrule bad-variable-use 
(person ?name? redl?hair) 
=> 
(printout t ?name "has" ?hair" hair" crlf)) 

will produce an error since ?hair is not bound. 
As a final note for combining constraints, kee¡:i in mind the combinations of con­

straints that perform no use fu! purpose. As shown previously, using the ANO 
constraint to tie together literal constants will always produce a matching failure unless 
the constants are identical. Similarly, tying together negated literals using the OR 
constraint will always succeed in a pattem match if the Iiterals are different. 

8.9 FUNCTIONS AND EXPRESSIONS 

Elementary Math Functions 
• 1 ~' 

Besides dealing with symbolic facts, CUPS can also perform calculations. However, 
keep in mind that an expe¡t system language Iike CLIPS is not designed for 
number-crunching. Although the math functions of CLIPS are very powerful,, they are 
primarily mean! for modification of numbers that are being reasoned about by the 
application program. Other languages such as FORTRAN are bet' '1r 
number-crunching in which little or no reasoning about the numbers is done. .·S 
provides the elementary arithmetic operators as shown in Table 8-2. AH arithmetic is 
done in floating-point and all numbers are stored in floating-point. 

Arithmetic Operators MeaninJ? 

+ Addition 
- Subtraction 
• Multiplication 

1 Division 
•• Exponentiation 

Table 8-2 CLIPS Elementary Arithmetic Operators 

Numeric expressions are represented in CUPS according to the style of LISP. In 
LISP and CLIPS, a numeric expressiori that would customarily be written as 2 + 3 
must be written in prefix form, (+ 2 3). The customary way of writing numeric ex­
prcssions is called infix form because the math operators are in between the 
opcrands or arguments. In the prefix form of CLIPS, the operator must go befare 
the operands and parentheses must surround the numeric expression. 

It is relatively easy to convert from infix to prefix format. For example, suppose 
!.Wo points are to be checked to see if they ha ve a positive slope. In the customary x 
way, this can be written as 

:;: 
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(y2 - yl) 1 (x2 - xl) > o 

Note that the greater than symbol, >, is a CLIPS function which will be introduced 
later. It is used to determine ü its fust argument is greater than its second argument. In 
order to write this expression in prefix form, it will be useful to start by thinking of 
the numerator as (Y) and the denominator as (X). So the expression above can be 
written as 

(Y) / (X) > o 

The prefix form for division is then 

(/ . (Y) (X) ) 
'.;, . 

,o 

since in prefix the operator comes before the argument. Now the result of the division 
must be tested to determine if it is greater than O. So the prefix form is as follows. 

(> (/ (Y) (X)) . 0)) 

.':?. infix form, Y = y2 - y l. But the prefix form needs to be used, since a prefix 
t";j{"<>sion is being created. So (- y2 y 1) will be used for (Y) and (- x2 xl) for (X). 
Re~l'acing (Y) and (X) by their prefix forms will yield the final expression of whether 
the two points have a positive slope. 

(> (/ (- y2 yl) (- x2 xl)) 0) 

The simplest way to evaluate a numeric expression in CLIPS (as well as any other 
expression) is to evaluate the expression at the top-level prompt. For example, entering 
( + 2 2) at the CLIP S prompt would produce the following output. 

CLIP S> (+ 2 2) .J 
4 

CLIP S> 

The output shows the corree! response of 4. In general, any CLIPS expression can 
be entered at the top leve! to be evaluated. In fact, many of the comm'!fldS already 
discussed such as the facts and agenda commands are simply functions that, whcn 
evaluated, produce output as a side effcct. Most functions, such as the addition 
function, ha ve a return v alue. This retum val u e can be a numbcr, word, string, or 
cven a multifield value. Othcr functions, su eh as thc facts and agenda commands have 
JJ.ii'"" j#~Im value. Functions without a retum valuc typically havc what is called a si de 
eow· \ The si de effect of the facts command is lo list Lhe facts in the fact-list. 

The other aritlnnetic functions also work at the top-levcl. The following output 
dcmonstrates the evaluation of sorne othcr exprcssions. 
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CLIP S> (+ 2 3) .J 
5 
CLIP S> (- 2 3) .J 
-1 
CLIP S> (* 2 3) .J 
6 

. CLIPS> (/ 2 3)..1 
0.66666669 
CLIP S> (**.2'3)..1 
8 
CLIP S> 

Note tbat the answer for division will probably show a round-off error in the last 
digit. Tiris result may vary from machine to machine. 

Variable Numbers of Arguments 

Prefix notation allows variable numbers of arguments to be represented quite simply. 
Many CLIPS functions accept a variable number of arguments. The arguments in a 
numeric expression can be extended beyond two for all operators except exponentiation. 
The same sequence of arithmetic calculations is perfom1ed for more !han two argu­
ments. The following examples entered at tbe top leve! shows how three argu ¡ are 
used. Evaluation proceeds from left to right. 

CLIP S> (+ 2 3 4).J 
9 
CLIP S> (- 2 3 4) .J 
-5 
CLIP S> (* 2 3 4) .J 
24 
CLIP S> (/ 2 3 4) .J 
0.16666667 
CLIP S> 

Once again note tbat the answer for division may differ slightly depending upon the 
machine being used. 

l'recedence and N esting Expressions 

One importan! fact about CLIPS and LISP calculations is that there is no built-in 
precedence of arithmetic operations. In other computer languages, multiplication and 
division rank higher than addition and subtraction and tbe computer does the higher 
ranked operations first. However, in LISP and CLIPS, tbere is no built-in pre1 Jce. 



Expert Systems: Principies and ·Programming 431 

Everything is simply evaluated from left to right with parentheses determining 
precedence. 

Mixed calculations can be done in prefix notation. For example, suppose the fol­
lowing infix expression is to be evaluated 

2 + 3 * 4 

The customary evaluation is to multiply 3 by 4 and then add the result to 2. How­
ever, in CLIPS, the precedence must be explicitly written. The expression could be 
evaluated by entering the following at the top leve! 

CLIPS> (+ 2 (* 3 4))..1 
14 
CLIP S> 

In this rule, the expression in the innermost parentheses is evaluated first ami so 3 
is multiplied by 4. The result is then added to 2. lf the desired evaluation is (2 + 3) * 4, 
where again addition is done first, the top leve! expression would be 

CLIP S> (* (+ 2 3) 4) .J 
20 
CLIP S> 

Using Expressions Within Asserts 

In general, expressions may be freely embedded within other expressions. It woul<f 
therefore seem natural to use an expression within an assert in the following manner 

CLIP S> (assert (answer (+ 2 2))) .J 
CLIP S> 

The expected result would be the addition of the fact (answer 4) to the fact-list. 
Attempting this assertion, however, will produce an error. To understand this error, one 
must look back to the origin of CLIPS. The syntax of CLIPS is based very closely 
upon the syntax of ART. ART allows the use of embedded lists within facts. For 
example, the following facts are al! valid ART facts: 

(tools (hammer wrench pliers)) 

(narn< s (Paul Torn Harry) (Martha Anne Jane Janet)) 

(ans1er (+ 2 2)) 

All of these facts are invalid in CLIPS since they contain embedded lists. Notice 
the fact (answer ( + 2 2)). Since this is a val id fact with an embedded Iist, namely ( + 2 
2), how docs ART specify an expression to be evaluated? The answer is that ART uses 
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an "escape" character to indicate that a Iist is an expression to be evaluated an<' an 
embedded Iist. To maintain compatibility, CLIP S uses this same escape characte •.. ;en 
though embedded Iists are not allowed in CLIPS. 

The escape character used to signify an expression to be evaluated is the "=" 
operator. The operator may also be associated with the words "equal to the value of.". 
Por example, the following command 

CLIP S> (assert (answer = (+ 2 2))) .J 
CLIP S> 

will correctly assert the fact (answer 4) because the = operator uses the value of 4 
returned by the expression ( + 2 2). Note that the = operator is only used within assert 
commands (and sometimes within pattems as will be shown in Chapter 9), and it 
should only be used at the beginning of an expression to be evaluated (never within an 
expression). 

/. ·,, 
8.10 SUMMING VALUES USING RULES 

As a simple example of using. Junctions to perform calculations, consider the problem 
of summing up the area of a·group of rectangles. The height and width of the rectan¡¡les 
can be specified using the following template. 

(rectangle <height> <width>) 

and the su m of rectangle are as could be specified with the following template. 

(sum <total-area>) 

A deffacts containing sample infonnátion is 

(deffacts initial-information 
(rectangle 10 6) 
(rectangle 7 5) 
(rectangle 6 8) 
(rectangle 2 5) 
(sum 0)) 

An initial attempt to produce a rule to su m the rr ctangle might be as follows: 

(defrule sum-rectangles 
(rectangle ?~eight ?width) 
?sum <- (sum.?total) 
=> 
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(retract ?sum) 
(assert (sum =(+?total (* ?height ?width))))) 

This rule, however, willloop endlessly. Relracling lhe suin facl and then reasserting it 
will produce a loop with a single rectangle fact. One solution lo solve the problem 
would be to retrae! the rectang/e fact after its area was add~Cd·to the sum fact. This would 

·1, . 
preven! the rule from firing off lhe same rectangle facl with a different sum fact. If the 
rectangle fact needs to be preserved, however, a different approach is required. A tempo­
rary fact containing the area to be added lo the sum is created for each rectangle fact. 
Tiris temporary fact can then be retracted which prevents·an endless loop. The modified 
program is as follows: 

(defrule sum-rectangles 
(rectangle ?height ?width) 
=> 
(assert (add-to-sum =(* ?height ?width)))) 

(defrule sum-areas 
?sum <- (sum ?total) 
?new-area <- (add-to-sum ?area) 
=> 
(retract ?sum ?new-area) 
(assert (sum =(+?total ?area)))) 

The following output shows how lhese lwo rules interacl lo sum the are as of the 
reclangles. -

CLIP S> (watch all) .J .-: ·; 
CLIP S> (reset) .J ... :.t: 

==> f-0 (initial-fact) , .. 
==> f-1 (rectangle 10 6) ·, · .. 
==> Activation O sum-rectangles: f-1 
==> f-2 (rectangle 7 5) 
==> Activation O sum-rectangles: f-2 
==> f-3 (rectangle 6 8) 
==> Activation O sum-rectangles: f-3 
==> f-4 (rectangle 2 5) 
==> Activation O sum-rectangles: f-4 
==> f-5 
CLIP S> 
FIRE 
==> f-6 

( sum O) 

(run) .J 
1 sum-rectangles: f-4 

(add-to-sum 10) 
==> Activation O sum-areas: f-5,f-6 
FIRE 2 surn-areas: f-5,f-6 
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<= f-5 (sum 0) 
<= f-6 (add-to-sum 10) 
==> f-7 (sum 10) 
FIRE 3 sum-rectangles: f-3 
=> f-8 (add-to-sum 48) 
==> Activation O sum-areas: f-7,f-8 
FIRE 4 sum-areas: f-7,f-8 
<== f-7 (sum 10) 
<== f-8 (add-to-sum 48) 
=> f-9 

.. ·¡ 

(sum 58) 
FIRE 5 sum-rectangles: f-2 
==> f-10 (add-to-sum 35) 
==> Activatio;:{ 1 o~ sum-areas: f-9,f-10 
FIRE 6 sum-areas: f-9,f-10 
<== f-9 (sum 58) 
<== f-10 (add-to-sum 35) 
==> f-11 (sum 93) 
FIRE 7 sum-rectangles: f-1 
==> f-12 (add-to-sum 60) 
==> Activation O sum-areas: f-11,f-12 
FIRE 8 sum-areas: f-11,f-12 
<== f-11 (sum 93) 
<== f-12 (add-to-sum 60) 
==> f-13 ( sum 153) 
8 rules fired 
CLIP S> 

The sum-rectangles rule is activated four times when the rectangle facts are asserted 
as a result of the reset command. Each time the sum-rectangles rule is fired, it asserts a 
fact which activates the sum-areas rule. The sum-areas rules adds the area to the running 
total and removes the add-to-sum fact. Since the sum-rectangles rule does not pattem 
match against the sum fa el, lt Ís not reacti valed when a new sum fact is asserted. 

8.11 THE BIND FUNCTION 

Quite often it is usdul tó store a value in a temporary variable to :IYoid recalculation. 
Avoiding recalculation cau often be crucial when function~ produce sitie cffcc:l.::. 'J!.é: 
bind function can be used to bind the value of a variable to the value of an expression. 
The syntax of the bind function is 

(bind <variable> <value>) 

~· .. 
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The bound variable, <Variable>, can be eitlJer a multifield variable or a single field 
variable. The new value, <value>, should either be a single field value or an expres­
sion. If <Value> is an expression, its retum value should be a single field value for a 
single field variable. A multifield variable can accept either a single field ora multifield 
retum value. For example, the sum-areas rule could printout the total sum and the area 
being added to it for each rectangle. 

(defrule sum-areas 
?sum <- (sum ?total) ., 

. ?new-area <- (add-to-sum ?area)· :· 
=> 
(retract ?sum ?new-area) 
(printout t "Adding • ?area " to • ?total crlf) 
(printout t "New sum is " (+ ?total ?area) crlf) 
(assert (sum = (+ ?total ?areai))) 

Notice that the expression ( + ?total ?area) can be embedded within the prinrout com­
mand and that it does not require the = operator. The expression is used twice in the 
RHS of the rule. Replacing the two separate evaluations with one bind function would 

'nate unnecessary calculations. The rule rewritten with the bind function is 

(defrule sum-areas 
?sum <- (sum ?total) 
?new-area <- (add-to-sum ?area) 
=> 
(retract ?sum ?new-area) 
(printout t "Adding " ?area • to " ?total crlf) 
(bind ?new-total (+?total ?area)) 
(printout t "New sum is " ?new-total crlf) 
(assert (sum ?new-total) )) 

In addition to creating new variables for use on the RHS of a rule, the bind 
function can also be used to rebind the value of a variable used in !he LHS of a rule. 

8.12 USING FUNCTIONS ON THE RHS 

Commands that are entered at the top-level prompt and actions performed from the 
RHS of a rule are all CLIPS functions. Commands have been used to describe func­
tions that are primarily entered at !he top-Ievel prompt and actions are used to describe 

'ions that are primarily used on the RHS of a rule. In general, any function which 
, . oe entered as a cornmand at the top-levcl can also be used on the RHS of a rule as 
an action and vice-versa. The only rnajor exception are the defrule and deffacts 
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conslrucls which cannol be used on the RHS of a rule. The following is an e: pie of 
a rule which displays the facts in the fact-list as its RHS action. 

(defrule print-facts 
=> 
(facts)) 'i:\ 

.,_ ... 
;. - ·• 

Note that sorne commands such as reset, run, clear, and excise are dangerous to use 
on the RHS because theY, ~ay modify the curren! state of an executing rule. For exam­
ple, a rule may be delete(Hn the process of executing the actions on its RHS, and so 
the results are unpredictable. 

8.13 SUMMARY 

In this chapter, the concept of variables was introduced. The use of variables for 
retrieving information from ·acts was di~:cussed as well as the use of variables for 
pattem matching on the LHS ',fa rule. Variables can be used to store the fact addresses 
of pattems on the LHS of a rule so that the fact bound to the pattem can be retracted on 
the RHS of the rule. Single field wildcard~ can be used in place of variables when lhe 
field lo be matchcd againsl can be anything ami its valuc is nol nccdcd lakr in ·· · LIIS 
or RHS of the rule. Mullifield variables and wildcards allow more !han one in a 
pattem lo be malched against. 

Field constraints allow the negation and combination of more than one constraint 
for a given field. The NOT field constraint is used to preven! matching against certain 
values. The AND field constraint is used to guarantee that all of a series of matching 
condilions are true. The OR field constraint is used to guarantee that at leas! one of a 
series of matching conditions are true. 

Functions can be entered into the CLIPS top leve! command loop or used on !he 
LHS or RHS of a rule. Many functions, such as sorne of the árithmetic funclions, can 
have a variable number of ¡:¡rguments. Function calls can be nesled within other func­
tion calls. The bind command allows variables to be bound on the RHS of a rule. 

PROBLEMS AND PROGRAMS 

8-1. Given the following fact templates for facts describing a family tree 

(father-of <father> <child>) 
(mother-of <mother> <child>) 
(mal e <person>) 
(female <person>) 
(wife-of <wife> <husband>)· 
(husband-of <husband> <wife>) 
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write rules which will infer the following relations 

a) Uncle, aunt 
b) Cousin 
e) Grandparent 
d) Grandfather, grandmother 
e) Sister, brother 
f) Anoestor 

8-2. An industrial plant has ten sensors with id numbers 1 through 1 O. Each sen­
sor has either good or bad status. Build a template for representing the sensors and write 
one or more rules which will print a warning message if three or more sensors have bad 
status. Test your rules with sensors 3 and 5 bad, sensors 2, s· and 9 bad, and sensors 1, 
3, 5 and 10 bad. What must be done to preven! the warD.iiJg message from being dis-
played multiple times? · ·. 

8-3. Given facts which describe the hair and eye color of a personas shown by the 
following fact template 

{person <name> <eye-color> <hair-col9r>) 

and a fact describing a hair or eye color being sought as shown by the following fact 
tcmplate 

{looking-for <eye-color> <hair-color>) 

write one or more rules which will 

a) Print a message indicating that a pcrson has either the same eye color or' 
same hair color that is being sought. 

b) Print a message indicating that a person has both the same eye color and 
hair color being sought. 

8-4. Rewrite Úle stack rules found in Section 8. 7 to work with named stacks. 
), 

8-5. In a stack, the first vai'Je added is the last valuc Jo be remove_d and the las! 
value added is the fust value to be remove. A queue works in the opposite manner. The 
first value added is the fust value removed and !he last value added is the las! value re­
moved. Write rules which will add and remove values to a queue. Assume that only one 
queue exists. 

Write one. or more rule; which will generate al! of the permutations of a base 
fact and print them out. For exan pie, the fact 
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(base-fact red green blue) 

should generate the output 

Permutation is .·red green blue 
Permutation is:o~red blue green 
Permutation is,green red blue 
Permutation is green blue red 
Permutation is blue red green 
Permutation is blue green red 

8-7. Given sets represented using the following fact template 

(set <name> <<elements>>) 

write one or more rules which will 

a) Compute the union of two sets given a fact of the formal (find-union 
<set-1> <Set-2>). 

b) Compute the intersection of two sets given a fact of the formal 
(find-intersection <Set-1> <Set-2>). 

Note that when computing the union and intersection, duplicate elements should nor be 
allowed to appear in the union or intersection of the sets. 

8-8. Given a series of facts describing shapes with the following templates 

(square <id-name> <side-length>) 
(rectangle <id-name> <width> <length>) 
(circle <id-name> <radius>) 
(triangle <id-name> <base-length> <height>) 

write one or more rules which will compute the sum of 

a) The area of the shapes. 
b) The perimeter of the shapes. 

Test the output of the rules with the following-deffacts 

(deffacts test-8-8 
(square A 3) 
(square B 5) 
(rectangle e 5 7) 
(circle D 2) 
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(circle E 6) 
(triangle F 3 4)) 
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8-9. Given information about the name, eye color, hair color, and nationaliiy of a 
person from a group in the following formal 

(person <name> <eye-color> <hair-color> 
<nationality>) 

write one rule which will identify 

a) Anyone with blue or green eyes who has brown hair and is from France. 
~~~~~~~~e~mhl~hair~~s~~~ 

same color hair and eyes. 
e) Two people. The first having brown or blue eyes, not having blond hair, 

anda German nationality. The second having green eyes and the same hair 
color as the first person. The second person's eyes m ay be brown if the 
first person's hair is brown. 

' 10. Convert the following infix expressions to prefix expressions. 

a) ( 3 + 4) * ( 5 + 6) + 7 
b) ( 5 * ( 5 + 6 + 7) ) - ( ( 3 * ( 4 1 9) + 2) 1 8) 

e) 6 - 9 * 8 1 3 + 4 - ( 8 - 2 - 3 ) * 6 1 7 

8-11. Write rules which will take a finite state machine from its present state to its 
next state given a faet of the form 

(input <value>) 

The state m achine and its ares should be represented as facts. The input fact should be 
retraeted when the machine goes to its next state. Test your rules and fact representa­
tions on the finite state machines shown in Figures 3-5 and 3-6. 

8-12. Write a set of rules for classifying syllogisms by mood and figure. For ex-
ample, the syllogism 

No M is P 
Sorne M is not S 
:. Sorne S is P 

of type EOI-3. The input for the rules should be facts representing the major and 
minor premises and the conclusion. The output should a printed statement of the mood 
and figure. 
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8-13. Create rules for implementing the decision procedure for determinin: 1 

syllogism is valid. Test your program on the syllogism from Problem 8-12. 
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.HAPTER 9 CONTROL TECHNIQUES 

9.1 INTRODUCTION 

This chapter introduces various techniques for controlling the execution of rules. 
Groups of rules are used to build more powerful and complex programs than ha ve becn 
shown in previous chapters. Techniques for input, comparing values, and generating 
loops will be demonstrated. Rule salience is introduced as a method for prioritizing 
rules, and techniques for specifying control knowledge using rules is demonstrated. 
Final! y, logical pattem operators are introduced. Thcse opcrators allow a single rule to 
perform the function of severa! rules and provide the capability to allow matching 
against the absence of facts. 

9.2 THE GAME OF STICKS 

A simple two playcr game called Sticks will be used as an example in this chapter to 
demonstrate various techniques of control in a rule-based language. The object of Sticks 

• avoid being forced to take the last stick in a piJe of sticks. Each player m ay take 
, or 3 sticks on thcir tum. The trick (or heuristic) to winning this game can be 

tound by noticing that you can force your opponent to lose if it is their tum and there 
are 2, 3, or 4 sticks remaining. Thus a player who has 5 sticks remaining on thcir 
move has lost. To force the other player to 5 sticks, always leave a number of sticks 
equal to a multiple of 4 plus 1 al the end of your tu m. At the end of your tum, force 
the pile to 5, 9, 13, etc. sticks. If you move first and the piJe is set to one of the 
"losing" numbers, then you cannot win unless your opponent makes a mistake. If you 
m ove first and the pile is not set to a "losing" numbcr, then you can always win. 

9.3 INPUT TECHNIQUES 

Before beginning to play Sticks, the program must determine sorne information. The 
program will play against a human opponent, so it must be detcrmined who will gel 
the first move. In addition, the starting sizc of the piJe must be determined. This 
infom1ation could be placed in a deffacts construct. Howevcr, it is quite simple to ask 
the program's opponcnt for it by input from the kcyboard. CLIPS allo'ws infonnation 
to be read from the keyboard using the read function. The basic syntax of the read 
function requires no arguments. The following example shows how the read function is 
used to input data. 

(deffacts initial-phase 
(phase choose-player)) 
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(defrule player-select 
(phase choose-player) 
=> 
(printout t "Who moves first (Computer: e " 

"Human: h)? ") 
(assert (player-select =(read)))) 

(defrule good-player-choice 
?phase <- (phase choose-player) 
?choice <- (player-select ?player&c 1 h) 
=> 
(retract ?phase ?choice) 
(assert (player-move ?player))) 

Both rules use the pattem (phase choose-player) to indicate thei r applicability only 
when a specific fact is in the fact-list. This type of pattem is called a control pattern 
because it is specifically used to control when the rule is applicable. A control fact 
is used to trigger a control pattem. Since the control pattem for these rules contains 
only literal fields, the control fact must match the pattem exactly. In this case, the 
control fact to trigger these rules must be the fact (phase choose-player). This control 
fact will be useful for error correction when the input received by the read function dOI'" 
not match the expected values of "e" or "h" for "computer" and "human". By retracti 
and re-asserting the control fact, the player-se/ect rule can be retriggered. 

The following output shows how the player-se/ect and good-player-clwice rules 
work lo determine who should move first. 

CLIP S> 
CLIP S> 
==> f-0 
==> f-1 
CLIP S> 

(watch facts).J 
(reset).J 

(initial-fact) 
(phase choose-player) 

(run).J 
Who rnoves first ( Cornputer: e Human: 
==> f-2 (player-select e) 
<== f-1 (phase choose-player) 
<== f-2 (player-select 
==> f-3 (player-move 
2 rules fired 
CLIP S> 

e) 
e) 

h)? c.J 

Nolice that the read function requires a carriage relum hefore it will read the token 
entered. The reod function can only be used to input a single field at a time. All extra 
charactcrs entcred after the firsl field up to the carriage retum are discarded. For example, 
if the player-select rule tried lo read both the firsl player and the number of sticks in tht 
piJe with the following input, 

. ¡ 

, ., 
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e 15.J 

only the first field, "e", will be read. To read al! of the input, both fields mus! be 
enclosed within double quotes. Of course, once the input is within double quotes, it is 
a single literal field. The individual fields "e" and 15 cannot be easily accessed. 

The read function allows fields that are not words, strings, or numbers, such as 
parentheses, to be entered. Such fields are placed within double quotes and treated as 
strings. The following command line dialog demonstrates this capability 

CLIP S> (read) .J 
(.J 
n ( n 

CLIP S> 

Other input functions are also available, including a ·function which allows an 
entire line of data lo be read as a string. In addition, infonnation can also be written to 
and read from a file. These capabilities will be discussed in greater detall in Chapter 10. 

The preceding rules work properly if the corree! response of "e" or "h" is entered, 
but if an incorrect response is entered no error checking is perfonned. There are many 

'uations in which an input request should be repeated to corree! faulty input. One way 
. programming an input request loop is shown in the following example. The 

following rules use the control' fact (phase choose-player) to indicate that a player 
selection needs to be made. 

(deffacts initial-phase 
(phase choose-player)) 

(defrule player-select 
(phase choose-player) 
=> 
(printout t "Who moves first (Computer: e " 

"Human: h)? ") 
(assert (player-select =(read)))) 

(defrule good-player-choice 
?phase <- (phase choose-player) 
?choice <- (player-select ?player&c h) 
=> 
(retract ?phase ?choice) 
(assert (player-move ?player) ) ): 

(defrule bad-player-choice 
?phase <- (phase choose-player) 
?choice <- (player-select ?player&-c&-h) 
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=> 
(retract ?phase ?choice) 
(assert (phase choose-player)) 
(printout t "Choose e or h." crlf)) 

Once again, note the use of the control pattem (phase choose-player). It provides 
the basic control for the input loop and also prevents this group of rules from firing 
during other phases of execution in the program. 

Notice how the two rules, player-select and bad-player-choice, work together in 
that each rule supplies the facts necessary to activate the other. If the response to the 
player question is incorrect, the bad-player-choice rule will retrae! the control fact 
(phase choose-player) and then reassert it causing the player-se/ect rule to be reactivated. 

9.4 PREDICATE FUNCTIONS 

A predica te function is. defined to be any function which is intended to retum a 
value of either true or false. CLIPS treats the value of zero as being false and any other 
value as true. Predicate functions may either be predefined functions or 
user-defined functions. Predefined functions are !hose functions already provided 
by CLIPS. User-defined functions or externa! functions are functions oth" ,¡~an 
predefined functions that are written in C or another language and Iinked with';¡;j~·'c;';,S. 
Table 9-1 lists the predefmed logical predicate functions provided by CLIPS. 

Function N ame Purpose 
not boolean not function 
ni boolean and fuiiction 
or boolean or function 

Table 9-1 
Logical Predicate Functions 

The syntax of these functions is shown following 

(and <<<predicate-function>>>) 
(or <<<predicate-function>>>) 
(not <predicate-function>) 

Table 9-2 Iists the prec<efined comparison predicate functions provided by 
CLIP S. 



Expert Systems: Principies and Programming 

Function N ame Purvose 

a¡ equal (any) 

req not equal (any) 
= equal (nwneric) 
1= not equal (numeric) 
>= greater than or equal 
> greater than 
<= less than or equal 
< less than 

Table 9-2 
Comparison Predicate Functions 

The syntax of these functions is shown following 

(eq <any-value> <any-value>) 
(neq 
(= 

<any-value> <any-value>) 
<numeric-value> <numeric-value>) 

(!= <numeric-value> <numeric-value>) 
(>= <numeric-value> <numeric-value>) 
(> <numeric-value> <numeri~-value>) 
(<= <numeric-value> <numeric-value>) 
(< <numeric-value> <numeric-value>) 
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All of the comparison functions except the cq and neq functions will give an error­
message if given a non-numeric value asan argument. The eq and neq functions should 
be used for comparing values which may be non -numeric. 

Table 9-3 lists thc predefined type predicate functions provided by CLIPS. 

Function Name Pumose 
numberp argument is number 
stringp argument is string 
wordp argument is word 
integerp argument is an integer 
evenp argumcnt is even 
OOdo. argument is odd 

Table 9-3 
Type Predicate Functions 

"he type predicate functions can be used lo determine the type of a field. The 
syrnax of these functions is shown following. 

. ' 



446 Chapter 9 - Control Techniques 

(numberp <value>) 
(stringp <value>) 
(wordp <value>) 
(integerp <value>) 
(evenp <vaio.e>) 
(oddp <vaiue>) 

..... 

9.5 TEST P A TTERNS 

There are many cases in which it is useful to repeat a calculation or other information 
processing. The common way of doing this is by setting up a loop. In the previous 
example, a loop was set up to repeat until the user responded correctly to a question. 
But there are also many situations in which a loop needs to termínate automatically as 
the result of the evaluation of an arbitrary expression. 

The test pattern provides a very powerful way to evaluate expressions on the 
LHS of the rule. Instead of pattem matching against a fact in the fact-list, the test pat­
tem evaluates an expression. The outem10st function of the expression must be a 
predicate function. If the expression evaluates to true, the test pattem is satisfied. If the 
expression evaluates to false, the test pattem is not satisfied. A rule will be triggered 
only if al! its test patterns are satisfied, along with other pattems. The syntax. the 
test pattem is shown following. • 

(test <predicate-function>) 

As an example, suppose that it is the human player's tum. If only one stick 
remains in the pite, the human player has lost. If there. is more than one stick, the 
human pi ayer should be asked how many sticks are to be removed from the pile. The 
rule which asks the human player how mariy sticks should be removed from the pile 
needs to check that there is more than one stick remaining in the pile. The > 
comparison predicate function can be used to express this constraint as shown in the 
following test pattern 

(test (> ?size 1)) 

where ?size is the number of sticks remaining in the pile. 
Once the human player has stated the number of sticks to be removed, the response 

needs to be checked to insure that it is valid. The number of sticks taken must be an 
integer and must be greater than or equal to one and Iess than or equal to three. A player 
cannot take more sticks than are in the pile and must be forced to take the Iast stick. 
The and logical predicate function can be used to express all of these constraints as 
shown in tbe following test pattem 
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(test (and (integerp ?choice) 
(>= ?choice 1) 
(<= ?choice 3) 

(<?choice ?size))) 
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where ?choice would contain the number of sticks to be taken and ?size is the number 
of stickS remaining in thc piJe. 

Likewise, an invalid number of sticks to lake would be a value that is not an inte­
ger, less than one or greater than three, or greater than or equal to the number of sticlcs 
remaining. This can be expressed using the or logical function as shown in the 
following test pattem 

(test (or (not (integerp ?choice)) 
(< ?choice 1) 

. (> ?choice 3) 

(>=?choice ?size))) 

where ?choice would contain the number of sticks to be taken and ?size is thc number 
of sticks remaining in the pile. 

The following rules use the preceding test pattems to check thal the human pi ayer 
talcen a valid number of sticks. The pile-size facts used in these rules stores the 

information about the number of sticks remaining in the piJe. 

(defrule get-human-move 
(player-move h) 
(pile-size ?size) 
; Human player only has a choice when there is 
; more than ene stick remaining in the pile 
(test (> ?size 1)) 

=> 
· (printout t 

"How many sticks do you wish to take? ") 
(assert (human-takes =(read)))) 

(defrule good-human-move 
?whose-turn <- (player-move h) 
(pile-size ?size) 
?number-taken <- (human-takes ?choice) 
(test (and (integerp ?choice) 

=> 

(>= ?choice 1) 

( <= ?choice 3) 

(<?choice ?size))) 

(retract ?whose-turn ?number-taken) 
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(printout· t'·. "Human made a valid move" crlf)) 

(defrule bad~hUffian-move 
?whose-turn <- (player-move h) 
(pile-size ?size) 
?number-taken <- (human-takes ?choice) 
(test (or' (not (integerp ?choice)) 

=> 

(< ?choice 1) 
(> ?choice 3) 

(>=?choice ?size))) 

(printout t "Human made an invalid move" crlf) 
(retract ?whose-turn ?number-taken) 
(assert (player-move h))) 

This program will end when a val id choice for the number of sticks taken has been 
entered. Once again, a control fact is used to retrigger a rule to allow invalid responses 
to be reentered. The bad-human-move rule will reassert the control fact (player-move h) 
to reactivate the get-human-move rule. The human player can then reenter the number 
of sticks to be taken from the pile. 

9.6 THE PREDICATE FIELD CONSTRAINT 

The predica te field constraint, ":", is useful for perfonning tests directly within 
patterns. In many ways it is similar to performing a test directly after a pattem, 
although in sorne cases, as will be. discussed in Chapte_!' 11, it is more efficient to use 
the predicate field constraint than it is to use a test pattem. The predicate field 
constraint can be used just like a literal field constraint. It can stand by itself in a field 
or be used as one part of a more complex field using the NOT, AND, and OR field 
constraints. The predicate field constraint is always followed by a function for 
evaluation. As with a test pattern, this function should be a predicate function. 

As an example, the get-lzuman-move rule in the previous section used the 
following two patterns to check that the pile contained at least one stick. 

(pile-size ?size) 
(test (> ?size 1)) 

These two pattern could be replaced with the single pattern 

(pile-size ?size&: (> ?size 1)) 

The predicate field constraint can be used in a pattern field by itself. Howe~ 1ere 
are few situaúons in which this is useful. Typically a variable is bound and then tested 
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using the predicate field constraint. When reading a pattem it is useful to think of the 
predicate field constraint as mcaning such that. For cxample, the pattern field shown 
previously 

?size&: (> ?size 1) 

could be read as "bind ?size such that ?size is greater than 1 ". 
One application of the predicate field constraint is error checking of data. For 

example, the following rule checks that a data item is numeric before adding it to a 
running total 

(defrule add-sum 
(data-item ?value&: (numberp ?value)) 
?old-total <- (total ?total) 
=> 
(retract ?old-total) 
(assert (total=(+ ?total ?value)))) 

The second field of the first pattem can be read as "bind ?value such that ?value is a 
·)er." The following two rules both perform the same kind of error checking. Thcy 
onstrate the use of the NOT and OR field constraints with the prcdicate field 

constraint. 

(defrule found-symbol-1 
(data-ítem ?itero&: (stringp ?item) 1: (wordp ?itero)) 

=> 
(printout t "Found symbol or word ".?itero crlf)) 

(defrule found-symbol-2 
(data-item ?item&-: (numberp ?itero)) 

=> 
(printout t "Found symbol or word " ?itero crlf)) 

The rule found-symbol-1 checks that a data item is either a string or a word by 
using the stringp and wordp type predicare functions. The rule found-symbol-2 
performs the same check, but uses the nwnberp type predicate function and then 
negates the rctum value. 

9.7 THE EQUALITY FIELD CONSTRAINT 

--·<! equality field constraint, "=", allows the rctum value of a function to be used 
for comparison inside a pattcm. The equality field constraint can be used in conjunction 
with the NOT, AND, and OR ficld constraints as well as the predicate field constraint. 
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Like the predicate field constraint, the equality field constraint must be followed 1 

function. However, the function does not bave to be a predicate function. The ou1y 
restriction is that the function must bave a single field return value. The following· rule 
sh~ws how the equality constraint can be used in the Sticks program to determine the 
number of sticks that the computer player sbould remove from the pile. 

(deffacts take-sticks-information 
(computer-take 1 sticks-if-remainder 1) 
(computer-take 1 sticks-if-remainder 2) 
(computer-take 2 sticks-if-remainder 3) 
(computer-take 3 sticks-if-remainder O)) 

(defrule computer-move 
?whose-turn <- (player-move e) 
?pile <- (pile-size ?size) 
(test (> ?size 1)) 
(computer-take ?number sticks-if-remainder 

=(mod ?size 4)) 
=> 
(retract ?whose-turn ?pile) 
(ássert (pile-size =(- ?size ?number))) 
(assert (player-move h))) 

The computer-move rule determines the appropriate number of sticks for the com­
puter to talee on its turn. The first panern insures that the rule is applicable only when 
it is the computer's m ove. The second and third pattems check to see that the remaining 
number of sticks is greater than one. If there had only been.one remaining stick, then 
the computer would be forced to talee it and lose. The final pattem works in conjunc­
tion with the take-sticks-information deffacts to determine the appropriate number of 
sticks to talee. The mod function, short for modulus, retums the integer remainder of 
its first argument divided by its second. When reading a pattern it is useful to tliink of 
the equality field constraint as meaning is equal to. For example, the pattem field 
shown above 

= (mod ?size 4) 

could be read as "The field is equal to ?size modulus 4". 
The computer will try to talee enough sticks to set the remainder to one when the 

total number of sticks is divided by four. lf the remainder is one when the computer has 
begun its move, then it has lost unless its opponent malees a mistalee. It only takes 
one stick in this case to malee the game last longer (hoping that the human player will 
malee a mistalee ). In al! other cases, the computer can tale e the appropriate number of 
sticks to cause its opponent to lose. 

-·· 
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To demonstrate how the equality field constraint works in more detail, let's con­
sider a specific example. Assume that the piJe size is 7 and that it is the computer's 
move. The first two pattems of the computer-move rule will be satisfied with the last 
pattem remaining. The function expression (mod ?size 4) will have the value of 7 sub­
stituted for ?size leaving the expression (mod 7 4) which evaluates to 3. The 
computer-move rule now "appears" as follows 

(defrule computer-move 
?whose-turn <- (player-move e) 
?pile <- (pile-size ?size) 
(test (> ?size 1)) 

. (computer-take ?number sticks-if-remainder 3) 
=> 
(retract ?whose-turn ?pile) 
(assert (pile-size =(- ?size ?number))) 
(assert (player-move h))) 

The fourth pattem will match the computer-take fact with 3 in the fourth fiel d. For this 
case,. the computer will take two sticks leaving a piJe size of 5. After the human 
'1yer's next move, the computer can force a Ioss. 

As another exarnple of the equality field constraint, suppose a rule has the 
following pattems. 

(data length ?y) 
(data width ?x) 
(test (or (= (?x (+ 5 ?y)) (= ?x (- 12 ?y))))) 

The second and third patterns can be read as "?x is equal to 5 + ?y or ?x is equal to 
12 - ?y". So if the facts 

(data length 4) 
(data width 9) 

are asserted then ?y will be bound to 4, and ?x will be bound to 9. Note that this 
application of "=" in the test pattem is complete! y different from the use of the "=" as 
the equality field constraint in the computer-move rule. In the computer-move rule, the 
"=" substitutes a retum value into a pattem. Tllis is caBed pattern substitution. In 
the test pattern above, the "=" is used as a predicate comparison function. So the 
symbol "=" can be used in two different ways. 

The two pattems 

(data width ?x) 
(test (or (= (?x (+ 5 ?y)) (= ?x (- 12 ?y))))) 
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can be expressed as a. single pattem using the equality field constraint, 
following 

(data width·?x&=(+ 5 ?y) 1=(- 12 ?y)) 

The field ': .. ' -

?x&=(+ 5 ?y) 1=(- 12 ?y) 

sho'l' 

can be read as "bind ?x such that ?x is equal to ?y plus 5 or ?x is equal to 12 min~ 
?y" . 

9.8 THE STICKS PROGRAM 

All of the basic techniques needed for completing the Sticks program have been di~ 
cussed. The complete listing of the Sticks program in shown in Appendix G. A sampl 
run of the program after it has been Ioaded is shown following 

CLIP S> (reset) .J 
CLIP S> (run) .J 
Who moves first (Computer: e Human: h)? c.J 
How many sticks in the pile? 15...1 
Computer takes 2 stick(s). 
13 stick(s) left in the pile. 
How many sticks do you wish to take? 3...1 
10 stick(s) left in the pile. 
Computer takes 1 stick(s). 
9 stick(s) left in the pile. 
How many sticks do you wish to take? 2...1 
7 stick(s) left in the pile. 
Computer takes 2 stick(s). 
5 stick(s) left in the pile. 
How many sticks do you wish to take? l.J 
4 stick(s) left in the pile. 
Computer takes 3 stick(s). 
1 stick(s) left in the pile. 
You must take the last Etick! 
You lose! 
15 rules fired 
CLIP S> 
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9.9 SALIENCE 

Up to this point, control facts ha ve been used lo· indirectly control the execution of 
programs. CLIPS provides a direct way of control tlrrough salience. Normally, the 
agenda acts like a stack. That is, the most recen! activation placed on the agenda is the 
first to fire. Salience allo~s more important rules to stay at the top of the agenda 
regardless of when the rules were added to the agenda. Lower salience rules are pushed 
onto the agenda below higher salience rules. 

CLIPS has a keyword called salience which is. used to set the priority of rules. The 
saliencc is set using a numeric value ranging from the smallest value of -10,000 to the 
highest of 10,000. If a rule has no saliencc explicitly assigned by the programmer, then 
CLIPS assumes a salience of O. Notice that a salience of O is midway between the 
largest and smallest salience values. A salience of O does not mean that the rule has no 
salience but rather that it has an intermediate priority leve!. A newly activated rule is 
placed on the agenda before all rules with an equal or lesser salience and below all rules 
with a greater salience. 

One use of salience is to force rules to fire in a sequential fashion. Consider the 
following set of rules in which no saliencc values are declared. 

(defrule fire-:'irst 
(priority f .. rst) 

=> 
(printout---¡:-"Print first" crlf)) 

(defrule fire-second 
(priority second) 

=> 
(printout t "Print second" crlf)) 

(defrule fire-third 
(priority third) 
=> 
(printout t "Print third" crlf)) 

The order in which the rules fire is dependen! upon the order in which the facts that 
satisfy the LHS's of the rules are asserted. For example, if the rules are entered, then 
the following commands will produce thc output shown below. 

CLIP S> (reset).J 
CLIP S> (assert (pri.ori.ty fi.rst) ).J 
CLIP S> (assert (pri.ori.ty second)).J 
CLIP S> (assert (priority third)).J 
CLIP S> (run).J 
Print third 
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Print second 
Print first 
3 rules fired 
CLIP S> 

Notice the order of output statements. First "Print third" is printed, then "Print 
second", and finally "Print first". The reason this occurs is that the activated rules are 
placed on the agenda, which acts like a stack (last on is first off). The first fact (priority 
first) activates the rule fire-first. When the second fact is asserted, it activates the rule 
fire-second, which is stacked on top of the activation for rule fire-first. Finally, the 
third fact is asserted and its activated rule, fire-tlrird, is stacked on top of the activation 
for rule fire-second. 

In CLIPS, rules of equal salience which are activated by different pattems are pri­
oritized based on the stack order of facts. Rules are fired from the agenda from the top 
of the stack down. So rule fire-tlrird is fired first because it's on the top of the stack, 
then rule fire-second and finally rule jire-first. lf the order in. which the facts are asserted 
is reversed, then the order in which the rules are fired will also be reversed. Tbis is 
shown by the following output. 

CLIP S> (reset).J 
CLIP S> (assert 
CLIP S> (assert 
CLIP S> (assert 
CLIP S> (run).J 
Print first 
Print second 
Print third 
3 rules fired 
CLIP S> 

(priority third)).J 
(priority second)).J 
(priority first)).J 

One importan! point is that if two or more rules having the sarne salience are al! 
activated by the sarne fact, there is no guarantee of which order that the rules will be 
placed on the agenda. 

Salience can be used to force the rules to tire in the order fire-first,fire-second, and 
then fire-tlzird, no matter what order the activating facts are asserted. This can be 
accomplished by declaring salience values as shown following 

(defrule fire-first 
(declare (salience 30)) 
(priority first) 
=> 
(printout t "Print first" crlf)) 
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(defrule fire-second 
(declare (salience 20)) 
(priority second) 
=> 
(printout t "Print second" crlf)) 

(defrule fire-third 
(declare (salience 10)) 
(priority third) 

=> 
(printout t "Print third" crlf)) 
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Regardless of the order in which the priority facts are asserted, the agenda will 
always be ordered the same. Performing the agenda command after asserting the priority 
facts would produce the following output. 

30 fire-first f-1 
20 fire-second f-2 
10 fire-third f-3 

;e how the salience values have rearranged the priority of rules in the agenda. 
When the program is run, the order of rule firing will always be fire-first, fire-second, 
and thenfire-third. 

9.10 PHASES AND CONTROL FACTS 

The purest concept of a rule-based expert system is one in which the rules act oppor­
tunistically whenever they are applicable. Most expert systems, however, have sorne 
procedural aspect to them. The Sticks program, for example, had different rules which 
were applicable depending upon whether it was the human or computer's move. The 
control for this progran1 was handled by facts which indicated whose turn it was. These 
control facts allow information about the control structure of the program to be 
embedded into the rules of domain knowledge. Howevcr, doing this has a drawback. 
The knowledge about the control of the rules is intermixcd with the knowledge about 
how to play the game. This is not a major drawback in the case of the Sticks program, 
because it is a small progran1. However, for Iarger programs involving hundreds or 
thousands of rules, the intermixing of domain knowledge and control knowledge make 
development and maintenance a major problem. 

As an example, consider the .rroblcm of pcrfomling fault detection, isolation 
~ecovery of a a systcm such as an electronic de vice. Using an elcctrOiúc device as 
A:ample, fault detection is the process of recogrúzing that the electrorúc device is 

not working properly. lsolation is the process of detemlining the components of the 
device that have causcd the fault. Rccovery is the process of detemlirúng the steps 
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necessary to correct the fault, if possible. Typically for this type of problem, -.;:pert 
system will have rules to determine if a fault has occurred, other rules will '· .• e the 
cause of the fault, and still other rules will determine how to recover from the fault. 

·The cycle will then loop back. Figure 9-1 shows an example of control flow in this 
type of system. 

DETECTION 

ISOLATION 

RECOVERY 

Figure 9-1 
Different Phases for Fault Detection, Isolation, and Recovery Problem 

· lmplementing the flow of control in this system can be attempted in at least three 
ways. The fm;t would be to embed the control knowledge directly into the rules. For 
instance, thc dctection rules would include rules indicating when the isolation phase 
should be entered. Each group of rules would be given a pallem indicating in which 
phase it would be applicable. This technique has two drawbacks. First, as already men­
tioned, control knowledge is being embedded into the domain knowledge rules which 
makes them more difficult to undcrstand. Second, it is not always very easy to deter­
mine when a phase is completed. This _generally requires writing a rule which is 
applicable unly when allthe other rules have fired. 

The second approach is to use salience to organi ze the rules as shown in Figure 
9-2. This approach also has two major drawbacks. First, c!Jntrol knowledge is still 
being embedded into the rules using salience. Second, lhis approach does not guarantee 
the corree! order of execution. Detection rules will always fire before isolat; 'Uies. 
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However, when the isolation rules begin frring they might cause a detection rule to 
become activated and immediately fue because of its higher salience. 

DETECTION 

ISOLATION J SAUENCE 

RECOVERY 

Figure 9-2 
Assignment of Salience for Different Phases 

A better approach in controlling the flow of execution is to separate the control 
knowledge from the domain knowledge as shown in Figure 9-3. Using this approach, 
each rule is given a control pattem which indicates its applicable phase. Control rules 
are then written to transfer control between the different phascs as shown below. 

(defrule detection-to-isolation 
(declare (salience -10)) 
?phase <- (phase detection) 
=> 
(retract ?phase) 
(assert (phase isolation))). 

(defrule isolation-to-recovery 
(declare (salience -10)) 
?phase <- (phase isolation) 
=> 
(retract ?phase) 
(assert (phase recovery))) 
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(defrule recovery-to-detection 
(declare (salience -10)) 
?phase <- (phase recovery) 
=> 
(retract '?t>ñase) 
(assert (phase detection))) 

Each of the rules for a particular phase is then given a control pattem which checks tha: 
appropriate control fact is present for the rule to be applicable. For exarnple, a recovery 
rule might look like the following. 

(defrule find-fault-location-and-recovery 
(phase recovery) 
(recovery-solution switch-device ?replacernent on) 
=> 
(printout t "Switch device " ?replacernent " on " 

crlf)) 

EXPERT KNOWLEDGE 

DETECTION RULES RECOVERY RULES 

ISOLATION RULES 

CONTROLKNOWLEDGE 

·¡ CONTROL RULES 

Figure 9-3 
Separation of Expert Knowledge from Control Knowledge 
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A salience hierarchy is a description of the salience values used by an expert 
system. Each leve! in a salience hierarchy corresponds to a specific set of rules that are 
all given the same salience. If the rules for detection, isolation and recovery are given a 
default salience of zero, then the salience hierarchy is shown in Figure 9-4. Notice that 
while the fact (phase detection) is in the fact-list, the detection-to-isolation rule will be 
on the agenda. However, since it has a lower salience than the detection rules, it will 
not fire until all of the detection rules have had an opportunity to tire. The following 
output shows a sample run of the three previous control rules 

CLIP S> (assert (phase detecti.on)).J 
CLIP S> (watch rules).J 
CLIP S> (run lO).J 
FIRE 1 detection-to-isolation: 
FIRE 2 iso1ation-to-recovery: 
FIRE 3 recovery-to-detection: 
FIRE 4 detection-to-iso1ation: 
FIRE 5 isolation-to-recovery: 
FIRE 6 recovery-to-detection: 
FIRE 7 detection-to-isolation: 
"IRE 8 isolation-to-recovery: 
r"IRE 9 recovery-to-detection: 
FIRE 10 detection-to-isolation: 
rule firing limit reached 
10 rules fired 
CLIP S> 

f-1 
f-2 
f-3 
f-4 

f-5 
f-6 

i.-7 
f-8 
f-9 

f-10 

Notice that the control rules just keep firing in sequencc since thcre are no domain 
knowledge rules to be applied during any of the phases. If t11cre wcre domain knowledge 
rules for any of thesc phases, then the domain knowledgc rules would be ·app!íed for 
activated rules during their appropriate phase. 

The previous control rules could be more gcnerically writtcn with a deffacts 
construct and a single rule as shown following. 

(deffacts control-information 
(phase detection) 
(phase-after detection isolation) 
(phase-after isolation recovery) 
(phase-after recovery detection)) 

(defrule change-phase 
(declare (salience -10)) 
?phase <- (phase ?current-phase) 
(phase-after ?current-phase ?next-phase) 

=> 
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(retract ?phase) 
(assert (phase ?next-phase))) 

or it could be written using a sequence of phases to be cycled through as shown 
following. 

(deffacts control-information 
(phase detection) 
(phase-sequence isolation recovery detection)) 

(defrule change-phase 
(declare (salience -10)) 
?current-phase <- (phase ?curr·ent-phase) 
(phase-sequence ?next-phase $?other-phases) 
=> 
(retract ?current-phase) 
(assert (phase ?next-phase)) 
(assert (ph~se-sequence $?other-phases 

?next-phase))) 

EXPERT RULES 

SALlEN CE 

CONTROL RULES 

Figure 9-4 
Salience Hierarchy using Expert and Control Rules 

Adúitionallevels can easily be added lo the salience hierarchy. Figure 9-5 shows a 
hierarchy wilh lwo addilional levels. The constraint rules represen! rules lhal delecl 
illegal or unproduclive slates 1hat may occur in lhe expcrt system. For example, an 
cxpert system scheduling people lo various tasks may produce a schedule that violales a 
conslraint. Instead of allowing lhc Iower salience rules to continue working on lhe 
schedule, the conslrainl rules will immedialely remove violations in the schedule. As 
anothcr example, 1hc user m ay cnler in response lo a series of questions a s¡--'·~ of 
legal values thal rcsult in an illegal value being generaled. The constraint rules 1 be 
used lo delcct such violations. 
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The query rules shown in the diagram represen! rules that ask the user particular 
questions to aid the expcrt system in determining an answer. Tbese rules have lower 
salience tban the expert rules because it is undesirable to ask the user a question that 
can be determined by the expert rules. Tbus, tbe quexy rules are only fired wben no 

. more information can be derived by the expert rules. . · · 

CONSTRAINT 

EXPERT 

SALlEN CE 

QUERY 

CONTROL 

Figure 9-5 
Four Leve! Salience Hierarchy 

9.11 MISUSE OF SALIENCE 

Although salience is a powerful too! for controlling execution, it can be easily abused. 
In particular, peoplc who are just learning rulc-based programming tend to ovcruse 
salicnce because it gives them explicit control of execution. It is more likc the 
proccdural prograrnming thcy are used to, in which statcments cxccute sequcntially. 

Overusc of salicnce rcsults in a poorly codcd prograrn. The main advantagc of a 
r '>ased prograrn is that thc prograrnmcr does not havc to worry about controlling 
l tion. A well-designcd rule-based prograrn has a natural mode of execution that 
pcmüts the infercncc cngine to guide rule firings in an optimum manner. Salience 
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interferes with the normal operation of the inference erigine by increasing the rity 
of certain rules. While salience is very useful at times, it should not be overuseo. 

In general, any salience value used in a rule should correspond to a leve! in the 
salience hierarchy of the expert system. The range of salience values from -10,000 to 
10,000 is somewhat misleading. Rarely should more than seven salience values ever be 
required for coding an expert system and most well-coded expert systems need no more 
than three or four salience values. Using salienée as a "quick fix" to get rules to tire in 
the proper order should be avoided. Chapter 11 contains sorne suggestions on ways to 
avoid overusing salience in rules. · 

9.12 THE PATTERN LOGICAL OR 

So far al! the rules shown have an implicit logical AND between the patterns. 
That is, a rule will not be triggered unless all of the paneros are true. However, CLIPS 
also provides the capability of specifying an explicit logical AND condition and 
also an explicit logical OR condition on the LHS. 

As an example of a logical OR, consider the following rules for use by the 
industrial plant monitoring system (as discussed in Chapter 7) which are first written 
without a logical OR. Then you will see how to rewrite them with a logical OR. 

(defrule shut-off-electricity-1 
(emergency flood) 

=> 
(printout t "Shut off the electricity" crlf)) 

(defrule shut-off-electricity-2 
(fire-class C) 

=> 
(printout t "Shut off the electricity" c'rlf)) 

(defrule shut-off-electricity-3 
(sprinkler-systems active) 

=> 
(printout t "Shut off the electricity" crlf)) 

Rather than writing three separate rules, they can al! be combined into tbe 
following rule, using a logical OR. 

(defrule shut-off-electricity 
(or (emergency' flood) 

(fire-class C) 
(sprinkler-systems active)) 

=> 
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~ 
(printout t "Shut off the e 

Th~ group of pattems enclosed within the 

ty" crlf)) 

element is called a logic 
the previous three rules. 

would cause the rule to be 
block. fbe one rule using the logical OR is em111va 

Assertir¡g the three facts matching the pattems of this 
triggered three times, once for each of the facts. 

Other patterns can be included outside the Jogical oRtblock and will be pan of the 
implicit'logical AND. For example, the following rule · 

(defrule shut-off-electricity 
(electrical-power on) 
(or (emergency flood) 

(fire-class C) 
(sprinkler-systems active)) 

=> 
(printout t "Shut off the electricity" crlf)) 

is equivalen! to the three rules shown following. 

(defrule shut-off-electricity-1 
(electrical-power on) 
(emergency flood) 
=> 
(printout t "Shut off the 

(defrule shut-off-electricity-2 
(electrical-power on) 
(fire-class C) 

=> 

crlf) ) 

(printout t "Shut off the electricity" crlf)) 

(defrule shut-off-electricity-3 
(electrical-power on) 
(sprinkler-systems active) 

=> 
(printout t "Shut off the electricity" crlf)) 

As can be seen, the logical OR is similar to a true logical OR. In a true logical 
OR, the rule shut-off-electricity would only be triggered once if one or more conditions 
are true. However, in the logical OR of CLIPS, thc slrut-off-electricity rule will be 

ered for each OR pattem that is true, since the one rule using the logical OR is 
.ralent to three rules. 
Since multiple triggerings of a logical OR will occur with multiple facts, a natural 

question is how to preven! the problem of more than oue triggering. For example, 

'·' 

,, 
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multiple printouts of "Shut off the electricity" appearing for multiple 
unnecessary. After all, !he power only needs lo be shut off once, regardle, 
number of reasons lo shut it off. 

are 
,i the 

Perhaps the most appropriate manner lo preven! the other rules from firing is lo 
change the rule to update !he fact-list indicating that !he electricity has been shut off. 
The modified rule is shown following. 

(defrule shut-off-electricity 
?power <- (.electrical-power on) 
(or (emerge'~cy flood) 

(fire.,-class C) 
(sprinkler-systems active)) 

=> 
(retract ?power) 
(assert (electrical-power off)) 
(printout t "Shut off the electricity" crlf)) 

The rule now only fires once because !he fact containing information about the 
electrical power is retracted when !he rule fires. This will remove other activations of 
!he rule made by the other pattems. If it is also necessary lo remove !he supporting 
reason for shutting off the power from the fact-Iist, then the rule would have lo be 
written as follows. 

(defrule shut-off-electricity 
?power <- (electrical-power on) 
(or ?reason <- (emergency flood) 

?reason <- (fire-class C) 
?reason <- (sprinkler-systems active)) 

=> 
(retract ?power ?reason) 
(assert (electrical-power off)) 
(printout t "Shut off the electricity" crlf)) 

Notice that all pattems within the logical OR are bound lo the sarne variable, 
?reason. At first, this m ay appear to be an error since !he same variables are normally 
not assigned to pattems of an ordinary rule. Bu! a rule using a logical OR is different. 
Since a logical OR will produce multiple rules, the above rule is equivalen! to !he 
following !bree rules. 

(defrule shut-off-electricity-1 
?power <- (electrical-power on) 
?reason <- (emergency flood) 
=> 
(retract ?power ?reason) 
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(assert (electrical-power off)) 
(prim:.out t "Shut off the electricity" crlf)) 

(defrule shut-off-electricity-2 
?power <- (electrical-power on) 
?reason <- (fire-class C) 
=> 
(retract ?power ?reason) 
(assert (electrical-power off.)) 
(printout t "Shut off the electricity" crlf)) 

(defrule shut-off-electricity-3 
?power <- (electrical-power on) 
?reason <- (sprinkler-systems active) 
=> 
(retract ?power ?reason) 
(assert (electrical-power off)·) 
(printout t "Shut off the electricity" crlf)) 
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A By looking at the three rules, if can be seen that the same variable name was nec­
~sary to match the (retrae! ?power ?reason) action. For exan1ple, suppose separate 

names had been assigned to the pattems such as ?reasonl, ?reason2, and ?rcason3 and 
then a (retrae! ?power ?reasonl ?reason2 ?reason3) action was used. 

(defrule shut-off-electricity 
?power <- (electrical-power on) 
(or ?reasonl <- (emergency flood) 

?reason2 <- (fire-class C) 
?reason3 <- (sprinkler-systems active)) 

=> 
(retract ?power ?reasonl ?reason2 ?reason3) 
(assert (electrical-power off)) 
(printout t "Shut off the electricity" crlf)) 

The (retrae! ?po\\'cr ?reasonl ?reason2 ?rcason3) action would be in error bccause 
two out of three variables would not be delined in the equivalen! rules. -

9.13 THE P ATTERN LOGICAL AND 

'he logical AND is opposite in concept to the Jogical OR. lnstead of any pattems 
triggering a rule, the logical AND requires that all of the pattems be matched to facts. 
Nom1ally there is an implicit logical AND for thc pattems of a rule. A rule such as 

.. 
h 
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(defrule electrical-fire 
(emergency fire) 
(fire-class C) 
=> 
(printout t "Shut off the electricity" crlf)) 

could also be written with an explicit logical AND as 

(defrule electrical-fire 
(and (emergency fire) 

( fire-class C) ) 
=> 
(printout t "Shut off the electricity" crlf)) 

Of course, there is no advantage to writing a rule with an explicit Iogical AND. 
It's easier to use the implicit Iogical AND of patterns if it is not necessary to specify a 
Iogical AND. The Iogical AND is provided so that it can be us<'d with the other Iogical 
functions to malee more complex pattems. For example, it ca'' be used with a Iogical 
OR to require groups of multiple conditions to be true, as ,·hown in the following 
example. 

(defrule shut-off-electricity 
?power <- (electrical-power on) 
(or (emergency flood) 

=> 

(and (emergency fire) 
(fire-class C)) 

(sprinkler-systems active)~ 

(retract ?power) 
(assert (electrical-power off)) 
(printout t "Shut off the electricity" crlf)) 

So the rule shut-off-electricity is equivalen! to the three following rules, 

(defrule shut-off-electricity-1 
?power <- (electrical-power on) 
(emergency flood) 

=> 
(retract ?power) 
(assert (electrical-power off)) 
(printout t "Shut off the electricity" crlf)) 

(defrule shut-off-electricity-2 
?power <- (electrical-power on) 
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(ernergency fire) 
(fire-class C) 

=> 
(retract ?power) 
(assert (electrical-power off)) 
(printout t "Shut off the electric~ty" crlf)) 

(defrule shut-off-electricity-3 ..... 
"?power <- (electrical-power c)i1)' 
(sprinkler-systerns active) 

=> 
(retract ?power) , .. 
(assert (electrical-power off)) 
(printout t "Shut off the electricity" crlf)) 

9.14 THE PATTERN LOGICAL NOT 

Sometimes it is useful to be able to pattem match against the absence of a particular 
- ·• in the fact-list. CLIP S allows the specification of the absence of a fact as a pattem 

me LHS using the logical NOT. As a simple example, the monitoring expert 
system might ha ve two rules for reporting its status. 

If the rnonitoring status is to be reported and 
there is an ernergency being handled 
then report the type of the ernergency 

If the rnonitoring status is to be reported and 
there is no ernergency being handled 
then report that no emergency is being handled 

The logical NOT can be convenirntly applied to thc simple rules above as follows. 

(defrule report-emergency 
(report-status) 
(emergency ?type) 
=> 
(printou~ t "Handling" ?type" emergency" crlf)) 

(defrule no-ernergency 
(report-status) 
(not (emergency ?)) 
=> 
(printout t "No en~rgency being handled" crlf)) 
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Notice that these two rules are mutually exclusive. That is, they cannot bot~ 'n 
the agenda at the same time because the second pattem in both rules cannot be sa._ __ ,ed 
simultaneously. ., 

Variables can also be used within a negated pattern to produce sorne interesting 
effects. Consider the following rule which looks for the largest number out of a group 
of facts representing numberi: · ,. 

(defrule largest-number 
(number ?x) 
(not (number ?y&:(> ?y ?x))) 
=> 
(printout t "Largest number is" ?x crlf)) 

The first pattern will bind to all of the number facts, however, the second pattern will 
not allow the rule to become activated for any but the fact with the largest value for ?x. 

Note that variables first bound within a logical NOT are limited in scope to that 
logical NOT. For example, the following rule 

(defrule demonstrate-not-l 
(pair ?x ?y) 
(pair ?y ?z) 
(not (triplet ?x ?x ?z)) 
=>) 

will be activated if the fact-list is 

f-1 (pair 3 4) 
f-2 (pair 4 5) 
f-3 (triplet 4 4 6) 

The first pattem will match f-1, the second pattem will match f-2, and the third 
pattern will look for instances of the fact (triplet 3 3 5) which does not exist and so 
this pattern will also match. 

If the third pattem is move to the front as shown following, however, the rule will 
not match using the same'set of facts. 

(defrule symmetric-pair-2 
(not (triplet ?x ?x ?y)i 
(pair ?x ?y) 
(pair ?y ?z) 
=>) 
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The first pattem will be matched by f-3 thus failing to satisfy the logical NOT. Thus 
the placement of a NOTed pat!em within a rule can be very importan!. 

Variables that were previously bound in another pattem without a logical NOT can 
be freely used within a NOTed pattem. However, variables that are first bound within a 
NOTed pattem cannot be used outside of that pattem. These variables are bound only 
for the purpose of determining if any fact matches the pattem. lf no fact matches the 
pattem, there is no real binding and so the variable cannot be used outside of the 
pattem. 

Sin ce variables cannot be u sed outside the logical NOT, it follows that the 
find-largest-nwnber rule cannot be rcwrittcn using a test as shown below. 

(defrule largest-number 
(number ?x) 
(not (number ?y)) 
(test (> ?y ?x) ) 
=> 
(printout t "Largest number is" ?x crlf)) 

Finally, a logical NOT can only be used to negate a single pattem. Multiple 
·ems, the logical AND, and the logical OR cannot be used with a logical NOT . . .. 

9.15 SUMMARY 

In this chapter, various concepts for controlling the flow of execution were introduced. 
The read function was used to demonstrate how a simple control loop for input coufd 
be created using control facts that were retracted and then asserted again. Test pattems 
along with predicate functions can be used on the LHS of a rule to provide more 
powerful pattem matching capabilities. In addition, test pattems can be used to main­
tain a control loop. The predicate field constraint allows test expressions to be placcd 
directly within a pattem. The equality field constraint is used to compare a field to a 
value retumed by a function. The Sticks prograrn demonstrates severa! of these control 
tecbniques. 

Salience provides a mechanism for even more complex control structures. Salience 
can be used to prioritize rules such that thc activated rule witl1 the highest salience is 
fired first. Salience can be combined with control facts in order to _separatc cxpert 
knowledgc from control knowledge. 

Logical pattem operators can be used to express severa! rules as a single rule. The 
logical AND and OR can be arbitrarily nested to express tomplex conditions needed to 
satisfy a rule. Tbc logical NOT allows pattem matching against the absence of a fact. 
·ue must be exerciscd with the Iogical NOT since variables that are first bound within 

- NOTed pattem ha ve their scope limited to tl1at pattem. 
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PROBLEMS AND PROGRAMS 

9-1. Add rules to the Sticks program which will ask if the human player wishes 
to play again after the game has finished. Do not use salience. 

9-2. Modify the Sticks program such that the control rules are separated from the 
rules of playing the game. Use salience to give the control rules a lower priority. 

9-3. Modify the Sticks program to allow two human players to play the game in 
addition to the computer playing against a human. 

9-4. Rewrite the following rules as a single rule using logical pattem operators. 

(defrule rule-1 
(fact-a) 
( fact-d) 

=>) 

(defrule rule-2 
(fact-b) 
(fact-c) 
(fact-e) 
(fact-f) 
=>) 

(defrule rule-3 
(fact-a) 
(fact-e) 
(fact-f) 

=>) 

(defrule rule-4 
(fact-b) 
(fact-c) 
( fact-d) 

=>) 

9-5 Determine if the variable x is refeienced properly for each of the following 
rules. Explain your answer. 

a) 

(defrule example-1 
(not ( fact ?x) ) 
(test (> ?x 4)). 



b) 

e) 
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=>) 

(defrule example-2 
(not (fact ?x&: (> 

=>) 

(defrule example-3 
(not (fact ?x)) 

?x 4) ) ) 

(fact ?y&: (> ?y ?x))) 
=>) 

(defrule example-4 
(not ( fact ?x) ) 
(fact ?x&: (> ?x 4))) 

=>) 
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Since logical pattem operators cannot be placed inside of a logical pattem 
r operator, show how the following rule can be expresscd ;,s a group of valid 

CLIPS rules. 

(defrule invalid-pattern-operator-rule 
(not (and (a ?x) 

(b ?x) ) ) 
=> 
(assert (e))) 

Hint: Using salience, it can be done with four rules. 

9-7. Add a m le to the blocks world program found in Scction 8.6 which would 
remove a m ove goal if it has already been satisfied. 

9-8. Rewrite the blocks world program found in Scction 8.6 so that it can rcar­
range the blocks from any initial state of stackcd blocks to any goal statc of stacked 
blocks. For exarnplc, if the initial state of the blocks was 

(stack A B C) 
(stack D E F) 

.Jlle possible goal state might be 

(stack D C B) 
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(stack A) 

(stack F E) 

9-9. Write a program using the logical AND, OR, and NOTs for the AND/OR 
tree of getting to work shown in Figure 3-10. Test it for ai1 branches. 

9-1 O. Implement a finite state m achine driver using rules. Given the 'current state 
and the next input, the rules sbould determine the transition to the next state. Imple­
ment the rules such that the knowledge about the states and transitions are stored as 
facts. Malee sure that an error state is entered for any invalid input. Test your rules as 
follows. 

a) lmplement the finite state machine shown in Figure 3-5. Use only 
deffacts constructs in addition to the rules written above. 

b) Implement the finite state machine shown in Figure 3-6. Use only 
deffacts constructs in addition to the rules written above. 
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=> 
(retract ?phase) 
(printout t "Continue? 
(bind ?answer (read)) 
(if (or (eq ?answer y) 

then (assert (phase 
else (assert (phase 

" crlf) 

(eq ?answer yes)) 
continue)) 
halt) ) ) ) 

Notice that the if function is used to convert the user's yes/no response· to a fa· 
indicating the type of action to be taken. In this case the action is to either continue r 
halt. 

The While Function 

The syntax of the while function is 

{while <predicate-function> [do] 
<<<actions>>>) 

where <predicate-function> is a predicate function to be evaluated and <<<actions>>·· 
represen! one or more functions. The actions of the while function comprise the bod 
of the loop. The keyword do is optional. 

The part of the while function represented by <predicate-function> represents. 
condition that is tested before the actions in the body are executed. lf th· 
while-condition is true, the actions in the body will be executcd. If the while-conditio. 
is false, execution continues with the next statement after the while function, if an) · 
The condition of the while function will be checked each time the body is executed t· 
determine if the body should be executed again. - · 

The while function can be used with the if function to implement input erro 
checking on the RHS of a rule. The following modification to the rule continue-chec 
uses the while function to continue looping until an appropriate answer is received. 

{defrule continue-check 
?phase <- {phase check-continue) 
=> 
(retract ?phase) 
(printout t "Continue? " crlf) 
(bind ?ans.wer {read)J 
{while {and {neq ?answer yes) {neq ?answer no)) do 

{printout t "Continue? " crlf) 
(bind ?answer (read))) 

{if {eq ?answer yes) 
then (assert (phase continue)) 
else {assert {phase halt)))) 
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CLIPS is designed to be an efficient rule-based language. The if and wlzile 
procedural functions are intended for judicious use only. Writing a lengthy procedural 
program on the RHS of a rule defeats the en tire purpose of using a rule-based language. 
In general, the if and wlzile functions should be used for performing simple tests and 
loops on the RHS of a rule. Complex nesting of if and while functions on the RHS of 
a rule should be avoided. 

The Halt Function 

The halt function can be used on the RHS of a rule to stop the execution of rules on 
the agenda. It requires no arguments. When called, no further actions will be executed 
from the RHS of the rule being fued and control will relurn lo the top-level prompt. 
The agenda will conlain any remaining rules that were activaled when the lzalt function 
was called. 

As an example, the continue-clzeck rule could replace the action 

(assert (phase halt)) 

with the following action 

(halt) 

which would stop the execution of rules. 
The halt function is particularly useful for halting execution when lhe inlenl lo 

reslart execution later using the run command. Consider lhe following modification lo 
the continue-clzeck rule 

(defrule continue-check 
?phase <- (phase check-continue) 
=> 
(retract ?phase) 
(printout t "Continue? " crlf) 
(bind ?answer (read)) 
(while (and (neq ?answer yes) (neq ?answer no)) do 

(printout t "Continue? " crlf) 
(bind ?answer (read))) 

(assert (phase continue)) 
(if (neq ?answer yes) 

then (halt))) 

Notice that the rule asserts lhc fact (phase continuc) regardless of lhe user's 
response lo lhe continue queslion. Asserting lhis fact will place lhe appropriale rules 
on the agenda lo conlinue execution. However, if lhe reply to lhe conlinue question 
was nol yes, execution will be slopped by lhe lzalt function. The user could lhen 
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examine the rules and facts; later restarting execution where it had left off by issuing a 
ron command. 

10.3 FILE I/0 FUNCTIONS AND LOGICAL NAMES 

The Open Function 

In addition to keyboard input and terminal output, CLIPS can also read from and write 
to files. Before a file can be accessed for reading or writing, it must be opened using the 
open function. The number of files that can be open simultaneously is dependen! on 
your operating system and hardware. 

The syntax of the open function is 

(open <file-name> <file-ID> [<file-access>]) 

As an example, 

(open "input.dat." data "r") 

The first argument of open, <file-name>, is a string representing the name of the file 
on your computer. Generally, this will be the physical file name known to the 
operating system. For the example shown, the file-name is "input.dat". 

The second argument, <file-ID>, is the logical name under which CLIPS 
knows the file. The logical name is a global name by which CLIPS can aceess the file 
from any rule or the top-level prompt. Although the logical name could be the same as 
the ftle-name, it is good idea to use a different name to avoid confusion. For the exam­
ple shown, the logical name data was used to refer to the file "input.dat". Other 
meaningful names, such as input or file-data, could have been used. 

One advantage of using a logical name is that a different file name can easily be 
substituted without making major changes to the program. Since the file name is only 
used in the open function and is later referred to by its logical name, only the open 
function need be changed to read from a different me. 

The third argument, <file-access>, is a string representing one of the four possible 
modes of file access. Table 10-1 list the file access modes. 

Mode Action 
"r" read access only 
uw" write access only 
"r+u read and write access 
"a" append access only_ 

Table 10-1· 
File Access Modes 



Expert Systems: Principies and Programming 477 

If <file-access> is not included as an argument, the default value of "r" will be used. 
Sorne access modes may not be meaningful to certain operating systems. Most operat­
ing systems will support read access (for inputting. data) and write access (for 
outputting data). Read and write access and append access (for appending output data to 
the end of a file) may not always be available. 

It is importan! to remember that the consequences of opening a file may vary from 
one machine to another. For example, operating systems which do not support multi­
ple file versions, such as MS-DOS on an IBM PC or UNIX, will replace an existing 
file if that file is opened using write access. In contras!, VMS on a V AX will create a 
new version of a file if it airead y exists and is opened using write access. 

The open function acts as a predicate function. It returns true if a file was success­
fully opened, otherwise false is returned. The retum value can be used to perform error 
checking. For example, if the user supplies the name of a file that does not exist and an 
anempt is made to open the file using read access, the open function will retum a value 
of false. The rule that opens the file could detect this and perform the appropriate 
actions to prompt the user for another file name. 

The Close Function 

Once access is no longer needed to a file, ifshould be closed. Unless a file is closed, 
there is no guarantee that the information written to it will be saved. Also, the longer a 
file is open, the greater is the chance of a power loss or other malfunction which would 
prevent the information from being saved. 

The general form of the el ose function is 

(close [<file-ID>]) 

where the optional argument <file-ID> specifies the logical name of the file to be 
closed. If <file-ID> is not specified, a1l open files will be closed. As an example, 

(close data) 

will close the file known to CLIPS by the Iogical file-name data. The statements 

(close input) 
(close output) 

will close the files associated with the logical names input and output. Note that 
separate statements are necessary to close specific files. 

When using fJ.les, it is importan! to remember that each opened file should 
eventually be closed with the clase function. In particular, if a command is not issued 
to close a file, the data written to it may be lost. CLIPS will not prompt you to close 
an open file. The only safeguard built into CLIP S for ·closing files that ha ve been 
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inadvertently left open is that all open files will be closed when an exit command is 
issued. 

However, a problem arises if CLIPS is terminated with an intenupt control char­
acter such as Control C. Depending on the operating system, the data written to open 
files may not be saved. That's why it's always a good idea to exit CLIP S with an exit 
command rather than an intenupt. A graceful exit will usually save any data in files 
inadvertently left open. As another safeguard, you can always include a rule with a very 
low salience wlúch closes all open files. The salience of tlús rule should be made low 
enough that all other rules in the system fue before it does. 

Reading and Writing to a File 

In all !he examples so far, all input has been read from the keyboard and all output has 
been sent to the terminal. However, !he use of logical names allow input and output to 
and from other sources. In Chapter 7, the printout function used the logical name t to 
send output to the screen. Other logical names can be used with the printout function 
to send output to destinations other than the screen. 

When used as a logical name for an output function, the logical name t writes 
output to the standard output device wlúch is usually !he terminal. Similarly, when 
used as the logical name for an input function, the logical name t reads input from the 
standard input device wlúch is normally !he keyboard. For example, the read func­
tion introduced in Chapter 9 defaults to reading from the standard input de vice if:it' is 
given no arguments. The general forma! of the read function is 

(read [<logical-narne>]) 

As an example of using logical names with the read aRd printout functions, let's 
simulate monitoring the oil pressure of an oil pump. Values will be read in from a file 
indicating the oil pressure of the pump, then the values will be analyzed, and the 
analysis will be written to !he terminal as well as a trace file. The trace file will keep 
a record of al! importan! information that has been written to the terminal. 

The first step in solving tlús problem is to open the input and output files. The 
following rule will do this 

(defrule open-files 
=> 
(open "oil.dat" oil "r") 
(open "trace .txt" trace -"w") 

(assert (phase read-oil-pressure))) 

The input data is stored in !he file "oil.dat" and tracing information will be sent to 
the output file "trace.txt". The logical name oil is now associated with the file "oil.dat" 
and !he logical name trace is now associated with the file "trace.txt". Note that the "r" 
option did not have to used for opening the "oil.dat" file since Ibis is the default. The 
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fact (read-oil-pressure) will be used to create a loop for reading the oil pressure values. 
The rule used for reading the value is shown following 

(defrule read-data 
?phase <- (phase read-oil-pressure) 
=> 
(retract ?phase) 
(bind ?value (read oil)) 
(if (eq ?value EOF) 

then (assert (phase close-files)) 
else (assert (oil-value ?value)))) 

Notice that the read function uses an additional argument to specify the logical 
name from which input is to be read. In this case, the logical name oil tells the read 
function to access the file "oil.dat" for input. After a value is read from the file, it is 
compared against the EOF symbolic field. CLIPS retums this value for input func­
tions when an attempt is made to read past the end of thc file. In this case, if the EOF 
field is retumed, the read-data rule asserts a fact indicating that the files should be 
closed. Otherwise, it asserts the oil pressure value that was read from the file. 

If the end of the file was.reached, then the following rule will el ose both the input 
file "oil.dat" and the output file "trace.txt" that were opened by the open-ftles rule. 

(defrule close-files 
?phase <- (phase close-files) 
=> 
(retract ?phase) 
(close oil) 
(close trace)) 

The following two rules analyze !he oil pressure value asserted by the read-data 
rule. For simplicity, we will assume that a value greatcr !han or equal to 60 is good 
and any value less than 60 is bad. The first pattem of thc rule good-oil-value checks for 
an oil value greater th;rn or equal to 60, while the first pattem of the rule bad-oil-value 
checks for an oil value lc:;s than 60. 

(defrule good-oil-value 
?data<- (oil-value ?pressure&: (>= ?pressure 60)) 
=> 
(retract ?data) 
(printout t "Oil pressure of " ?pressure 

" is good " crlf) 
(ptintout trace ?pressure " good " crlf) 
(assert (read-oil-pressure))) 
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(defrule bad-oil-value 
?data<- (oil-value ?pressure&: (< ?pressure 60)) 
=> 
(retract ?data) 
(printout t "Oil pressure of " ?pressure 

" is bad " crlf) 
(printout trace ?pressure " bad " crlf) 
(assert (read-oil-pressure))) 

Notice that each rule has two printout actions. One printout action uses the logical 
name t to send output to the terminal. The other printout action uses the Iogical name 
trace to send the output to the trace file "trace.txt". Both rules then assert the 
read-oil-pressure fact which sends the program through another input loop. This will 
continue until the end of file is reached for the "oil.dat" file. 

If the following values are stored in the "oil.dat" file, 

71 
64 
60 
56 
58 
61 

then the following output represents a sample run of the •rogram 

CLIP S> (watch rules).J 
CLIP S> (reset).J 
CLIP S> (run) .J 
FIRE 1 open-files: f-0 
FIRE 2 read-data: f-1 
FIRE 3 good-oil-value: f-2 
Oil pressure of 71 is good 
FIRE 4 read-data: f-3 
FIRE 5 good-oil-value: f-4 
Oil pressure of 64 is good 
FIRE 6 read-dat~: f-5 
FIRE 7 good-oil-value: f-6 
Oil pressure of 60 is good 
FIRE 8 read-data: f-7 
FIRE 9 bad-oi1-value: f-8 
Oil pressure of 56 is bad 
FIRE 10 read-data: f-9 
FIRE 11 bad-oil-value: f-10 
Oil pressure of 58 is bad 
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FIRE 12 read-data: f-112 
FIRE 13 good-oil-value: f-12 
Oil pressure of 61 is good 
FIRE 14 read-data: f-13 
FIRE 15 close-files: f-14 
CLIP S> 
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After running this program, the file "trace.txt" should contain the following 
information 

71 good 
64 good 
60 good 
56 bad 
58 bad 
61 good 

which indicatcs that thc tracing information has bcen properly written to thc trace file. 

10.4 OTHER 1/0 FUNCTIONS 

The Format Function 

There are many times when it is desirable to forma! output from a CLIPS program-, 
such as arranging data in tables. While the printout function is useful, there is a 
function spccifically dcsigned for formatting, called format, which providcs a widc 
variety of formatting styles. The syntax nf the j01mat function is 

(format <logical-name> <control-string> 
<<parameters>>) 

The formal function has severa! parts. The <logical-name> is the logical name 
where the output is sent. The default standard output device can be specificd with the 
logical name t. Next comes a control string which must be contained within double 
quotcs. The control string consists of formal nags which indicate how thc parame­
ters to the formar function should be printed. Following the control string is a list of 
parameters. Thc numbcr of forma! flags in thc control string will dctenninc how many 
parameters should be specified. 

An exan1ple of afonnat statcment in CLIP S is shown by the following command 
which prints the integcr fom1s of two numbers reserving 15 spaces for cach number. 
Note that therc are no spaces between thc "%" signs. 

···----··"····------
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CLIPS> (format t "Integer%n%15d%15d%n" 5.25 
lO).J 
Integer 

5 10 
CLIP S> 

Forma! flags always IJ<i·gin with a"%" sign. Ordinary strings such as "Integer" can 
also be pul in the control slring and will be printed in the output. Sorne formal flags 
do not formal parameters: 'In this example, the "%o" is used to put a carriage 
retum/linefeed in the outplit. For this example, the forma t function has printed the 
integer fom1 of its parameters: 5.25 and 1 O. Be si des constants, the formal function can 
also evaluate and print expressions used as arguments. Notice in the output that the 
number 5.25 was printed in its integer form of 5 since the fractional part of a number 
is not allowed in an integer formal. 

Note that there is no space between the "Integer" and the control flag "o/on". 
Although it would help readability to put a space in between, CLIPS would also print 
the space since that is a valid character. Another flag formal is the "%15d". The "15" 
specifies in how many columns the parameter is to be printed in. After the "15" is the 
part of the formal flag which specifies how the output is to be displayed, such as "d" 
for an integer specification. The general specification of a formar flag is 

%-M.Nx 

where "-" is optional and means to left justify. The default is to right justify. 

M specifies the field width in columns. At least M characters will be output. Spaces 
are normally used to pad the output to malee up the l\11 columns unless M starts 
with a O, in which case zeroes are used. If the output exceeds M columns, then the 
fom1at function will expand the field as needed. 

N is an optional specification of the number of digits past the decimal point that will 
be printed. The default is six digits past the decimal point for floating-point 
numbers. 

x specifies the display format specification. Table 10-2 gives the display formal 
specifications. 

Shown following are sorne top-level formal commands to illuslrate output for­
mats. Thc text Roat, Exponential, General, Octal, and Hexadecimal in the control 
strings of the formar function examples are not required keywords. They were just 
chosen as headings for the output in these examples. 
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CLIPS> (format t "F~oat%n%15f%15f%15f%n" 1 5.25 
10).J 
Float 

1.000000 5.250000 10.000000 
CLIPS> (forrnat t "Exponentia~%n%15e%15e%n" 5.25 
10).J 
Exponential 

5.250000e+OOO 1.000000e+001 
CLIP S> ( forrnat t "General.%n%15g%15g%n" 5. 25 
10).J 
General 

5.25 10 
CLIP S> (forrnat t "0cta~%n%15o%15o%n" 5. 25 10) .J 
Octal 

5 
CLIPS> (format 
10).J 

t 
12 

"Hexadecimal.%n%15x%15x%n" 5.25 

Hexadecimal 

CLIP S> 
hi j) .J 
String 

Character 
d 
f 
e 
g 
o 
X 

S 

n 
% 

5 
(forrnat t 

efg 

Integer 
F1oating-point 

a 
"String%n%15s%.15s%n" "efg" 

hij 

Meanin¡¡ 

Exponencial (in power-of-ten formal) 
General (numeric).Display in whatcver formal is shorter. 
Octal. Unsigned number (N specifier not applicable) 
Hexadecimal. Unsigncd number (N spccifier not applicalile) 
String. Quoted strings will be stripped of quotes. 
Carriage rcturn/lincfeed 
Thc "%" character itself 

Table 10-2 
Display Formal Specifications 

The Readline Function 

The readline function can be used to read an entire line of input. Its syntax is 

(readline [<logical-name>)) 
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As with the read function, the logical name is optional. If no logical name is pro­
vided or the logical name t is used, input will be read from the standard input device. 
The readline function will retum as a string the next line of input from the input source 
a~sociated with the logical name up to and including the carriage retum. The following 
rule illustrates the use of the readline function. 

(defrule get-name 
=> 
(printout t "What is your name? ") 
(assert (name =(readline)))) 

The following command dialog illustrates the use of the readline function in the 
get-name rule. 

CLIPS> (reset) .J 
CLIP S> (watch facts) .J 
CLIP S> (run) .J 
What is your name? John Smith.J 
==> f-1 (name "John Smith") 
1 rules fired 
CLIP S> 

The readline function will retum the word EOF if the end of file has been reached. 
This will only occur when the logical name used by readline is associated with a file. 

Loading and Saving Facts 

It is often useful to be able to load facts from a file or save facts to a file. The 
load-facts and save-facts functions provide these capabilities. The syntax of these 
two functions is 

(1oad-facts <fi1e-name>) 
(save-facts <file-name>) 

The /oad-facts function willload in a group of facts stored in the file specified by 
<file-name>. The facts in the file should be in the standard formal of a fact. That is, 
each fact should begin with a left parenthesis, have one or more fields after the left 
parenthesis, and end with a right parenthesis. For example, if the file "facts.dat" 
contained the following 

(data 34) 
(data 89) 
(data 64) 
(data 34) 
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then the command 

(load-facts "facts.dat") 

would load the facts contained in this file. 
The save-facts function can be used to save all of the facts in the fact-list to the me 

specified by <file-name>. The facts are stored in the formal required by the load-facts 
function. If you only want to save certain facts, then it is necessary to write rules 
which will match against the facts to be saved and store them in a file in the formal 
required by the load-facts function. The following rules illustrate how the data facts 
shown above could be selectively saved to a file. 

(defrule start-save-data 
?phase <- (phase start-save) 
=> 
(retract ?phase) 
(printout t "Save data in which file? ") 
(bind ?file-name (readline)) 
(if (open ?file-name save-file "w") 

then 
(assert (phase write-data)) 
el se 
(printout t "Unable· to open file" crlf))) 

(defrule save-data-info 
(phase write-data) 
(data $?rest) 
=> 
(printout save-file "(data" $?rest ")" crlf)) 

(defrule finish-save-data 
(declare (salience -1)) 
?phase <- (phase write-data) 
=> 
( ret ract ?phase) 
(close save-file)) 

The rule start-save-data is activated by the control fact (phase start-save). It 
prompts for a file name in which the data facts should be stored and then opens the fUe. 
If it is able to open thc me, it asserts the fact (phasc write-data) to indica te that thc data 
facts should be writtcn out to the ftle. The rule save-data-info will be activatcd once for 
every data fact in the fact-list. lt writes each data fact to the ftle in the fom1at expccted 
by the load-facts function. The rule finish-save-data el oses the file once all the facts 
have been savcd. It is givcn a lower salience !han thc save-data-i!ifo rule to allow all of 
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the facts to be written to the file before it is closed. If rules had been included to per­
fonn switching from one phase to the next phase, the finish-save-data rule could ha ve 
been placed in the phase following the write-data phase and the salience value of -1 
wóuld not have been required for the rule. 

10.5 STRING FUNCTIONS 

CLIPS provides several functions for manipulating strings. These functions· are 
str assert, str cat, str·index, and sub·string. The syntax of these functions is - -
shown following. 

(str_assert <string>) 
(str_cat <<items>>) 
(str-index <string-1> :string-2>) 
(sub-string <integer-1 · <integer-2> <string>) 

The Str assert Function 

The str _assert function takes a string as argument and breaks it up into fields which are 
asserted as a fact. For example, the top-level command 

(str_assert "data-va1u's 1 5 6") 

would cause the assertion of the fact 

(data-values 1 5 6) 

Notice that there are no double quotes around the asserted fact. The fact consists of four 
fields while the original string was one field. 

Spaces, carriage retums, or tabs within a string are used as delimiters by the 
str _ assert function in determining where to crea te fields. A quoted string m ay be 
included by using the "\" as an escape character. For example, 

(str_assert "data-values green \"red b1ue\" black") 

would cause the fact 

(data-values green "red blue" black) 

t o be asserted. 
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The Str cat Function 

The str _ cat function constructs a single quoted string from one or more individual 
items. The items can be words, numbers, strings, bound variables or functions which 
retum a word, string, or numbers. Por example, the following top-level comma;1.d 
would produce the output shown 

CLIPS> (str_cat "data-" 9 ".txt") .J 
"data-9.txt" 
CLIP S> 

Notice that the fields are all run together. If it is necessary to have a space between the 
words in the fact, a space should be entered between the double quotes as shown 
following. 

CLIP S> (str_cat colors " n red n 11 green n n 

blue).J 
"colors red green blue" 
CLIP S> 

The Str-index Function 

The str-index function retums the position of the first string within the second string. 
If the string is not found, 1 !1en zero is retumed. Por example, 

CLIP S> (str- index 11 red" "blueredgreen").J 
5 
CLIP S> (str-index "red 11 "bluegreen").J 
o 
CLIP S> 

The Sub-string Function 

The sub-string function retums a portion of a string. It requires three arguments. The 
first two arguments are the beginning and ending índices of the substring. The third 
argument is the string from which the substring is to be taken. For example, 

CLIPS> (sub-string 3 5 "a string") .J 
11 Str" 
CLIP S> 
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10.6 MULTIFIELD FUNCTIONS 

CLIPS provides a number of functions that are useful with rnultifield variables. These 
functions are mv-append, mv-delete, length, nth, member, subset, 
mv-subseq, str-explode, and str-implode. The syntax is as follows. 

(mv-append <<items>>) 
(mv-de1ete <fie1d-index> <multifie1d va1ue>) 
(1ength <mu1tifie1d va1ue>) 
(nth <field-index> <mu1tifie1d value>) 
(member <fie1d> <mu1tifield value>) 
(subset <multifield value-1> 

<multífield va1ue-2>) 
(mv-subseq <field-index-1> <fie1d-index-2> 

<multifie1d va1ue>) 
(str-explode <string>) 
(str-implode <mu1tifie1d va1ue>) 

The Mv-append and Mv-delete Functions 

The mv-append function constructs a single rnultifield value frorn individual iterns.The 
iterns can be words, nurnbers, strings, bound single or rnultifield variables or functions 
which retum a word, string, numbers, or rnultifields. The mv-delete function deletes an 
indexed field from a rnultifield value. For exarnple, 

CLIPS> (mv-append a b 9 "red")J 
a b 9 "red" 
CLIPS> (mv-delete 3 (mv-append a b 9 "red") ).J 
a b "red" 
CLIP S> 

lf no arguments are passed 10 mv-append, a mullifield value of lenglh zero is 
crealed. A multifield value of lenglh zero is referred lo as null, which lilerally means 
"nolhing." Only a multifield variable can be bound 10 null. Notice lhat mv-append is 
used lo generate a multifield value for the mv-delete function. Since variables cannot be 
used at the top-level, there is no other way to generate a rnultifield constant. 

The Length Function 

The length function retums the nurnber of fields in a multifield value. For exarnple, 

CLIPS> (length (mv-append a b 9 "red"))J 
4 

CLIP S> 
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Tbe Nth Function 

The nth function returns the field of the mul!ifield specified by !he first argument. If 
!he field does not exist, the value ni! is returned. For example, 

CLIP S> (nth 2 (mv-append a b 9 "red")).J 
b 
CLIP S> (nth 5 (mv-append a b 9 "red")).J 
nil 
CLIP S> 

Tbe Member Function 

The member function determines if a specific field is contained within a multifield 
value. If !he field is found, an index lo !he field is returned, otherwise zero is réturned. 
For exarnple, 

CLIP S> (member 9 (mv-append a b 9 "red")).J 
3 
CLIP S> (member 5 (mv-append a b 9 "red")) .J 
o 
CLIP S> 

Tbe Subset Function 

The subset funetion determines if one multifield value is a subset of another multifield 
value. A set sueh as (abe) is eonsidered a subset of (e b a), (b a e), and so forth. A 
null multifield value is a subset of everything, including itself. The value 1 is retumed · 
if the first argument is a subset of !he seeond argument, otherwise the value O is 
re tu roed. For exarnplc, 

CLIP S> (subset (mv-append a b e) 
(mv-append e b a)) .J 

1 
CLIP S> (subset (mv-append a b b e) 

(mv-append b e a)) .J 
1 

CLIP S> (subset (mv-append a d e) 
(mv-append e a)).J 

o 
CLIP S> 



1 ! -.1 : 
_,' ,.' ¡ ._, ._, ,', • 1 'l 1. - 1 { 1 • ~ 

1 

:::') 
. i ,1 • : . 

.- -·' }' 
:~/-~''"'· 

· .. ,' 

490 Chapter 10 - CLIPS Functions 

The Mv-subseq Function 

The mv-subseq function retums .'a portion of a multifield value. It requires three argu­
ments. The first two arguments are the beginning and ending índices of the 
subsequence. The third argument is the multifield value from which the subsequence is 
to be taken. For example, 

CLIPS> (mv-subseq 2 4 (mv-append abe de))~ 
b e d 
CLIP S> 

The Str-explode Function 

The str-explode function converts a string to a multifield value. For example, 

CLIP S> (str-exp1ode "a b e d e")~ 
,.;abe de 

' CLIPS> 

:: ; -
The Str-implode Function 

o o ?¡,; -~.' ' i 1} 
/ !,,' • ' ' ' 'V,_._.. ) • 

Conversely, the str-implode function converts a multifield value to a string: For 
example, 

CLIPS> (str-implode (mv-append a b e d e))~ 
"a b e d e" 
CLIP S> 

10.7 EXTENDED MATH FUNCTIONS 

In addition to the standard CLIPS math functions of +, -, * and /, there are a large 
number of additional mathematical functions provided by the CLIPS extended matb 
package. The extended math functions are normally provided with CLIPS, but may be 
excluded from sorne CLIPS systems to conserve memory. 

Trigonometric Functions 

Table 10-3 show the list of trigonometric functions provided by the extended matb 
package. Each of the trigonometric functions expects a single argument. Where 
applicable, each trigonometric function expects its argument to be in radians. 
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Function Name 
e os 
sin 
tan 
sec 
ese 
cot 
acos 
as in 
atan 
asee 
acsc 
acot 
cosh 
sinh· 
tanh 
se eh 
es eh 
coth 
acosh 
asinh 
atanh 
ase eh 
acsch 
acoth 

cosine 
sine 

Purvose 

tangent 
secan! 
cosecant 
cotangent 
arccosine 
arcsine 
arctangent 
arcsecant 

: ~ 

arccosecant 
arccotangent 
hyperbolic cosine 
hyperbolic sine 
hyperbolic tangent 
hyperbolic secant 
hyperbolic cosecant 
hyperbolic cotangent 
hyperbolic arccosine 
hyperbolic arcsine 
hyperbolic arctangent 
hyperbolic arcse.cant 
hyperbolic arccosecant 
hyperbolic arccotangent 

Table 10-3 
Trigonomelric Functions 
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The function pi can be used to obtain the valuc of 1t in radians. It requires no 
arguments. For example, 

CLIP S> (pi) .J 

3.14159274 
CLIPS> (cos (pi)).J 
-1 
CLIP S> 

Conversion Functions 

The functions deg-rad, rad-deg, deg-grad, and grad-deg are provided for converting 
between degrees, radians and gradients. The syntax of these functions is as follows 
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(deg-rad <argument-in-degrees>) 
(rad-deg <argument-in-radians>) 
(deg-grad <argumen.-in-degrees>) 
( grad-deg <argumen·.:- in-gradients>) 

The deg-rad function converts its argument from degrees to radians. The rad-deg func­
tion converts its argument from radians to degrees. The deg-grad function converts its 
argument from degrees to gradients. The grad-deg function converts its argument from 
gradients to degrees. · 

Min and Max Functions 

The min and max functions can be used to find the minimum and maximum value 
from a group of numeric values. The syntax of these functions is 

(min <<numbers>>) 
(max <<numbers>>) 

Both functions expects one or more numeric arguments. The min function will 
retum the smallest value of al! its arguments and the max function will retum the 
largest value of all its arguments. For example 

CLIP S> (min 3 1 8 S).J 
1 

CLIP S> (max 3 1 8 S).J 
8 
CLIP S> 

Logarithm Functions 

The functions log, loglO, and exp are useful for perforrning mathematical operations 
with logarithms. The syntax of these functions is 

(log <number>) 
(loglO <number>) 
(exp <number>) 

Each function takes a single numeric argument. The lag function returns the loga­
rithm base e of its argument. The loglO function retums the logarithm base 10 of its 
argument. The exp function retums en where n is the argument passed to the function. 
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Predicate Functions 

The functions evenp, oddp, and integerp are provided as part of the extended math pack­
age. These functions were introduced in Chapter 9 and are listed in Table 9-3 which 
shows a list of CLIPS type predicate functions. 

Miscellaneous Functions 

Severa! other miscellaneous functions are provided by the extended math package. They 
are sqrt, trunc, abs, mod, and * *. The syntax of these function:; is 

( sqrt <number>) 
(trunc <number>) 
(abs <number>) 
(rnod <number> <number>) 
(** <number> <number>) 

Tbe sqrt function returns the square root'of its argument. The trunc function trun­
cates its argument so that it is the floating point equivalen! of an integer value. The 
abs function returns the absolute value of its argument. Tbe mod function retums the 
remainder that results from dividing its first argument by its second argument (the first 
argument modulus the second argument). The * * function retums the value of its first 
argument raised to the power of its second argument. For exan1ple, 

CLIP S> (sqrt 9) .J 
3 
CLIP S> (trunc 11.3)..1 
11 
CLIP S> (abs -5).J 
5 
CLIPS> (mod 9 2).J 
1 

CLIP S> (** 3 2).J 
9 
CLIP S> 

10.8 UTILITY COMMANDS 

The System Command 

Tbe system command allows the execution of operating system commands from 
within CLIP S. The syntax of the system command is 
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(system <<single~field arguments>>) 

For example, the following rule will give a directory listing for a specified directory on 
a machine using the UNIX operating system. 

(defrule list-directory 
(list-directory ?directory) 
=> 
(system "ls" ?directory)) 

For this example, the first argument to the system command, "ls ", is the UNIX com­
mand for listing a directory. Notice that a space is included after the characters "ls". The 
system command simply appends all its arguments together as strings before allowing 
the operating system to process the command. Any spaces needed for the operating 
system command must be included as part of an argument in the system command call. 

The effects of the system command may vary from one operating system to 
another. Not all operating systems provide the functionality for implementing the 
system command, so you cannot rely on this command being available in CLIPS. 

The Batch Command 

The batch command allows commands and responses that would normally have to be · .::· 
entered at the top-level prompt to be read directly from a file. The syntax of the batclz .:.::. 
command is .:-.< 

(batch <file-name>) 

For example, suppose the following dialog shows the commands and responses 
which must be entered to run a CLIPS program. Remember that tbe bold face letters 
indicate keys entered by you. 

CLIP S> 
CLIP S> 
CLIP S> 
CLIP S> 
CLIP S> 

(load "rulesl.clp")~ 
(load "ru1es2.c1p")~ 
(load "rules3.clp")~ 
(reset)~ 

( run) ~ 
How many iterations? 10~ 
Starting value? 1~ 
End value? 20~ 
Completed 
CLIP S> 

The commands and responses needed to run the program could be stored in a file as 
shown following. 

r:.:. 
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(load "rules1.clp")~ 
(load "rules2.clp")~ 
(load "rules3.clp")~ 
(reset)~ 

(run)~ 

10~ 

1~ 

20~ 
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lf the file with the commands and responses was named "commands.bat", the fol­
lowing dialog shows how the batch command can be used. Notice again that the bold 
face letters indicate keys entcred by you. 

CLIPS> (batch "commands.bat")~ 
CLIPS> (load "rules1.clp")~ 
CLIPS> (load "rules2.clp")~ 
CLIPS> (load "rules3.clp")~ 
CLIP S> "(reset) ~ 
CLIPS> (run)~ 

How many iterations? 10~ 
Starting value? 1~ 
End value? 20~ 
Completed 
CLIP S> 

Once all the commands and responses have been read from a batch file, keyboard 
interaction at the top-level prompt is retumed to normal. 

When run under operating systems that support command line argumcnts for exe­
cutables (such as UNIX), CUP:J can automatically execute conunands from a batch file 
upon startup. Assuming that the CLIPS executable can be executed by typing "clips", 
the syntax for executing a batch file upon startup is 

clips -f <file-name> 

lf an exií command is processed in the startup batch file, control will be returned 
to the operating system. Otherwise, CLIPS will entcr its intcractiv~ state displaying 
the top-level prompt "CUPS>". Unlike the batch command, only commands can be 
processed from a startup batch file. Responses to input functions cannot be stored in a 
startup batch file. Furthcrmore, the CLIPS prompt and the command being executed 
will not be displayed until CLIPS enters its interactive state. 
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The Dribble-on and Dribble-off Commands 

The dribble-on command can be used to store a record of all output to the terminal 
and al! input from the keyboard. The syntax of the dribble-on command is 

(dribble-on <fil~-name>) 

Once the dribble-on command has been executed, al! output sent to the terminal 
and al! input entered at the keyboard will be echoed to the file specified by <file-name> 
as well as to the terminal. ·' 

The effects of the dribble-on command can be turned off with the dribble-off 
command. The syntax of the ·dribble-off command is 

(dribble-off) 

10.9 THE GENSYM FUNCTION 

CLIPS has a function called ¡~ensym which returns a unique word every time it's 
called. The general form of tl!e value returned by the gensym function is shown 
following. 

gen<number> 

where <number> is a suffJX numeral supplied by CLIPS each time the gensym func­
ti<.'n is called. The numbers used by the gensym function always start at 1 when CLIPS 
is first started and increment by 1 each time the gensym function is called until CLIPS 
is exited. The following command sequence demonstrates the use of the gensym 
function. 

CLIP S> (gensym) .J 
genl 
CLIPS> (gensym) .J 
gen2 
CLIP S> (gensym) .J 
gen3 
CLIP S> 

The setgen function can be used to reset the gensym count or to set it to a spe­
cific value. The setgen function takes a single argument, the starting number to be 
appended lo the word "gen". For example, 

CLIPS> (setgen 10) .J 
CLIP S> (gensym) .J 
genlO 



CLIP S> 
genll 
CLIP S> 
CLIP S> 
gen3 
CLIP S> 

.·'1.:.:: 
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(gensym) .J 

(setgen 3).J 
(gensym) .J 
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The usefulness of the gcmym function will be dcmonstrated in Chapter 12 using 
an example that demonstrates how uncertainty can be.represented in CLIPS. 

10.10 SUMMARY 

This chapter introduced a wide variety of functions. CLIPS provides functions for 
manipulating strings and multifield values. A number of math functions are provided 
by the CLIPS extended math package. 

The if and while functions can be used for flow of control on the RHS of a rule. 
The halt function can be used to hall the exccution of rules. Overuse of these functions 
on the RHS is poor programming style. 

The open and c/ose functions can be used to open and close files. Opened files are 
associated with a logical name. Logical names can be used in most functions that per­
form input and output to more than one type of physical device. Both the printout and 
read functions used logical names. The printout function can output to the terminal and 
files. The read function can input from the keyboard and files. Theformat and readline 
functions also accept logical names. The formar function allows more control over .thc 
appearance of output. The readline fuuction can be used to read an entire line of data. 
The save-facts and load-facts functions can be used to save facts to a file and load facts 
from a file. 

The system command allows operating system commands to be executed from 
within CLIP S. The batch commands allows a series of commands and responses stored 
in a _file to replace normal keyboard input. The dribble-on and dribble-off commands 
allow a record of terminal output to be stored in a ftle.TI1c gcnsym functiou can be uscd 
to gcnerate unique words. 

PROBLEMS AND PROGRAMS-

10-1. Modify the oil pump program in Section 10.3 to ask for the name of the 
input and output files. Check to see if the files can be opened. lf they cannot, prompt 
the user for another file n;une. 

10-2. Rewrite the following rule into one or more rules that do not use the if and 
while functions. Verify that your rules perform the same actions by comparing the 
output and final fact-list of your rules with thc following rule. 
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(defrule eontinue-check 
?phase <- (phase check-continue) 
=> 
(retraet ?phase) 
(printout t "Continue? " crlf) 
(bind ?answer (read)) 
(while (and (neq ?answer yes) (neq ?answer no)) do 

(printout t "Continue? " crlf) 
(bind ?answer (read))) 

(if (eq ?answer yes) 
then (assert (phase continue)) 
else (assert (phase halt)))) 

10-3. Write a pro gram that saves a specified group of facts. The facts to be save 
should be specified with a fact using the following template 

(save-relations <file-name> <<relation-names>>) 

where <file-name> indicates the file in which the facts should be stored and 
<<relation-names>> are the relation names of the facts to be saved. Only !hose facts 
beginning with one of 1he relation names should be saved. Verify your program using 
the following deffacts construct. .,, 

(deffaets test-data 
(save-relations "faets.sav" data nurnbers) 
(nurnbers 10 20 30) 
(words a b e) 
(data a b 34 e 34) 
(nurnbers 23 22) 
(words x y z) 
(strings "abe" "def" "ghi") 
(data a b e d 34) 
(data a b)) 

10-4. Write a program which will read a data file containing a list of people's 
names and ages and create a new file containing the list of people's names and ages 
sorted in ascending order by age. The program should prompt for both the input and 
out pul files. For example, the following input- file 

John Carter 34 
Mary Jane Campbell 25 
Bill Smith 37 
Janis Page 22 
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should create the following output file 

Janis Page 22 
Mary Jane Carnpbell 25 
John Carter 34 
Bill Smith 37 
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CHAPTER 11 EFFICIENCY IN 
====.,;;,:RULE-BASED LANGUAGES 

11.1 INTRODUCTJON 

This chapter provides many teclmiques for increasing the efficiency of a rule-based 
expert system which uses the Rete Pattem Matching Algorithm. The reasons for need­
ing an efficient pattem matching algorithm are discussed before the Rete Algorithm is 
explained. Severa! techniques for writing rules more efficiently are discussed. 

11.2 THE RETE PATTERN MATCHING ALGORITHM 

Rule-based languages such as CLIPS, ART, OPSS, and OPS83 use a very efficient 
algorithrn for matching facts against the pattems in rules to determine which rules have 
their conditions salisfied. This algorithm is called the Rete Pattern Matching 
Algorithm. Writing cfficicnt CLIPS rules docs not require an understanding of thc 
Rete Algorithm. However, an understanding of the underlying algorithm used in 
~LIPS and other rule-based languages mak:es it easier to understand why writing rules 

;e way is more efficient tlmn writing them another way. 
To understand why the Rete Algorithm is efficient, it will be helpful to look at the 

problem of matching facts to rules in general and exanline other algorithms which are 
not as efficient. Figure 11-1 shows the prob1em addressed by the Rete Algorithm. 

FACfS 
INFERENCB 

ENOINB 

AGENDA 

Figure 11-1 
Pattem Matching: Rules and Facts 

RULES 
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If the matching process only has tÓ occur once, then the solution to the probl1 
straightforward. The inference engine can examine each rule and then search the s~c. -• 
facts to determine if the rule's patterns have been satisfied. If the rule's pattems are sat­
isfied, then the rule can be placed on the agenda. Figure ll-2 shows this approach of 
having the rules look for the facts needed to match their conditions. 

FACfS RULES 

t.:' AGENDA 

Figure ll-2 
Rules Searching for Facts 

In rule-based languages, however, the matching process takes place repeatedly. 
Normally, the fact-list will be modified during each cycle ofexecution. New facts m ay 
be added to the fact-list or old facts m ay be removed from the fact-list. These changes 
may cause previously unsatisfied patterns to be satisfied or previously satisfied pattems 
to become unsatisíied. The problem of matching now becomes an ongoing process. 
During each cycle, as facts are added and removed, the set of rules that are satisfied must 
be maintained and updated. 

Having the inference engine check each n 1le to direct the search for facts after each 
cycle of execution provides a very simple and straightforward technique for solving this 
problem. The primary disadvantage of such a technique is that it can be very slow. 
Most rule-based expert systems exhibit a property called temporal redundancy. 
Typically, the actions of a rule will only change a few facts in the fact-list. That is, the 
facts in the expert system change slowly over-time. Each cycle of execution may see 
only a small percentage of facts either added or removed and so only a small percentage 
of rules are typically affected by the changes in the fact-list. Thus having the rules drive 
the search for needed facts requires a lot of urmecessary computation since most of the 
rules are likely to find the same facts in the cu rrent cycle as found in the last cycle. T• 
inefficiency of this approach is shown in Figure 11-3. The shaded area represents l 

changes that have been made to the fact-list. Unnecessary recomputation could be 
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avoided by remembering what has already matched from cycle to cycle and computing 
only the changes nec.essary for the newly added or removed facts as shown in Figure 
11-4. lt is the rules that remain static and the facts that change. Thus the facts should 
find the rules and not the other way around. 

RULES 

AGENDA 

Figure 11-3 
Unnecessary Computations when Rules Search for Facts 

FACfS RULES 

-

AGENDA 

FigUJc 11-4 
Facts Searching for Rules 
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The Rete Pattem Matching algorithm isdesigned to take advantage of the ter 
redundancy exhibited by rule-based expert systems. It does this by saving the st:. •• <Jf 
the matching process from cycle to cycle and recomputing thc changes in this state 
only for the changes that occur in the fact-list. That is, if a set of pattems finds two of 
three required facts in one cycle, a check does not have to be made in the next cycle for 
the two facts that have already:been found. Only the third fact is of interest. ·The state 
of the matching process is updated only as facts are added and removed. If the númber of 
facts added and removed is:small compared to the total number of facts and pattems, 
then the process of matching ·Will proceed quickly. As a worst case, if all the facts were 
to be changed, then the matching process would work as if al! the facts were compared 
against ali of the pattems. 

If only updates to the fact-list are processed, then each rule must remember what 
has already matched it. Thai is, if a new fact has matched the third pattem of a rule, 
then information about the matches for the first two pattems must be available to fin­
ish the matclúng process. This type of state information indicating the facts that have 
matched previous pattems in a rule is ca\led a partía! match. A partial match for a 
rule is any set of facts which satisfy the rule's pattems beginrúng with the .first pattem 
of the rule and ending with any pattem up to and including the rule's last pattem. Thus, 
a rule with three pattems would have partía! matches for thc first pattem, the first and 
second pattems, and the first, second, and third pattems. A partía! match of all of the 
pattems of a rule will also be an activation. The other type of state information s~d 
is called a pattern match. A pattem match occurs when a fact has satisfied as e 
pattem in any rule without rcgard to variables in other pattems that may restrict e 
matching process. 

Thc primary disadvantagc of the Rete Pattem Matching Algorithm is that it is very 
memory intensive. Simply comparing al! of the facts to al! of the pattems requires no 
memory. Saving the state of the system using pattem matches and partial matches, 
however, can consume considerable amounts of memory. In general, this tradeoff of 
memory for speed is worthwlúle. It is importan! to note that the Rete Algorithm does 
not perform a simple search in attempting to match facts against rules. Since memory 
is used to save both pattem matches and partial matches for the rules, a poorly written 
rule can not only run slowly, but it can use up considerable amounts of memory. Like 
errors in procedural languagcs such as a recursive loop that never bottoms out or nested 
loops that have a combinatoria! number of itcrations, this is a commonly madé error in 
rule-ba~ed programming. 

Thc Rete Algorithm also improves the efficiency of rule-based systems by taking 
advantage of structural similarity in the rules. Structural similarity refers to the 
fact that many rules often contain similar plHtems or groups of pattems. The Rete 
Algorithm takes advantage of this featurc to increase efficiency by pooling common 
components together so that they do not ha ve to be computed more than once. 
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CHAPTER 1 INTRODUCTION TO 
EXPERT SYSTEMS 

1.1 INTRODUCTION 

This chapter is a broad introduction to expert systems. The fundamental principies of 
expert systems are introduced. The advantages and disadvantages of expert systems are 
discussed and the appropriate areas of application for expert systems are described. The 
relationship of expert syslems lo other methods of programming are discussed. 

1.2 WHAT IS AN EXPERT SYSTEM 
'·.' =:· 

The first step in solving any problem is defining the problem area or domain to be 
solved. This consideration is just as true in artificial intelligence (Al) as in conven­
tional programming. However, because of the mystique formerly associated with Al, 
there is a lingering tendency to still believe the old adage "lt's an Al problem if it hl't been solved yet". This type of mind-set may have been popular in the 1970's 
w Al was entirely in a research stage. However, today there are many real-world 
pro ems that are being sol ved by Al and many commercial applications of Al. 

Although general solutions to classic Al problems such as naturallanguage trans­
lation, speech understanding, and vision have not been found, restricting the problem 
domain may still produce a useful solution. For example, it is nol difficult to build 
simple natural language systems if the input is restricted to sentences of the form: _ 
noun, verb, and object. Currently, systems of this type work very well in providing a 
user-friendly interface lo many software products such as database systems and spread­
sheets. In fact, the parsers associated with popular computer text-adventure games today 
exhibit an amazing degree of ability in understanding naturallanguage. 

As Figure 1-1 shows, Al has many areas of interest. The area of expert systems 
is a very successful approximate solution lo the classic Al problem of programming 
inlelligence. Professor Edward Feigenbaum of Stanford University, an early pioneer of 
expert systems technology, has defined an expert system as " ... an inlelligent computer 
program that uses knowledge and inference procedures to sol ve problems that are diffi­
cult enough to require significan! human expertise for th!ir solulion." (Feigenbaum 
82). That is, an expert system is a computer system which em-ulates the 
decision-making ability of a human expert. The term emulate means that the expert 
system is intended to act in all respects like a human expert. An emulation is much 
stronger than a simulation which is only required to act like the real thing in sorne 

Jthough a general purpose problem solver still eludes us, expert systems function 
very well in their restricted domains. As proof of their success, you need only observe 
the many applications of expert systems today in business, medicine, science, and 
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· · -engineering as well as a1I the books, joumals, conferences and products de• 1 to 
expert systems. 

Figure 1-1 
Sorne Areas of Artificial Intelligence 

Expert systems is a branch of Al that malees extensive use of specialized knowl­
edge to sol ve problems at the leve! of a human expert. An expert is a person who has 
expertise in a certain area. That is, the expert has knowledge or special skills that are 
no! known or available to most people. An expert can sol ve problems that most people 
cannot solve at all or solve them much more efficiently (but not as cheaply). When 
expert systems were first developed in the 1970's, they contained expert knowledge 
exclusively. However, the term expert system is often applied today to any system 
which uses expert system technology. This expert system technology may include 
special expert system languages, programs, and hardware designed to aid in the 
development and execution of expert systems. 

The knowledge in expert systems may be either expertise, or knowledge which is 
generally available from books, magazines, and knowledgeable persons. The terms ex-· 
pert system, knowledge-based system or knowledge-based expert system 
are often used synonymously. Most people use expert system simply because it's 
shorter, even though there m ay be no expertise in tbeir expert system, only gr·· -•al 
knowledge. 

···-::::-.. -- .. -~~ ------·-·-····-. 
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Figure 1-2 illustrates the basic concept of a knowledge-based expert system. The 
uscr supplies facts or othcr information to the expert system and receives expert advice 
or expertise in response. Intemally, the expert system consists of two main compo­
neuts. The knowledge-base contains the knowledge with which the inference engine 
drn ws conclusions. These conclusions are the expert system's responses to the user's 
qu<"ries for expertise. 

1 

____________ ., 
1 

1 Knowledge-Base 1 

Facts 
1 

1 ·------------
1 

U ser ' 1 ........, 
1 

1 
1 Inference Engine 1 Expertise 1 

1 L------------
...... .. 

Expert System 

Figure 1-2 
Basic Concept of an Expert System Function 

Usefu 1 knowledge-based systems also ha ve been designed to act as an intelligent 
assistant to a human expert. These intelligent assistants are designed with expert sys­
tems technology because of the development advantages. As more knowledge is added 
to the intelligent assistant, it acts more like an expert. Developing an intelligent assis- -
tant may be a useful milestone in producing a complete expert system. In addition, it 
may free up more of the expert's time by speeding up the solution of problems. 

An expert's knowlcdge is specific to one problem domain as opposed to 
knowledge about general problem-solving techniques. A problem domain is the special 
problem area such as medicine, finance, science or engineering and so forth tf:¡at an 
expert can solve problems in very well. Expert systems, like human experts, are 
generally designed to be expcrts in one problem domain. For example, you would not 
nonnally expect a chess expert to have expert knowledge about medicine. Expertise in 
one problem domain does not automatically carry over to another. 

The expert's knowledge about solving specific problemsis called the knowledge 
domain of the expert. For example, a medica! expert system designed to diagnose 
infectious diseases will ha ve a great deal of knowledge about certain symptoms caused 
by infectious diseases. In this case the knowledge domain· is 'medicine and consists of 
knowledge about diseases, symptoms, and treatments. Figure 1-3 illustrates the rela­
ti· 'Up between the problem and knowledge domain. Notice that this knowledge 
l n is entirely included within the problem domain. The portion outside the 
knowledge domain symbolizes an area in which there is not knowledge about al! the 
problems. 
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One expert system usually does not have knowledge about other b• es o 
medicine such as surgery or pediatrics. Although its knowledge of infectiou~ ,ase i. 
equivalen! to a human expert, the expert system would not know anything about othe 
knowledge domains unless it was programmed with that domain knowledge. 

Knowledge 
Domain 

Figure 1-3 
A Possible Problem and Knowledge Domain Relationship . 

ln the knowledge domain that it knows about, the expert system reasons lke~ 

inferences in the same way that a human expert would infer the solution o_ yrob­
lem. That is, given sorne facts, a conclusion that follóws is inferred. For example, if 
your spouse hasn't spoken to you in a month, you m ay infer that he or she had nothing 
worthwhile lo say. However, Ibis is only one of severa! possible inferences. 

As with any new lechnology, we slill ha ve a lol 10 leam aboul expert systems. 
Table 1-1 summarizes the differing views of the partidpanls in a techno1ogy. In this 
table, the technologist m ay be an engineer or software designer and the technology may 
be hardware or software. In solving any problem, these are questions that need to be 
answered or the lechnology will not be successfully used. Like any other too!, expert 
syslems ha ve appropriale and inappropriale applica1ions. As our experience with expert 
syslems grows, we will discover whal these applications are. 

Person Question 
Manager What can I use it for? 
Technologisl How can I best implemenl it? 
Researchcr How cau 1 extend it? 
Consumcr How will it help me? 

J~ it worth lhe trouble and expense? 
1 [ow reliable is it? 

Table 1-1 
DifferiJ g Views ot' Technology 
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1.3 ADVANTAGES OF EXPERT SYSTEMS 

Expert systems ha ve a number of attractive features. 

• 

• 
• 

• 

• 

• 

• 

• 

• 

• 

• 

Increased Availability. Expertise is available on any suitable computer hardware. In 
a véry real sense, an expert system is the mass production of expertise. 
Reduced e os t. The cost of providing expertise per user is greatly lowered 
Reduced Danger. Expert systems can be used in environments that might be 
hazardous for a hum<Jn. 
Pennanence. The expertise is permaner.t. Unlike human experts who may retire, 
quit or die, the expert system's knowledfe will last indefinitely. 
M u/tiple expertise. The knowledge of nultiple experts can be made available to 
work simultaneously and continuously on a problem at any time .of day or night. 
The leve! of expertise combined from severa! expei-ts may exceed that of a single 
human expert (Harmon 85). · 
Increased reliability. Expert systems.increase confidence t.Í:iat the corree! decision 
was made by providing a second opinion to a. human expert or break a ti e in case 
of disagreements by multiple human experts. Of course, this method probably 
won't work if the expert system was programmed by one of the experts. The expert 
system should always agree with the e;;pert, unless a mistake was made by the 
expert. However, this may happen if the lluman expert is tired or under stress. 
Explanation. The expert system.can explicitly explain in detail the reasoning that 
led to a conclusion. A human may be too tired, unwilling or unable to do this al! 
the time. This increases the confidence that the correct decision is made. 
Fast response. Fast or real-time response may be necessary for sorne applications: 
Depending on the software and hardware used, an expert system m ay respond faster 
and be more available than a human cxpert. Sorne emergency situations may 
require responses faster than a human and so a real-time expert system is a good 
choice (Hugh 88) (Ennis 86). 
Steady; unemotiona/, and complete response at al/ times. This may be very 
importan! in real-time and emergency situations when a human expert may not 
operate at peak efijciency because of stress or fatigue. 
Intelligent tutor. The expert system may act as an intelligent tutor by Ietting the 
student run sample programs and explaining the system's reasoning. 
Intelligent Database. Expert systems can be used to access a databasc in an 
intelligent manner (Kerschberg 86) (Schur 88). 

The process of developing an expert system has an indirect benefit also since the 
knowledge of human experts must be pul into an explicit form for entering in the 
computer. Because the knowledge is then explicitly known instead of being implicit in 

__ ,, .• expert's mind, it can be examined for correctness, consistency and completeness. 
·, ~ knowledge m ay then ha ve to be adjusted or re-examined which improves the 

quality of the knowledge. 
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1.4 GENERAL CONCEPTS OF EXPERT SYSTEMS 
'· 

The knowledge of an expe.f! .. system may be represented in a number of ways. One 
common method of representing knowledge is in the form of IF THEN type rules, 

¡.,,: :::·. 
such as .;;. · 

IF the 

'-"·· ··:-

}!.~.; i;. 
light ·is' red THEN stop 

(.: 

' i 

Although this is a trivial example, many significan! expe1t systems have been built by 
expressing tbe knowledge of experts in rules. In fact, the l.nowledge-based approach to 
developing expert systems has completely supplanted the early Al approach of the 
1950's and 1960's which tried to use sophisticated reasoning techniques with no 
reliance on knowledge. 

Today, a wide range of knowledge-based expert systems have been built. Large 
systems containing thousands of rules, such as the XCON/R1 system of Digital 
Equipment Corporation, know much more than any single human expert on how to 
configure computer systems (McDermott 84). Many sma11 systems for specialized 
tasks have also been constructed with severa! hundred rules. These sma11 systems may 
not operate at the leve! of an expert but are designed to take advantage of expert sys­
tems technology to perform knowledge-intensive tasks. For these small systems, the 
knowledge may be in books, joumals, or other publicly available documentatio11 

In contras!, a classic expert system embodies unwritten knowledge that be 
extracted from an expert by extensive interviews with a knowledge engineer vver a 
long period of time. The process of building an expert system is called knowledge 
engineering and is done by a knowledge engineer (Michie 73). Knowledge engineer­
ing refers to the acquisition of knowledge from a human expert or other source and its 
coding in the expert system. · 

The general stages in the.~evelopment of an expert sy:;tem are illustrated in Figure 
1-4. The knowledge engineer fLrSt establishes a dialog with the human expert in order 
to elicit the expert's knowledge. This stage is analogous to a system designe'r in con­
ventional programming discussing the system requirement > with a client for whom the 
program will be constructed. The knowledge engineer then codes the knowledge explic­
itly in the knowledge-base. The expert then evaluates thc expert system and gives a 
critique to the knowledge cngineer. This process iterates urtil the system's performance 
is judged to be satisfactory by the expert. 

The expression knowledge-based system is a better term for the application of 
knowledge-based technology since it may be used.for the creation of either expert 
systems.or knowledge-based systems. Howc:ver, like the term artificial intelligence,it 
is common practice toda y to use the term expert systems when referring to both expert 
systems and knowledge-based systems, even when the knowledge is not at the leve! of 
a human expert. 

Expert systems are generally designed very differently from conventional prOj!MfDS 
because the problems usual! y have no algorithmic solution and· re! y on inferen o 
· achieve a reasonable solution. Note that a reasonable solut.' on is about the best we can 
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expect if no algorithm is available to help us achieve the optimum solution. Since the 
expert system relies on inference, it must be able to explain its reasoning so that its 
reasoning can be checked. An explanation facility is an integral part of sophisti­
cated expert systems. In fact, elaborate cxplanation facilities may be designed to allow 
the user to explore multiple lines of "What if ... " type questions, called hypothetical 
reasoning and even translate naturallanguage into rules. 

Hwnan 
Expert 

Dial og 

' 
Knowledge .·, 

Engineer 

. . , . ... . ·' ~ 

owledge ' , .. 
Explicit Kn 

... .. 
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of 
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... . .. 

Figure 1-4 
Development of an Expert System 

Sorne expert systems even allow the system to learn rules by example, through 
rule induction, in which the system creates rules from tables of data. Forrnalizing 
the.knowledge of experts into rules is not simple, especially when the expert's knowl­
edge has never been systematically explored. There may be inconsistencies, 
arnbiguities, duplications or other problems with the expert's knowledge that are not 
apparent until attempts are made to forrnally represen! the .knowledgc: in an expert 
system. 

Human experts also know lhe extent of their b10wledge and qualify their advice as 
the problem reaches their limits of ignorance. A human expert also knows when 
to "break the rules". Unless expert systems are eJ;plicitly designed to deal with uncer­
. ·,#f'j, they wil! make recommc·ndations with the :;ame confidence even if the data they 
<~~ealing with is inaccurate or incomplete. An expert systems advice, like a human 

expert's, should degrade gracefully at the boundarics of ignorance instead of abruptly. 
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A practica! limitation · of many expert systems toda y is lack of u sal 
knowledge. That is, théoeitpert systems do not really have an understanding of the 
underlying causes and effects in a system. It is much easier to program expert systemf 
with shallow knowledge based on empirical and heuristic knowledge than deep 
knowledge based on the basic structure, function, and behavior of objects.;For exam­
ple, it is much easier to program an expert system to prescribe an aspirin for a person's 
headache than program al! the underlying biochemical, physiological, ahatomical and 
neurological knowledge about the human body. The programming of a causal model of 
the human body would be an enormous task and even if successful, the regponse time 
of the system would probably be extremely slow because of all the information that the 
system would have to process. 

One type of shallow knowledge is heuristic knowledge, where the term 
heuristic comes from the Greek and means to discover. Heuristics are not guaranteed to 
succeed in the same way that an algorithm is a guaranteed solution to a problem. 
Instead, heuristics are rules of thumb or empirical knowledge gained from experience 
which m ay aid in the solution but are not guaranteed to worlc. However, in many fiel!~: 
such as medicine and engineering, heuristics play an essential role in sorne types o• 
problem solving. Even if an exact solution is known, it may be impractical to us< 
because of cost or time constraints. Heuristics can provide valuable shortcuts that ero 
reduce time and cost. 

Another problem with expert systems today is that their expertise is lim;· . ., tht 
knowledge domain that the systems know about. Typical expert systems can ner· 
alize their knowledge by using analogy to reason about new situations that tne wa) 
people can. Although rule induction helps, only limited types of knowledge can be pu: 
into an expert system thi¡ way. The customary way of building an expert system b~ 
having the knowledge engineer repeat the cycle of interviewing the expert, constructin¡ 
a prototype, testing, interviewing, and so on is a very time consuming and !abo: 
intensive task. In fact, this problem of transferring human knowledge into an exper 
system is so major that it is called the knowledge acquisition bottleneck. Thi: 
is a descriptive term because the knowledge acquisition bottleneck constricts th< 
building of an expert system like an ordinary bottleneck constricts fluid flow into ; 
bottle. 

In spite of their present limitations, expert systems have been very successful ii 
dealing with real-world problems that conventional programming methodologies hav< 
been unable to solve, especially those dealing with uncertain or incompleté informa· 
tion. The importan! point is to be aware of the advantages and lirnitations of this nev. 
technology so that it can be appropriately utilized. 

1.5 CHARACTERISTICS OF AN EXPERT SYSTEM 

An expert system is usual! y designed to have the following general characteris¡;- · 
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• High performance. The system must be capable of.responding ata leve! of compe­
tency equal to or better !han an expert in the field. That is, the quality of the advice 
given by the system must be very high. 

• Adequate response time. The system must also perform in a reasonable time, 
comparable to or better !han the time required by an expert to reach a decision. An 
expert system that takes a year to reach a decision compared to an expert's time of 
one hour would not be too useful. The time constraints placed on the perfor­
manee of an expert system may be especially severe in the case of real-time 
systems, when a response must be made within a certain time interval. 
Good re/iability. The expert system must be reliable and not prone to crashes or 
else it will not be used. 

• Understandable. The system should be able to explain the steps of its reasoning 
while executing so that it is understandable. Rather !han being just a "black box" 
that produces a miraculous answer, the system should have an explanation 
capability in the same way that human experts can explain their reasoning. This 
feature is very importan! for severa! reasons. 

One reason is that human life and propcrty may dcpend on the answers of the 
expert system. Because of the great potential for harm, an expert system must be able 

justify its conclusions in the same way a human expert can explain why a certain 
Jnclusion was reached. Thus, an explanation facility provides an understandable check 

of the reasoning for humartS. 
A second reason for having an explanation facility occurs in the development phase 

of an expert system to confirm that the knowledge has been correctly acquired and is 
being correctly used by the system. This is very importan! in debugging since t~e 
knowledge may be incorrectly entered due to typos or be incorrect due to 
misunderstandings between the knowledge engineer and the expert. A good explanation 
facility allows the expert and knowledge engineer to verify the correctness of the 
knowledge. Also, because of the way that typical expert systems are constructed, it is 
very difficult toread a significan! program listing and understand its operation. 

An additional source r f error m ay be unforeseen interactions in the expert system, 
which may be detected b: running test cases with known reasoning that the system 
should follow. As wc will discuss in more detaillater, multiple rules may apply to a 
given situation about wh: ~h the system is reasoning. The flow of execution is not 
sequential in an expert sy aem so that you cannot just read its code line by line and 
understand how the systcn: operates. That is, the ordcr in which rules have been entered 
in the system is not neces ;arily the order in which thcy will be executed. The expert 
system acts much like a pa ·allel program in which thc rules are independent knowledge 
processors. 

Flexibility. Becausc o'·· the large amount of knowlcdge that an expert system may 
have, it is important o have an efficient mechanism for adding, changing, and 
deleting knowledgc. ')ne reason for the popularity· of rule-based systems is the 
efficient and modular ·torage capability of rules. 



:'·; ,.' 

~\.-, .: :.¡ 

1 O Chapter 1 - ii~ti~duction To Expert Systems 

Depending on the system, an explanation facility may be simple or elat ~- A 
simple explanation facility in a rule-based system may simply list all the fo._ .~ that 
made the latest rule execute. More elaborate systems may do the following. 

• List al/ the reasons for and against a particular hypothesis. A hypothesis is a goal 
which is to be proved such as ''The patient has a tetanus infection" in a medical 
diagnostic expert system. In a real problem, there may be multiple hypotheses, 
just as a patient may have several diseases at once. A hypothesis can also be 
viewed as a fact whose truth is in doubt and must be proved. · 

• List al/ tlze hypotlzeses tlzat may explain tlze observed evidence. 
• Explain al/ tlze consequences of a lzypothesis. For example, assuming that the 

patient does have tetanus, there should also be evidence of fever as the infection 
runs its course. If this symptom is then observed, it adds credibility that the 
hypothesis is true. If the symptom is not observed, it reduces the credibility of the 
hypothesis. 

• Give a prognosis or prediction of wlrat will occur if tite hypothesis is true. 
• Justifv tite questions that tite program asks of tite user for further information. 

These questions may be used to direct the line of reasoning to likely diagnostic 
paths. In most real problems, it is too expensive or take too long to explore all 
possibilities, and sorné way must be provided to guide the search for the corree! 
solution. For exampli{ ~onsider the cost, time and effect of adminisv • all 
possible medical tests to a patient complaining of a sore throat. 

• Justify tite knowledge of tite program. For example, if the program claim" .• the 
hypothesis "The patient has a tetanus infection" is true, the user could ask for an 
explanation. The program might justify this conclusion on the basis of a rule 
whicl. says that if the patient has a positive blood test for tetanus, the patient has 
tetanus. Now the user could ask the program to justify this rule. The program 
could respond by stating that a positive blood test for a disease is proof of the 
disease. 

In this case, the program is actually quoting a metarule, which is kriowledge 
about rules. The prefix meta means above or beyond. Sorne programs such as Meta­
DENDRAL have been explicitly created to infer new rules (Buchanan 78). A hypothe­
sis is justified by knowledge and the knowledge is justified by a warrant that it is 
corree!. A warrant is essentially a meta-explanation that explains the expert systems 
explanation of its reasoning. 

Knowledge can easily grow incrementally in a rule-based system. That is, the 
knowledge base can grow little by Iittle as- rules are added so that the performance and 
correctness of the system can be continually checked. If the rules are properly designed, 
the interactions between rules will be minimized or eliminated to protect against 
unforeseen effects. The incremental growth of knowledge facilitates rapid 
prototyping so that thé kriowledge engineer can quickly show the expert a working 
prototype of the·expert system. This is an importan! feature because ii maint the 
expert's and management's interest in the project. Rapid prototyping also quickly 
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exposes any gaps, inconsistencies or errors in the expert's knowledge or the system so 
that corrections can immediately be made. (:,: <. · 

' •. :¡,.. 

1.6 THE DEVELOPMENT OF EXPERT.SYSTEMS 
TECHNOLOGY 

Al has many branches concerned with speech, vision, robotics, naturallanguage under­
standing, and learning and expert systems. The roots of expert systems líe in many 
disciplines. In particular, one of the major roots of expert systems is the area of human 
infom1ation processing, called cognitive science. Cognition is the study of how 
humans process infonnation. In other words, cognition is the study of how people 
think, especially when solving problems. 

The study of cognition is very importan! if we want to make computers emulate 
human experts. Often, experts can't explain how they solve problems-the solution 
just comes to them. If the expert can't explain how a problem is sol ved, it's not possi­
ble to encode the knowledge in an expert system based on explicit knowledge. In this 
case, the only possibility is programs that learn by themselves to emulate the expert. 
These are programs based on induction and artificial neural systems, to be discussed 

'<:>:r. 

11uman Problem-Solving and Productions 

The development of expert systems technology draws on a wide background. Table 1-2 
is a brief summary of sorne importan! developments that ha ve converged in modern 
cxpert systems. Wbenever possible, the starting dates of projects are used. Many pro­
jects extend over many years. These developments are covered in more detail in this 
chapter and others. The best single reference for all the early systems is the 
three-volume Handbook of Artificial lntelligence (Feigenbaum 81). 

In the late 1950's and .1960's, a number of programs werc written with the goal of 
general. problem solving .. The most famous of these was the General Problem 
Solver created by Newell and Simon and desclibed in a series of papers culminating in 
their monumental 920-page work on cognition, Human Problem Solving (Newell 72). 

One of the most significan! results demonstrated by Newell and Simon was that 
much of human problem solving or cognition could be expressed by IF THEN type 
production rules. For example, IF it Iooks like it's. going to .rain 1rfEN carry an 
umbrella, or IF your spouse is in abad mood THEN don't appear happy. A rule corre­
sponds to a small, modular collection of knowledge callcd a chunk. The chunks are 
organized in a loose anangement with Iinks to relatcd chunks of knowledge. One theory 
is that all human memory is organized in chunks. An cxample of a rule represcnting a 
'>unk of knowledge is 
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Year Events -
1943 Post production rules; McCulloch and Pitts Neuron Model 

1954 Markov Algorithm for controlling rule execution 

1956 Dartmouth Conference; Logic Theorist; Heuristic Search; "AI" term coined 

1957 Perceptron invented by Rosenblatt; GPS (General Problem Solver) started 
(Newell, Shaw and Simon) 

1958 LISP Al language (McCarthy) . 
1962 Rosenblatt's Principies of Neurodynamics on Perceptions 

1965 Resolution Method of automatic theorem pioving (Robinson) 
Fuzzy Logic for reasoning about fuzzy objects (Zadeh) 
Work begun on DENDRAI., the fust expert system (Feigenbaum, Buchanan, 
et.al.) 

1968 Sem?ntic nets assodative memory model (Quillian) 
1969 MACSYMA math exfiert system (Martin and Moses) 
1970 Work begins on PROLOG (Co1merauer, Roussell, et. al.) 
1971 HEARSA Y 1 for spee.ch recognition 

Hwnan Problem Solviiig popularizes rules (Newell and Simon) 
1973 MYCIN expert sysiem for medica! diagnosis(Shortliffe, et. al.) 

leading to GUIDON, intelligent tutoring (Clancey) and 
TEIRESIAS, explanation facility concept (Davis) and 
EMYCIN, fust shell (Van Melle, Shortliffe and Buchanan) 
HEARSA Y Il, blackboard model of multiple cooperating experts 

1975 · Frames, knowledge representation (Minsky) 
1976 AM (Artificial Mathematician) crea ti ve discovery of math concepts (Lenat) 

Dempster-Shafer Theory of Evidence for reasoning under uncertainty 
Work begun on PROSPECTOR expert system for-mineral exploration (Duda, 
Hart,et. al.)_ 

1977 OPS expert system shell (Forgy), used in XCON/R1 
1978 Work started onXCON/R1 (McDermott, DEC) to configure DEC computer 

systems 
Meta-DENDRAI., metarules and rule induction (:Buchanan) 

1979 Rete Algorithm for fast pattem matching (Forgy) 
Commercialization of Al begins 
Inference Corp. formed (releases ARTexpert system too! in 1985) 

1980 Symbolics, LMI founded to manufacture LISP machines 
1982 SMP math expertsystem; Hopfield Neural Net; Japanese Fifth Generation 

Project to develop intelligent compu-ters 
1983 KEE expert system too! (IntelliCorp) 
1985 CLIPS expert system too! (NASA) 

Table 1"2 
Sorne Importan! Events in the History of Expert Systems 
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IF the car doesn't run and 
the fuel gauge reads empty 

THEN fill the gas tank 
,' ', 
OJ :•:" 

Newell and Simon popularized the use of rules to represen! human knowledge and 
showed how reasoning could be done with rules. Coghltl~e psychologists bave used 
rules as a model to explain human information processfug';' Tbe b:ISic idea is that sen­
sory input provides stimuli to the brain. The stimuli inúier the appropriate rulés of 
long-term memory which produce the appropriate response. L<•ng-term memory is 
where our knowledge is storcd. For examplc, we all have rules sucl' as 

IF there is flame THEN there is a fire 
IF there is smoke THEN there may be a fire 
IF there is a siren THEN there.may be a fire 

Notice that the last two rules are not expressed with complete certainty. Tbe fue may 
be out, but therc may still be smoke in tbe air. Likewise, a siren does not prove that 
there is a fire since it may be a false alarm. The stimuli of seeing flames, smelling 
•n1oke, and hearing a siren will trigger these and similar types of rules. 

Long-term memory consists of many rules having the simple IF THEN structure. 
___ {act, a Grand Master chess expert may know 50,000 or more chunks of knowledge 
about chess patterns. In contras! to the long-term memory, the short-tei-m memory 
is used for ·the temporary storage of knowledge during problem solving. Although 
long-term memory can hold hundreds of tbousands or more chunks, the capacity of 
working memory is surprisingly small----4 to 7 cbunks .. As a simple e¡tample of tbi~ 
try visualizing sorne numbers in your mind. Most peopk can only see 4 to 7 numbers 
at once. Of course we can memorize many more than 410 7 nurnbers. However, those 
numbers are kept in long-term memory. . · • · ·. 

One theory proposes that short-term memory represen.ts the number of chunks thai 
simultaneously can be active and considers human problcm-solving as a spreading of 
these activated chunks in th•! mind. Eventually, a chunk.may be activated with such 
intensity that a conscious thought is generated and you say to yourself, "Hmm .. 
something's burning." 

The other element necessary for human-problem solving is a cognitive 
processor. The cognitive processor tries to find the rules that will be activated by 
the appropriate stimuli. Not just any rule will do. For example, you wouldn't want to 
fill your gas tank every time you heard a sircn. Only a rule which matched the stimuli 
would bl' activated. If there are multiple rules that are activated at once, the cognitive 
processor must perform a conflict resolution to decide which rule has highcst priority. 
The rule with highest priority will be executed. for example, if both of the following 

les are activated 

IF there is a fire THEN leave 
IF my clothes are burning THEN put out the fire 
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then the actions of one rule will be executed before the other. The inference ne 
of modero expert systems corresponds to the cognitive processor. 

The Newell and Simon model of human problem-solving in terms of long-term 
memory (rules), short-term memory (working memory), and a cognitive processor 
(inference engine) is the basis of modero rule-based expert systerns. 

Rules like these are a type of production system. Rule-based production sys­
tems ·are a popular method of implementing expert systems toda y. The individual rules 
that comprise a production system are the production rules. In designing an expert 
systern, an importan! factor is the amount of knowledge or granularity of the rules. 
Too little granularity makesjt difficult to understand a rule without reference to other 
rules. Too much granularity,l,llakes the expert system difficult to modify since severa! 
chunks of I:nowledge are intermingled in one rule. · 

Until the mid-sixties, a major quest of Al was to produce intelligent systems that 
relied Iittle on domain knowledge and greatly on powerf ul methods of reasoning. E ven 
the name General Problem.Solver illustrates the concentration on machines that were 
not designed for one specific"- domain but were intended to sol ve many types of prob­
lems. Although the methods of reasoning used by general problem solvers were very 
powerful, the machines were etemal beginners. When presented with a new domain, 
they had to discover everything from first principies and were not as good as human 
experts who relied on domain knowledge for high performance. 

An example of the power of knowledge is playing chess. The best chess ,.. ·~rs 

are humans despite the fact that computers are much fa~:ter than people in doin, u­
lations. Studies ha ve shown (Chase 73) that human expert chess players do not nave 
super powers of reasoning but instead rely on knowledge of chesspiece pattems built up 
over years of play. As mentioned previously, one estimate places an expert chess 
player's knowledge at about 50,000 paneros. Humans are very good at recognizing pat­
tems such as pieces on a chessboard. Instead of trying tg reason ahead ten or twenty 
possible moves for every piece as a computer might, the human analyzes the game in 
terms of pattems that reveal long-term threats while remaining alert for short-term 
surprise moves. 

While domain knowledge is very powerful, it is generally limited to the domain. 
For example, a person who becomes an expert chess player does not automatically 
become an expert at solving math problems or even a checkers expert. While sorne 
knowledge may carry over to another domain, such as careful planning of moves, this 
is a skill rather than genuine expertise. 

By the early seventies, it became apparent that domain knowledge was the key to 
building machine problem-solvers that could function at the leve! of human experts. 
Although methods of reasoning are importan!, studies have shown that experts do not 
primarily re! y on reasoning for problem-solving. In fact, reasoning may play a minor 
role in an expert's problem solving. Instead, experts rely on a vast knowledge of 
heuristics and experience that they have built up over the years. lf an expert cannot 
sol ve a problem based on expertise, then it is necessary for the expert to reasoP "-'lm 
first principies and theory (or more likely ask another expert). The reasoning ab. of 
an expert is general! y no better than that of an average person in dealing with a totally 
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unfamiliar situation. The early attempts at building powerful problern-solvers based 
only on reasoning have shown that a problern-solver is crippled if it rnust rely solely 
on reasoning. 

The insight that domain knowledge was the key to building real-world problem 
solvers led to the succes~· of expert systerns. 1be successful expert syslems loday are 
lhus knowledge-based ex¡ ert syslems rather than general problem solvers. In addilion, 
the same technology thal ed lo the developrncnl of expert syslems has also led lo the 
developmenl of knowle< ge-based syslems thal do nol necessarily conlain human 
expertise. 

While expertise is considcred knowledge Lhal is specialized and known only to a 
few, knowledge is general! y_ found in books, periodicals and other widely available 
resources. For example, lhe knowledge of how to solve. a quadratic equation or perforrn 
integration and differentiation is widely available. Knowléoge-based computer programs 
such as MACSYMA and SMP are available to perfo'rm automatically these and many 
other mathematical operations on either numeric :o¡.· symbolic operands. Other 
knowledge-based programs rnay perforrn process control of manufacturing plarits. 
Today the terms knowledge-based programming and expert systems are oftcn 
used synonymously. In fact, expert systcms is now considcrcd an alterna ti ve 
programming model or paradigm to conventional algorithrnic programming . 

. ae Rise of Knowledge-based Systems 

Wilh the acceptance of the knowledge-based paradigrn in the 1970's, a number of suc­
cessful protolype expert systems were created. Thcse syslems could interprel rnass 
spectrograms to identify chernical constituents (DENDRAL), diagnose illness 
(MYCIN), analyze geologic data for oil (DIPMETER) and rninerals (PROSPECTOR), 
and configure computer systerns (XCON/Rl). The news that PROSPECTOR had dis­
covered a mineral deposit worth $100 million dollars and that XCON/Rl was saving 
Digital Equipment Corporation (DEC) rnillions of dollars ayear triggered a sensational 
interest in the new expert systerns technology by 1980. The branch of Al that had 
started off in lhe 1950's as a study of human inforrnation processing had now grown to 
achieve commercial success by the developrnent of practica! programs for real-world 
use. 

The MYCIN expert systern was very irnpt' rtant for several reasons. First, it 
demonstraled that Al could be used for practica! re: 1-wórld problems. Second, MYCIN 
was the testbed of new concepts such as the expla1 •atioo facilily, aulOIJiatic acquisition 
of knowledge, and intelligent tuloring that are fe md in·a nurnber of expert syslerns 
toda y. The lhird reason that MYCIN was imp Jrtant "is lhal il demonstrated the 
feasibility of the cxpert system shell. 

Previous expcrt systcrns such as DENDRA ~ were onc-of-a-kind systcms in 
'1hich the knowledge-base was interrningled with he software that applied tbe knowl­

-dge, the inference engine. MYCIN explicitly sep. •rated the knowledge-base frorn the 
inference engine. This was extremely importan! tu the development of expert system 
technology since it meant that the essential corc of the expert systcm could be reused. 
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That is, a new expert system could be built much more rapidly than a DENDRAI e 
system by emptying out the old knowledge and putting in knowledge about the new 
domain. The part of MYCIN that dealt with inference and explanation, the shell, could 
then be refilled with knowledge about the new system. The shell produced by removing 
the medica! knowledge of MYCIN was called EMYCIN (Essential or Empty MYCIN). 

By the late seventies, the three concepts that are basic to most expert systems 
today had converged, as shown in Figure 1-5. These concepts are rules, the shell, and 
knowledge. ,, 

Production Rules 
To Model Human 
Problem Solving 

~e~aration of Knowledge 
.:;: .. ~d Inference Engine 
;:; ; ~,; The Shell 

!~· .; .~~: 

IL_E_x_P_E_R_T_s_v_s_TE_MS _ ____.I 

Figure 1-5 

Knowledge As the' 
Key To Expertise 

Convergence OfThree Importan! Factors To Create 
The Modero Rule-based Expert System 

By 1 9:l0 new companies started to bring expert systems out of the university 
laboratory ; nd produce commercial.products. Powerful new software for expert system 
developmeut was introduced such as the Automated Reasoning Tool (ART) by the 
lnference Corp., the Knowledge Engineering Tool (KEE) by IntelliCorp, and 
Rulemaster by Radian Corp. In addition, spccialized new hardware was developed to run 
the software with greater speed than ever before. Companies such as Symbolics and 
LMl introduced computers referred to as Ll SP machines be cause they were designed for 
LISP, the underlying base Ianguage of the expert systems development software. In 
LISP machines, the native assembly I;,nguage, operating system, and all other 
fundamental code were done in LISP. 

CLIP S 

Unfortunately, this high technology al so e Jmmanded a high price. While a single-user 
LISP machine was much more powerful ru:d productive !han a general purpose machine 
running LISP, the single-user m achine anc a single-user software license costa tot·· < 

$100,000. Establishing anAl lab with a !1alf-dozen programmers could easily e 
half-million dollars. 



~ 

-' 

~; 

Expert Systems: Principies and Programming 17 

These objections were overcome in the mid-80's by the introduction of powerful 
development software such as eLIPS by NASA. eLIPS is written in e for speed and 
ponability, and also uses a powerful pattern matching called the Rete Algorithm. 
CLIPS is free to Government users and Govemment contractors. The cost to other 
users is $312 (as of 1988) which includes the complete 25,000 lines of eLIPS source 
code. 

Any e compiler that supports the standard Kemigan and Richie e language can be 
uscd to insta!! eLIPS. eLIPS has been installed on the IBM Pe and compatibles, 
V AX, Hewlett-Packard, S un, eray and many other makes Óf computers. A version for 
the Macintosh is also available that supports the full Macintosh interface with 
pull-down windows and mouse support. The spced df CLIPS on a 80386 or 68020 
microcomputer is compatible with the state-of-the-art LÍSP~based development software 
and LISP machines. . ..;: '.-:· 

1.7 EXPERT SYSTEMS APPLICATIONS AND DOMAINS · 

Conventional computer programs are uscd to sol ve many types of problems. Generally, 
these problems have algorithmic solutions that lend themselves well to conventional 

1rams and programming languages such as FORTRAN, Pascal, Ada, and so on. In 
. .ily application areas such as business and engineering, numeric calculations are of 

primary importance. By contras!, expert systems are primarily designed for symbolic" 
rcasoning. 

While languages such as LISP and PROLOG are also used for symbolic 
manipulation, they are more general purpose than expert system shells. This does no! 
mean that it is not possible to build expert systems in LISP and PROLOG. In fact, 
many expert systems have been built with PROLOG and LISP. PROLOG especially 
has a number of advantages for rliagnostic systems because of its built-in backward 
chaining. Rather, it is more convenient and efficient to build large experi systems with. 
shclls and utility programs specifically designed for expert system builrling. Instead of 
"re-inventing the wheel" every time a new expert system is to be built, it is more effi­
cicnt to use specialized tools designed for expert system. builrling than general purpose 
tools. 

Applications of Expert Systems 

Expert systems have bcen applied to virtually cvery field of knowledgc. Some have 
becn designcd as rcscarch tools while others fulfill importan! business and industrial 
functions. Onc cxan1plc of an cxpert system in routinc business use is thc XeON sys­
tcm of Digital Equipmcnt eorp. (DEC). Thc XCON systcm ( originally callcd R 1) was 
~--~:vclopcd in conjunction with John McDcnnott of Carncgie-Mellon University. 
~CON is an cxpert configuring system for DEC computer systems (McDermott 84). 

TI1e configura! ion of a computer systcm means that when a customer places an 
ordcr, all the right parts-software, hardware, and documentation-are supplied. For 
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large systems, the custom~~:ssystem is set up or configured at the factory and · ' to 
insure that it meets the customer's requirements. Unlike the purchase of a TV • Jr a 
borne computer, there aréiJñi\ny options and interconnections possible with a large 
computer system. In put~ñg,:~ogether a large system, it's not enough to just ship the 
requested number of Cf~:s, disk drives, terminals and so forth. The proper 
intercormections and cabü'ni. must also be supplied and the system checked to verify 
that it is working correctly. '·'· 

The XCON system is probably one of the most successful expert systems in rou­
tine use and saves DEC millions of dollars a year, reduces time to configure ·an order, 
and improves the accuracy of an order. XCON can configure an average order in about 
two minutes, which is fifteen times faster than a human. Also, while the humans con­
figured orders correctly 70% of the time, XCON has an accuracy of 98%. These are 
importan! concems since configuring a complex computer system at the factory 
in vol ves considerable effort. 1t is very expensive to configure a system partially and 
then find out the system cannot meet the customer's requirements or that other compo­
nents are needed and shipment will be delayed until the parts arrive . 

. Hundreds of expert systems have been built and reponed in computer joumals, 
books, and conferences. This probably represents only the tip of the iceberg since many 
companies and military organizations will not repon their systems because of propri­
etary or secret knowledge contained in the systems. Based on the systems described in 
the open literature, certain broad classes of expert systems applications e··· IJe 
discemed, as shown in Table 1-3. 

Class GeneralArea 
Configuration Assemble proper components of a system in the proper way. 
Diagnosis Infer underlying problems based on observed evidence. 
Instruction Intelligent teaching so that a student can ask Why, How and 

Wlzat lftype questions justas if a human was teaching. 
Interpretation Explain observed data. 
Monitoring Compares observed data to expected data to judge performance. 
Planning Devise actions to yield a desired outcome. 
Prognosis Predict the outcome of a given situation. 
Remedy Prescribe treatment for a problem. 
Control Regulate a process. May require interpretation, diagnosis, 

monitoring, planning, prognosis and remedies. 

Table 1-3 
Broad Classes of &pert Systems 

Examples of sorne expert systems are shown in Tables 1-4 through 1-9 (Waterman 
86), and in the H storical Bibliography at the end of the chapter . 



Expert Systems: 

N ame Chemistry 

CRYSALIS ·Interpreta protein's 3-D structure 
DENDRAL Interpret molecular structure 
TQMSTIJNE Remedy Iriple Quadruple Mass S.pectrometer (keep it tuned) 
CLONER · Design new biological molecules 
MOLGEN Design gene-cloning experiments 
SECS 
SPEX 

Design complex organic molecules 
Plan molecular biolo11.v experiments 

N ame 

ACE 
IN-ATE 
NDS 
EURISKO 
PALLADIO 
REDESIGN 
CADHELP 
SOPHIE 

N ame 

PUFF 
VM 
ABEL 
Al/COAG 
AI/RHEUM 
CADUCEUS 
ANNA 
BLUEBOX 
MYCIN 
ONCOClN 
ATTENDlNG 
GUIDO N 

Table 1-4 
Chemistry Expert Systems 

Electronics 

Diagnosis telephone network faults 
Diagnosis oscilloscope faults 
Diagnose national communication net 
Dcsign 3-D microelectronics 
Design and test new YLSI circuits 
Redesign digital circÍJits to new 
Instruct for computer aided design 
lnstruct circuit fault diagnosis 

Table 1-5 
Electronics Expert Systems 

Medicine 

Diagnosis lung disease 
Monitors intensive-care patients 
Diagnosis acid-base/electrolytes 
Diagnosis blood disease 
Diagnosis rheumatoid disease 
Diagnosis interna! medicine disease 
Monitor digitalis therapy 
Diagnosis/remedy depression 
Diagnosis/remedy bacteria! infections 
Remedy/manage chemotherapy patieñts 
Instruct in anesthetic management 
Instruct in bacteria! inféctions 

Table I-6 
Medica! Expert Systems::: . 

. :· _.: 
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N ame 
REACTOR 
DELTA 
STEAMER 

N ame 
DIP:METER 
LITHO 
MUD 

Enrdneerinll 
Diagnosis/remedy reactor accidents 
Diagnosis/remedy GE locomotives 
lnstruct ooeration • steam powerplant 

Table 1-7 
Engineering Expert Systems 

Geola!!V 
Interpret dipmeter logs 
Interpret oil welllog data 
Diagnosis/remedy drilling problems 

PROSPECTOR Interpret ~eolo2ic data for minerals 

N ame 
PTRANS 
BDS 
XCON 
XSEL 
XSITE 
YES/MVS 
TIMM 

Table 1-8 
. , .·. :, .peology Expert Systems 

. ' 

Comvuter Svstems 
· Prognosis for managing DEC computers 
: Diagnosis bad parts in switching net 

Configure DEC computer systems 
Configure DEC computer sales order 
Conligure customer site for DEC computers 
Mon tor/controllBM MVS operating system 
Diagnosis DEC comouters 

Table 1-9 
Cor,Jputer Expert Systems 

Appropriate Domains for Expert Systems 

Before starting to build an expert system, it is essential to decide if an expert system is 
the appropriate paradigm. For example, one concem is whether an expert system should 
be used instead of an altemative paradigm such as conventional programming. The 
appropriate domain for an expert s ystem depends on a nurnber of factors. 

• Can the problem be so/ved effectiveJr by conventional programming? If the 
answer is y es, then an expert system is not the bes! choice. For example,' consider 
the problem of diagnosing some equipment. If all the symptoms for all malfunc­
tions are known in advance, then a simple table lookup or decision tree of the fault 
is adequate. Expert systems are best suited for situations in which there is no effi­
cient algorithmic solution. Such cases are called ill-structured problem :1 
reasoning may offer the only hope of a good solution. 
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As an example of an ill-structured problern, consider the case of a person who is 
thinking ~bout travel and visits a travel agent. Wbile rnost people have a destination 
and plans, there are exceptions. Table 1-1 O Iists sorne characteristics of an ill-structured 
problern as indicated by the person's responses to the travel agent's questions. 

Travel A¡¡ent's Questions Responses 
Can 1 help you? I'rn thinking about going sornewhere 
Where do you want to go? I'rn not sure where to go 
Any particular destination? 1 just like to travei; ·Jestination's not importan! 
How much can you afford? 1 don't have enough money to go 
Can you get sorne rnoney? 1 don't know how tp .get the money 
When do vou want to go? 1 must go soon 

Table 1-10 
An Example of an Ill-structured Problem 

Although this is probably an extreme case, it docs illustratc the basic concept of an 
ill-structured problem. As you can see, an ill-structured problem would not lend itsclf 
well toan algorithmic solution because there are so many possibilities. 

In dealing with ill-structured problems, there is a danger in that the expert system 
,sign m ay accidentally mirror an algorithmic solution. That is, the development of the 

expert system m ay unknowingly discover an algorithmic solution. A clue that this has 
happened occurs if a solution is-found-that requires-a-rigid control structure. That 
is, the rules are forced to execute in a certain sequence by the knowledge engineer 
explicitly setting the priorities of many rules. Forcing a rigid control structure on tbe 
expert system cancels a major advantage of expert system technology, which is dealing 
with unexpected input that does not follow a predetermined pattem (Parrello 88). That 
is, expert systems react opportunistically to their input,_ whatever it is. Conventional 
programs general! y expect input to follow a certain sequence. An expert system with a 
lot of control often indicates a disguised algorithm and may be a good candidate for 
recoding as a conventional program. 

• ls the domain well-bounded? lt is very important·to have well-defined limits on 
what the expert systern is expected to know andyhat its capabilities should be. 
For example, suppose you wanted to create an expert system to diagnose 
headaches. Certainly medica! knowledge of a physician would be pul in the 
knowledge-base. However, for a deep understanding of headaches, you might also 
put in knowledge about neurochemistry, then its paren! area of biochemistry, Íhen . 
chemistry, molecular biophysics, and so forth perhaps down to subnuclear physics. 
Other domains such as biofeedback, psychology, psychiatry, physiology, exercise, 
yoga, and stress rnanagement may also have pertinent knowledge about headaches. 
The point of al! this is-when do you stop addin¡: domains? The more domains, 
the more complex the expert system becomes. 
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In particular, tile task of coordinating all the expertise becomes a major task. I 
real world, we know from experience how difficult it is to have coordinated teams of 
experts working ou problems;-especially when they come up with conflicting recom­
mendations. lf we knew how. to program well the coordination of expertise, then we 
could try programming an expeit system to have the knowledge of multiple experts. 
Attempts ha ve bee[l made to cóordinate multiple expert systems in the HEAR~A Y II 
and HEARSA Y IlJ systems. However, it is a complex task that should be viewed more 
as research rather tl•an producing a deliverable expert system product. 

• ls there a need anda desire for an expert system? Although it's great experience to 
build an expe1t system, it's rather pointless if no one is willing to use it. If there 
already are m;ny human experts, it's difficult to justify an expert system based on 
the reason of ~caree human expertise. Also, if the experts or users don't want the 
system, it will not be accepted even if there is a need for it. 

Management cspecially must be willing to support the system. TIIis is even more 
criticál for expert systems than conventional programs because expert systems is a new 
technology. TIIis means that there are few experienced people and more uncertainty 
about what can be accomplished. However, the area of expert systems deserves more 
support because it attempts to sol ve the problems that cannot be done by conventional 
programming. The risks are greater but so are the rewards. 

• ls there al /east one human expert who is willing to coopera/e? There must be an 
expert who is willing, and preferably enthusiastic, about the project. Not al! 
experts are willing to have their knowledge examined for fault~ and then put into a 
computer. E ven if there are multiple experts willing to cooperate in the develop­
ment, it might be wise to limit the number of experts-involved in development. 
Different expcrts may have different ways of solving a problem, such as requesting 
different diaguostic tests. Sometimes, they may even reach different conclusions. 
Trying to code multiple methods of problem-solving in one knowledge-base m ay 
create interna! conflicts and incompatibilities. 

Can the expen e.xplain the knowledge so that it is understandable by the knowledge 
engineer? Ev~n if the expert is willing to cooperate, there may be difficulty in 
expressing the knowledge in explicit terms. As a simple example of this difficulty, 
can you expl;.in in words how you move a finger? Although you could say it's 
done by contracting a muscle in the finger, the next question is-how do you 
contrae! a fin¡~er muscle? The other difficulty in communication between expert 
and knowledg.~ engineer is that the knowledge engineer doesn't know the technical 
terms of the e.<pert. This problem is particular! y acute with medica! terminology. 
It may take a year or longer for the knowledge engineer to even understand what 
the expert is talking about, let alone translate that knowledge into expl' '• 
computer codc. 
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• Is the problem-solving knowledge mainly heuristic and·uncertain? Expert systems 
are appropriate when the expert's knowledge is largely heuristic and uncertain. That 
is, the knowledge may be based on experience, called experiential knowledge, 
and the expert may have to try various approaches in case one doesn't work. In 
other words, the expert's knowledge may be a trial-and-error approach, rather than 
one based ¡¡n logic and algorithms. However, the expert can still solve the problem 
faster than someone else who is not an expert. This is a good application for 
expert systems. lf the problem can be solved simply by logic and algorithms, it is 
best sol ved by a conventional program. 

1.8 LANGUAGES, SHELLS AND TOOLS 

A fundamental decision in defining a problem is deciding how best to model it. Sorne­
times experience is available to aid in choosing the ·best paradigm: For example, 
experience suggests that a payroll is best done using conventional procedural 
programming. Experience also suggests that it is preferable to use a commercial 
package, if available, rather than writing one from scratch. A general guide to selecting 
a paradigm is to consider the most traditional one first:-eonventional programming. 

~ason for doing this is because of the vast amount._of experience we have with 
' ,ntional programming and the wide variety of commercial packages available. lf a 
problem cannot be effectively done by conventional programming, then tum to 
non-conventional paradigms such as Al. 

Although expert systems is a branch of Al, there are specialized languages for 
expert systems that are quite different from the commonly used Allanguages such as 
LISP and PROLOG. While rnany others have been developed, such as IPL-II, SAIL, 
CONNIVER, KRL and SmaUtalk, few are widely used except for research (Scown R5). 

An expert system language is a higher order language than languages like LI~:p or 
C because it is easier todo certain things, but there is also a snialler ni.ngc of problems 
that can be addressed. That is, the specialized nature of expert system languages m akes 
them very suitable for writing expert systems but not for general purpose progranJ­
ming. In many situations, it is even necessary to exit temporarily from an e:;pert 
system language to perform a function in a procedurallanguage. 

The primary functional difference between expert system languages and procedural 
languages is the focus of representation. Procedural languages focus un providing 
flexible and robust teclrniques to represen! data. For example, data struc;tures such as 
arrays, records, linked lists, stacks, queues, and trees are easily created and manipulated. 
Modem languages such as Modula-2 and Ada are designed to aid in data abstraction 
by providing structures for encapsulation such as modules and packages. This provides 
a level of abstraction which is then implemented by metl10ds such as operators and 
· •• .• ,;ol statements to yield a program. The data and methods to manipulate the data are 

'~'!ly interwoven. In contras!, expert system languages focus on providing flexible 
and robust ways to represen! knowledge. The expert system paradigm allows two levels 
of abstraction: data abstraction and knowledge abstraction. Expert system 
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Ianguages specifically separate:the data from the methods of manipulating the dat n 
example of this separatiod·is ·that of facis (data abstraction) and rules (knowledge 
abstraction) in a rule-based expert system language. 

This difference in focus also leads toa difference in program design methodology. 
Because of the tight interweaving of data and knowledge in procedurallanguages, pro­
grammers must carefully describe the sequence of execution: However, the explicit 
separation of data from knowledge in expert system Ianguages requires considerably less 
rigid control of execution sequence. Typically, an entirely separate piece of code, the 
inference engine, is used to apply the knowledge to the data. This separation of 
knowledge and data allows a higberdegree ofparallelism and modularity. 

In choosing a Ianguage, a basic question should be whether the problem is knowl­
edge or intelligence intensive. Expert systems rely on a great deal of specialized 
knowledge or expertise to solve a problem, while Al emphasizes a problem solving 

_ approach. Expert systems often rely on a pattem matching within a restricted knowl­
edge domain to guide their execution while Al generally concentrates on searching 
paradigms in Iess restricted domains. 

The customary way of defining the nced for an expert system program is to decide 
if you want to program the expertise of a human expert. lf such an expert exists and 
will cooperate, then an expert system approach may be successful. 

--------------'The-road-to-selecting-an-expert-system-Ianguage-is-paved-with-confusion:-A-few-­
years ago the choice of an eX:pert system language was fairly straightforward. 'T<i,, .> 

were only about a half-dozen languages available, and they were generally free or. · · 
nominal amount from the universities where they were developed. 

However, with the explosive commercial growth in the expert systems field since 
the 1970's, the selection of a Ianguage is no longer so simple. Toda y there are dozens 
of languages available ranging in price up to $75,000. While it is still possible to 
obtain sorne of the older languages such as OPS5 free or at a nominal cost from the 
universities where they were developed, there is a price to pay in terms of efficiency, 
lack of modem features and support. 

Besides the confusing choice of the many languages available today, the terminol­
ogy used to describe the languages is confusing. Sorne vendors refer to their products as 
"tools," while others refer to "shells" and still others talk about "integrated 
environments". For clarity in this book, the terms will be defined as follows: 
• language: A translator of commands written in a specific syntax. An expert sys­
tem Ianguage will also provide an inference engine to execute the statements of the 
language. bepending on the im plementation, the inference engine m ay provide forward 
chaining, backward chaining, or both. Under this Ianguage definition, USP is not an 
expert system language while PROLOG is. However, it is possible to write an expert 
system language using LISP, and write Al in PROLOG. For that matter you can even 
write an expert system or Al language in assembly Ianguage. Questions of develop­
ment time, convenience, maintainability, efficiency and speed determine what Ianguage 
software is written in. 
• tool: A language plus associated utility programs to facilitate the developm, 
debugging, and delivery of application programs. Utility programs m ay include text and 
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graphics editors, debuggers, file management, and even code generators. Cross assem­
blers may also be provided to port the developed codyto different hardware. Por 
example, an expert system m ay be developed on a Diiili4. Equipment Corp. V AX and 
then cross-assembled to run on a Motorola 68000. So~,e ,tools m ay e ven allow the use 
of different paradigms such as forward and backward chaining in one application. 

'-. '~J..l.r' 

In sorne cases, a too! may be integrated with all its. utility programs in one· envi-
ronment to present a common interface to the user. This.ápproach minimizes the need 
for the user to leave the environment to perform a task: Por example, a simple too! 
may not provide facilities for file management and so a user would have to exit the too! 
to give operating system commands. An integrated environment allows easy exchange 
of data between utility programs in the environment. Sorne tools do not even require 
the user to write any code. Instead, the too! allows a user to enter knowledge by exam­
ples from tables or spreadsheets and generate the appropriate code itself. 

shell: A special purpose too! designed for certain types of applications in which 
the user must only supply the knowledge base. The classic example of this is the 
EMYCIN (empty MYCIN) shell. This shell was made by removing the medical 
knowledge base of the MYCIN expen system. 

MYCIN was designed as a backward chaining system to diagnose disease. By sim­
nly removing the medical knowledge, EMYCIN was made which .could be used as a 

!ll to contain knowledge about other kinds of consultative systems which use back­
.vard chaining. The EMYCIN shell demonstrated the reusability of the essential 
MYCIN software such as the inference engine and user interface. This was a very 

. importan! step in the development of modern expert ~ystem technology because it 
meant that an expert system would not have to be b.uilt from scratch for each new 
application. .,- .. 

There are many ways of characterizing expert systems such as representation of 
knowledge, forward or backward chaining, support of uncertainty, hypothetical reason­
ing, explanation facilities and so forth. Unless a person has built a number of expen 
systems, it is difficult to appreciate all of these features, .especial! y those found in the 
more expensive tools. The best way to learn expen systems technology is lo develop a 
number of systems with an easy-to-learn language and then invest in a more 
sophisticated too! if you need its features. 

1.9 ELEMENTS OF AN EXPERT SYSTEM 

The elements of a typical expert system are shown in Figure 1-6. In a rule-based sys­
tem, the knowledge base contains the domain knowledge needed to solve problems 
coded in the form of rules. While rules are a popular paradigm for representing knowl­
edge, other types of expert systems use different representations, as discusscd in 
~hapter 2. 
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KNOWLEDGE 
BASE 

(RULES) 

·! ,. e: 
EXJ'LANATION 

FACnn'Y" 

INFERENCE 
ENGINE 

AGENDA 

WORKING 
MEMORY 

(FACfS) 

KNOWLEDGE 
ACQUISITION 

FACILITY 

------------------------------------------1----==USER------I~------------~------~ 
INTERFACE 

Figure 1-6 
Structure of a Rule-Based Expert System 

An expe1t system consists of the following components: 

• user inrerface - the mechanism by which the user and the expert system 
communicate. 

• explanation facility - explains the reasoning of the system to a user. 
• working memory - a global database of facts used by the rules. 
• inference engine -malees inferences by deciding which rules are satisfied by 

facts, prioritizes the satisfied rules, and executes the rule with the highest priority. 
• agenda - a prioritized Iist of rules created by the inference engine, whose pattems 

are satisfied by facts in working memory. 
• knowledge acquisition facility - an automatic way· for the user to enter 

knowledge in the system rather than by having the knowledge engineer explicitly · 
code the knowledge. 

The knowledge acquisition facility is an an optional feature on many systems. In 
sorne expert system tools like KEE and First Class, the too! can leam by rule induc­
tion through examples and automatically generate rules. However, the exampk 
general! y from tabular or spreadsheet type data better suited to decision trees. Ge. 
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rules constructed by a knowledge engineer can be much more complex than the simple 
rules from rule induction. 

Depending on the implementation of the system, the user interface may be a sim­
ple text-oriented display ora sophisticated high-resolution, bit-mapped display. This 
high-resolution display is commonly used to simulate a control panel with dials and 
displays. 

The knowledge base is also called the production memory in a rule-based 
expert system. As a very simple exan•ple, consider the problem of deciding to cross a 
street. The productions for the two rules are as follows, where the arrows mean that Úle 
system will perform the actions on Úle right of the arrow_ if Úle conditions on the left 
are true. 

the light is red --+stop 
the light is green --+ go 

The production rules can be expressed in an equivaleht pseudocode IF THEN 
formal as: 

Rule: Red_light 
IF 

the light is red 
TREN 

stop 

Rule: Green _light 
IF 

the light is green 
TREN 

go 

E 1ch rule is identificd by a name. Following Úle name is thc IF part of Úle rule. The 
s< ction of the rule between the IF and THEN part of Úle rule is called by various names 
such as the antecedent, conditional part, pattern part or left-hand-side 
(LHS). The individual condition 

the light is green 

is called a conditional element or a pattern. .:: 

Sorne examples of rules from real systems are: 

MYCIN system for diagnosis of meningitis and 
bacteremia (bacterial infections) 
IF 

The site of the culture is blood, and 
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THEN 

::: .... ~ 
The identity of the organism is no·: known with 

certainty,: and 
The stain of.:the organism is gramneg, and 
The morphology of the organism is rod, and 
The patient has been seriously burned 

There is weakly suggestive evidence (.4) that·the 
identity of the organism is pseudomonas 

XCON/Rl for configuring DEC VAX computer systems 
IF 

THEN 

The current context is assigning devices to 
Unibus modules and 

There is an unassigned dual-port disk drive and 
The type of controller it requires is known and 
There are two such controll~rs, neither of which 

has any devices assigned to it, and 
The nuffiber of devices that these controllers can 

support i·s· known 

Assign the disk drive to each of the controller, 
and 

Note that the two controllers have been 
associated and that each supports one drive 

In a rule-based system, the inference engine determines which rule antecedents, if 
any, are satisfied by the facts. Two general methods of inferencing are commonly used: 
forward chaining and backward chaining as the problem solving strategies of 
expert systems. Other methods used for more specific needs may include means-ends 
analysis, problem reduction, backtracking, plan-generate-test, hierarchical planning and 
the least commitment principie, and constraint handling. 

Forward chaining is reasoning from fact~ to the conclusions resulting from those 
facts. For example, if you see that it is raining before leaving borne (the fact), then you 
should take an umbrella (the conclusion). 

Backward chaining involves reasoning in reverse from a hypotbesis, a potential 
conclusion to be proved, to the facts wbich support the hypothesis. For example, if 
you have not looked outside and someone enteis with wet shoes and an umbrella, your 
hypothesis is that it is raining. In order to support this hypotbesis, you could ask the 
person if it was raining. If the response is yes, then the hypothesis is proveo true and 
becomes a fact. As mentioned before, a bypothesis can be viewed as a fact wbose truth 
is in doubt and needs to be establisbed. The bypothesis can then be interpreted as a gr 
to be proveo. 
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Depending on the design, an inference engine will do_ either forward or backward 
chaining. For example, OPS5 and CLIPS are designed 'for forward chaining while 
EMYCIN performs backward chaining. Sorne types of inference engines, such as ART 
and KEE, offer both. The choice of inference engine depends on the type of problem. 
Diagnostic problems are better solved with backward chaining while prognosis, moni­
toring and control are better done by forward chaining. 

The working memory may contain facts regarding the curren! status of the traffic 
light such as "the light is green" or "the light is red". Either or both of these facts may 
be in working memory al the same time. If the traffic light is working normal! y, only 
one fact will be in memory. However, it is possible that both facts may be in working 
memory if there is a malfunction in the light. Notke the difference between the 
knowledge base and working memory. Facts do not interact with one another. The fact 
"the light is green" has no effect on the fact "the light is red". Instead, our knowledge 
of traffic lights says that if both facts are simultaneously present, then there is a 
malfunction in the light. 

If there is a fact "the light is green" in working memory, the inference engine will 
notice that this fact satisfies the conditional part of the green light rule and put this rule 
on the agenda. If a rule has multiple patterns, then all of its patterns mus! be simulta­
neously satisfied for the rule to be placed on the agenda. Sorne patterns may even be 

-sfied by specifying the absence of certain facts in working memory. 
A rule whose patterns are al! satisfied is said to be activated or instantiated. 

Multiple activated rules may be on the agenda at the same time. In this case, the infer­
ence engine must select one rule for firing. The term firing comes from 
Neurophysiology, the study of the nervous system. An individual nerve cell or neuron 
emits an electrical signa! when stimulated. No amount of further stimulation can caus~ 
the neuron to tire again for a short time period, This phenomenon is called refraction. 
Rule-based expert systcms are built using refraction in order to preven! trivial loops. 

- That is, if the green light rule kept firing on the same fact over and over again, the ex­
pert system would never accomplish any use fu! work. 

Various methods have been invented to provide refraction. In one type of expert 
system language called OPS5, each fact is given a unique identifier called a timetag 
when it is entered in working memory. After a rule has frred on a fact, the inference 
engine will not tire on that fact again because its time stamp has been used. 

Following the THEN part of a rule is a list of actions to be executed when the 
rule tires. This part of the rule is known as the consequent or right-hand side 
(RHS). When the red light rule tires, it's action "stop" is executed. Likewise, when the 
green light rule tires, it's action is "go". Specitic actions usual! y include the addition or 
removal of facts from working memory or printing results. The formal of these actions 
depends on the syntax of the expert system language. For example, in OPS5, ART, 
and CLIPS, the action to add a new fact called "stop" to working memory would be 

~sert stop). Because of their LISP ancestry, these languages were designed to require 
,..dfentheses around paneros and actions. _ 

The inference engine operates in cycles. Various names have been given to 
describe the e y ele su eh as recognize-act cycle,_ select-execute cycle, 
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situation-response cycle, and situation-action cycle. By any name a 
cycle, the inference engine will repeatedly execute a group of tasks until certain criteria 
cause execution to cease. The tasks of a cycle for OPS5, a typical expert system shell, 
are shown in the following pseudocode as conflict resolution, act, match, and 
check for halt. 

WHll..E not done 
Conflict Resolution: If there are activations, then select the · one with 

highest priority else done. 
Act: Sequentially perfonn the actions on the RHS of the selected activation. 

Tbose which change working memory have immediate effect in this 
cycle. Remove the activation which has just fired from the agenda. 

Match: Update the agenda by checking if the LHS of any rules are satisfied. 
If so actívate them. Remove activations if the LHS of their rules are no! 
satisfied any more. 

Check for Halt: Ifá'halt action is perfonned or break command given, then 
done. ..: :;.: 

END-WlllLE .:: ·. :: ~-

Accept a new user'·coinmand 

Multiple rules may be activated and put on the agenda during one cycle. ' · ~. 

activations will be left on the agenda from previous cycles unless they are deact 
because their LHS is no longer satisfied. Thus the number of activations on the ageuda 
will vary as execution proceeds. Depending on the program, an activation may always 
be on the agenda but never sclected for flring. Likewise some rules.may never become 
activated. In these cases, the purpose of these rules should be re-examined because the 
rules are either unnecessary or their pattems were not correctly designed. 

The inference engine executes the actions of the highest priority activation on the 
agenda, the n the next highest priority activation and so on until no activat;ions are left. 
Various pri Jrity schemes have been designed into expert system shells. Generally, al! 
shells let th: knowledge engim!er define the priority of rules. 

Agenda conflicts occur when different activations have the same priority and the 
inference e11gine must decide on one rule to fire. Different shells ha ve different ways of 
dealing wi. h this problem. In the original Newell and Simon paradigm, those rules 
entered first in the system had the highest default priority (Newell 72a). In OPS5, rules 
with more complex pattems ha ve a higher priority. In ART and CLIPS, rules have the 
same default priority unless assigned different ones by the knowledge engineer. 

At this time, control is retumed to the top-level command interpreter for the user 
to give further instructions to the expert system shell. The top-level is the default mode 
in which the user communicates with the expert system and is indicated by the task 
"Accept a new user command". It is the top-level which accepts the new command. 
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The top-level is the user interface lo the shell while aó expert system application 
is under development. More sophisticated user interfaces are usual! y designed for the 
expert system to facilitate its operation. For example, the expert system may have a 
user interface for control of a manufacturing plant that'shows a block diagram of the . . .. 
plant with a high resolution, bit-mapped color display. Wrurungs and status messages 
may appear in flashing colors with simulated dials and ga~ges .. In fact, more effort may 
go into the design and implementation of the user interfiu:,C than in the expert system 
knowledge base, especially in a prototype. Depending on the capabilities of the expert 
system shell, the user interface may be implemented by rules or in another language 
called by the expert system. 

An explanation facility will allow the user to ask how the system carne to a cer­
tain conclusion and why certain information is needed. The question of how the system 
carne to a certain conclusion is easy to answer in a rule-based system since a history of 
the activated rules and contents of working memory can be maintained in a stack. 
Sophisticated explanation facilities m ay allow the user to ask "What lf' type questions 
to explore altemate reasoning paths through hypothetical reasoning. 

1.10 PRODUCTION SYSTEMS 

, of the most popular type of expert system toda y is the rule-based system. Rules 
are popular for a number of reasons. · 

• Modular nature. Tiús makes it easy to encapsulate lcnowledge and expand the 
expert system by incremental development. _ 

• Explanarían facilities. It is easy to build explanation.facilities with rules since the 
antecedents of a rule specify exactly what is necessary to activate the rule. By 
keeping track of which rules have fired, an explanation facility can present the 
c!Jain of reasoning that led to a certain conclusion. .. . . 

• Similarity to the human cognitive process. Based on lhe work of Newell and 
Simon, rules appear to be a natural way of modeling how humans sol ve problems. 
The simple IF THEN represenlation of rules make it easy to explain lo expcrts the 
struclure of the knowledge lhat you are trying lo elicit from them. Olher 
advantages of rules are described in (Hayes-Roth 85). 

Rules are a type of production whose origins go back to thc 1940's. !lecause of the 
importance of rule-based systems, it is worthwhile to examine lhe developmenl of the 
rule concept. This will give you a better idea of why rule-based systems are so useful 
for expert systems. 

- ·~t Production Systems 

Production systems werc first u sed in symbolic Iogic by Post (Post 43) who originated 
the name. He proved the importan! and amazing result that any system of mathematics 

:- 1· 
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or logic could be written as a certain type of production rule system. Tlús result e 
lished the great capability of production rules for representing major classes of 
knowledge rather than being lirnited to a few types. Under the term rewrite rules, 
they are also used in linguistics as a way of defining the grammar of a language. 
Computer languages are commonly defined úsing the Backus-Naur Form (BNF) of 
production rules. 

The basic idea of Post was that any mathematical or logic system is simply a set 
of rules specifying how to change one string of symbols into another set of symbols. 
That is, given an input string,-:!f¡e antecedent, a production rule could produce a new 
string, the consequent. This··idea is also valid with programs and expert systems where 
the initial string of symbols is the input data and the output string is sorne 
transformation of the input. ·e~ '._. 

As a very simple case, if the input string is "patient has fever" the output string 
might be "take an aspirin" . .Note that there is no meaning attached to these·strings. 
That is, the manipulations of the strings is based on syntax and not any semantics or 
understanding of what a fever, aspirin, and patient represent. A human knows what 
these· strings in terms of the real-world mean but a Post production system is just a 
way of transforming one string into another. A production rule for this example could 
be 

Antecedent ~ Consequent 
person has fever ~take aspirin 

where the arrow indicates the transformation of one string into another. We can 
interpret this rule in terms of the more familiar IF THEN notation as 

IF person has fever TREN take aspiri~ 

The production rules can also have multiple antecedents. For example, 

person has fever ANO 
fever is greater than 102 ~ see doctor 

Note that the special connective AND is not part of the string. The AND indicates that 
the rule has multiple antecedents. 

A Post production system consists of a group of production rules, such as the 
following (where the numbers in parentheses are for our discussion). 

(1) car won't start ~check battery 
(2) car won' t start ~check gas 
(3) check battery ANO battery bad ~replace battery 
(4) check gas ANO no gas ~ fill gas tank 
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'f If there is a string "car won't start", the rules (1) and (2) may be used to generate the 
strings "check battery" and "check gas". However, there is no control mechanism that 
applies both these rules to the string. Only one rule m ay be applied, both or none. If 
there is another string "battery bad" and a string "check battery", then rule (3) m ay be 
applied to generate the string "replace battery". 

There is no special significance to the order in which rules are written. The rules of 
our example could also have been written in the following order and it would still be 
the same system. 

(4) 
(2) 
(1) 
( 3) 

check gas AND no. gas ~ fill ~·gas tank 
car won' t start ~check gas .. :.· 
car won't start ~ check b~ttery .. -, ". 
check battery AND battery bad. ~ replace battery · .. ·. ~· '. 

-l.;;: 

Although Post production rules were useful in laying part of the foundation of 
expert systems, they are no! adequate for writing practica! programs. The basic limita­
tion of Post production rules for programming is lack of a control strategy to guide 
the application of the rules. A Post system permits the rules to be applied on the 
strings in any manner because there is no specification given on how the rules should 
~ applied. 

As an analogy, suppose you go to the library to find a certain book on expert sys­
tems. At the library, yo u start randomly looking at books on the shelves for the one 
you want. If the library is fairly large, it will take a very long time to fmd the book 
you need. E ven if you fmd the section of books on expert systems, your next random 
choice could take you to an entirely different section, such as French cooking. The ~it­
uation becomes even worse if you need material from the first book to help you 
determine the second book that you need to find. A random search for the second book 
will also take a long time. 

Markov Algorithms 

The next advance in applying production rules was made by Markov, who specified a 
control structure for production systems (Markov 54). A Markov algorithm is an 
ordered group of productions which are applied in order of priori! y toan input string. If 
the highest priority rule is not applicable, then the next. one is applied and so forth. 
The Markov algorithm terminales if either (1) the last production is net applicahle toa 
string or (2) a production that ends with a period is applied.. 

Markov algorithms can also be applied to substrings of a string, starting ftom the 
lcft. For example, the production system consisting of the single rule 

AB ~ HIJ 

when applied to the input string GABKAB produces the new string GHIJKAB. Since 
the production now applies to the new string, the final result is GHIJKHIJ. 
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The special character Arepresents the null string of no characters. For ex 1le, 
the production "" ;• .' 

; 1 ¡ i" 

A-7/\ 

deletes all occurrences of the character A in a string. 
Other special symbols represen! any single cbaracter and are indicated by lower-case 

Ietters a, b, e, and so forth. These symbols represent single-character variables and are 
an importan! part of modero expert system languages. For example, the rule 

will re verse the characters A and B. 
The Greek letters a., p, and so forth are used for special punctuation of strings. The 

Greek Ietters are used because ihey are distinct from the alphabet of ordinary Ietters. 
An example of a Markov algorithm that moves the first letter of an input string to 

the end is shown following (Eison 73). The rules are ordered in terms of highest prior­
ity (1), next highest (2) and so forth. The rules are prioritized in the order that they are 
entered. 

( 1 ) a.xy -7 yax 

(2) a. -7/\ .. · 

(3) 1\-7 a. 

For the input string ABC, the execution trace is shown in Table 1-11. 

Rule Success or Failure Str~n~: 

1 F ABC 
2 F ABC 
3 S a.ABC 
1 S Ba.AC 
1 S BCa.A 
1 F BCa.A 
2 S BCA 

Table 1-11 
Execution Trace of a Markov Algorithm 

Notice that the a. symbol acts analogously to a temporary variable in a 
conventional programming language. However, instead of holding a value, the a. is 
used as a place holder to mark the progression of changes in the input string. Once its 
job is done, the a. is eliminated by rule 2. The program then ends when rule ~ :s 
applied since there is a period after rule 2. 
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The Rete Algorithm 

Notice that there is a definite control strategy to Markov algorithrns with higher prior­
ity rules ordered first. As long as the highest priority rule applies, it is used. If not, the 
Markov algorithm tries lower priority ones. Although the Markov algorithm can be 
used as the basis of an expert system, it is very inefficíent for systems with many 
rules. The problem of efficiency becomes of major importance if we want to create 
expert systems for real problems containing hundreds or thousands of rules. No matter 
bow good everything else is about a system, if a user has to wait a long time for a 
response, the system will not be used. What we really need is an algorithm that knows 
about all the rules and can apply any rule without having to try each rule sequentially. 

A solution to this problem is the Rete Algorithm developed by Charles L. 
Forgy at Carnegie-Mellon University in 1979 for bis Ph.D thesis on the OPS (Officíal 
Production System at Camegie-Mellon) expert system sheil. The Rete Algorithm is a 
very fas! pattern-matcher that obtains its speed by storing information about the rules 
in a networlc. Instead of having to matc,h facts against every rule on every recognize-act 
cycle, the Rete algorithm only looks for changes in matches on every cycle.This 
greatly speeds up the matching of facts to antecedents sincc the static data that doesn't 
change from cycle to cycle can be ignored. This topic will be discussed further in the 
e· -s on CLIPS. Fast pattern matching algorithms such a~ the Rete completed the 
fe "tion for the· practica! application of expert systems." Figure 1-7 summarizes the 
foundations of modero rule-based expert system technologies. 

1 Ru!e-Based Expert Systems ·.·.·.·~ 
1 1 1 

Rules lnference Engine Focls 

_1 1 1 

Po" Efficienl Connict E:~~.eculion of lhe 
Production PaUem 

Re:~olulion 
Ri¡¡hi-Hand-Sidc 

Rules Malching ofRule:~ 

1 
Re le -

Algori1hm 

,. 
Mnrkov 

AJgorilhm 

Figure 1-7 
Foundations of Modero Rule-based Expert Systems 
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Different versions of the OPS language and shell have been developed as 
OPS2, OPS4, and OPS5. A newer commercial version developed by Forgy is urS83, 
a very fast shell. However, OPS83 has a significantly different syntax from the OPS5 
style and is partly procedural for faster execution. 

1.11 PROCEDURAL PARADIGMS 

Programming paradigms can be classified as procedural and nonprocedural. Figure 1-8 
shows a taxonomy or classification of the procedural paradigms in terms of 1an­
guages. Figure 1-9 shows a taxonomy for nonprocedural paradigms. These figures 
illustrate the relationship of expert systems to other paradigms. These figures should be 
considered only as a general guide and not as strict definitions. Sorne of the paradigms 
and languages have characteristics that may place them in more than one class. For 
example, sorne people consider functional programming a procedural paradigm while 
others refer to it as declarative (Ghezzi 87 .1). 

ADA 

1 
SMAlLTALK 

PROCEDURAL (SEQUENTIAL) 
LANGUAGES 

-------------IMPERATIVE FUNCI10NAL 

~ ~ 
PASCAL 

1 
PROWG 

e LISP APL 

Figure 1-8 
Procedural Languages 
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An algorithm is a method of solving a problem fuitinite number of steps. The 
implementation of an algorithm in a program is a procedural program. The terms 
algorithmic programmíng,procedural programming, and conventional program­
ming are often used synonymously to mean non-Al -type programs. A common 
conception of a procedural program is that it proceeds sequentially, statement by state­
ment, unless a branch instruction is encountered. Another· often used synonym for 
procedural program is sequential program. However, the term sequential 
programming implies too much constraint since all modem programming languages 
support recursion and so programs may not be strictly sequential. 

The distinguishing feature of the procedural paradigm is that the programmer must 
specify exactly how a problem solution must be coded. Even code generators must 
produce procedural code. In a sense, the use of code generators is nonprocedural 
programming because it removes most or all of the procedural code writing from the 
programmer. The goal of non-procedural programming is to have the programmer 
specify what the goal is and let the system determine how to accomplish it. 

lmperative Programming 

The terms imperative and statement-oriented are used synonymously. Languages 
eh as FORTRAN, Ada, Pascal, Modula-2, COBOL, and BASIC all have the domi­
Jt characteristic that statements are imperatives or commands to the computer telling 

it what todo. Imperative languages developed as a way of freeing the programmer from 
coding assembly language in the von Neumann architecture. Consequently, imperative 
languages offer great support to variables, assignment operations, and repetition. These 
are alllow-level operations that modem languages attempt to hide by providing featur~s 
such as recursion, procedures, modules, packages and so forth. Imperative languages are 
also characterized by their emphasis on rigid control structure and their associated 
top-down program designs. 

A serious problem with alllanguages is the difficulty of proving the corrcctness of 
programs. From the Al standpoint, another serious problem is that imperative lan­
guages are not very efficient symbol manipulators. Because the imperative language 
architecture was molded to fit the von Neumann computer architecture, we have lan­
guages that can support numbcr-crunching vcry well but not symbolic manipulation. 
However, imperative languages such as C and Ada have been used as the underlying 
base language to write expert system shells. These languages and the shells built from 
them run more efficiently and quickly on common general purpose computers than the 
early shells built using LISP. 

Because of their sequential nature, imperative languages are not very efficient for 
directly implementing expert systems, especially rule-based oncs. As an illustration of 
this problem, consider thc problem of encoding thc information of a real-world problem 
.. ~i.th hundreds or thousands of rules. For example, the XCON system used by Digital 
~iíuipment Corporation (DEC) to configure computer systems currently has about 
7000 rules in its knowledge base. Early unsuccessful attempts were made to code this 
program in FORTRAN and BASIC before settling on the. successful expert systems 

... " 

'. ,· .. ··· 
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approach. The direct way of coding this knowledge in an imperative language " 
require 7000 IF THEN statements ora very, very long CASE. This style of codmg 
would present major efficiency problems since all 7000 rules need to be searched for 
matching patterns on every recognize-act cycle. Note that the inference engine and its 
recognize-act cycle would also have to be coded in the imperative language. 

Tbe efficiency of the program could be improved if rules were ordered so that those 
most likely to be executed were put at the beginning. However, this wourd require 
considerable tuning of the system and would change as new rules are added, or old ones 
deleted and modified. A better method for improving efficiency would be to build a tree 
of the rule patterns to reduce:search time in determining which rules should be acti­
vated. Rather than making 'the programmer manually construct the tree, it should 
preferably be built automatically by the computer based on the pattem and action syn­
tax of the IF THEN rules. ·Irwould also be helpful to have an IF THEN syntax that 
was more conducive t0 repre:ienting knowledge and had powerful pattem matching 
tests. This requires the development of a parser to analyze input structure and an 
interpreter or compilet to execute the new IF THEN syntax. 

When al! of these techniques for improving efficiency are implemented, the result 
is a dedicated expert s:rstem. If the inference engine, parser and interpreter are ~moved 
to provide easy development of other expert systems, they comprise an expert system 
shell. Of course, inste: .d of doing al! of this development from scratch, toda y it is much 
easier just to use an e>.isting shell which is documented and extensively tested. 

Functional Programming 

'The nature of functional programming, as exemplified by languages such a~ LISP 
and APL, is very different from statement-oriented Ianguages with their heavy reliance 
on elaborate control structures and top-down design. The fundamental idea of functional 
prograrnming is to combine simple functions to yield more powerful functions. This is 
essentially a bottom-up design in contras! to the common top~down designs of 
imperative languages. 

Functional programming is centered around functions. Mathematically, a func­
tion is an association or rule that maps members of one set, the domain, into 
another set, the codomain. An example of a function definition is 

cube (x) = x*x*x,· where x is a real number and 
cube is a function with real values 

The three parts of the function definition are: · 

(1) the association, x*x*x 
(2) the domain, real numbers 
(3) codomain, real numbers 
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of the c~be function. The symbol e means "is equivalen! to" or "is defmed as". The 
following notation is a shorthand way of writing that the cube mapping is from the 
domain of real numbers, symbolized as 9l, to the codomain of real numbers. 

cube : 9l -7 9l 

A general notation for a function f that maps from a domain S to a domain T is 
f:S-tT (Gersting 82). The range of the functionfis the set of all imagesf(s) where 
s is an element of S. For the case of the cube function, the images of s are s* s* s and 
the range is the set of all real numbers. The range and c.odomain are the same for the 
cube function. However, this may not be true for othe/functions such as the square 
function, x*x, with domain and codomain of real nui~Ibérs. Since the range of the 
square function is only non-negative real numbers, the'r~ge and codomain are not the 

'. ·,. 
same. . 

Using set notation, the range of a function can be ~ritien as 

R e { f (s) 1 S E S) 

The curly braces {}denote a set. The bar, 1. is read as "where". The above state­
·nt can be read that the range R is equivalen! to the set of val u es f( s) where every 
.:ment s is in the set S. The association is a set of ordered pairs (s,t), where s E S, 

tE T, and t=f(s). Every member of S must have one and only one element of T 
associated with it. However, multiple t values may be associated with a singles. As a 
simple example, every positive number n has two square roots, ~ .../n: 

Functions may also be defined recursively as in. 

factorial(n) e n*factorial(n-1) 
where n is an integer and 
factorial is an integer function 

Recursive functions are commonly used in functionallanguages such as LISP. 
Mathematical conccpts and expressions are referentially transparent bccause 

the meaning of the whole is completely determined froin its parts. No synergism is 
involved between the parts. Asan example, consider the.functional expressionx+(2*x). 
The result i:; obviously 3*x. Both x+(2*x) and 3*x give· the same rcsults no matter 
what values are substituted for x. E ven other functions can' be substitutcd for x and the 
result is the same. For example, let h(y) be sorne arbitrary function. Then 
h(y) + (2 * lz(y)) would still be equivalent to 3*/z(y). 

Now consider the following assignment statement in an imperative computer 
language such as Pascal. 

surn := f(x) + x 

,, 
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lf the parameter x is passed by i'éference and its value is changed in the function e 
f(x), what value will be usedior x? Depending on how the compiler is written, the 
value _of x might be the origin~:value if it was saved on a stack, or the new value if x 
was not saved. Another so urce: of confusion occurs if the one compiler evaluates 
expressions right-to-left while anóther evaluates left-to-right. ln this case,f(x)+x would 
not evaluate the same as x+f(xron different compilers even if the same language was 
used. Other side-effects may occur due to global variables. Thus, unlike mathematical 
functions, program functions are not referentially transparent. 

Functional programming languages were created to be referentially transparent. 
Five parts make up a functionallanguage: 

• data objects for the language functions to operate on 
• primitive functions to operate on the data objects 
• functional forms to synthesize new functions from other functions 
• application operations on functions that retums a value and 
• naming procedures to identify new functions. 

Functionallanguages are generally implemented as interpreters for ease of construction 
and immediate user response. 

ln LISP (LlSt Processing), data objects are symbolic expressions 
(S-expressions) that are either lists or atoms, while in APL (A Programm' 

. Language) the objects are arrays. Examples of lists are 

(milk eggs cheese) 
(shopping (groceries (milk eggs cheese) clothes 
(pants))) 
() 

Lists are always enclosed in matching parentheses with spaces separating the elements. 
The elements of lists can be atoms, such as milk, eggs, and cheese, or embedded lists 
such as (milk eggs cheese) and (pants). Lists can be split up but atoms cannot. The 
empty list, (), contains no elements and is called nil. 

There must be sorne primitive functions provided by the language as a basis for 
building more complex functions. ln the original version of LISP, created by John 
McCarthy in 1960, there were few primitives, as shown in Table 1-12. Primitives 
CAR, CDR, CPR, and CTR are acronyms named after the specific hardware registers 
in the first m achine to run LISP. CPR and CTR are now obsolete but the acronyms of 
the others have remained. Also shown are thé predicates of LISP. Predicates are 
special functions that retum values representing true and false. 

The original version of LlSP was called pure LISP because it was purely func­
tional. However, it was also not very efficient for writing programs. N on-functional 
additions ha ve been made to LlSP to increase the efficiency of writing programs. Fr· 
example, SET acts as the assignment operator, wbile LET and PROG can be used 

. ' 
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create local variables and execute a sequence of S-expressions. Although these act like 
functions, they are not functional in the original mathematical sense. 

' . 
Function Predicares .. ·. 
QUOTE ATOM 
CAR EQ 
CDR NULL 
CPR 
CTR 
CONS 
EVAL 
COND 
LAMBDA 
DEFINE 
LABEL 

Table 1-12 
Original LISP Prirnitives and Functions 

Since its creation, LISP has been the leading Al language in the United States . 
• 1y of the original expert system shells were written in LISP because it is so easy to 

experiment with LISP. However, conventional computers do not execute LISP very 
efficiently and execute the shells built using LISP even worse. In order to circumvent 
tlús problem, severa! companies offer machines specifically de"signed to execute LISP 
code. These LISP machines use it completely, e ven as their assembly language. How­
ever, the LISP maclúnes cost considerably more than conventional machines and are for 
single users. 

This problem of high cost has an impact on both the development and the 
de!ivery problem. It is not enough just to develop a great program ·¡r it cannot be 
delivered for use because of high cost. A good development workstation is not 
necessarily a good delivery vchicle dueto speed, power, size, weight, environmental or 
cost constraints. Sorne applications may even require that the final code be placed in 
ROM for reasons of cost and nonvolatility. Putting code into ROM can be a problcm 
with sorne Al and expert systems tools that require special hardware to run. It's better 
to consider tlús possibility in advance rather than have to recode a program later. 

An additional problem i:; that of embedding Al with conventional programming 
languages such as C, Ada, Pascal and FORTRAN. For example, certain applications 
which require extensive number-crunching are best done in conventional languages 
rather than in LISP, or expert systems languagcs written in LISP or PROLOG. 

Unless special provisions are madc, expcn systems wlúch are written in LISP are 
lera!! y difficult to embed in anything other than LISP programs. One major consid­
.tion in selecting anAl language should be the language in wlúch the too! is written. 

For reasons of portability, efficiency, and spced, many expcrt systems tools are now 
'· 
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being written in or converted to C. This also eliminates the problem of requi 
expensive special hardware for USP-based applications. 

1.12 NONPROCEDURAL PARADIGMS 

Nonprocedural paradigms do not depend on the programmer giving exact details for how 
a problem is to be solved. This is the opposite of the procedural paradigms which 
specify how a function or statement sequence computes. In nonprocedural paradigms, 
the emphasis is on specifying.iwhat is to be accomplished and letting the system 
determine how to accomplish it.• · 

Declara ti ve Programming: e·.' 
··.; i ?: ! 

The declarative paradigm separates the goal from the methods used to achieve the 
goal. The user specifies the goal while the underlying mechanism of the implementa­
tion tries to satisfy the goal. A number of paradigms and associated programming 
languages have been created to implement the declarative model. 

Object-oriented Programming 

The object-oriented paradigm is another case of a paradigm which can be consid 
partly imperative and partly declarative. The term object-oriented toda y is used in two 
different ways. The expression object-oriented design is growing in popularity as 
a programming methodology in imperative programming languages such as Ada and 
Modula-2. The basic idea is to design a program by considering the data used in the 
program as objects and then implementing operations on !hose objects. This is the 
opposite of top-down design which proceeds by stepwise refinement of a program's 
control structure. In fact, object-oriented design· is essentially what used to be called 
bottom-up design. Unfortunately, the term bottom-up never sounded quite as 
impressive as object-oriented. 

As an example of object-oriented design, consider the task of writing a program to 
manage a charge account with an interactive menu (Riley 87). The importan! data. 
objects are curren! balance, amount of charge, and amount of payment. Various opera­
tions can be defined to act on the data objects. These operations would be add charge, 
make payment, and add monthly interest. Once ail data objects, operations and the 
menu interface are defined, coding can begin. This object-oriented design methqdology 
is \''ell-suited to a program that has a weak control structure. It would not be as suit­
able in a program that requires a strong control structure such as a payroll appl~cation. 
For the payroll case there is a definite sequence of steps to follow. · 

l. Obtain time-card data 
2.. Account for sick-leave and vacation time 
3. Multiply hours worked X rate of pay 
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4. Multiply overtime houn; X overtime rate 
5. Add bonus or sales commissions, if applicable 
6. Subtract deductions for taxes, insurance, dues and retirement 
7. Issue paycheck 

Object-oriented design requires no special language features. It can be done in 
FORTRAN, BASIC,_ C and so on. Languages such as Ada and Modula-2 support 
object-oriented design because tbese languages have feáiures to encapsulate data in 
modules and packages. '' · ·. 

The term object-oriented programming was .Oiiginally used for Ianguages 
such as Smalltalk, which was specifically designed for:objécts. The term is now often 
used to mean programming of an object-oriented design ·e-yén in a Ianguage which has 
no true object support. .., "· 

Smalltalk has features to support objects built' into the Ianguage. In fact, 
Smalltalk has a programming environment entirely builtusing objects. Smalltalk is 
descended from SIMULA 67, a Ianguage developed for simulation. ';JMULA 67 intro­
duced the concept of class which Ied to the concept of information i liding in modules. 
A class is essentially a type which is a template that defines the st ucture of data. In 
fact, the concept of type in Pascal and Modula-2 carne from class. An instance of a 

~s is a data object that can be manipulated. The term instance 1 as carried over to 
.-ert systems where it denotes a fact that matches a pattem. Likewi ;e, a rule is said to 

be instantiated if its LHS is satisfied. The terms activated and instan! ated in rule-based 
systems are synonymous. 

Another significan! concept that carne from SIMULA 67 is inheritance. In 
SIMULA 67, a subclass could be defined to inherit the propertics of classes. Fo! 
example, one class may be defined to consist of objects that can be t•sed in a stack and 
another class defined to be complex numbers. Now a subclass can be easily defined as 
objects that are complex numbers used in a stack. That is, these objrcts have inberited 
properties from botb classes above tbem, called superclasses. The concept of inberi~ 
tance can be extended to organizc objects in a hierarchy where objects can inberit from 
tbeir classes, which can inberit from tbeir classes, and so on. Inberitance is very useful 
since objects can inberit properties from their classes without the programmer having 
to specify every property. Many expert systems tools t6day such as ART and KEE 
allow inheritance because it is a very powerful too! in ·constructing large groups of 
facts. · · 

Logic Programming 

One of the first Al applications of computers was in proving Iogic theorems witb the 
Logic Theorist program of Newell and Simon. This program was first reported at the 
,;.artmouth Conference on Al in 1956 and caused a sensation because electronic com­
i:Uters previously had been used only for numeric calculations. Now a computer was 
actually reasoning the proofs of mathematical theorems, which had been a task that 
only mathematicians were thought capable of doing. 
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In the Logic Theorist and its successor, the General Problem Solver (G' 
Newell and Simon concentrated on trying to implement powerful algorithms that ct-, 
solve any problem, While the Logic Theorist was meant only for mathematical theo­
rem proving, GPS was designed to solve any kind of logic problem, including games 
and puzzles such as chess;;:Tower of Hanoi, Missionaries and Cannibals, and 
cryptarithmetic. An example of.\heir famous cryptarithmetic (secret arithmetic) puzzle 
is -~~~. ~=.:: 

?-.\:: i.~~ 

DONALD ;,~·-;: !"~ i 

+ GERALD ;,-_ ·.1 

ROBERT ·• 

and it is known that D=5. The object is to figure out the arithmetic values of the other 
Jetters in the range 0-9. 

GPS was the first problem solving program to clearly separate the problem solv­
ing knowledge from the domain knowledge. lbis paradigm of explicitly separating the 
problem-solving knowledge from the domain knowledge is now used as the basis of 
expert systems. In expert systems toda y, the inference engine decides what knowledge 
should be used and how it should be applied. 

Efforts continued to improve mechanical theorem proving. By the early 1970's, it 
had been discovered that computation is a special case of mechanical, logical deduc'AJ 
(Kowalski 1985). When backward chaining was applied to sentences of the f~,,:; 
"conclusion if conditions", it was powerful enough for significan! theorem provtfl 
The conditions can be thought of as representing pattems to be matched as in produc­
tion rules discussed earlier. Sentences expressed in this form are called Hom clauses 
after Alfred Hom, who first investigated them. In 1972, the language PROLOG was 
created by Kowalski, Colmerauer and Roussel to implement logic programming by 
backward chaining using Hom clauses. 

Backward chaining can be used both to express the knowledge in a declarative rep­
resenta! ion and also control the reasoning process. Typically, backward chaining 
proceed; by defining smaller subgoals that must be satisfied if the initial goal is to 
be satis 1 ied. These subgoals are then further broken down into smaller subgoals and so 
forth . 

.-\n ,-~:unrk d. d<-<:hr.1tiw kno\\'ledge is the follo\\-ing cl=ic e=ple. 

1.11 men are mortal 
::ccrates is a rnan 

can be , ·xpressed in the Hom clauses 

:~orneone is mortal 
if someone is a man 

: :ocrates is a rnan 
if (in all cases) 
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For the sentence about Socrates, the if condition is true in all cases. In other words, the 
knowledge about Socrates does not require any pattem to match. Contras! this with the 
mortal case in which someone must be a man for the pattem of the if condition to be 
satisfied. 

Notice that a Hom clause can be interpreted as a procedure that tells how to satisfy 
a goal. That is, to determine if someone is mortal, it is necessary to detennine if 
someone is a man. As a slightly more complex example, 

A car needs gas, oil and inflated tires to run 

can be expressed in a Hom clause as 

X is a car and runs ... 

if X has gas and ; 

if X has oil and 
if X has inflated tires 

Notice how the problem of determining if a car will ron has been reduced to three sim­
pler subproblems or subgoals. Now suppose there is some additional declarative 
'·nowledge as follows. 

The fue! gauge shows not-empty if a car has gas 
The dipstick shows not-empty if a car has oil 
The air pressure gauge shows at least 20 if a car has 
inflated tires 
.The fue! gauge shows not-empty 
The dipstick reads empty 
The air pressure gauge shows at least 15 

These can be translated into the following Hom clauses. 

x has gas 
if.the fue! gauge shows not-empty 

x has oil 
if the dipstick shows not-empty 

x has inflated tires 
if the air pressure gauge shows at least 20 

Fue! gauge is not empty 
if (in all cases) 

Dipstick reads empty 
Air pressure is at least 15 

if (in all cases) 



46 Chapter 1 - Introduction To Expert Systems 

From these clauses, a mechanical theorem prover can prove that the car will run 
be cause there is no oil and insufficient air pressure. 

One of the advantages of backward chaining systems is that execution can proceed 
in parallel. That is, if multiple processors were available they could work on satisfying 
subgoals simultaneously. Tbis parallel operation can greatly speed up the execution of 
programs and is one of the:reasons that the Japanese chose PROLOG as the program­
ming language for their Rifth Generation Computer project (Moto-Oka 1982). lbis is 
an ambitious project to deve!op the next generation of computers for the 1990's with 
capabilities far surpassing,current models. The se machines were to be progriunmed with 
declarative teclmiques, biiÜhis approach has nm into difficulties. Tbe Fifth Generation 
project was announced b)ithe Japanese in 1981 with a budget of $850 million dollars. 
Tbe twenty-six initial goals of the project included natural language translation of 
Japanese to English and vice-versa, problem-solving and inferencing a thousand times 
faster than curren! machines, ability lo read handwritten text, understand pictures, 
intelligent access of huge databases, and to converse in naturallanguage . 

. PROLOG is more than just a language. At a minimum, PROLOG is a shell since 
it requires 

• an interpreter or inference engine 
• a database (facts and rules) 
• a form of pattem matching called unitication 
• a backtracking mechanism to pursue alternate subgoals if a search to ~ y a 

goal is unsuccessful 

More elaborate versions of PROLOG such as TurboPROLOG from Borland are tools 
because of al! the enhancements provided. 

As an example of backward chaining, suppose you can pay for the oil to make the 
car run if you have cash or a credit card. One sub goal is checked to see if you have 
cash. If there is no fact that you do ha ve cash, the backtracking mechanism will then 
explore the other subgoalto see if you have a credit card. If you have a credit card, the 
goal of paying for oil can be satisfied. Notice that the absence of a fact to prove a goal 
is just as effective, although perhaps less efficient, than a negative fact such as 
"Dipstick reads empty." Either negative facts or missing facts can cause a goal to be 
unsatisfied. 

If the backtracking and pattem matching mechanisms are not needed by the prob­
lem, then the programmer must work around them or code in a different language. One 
of the advantages of logic programming is executable specifications. Tbat is, specify­
ing the requirements of a problem by Horñ clauses produces an executable program. 
This is very different from conventional programming in which the requirements doc­
ument does not look at alllike the final executable code. Ncwcr imperative languages 
such as Ada attempt to circumvent this problem by offering thc capability of using Ada 
itself as the program description language (PDL). The PDL can be used as a sY ''Jn 
on which to build the rest of the program. lf the PDL does not work right, then er 
willthe program. 
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Unlike production rule systems, the order in which subgoals, facts and rules are 
entered in a PROLOG program has significan! effects. Efficiency and therefore speed are 
affected by the way that PROLOG searches its database. However, there are programs 
that exécute correctly if subgoals, facts, and rules are entered one way but go into an 
infinite loop or have a run-time error if the order changes (Ghezzi 87b). 

Expert Systems 

Expert systems can be considered declarative programming because the programmer 
does not specify how a program is to achieve its goal at the leve! of an algorithm. For 
example, in a rule-based expert system, any of the rules m ay become activated and pul 
on the agenda if its LHS matches the facts. The order that the rules were entered does 
not affect which rules are activated. Thus, the program ~tat~ment ord.er does not specify 
a rigid control flow. Other types of expert systems are based frames, discussed in 
chapter 2, and inference nets discussed in cbapter 4. ~- .-. ·r 

There are a number of differences between experi systems and conventional 
programs. Table 1-13 lists sorne typical differences. 

Characteristic Conventional ProJ?ram Exoert Svstem 
Control by ... Statement order Inference engine 
Control and data Implicit integration Explicit separation 
Control Strength Strong Weak 
Solution by ... Algorithm Rules and inference 
Solution search Small or none Large 
Problem solving Algorithm is corree! Rules 
Input Assumed correct Incomplete, incorrect 
Unexpected input Difficult to deal with Very responsive 
Output Always corree! V aries with problem 
Explanation None Usually 
Applications Numeric, file, and text Symbolic reasoning 
Execution Generally sequential Opportunistic rules 
Program design Structured design Little or no structure 
Modifiability Difficult Reasonable 
Exoansion Done in maior iumos " Incremental 

Table 1-13 
Sorne Typical Differcnces between Conventional Programs and Expert Systems 

Expert systems are <•ftcn dcsigned to deal wilh uncertainly because reasoning is one 
of the best tools that wc ha ve discovered for dealing with uncertainty. The uncertainty 
may arise in the input data to the cxpert syslem and even the knowledge-base itself. At 
first this may seem surprising to people used to conventional programming. However, 
m u eh of human know ledge is heuristic, which means that it m ay only work correctly 
pan of the time. In addition, the input data m ay be incorrect, incomplete, inconsistent 
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and have other errors. Algorithrnic solutions are not capable of dealing with situ s 
like this because an algorithm guarantees 1he solution of a p1 Jblem in a finite sen~~ of 
steps. . - ' 

Depending on the inpuÍfdata and the knowledge-base, ru expert system may come 
up with the correct answer\:a good answer, abad answer or n J answer at al!. While this 
m ay seem shocking at fÍkt(: the altemative is no answer al! the time. Again, the 
importan! thing to keep iri"mind is that a good expert systc- n will perform no worse 
than the best problem-solver for probléms like this-a h0111an expert-and may do 
better. If we knew an efficient algoritlunic method that was better than an expert sys­
tem, we would use it. The 'importan! thing is to use the be: .t, and perhaps only, too! 
for the job. 

Nondeclarative Programming 

Nondeclarative paradigms are becoming popular. These new paradigms are being 
increasingly used for a wide variety of applications. They can be used in stand-alone 
applications or in conjunction with other paradigms. 

Induction-based Programming 

An application of Al that is attracting interest is induction-based progrrunmip- ln 
this paradigm, the progrrun leams by exrunple. One application to which this pru .1 

has bcen applied is database access. Instead of the user having to type in the speclfic 
values for one or more fields for a search, it is only necessary to select one or more 
appropriate exan,ple fields with those characteristics. The database progranJ infers the 
characteristics of he data aild searches the database for a match. 

Expert syst< n tools such as lst-Class and KDS offer mduction-learning by which 
they accept exarn Jles and case studies and automatically generate rules. 

1.13 ARTIFICIAL NEURAL SYSTEMS 

A new development in programming paradigms arose in thc 1980's called artificial 
neural systems (ANS), based on how the brain processes information. This 
paradigm is sometimes called connectionism because it models solutions to prob­
lems by training sim•Jiated neurons connected in a network. Many researchers are 
investigating neural nets. The nets hold great potential as the front-end of expert sys­
tems that require massive runounts of input from sensors as well as real-tiine response. 

The Traveling Salesman Problem 

ANS has had remarkable success in providing real-time response to complex pattPm 
recognition problems. In one case, a neural nei mnning on ail ordlnary microcom¡ 
obtained a very good solution to the Traveling Salesmail problem in 0.1 seconds 
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compared to the optimum solution that required an hour.~of CPU time on a mainfrarne 
(Pon 86). The Traveling Salesman problem is imp~rtant because it is the classic 
problem faced in optimizing the routing of signals in a:telecommunications system. 
Optimizing routing is importan! in minimizing the travel time, and thus efficiency and 
speed 

The basic Traveling Salesman problem is to compute tbe shortest ro.ute thr<;mgh a 
given list of cities. Table 1-14 shows the possible routes for one to four cities. Notice 
that the nurnber of routes is proportional to the factorial of the number of cities minus 
one, (N-1)1. 

Number o{ Cities Routes 
1 1 
2 1-2-1 
3 1-2..-3-1 

1-3-2-1 
4 1-2-3-4-1 

1-2-4-3-1 
1-3-2-4-1 
1-3-4-2-1 
1-4-2..,:3"1 
1-4.:-3".::2: 1 

Table 1-14 
Traveling Salesman Problem RÓ~tes 

While there are 91 = 362880 routes for ten cities, therc are 291 = 8.8E30 possible 
routes for thirty cities. The Traveling Salesman problem is a classic exarnple of 
.combinatoria! explosion because the number of possible routes increases so 
rapidly that there are no practica! solutions for realistic numbers of cities. If it takes 1 
hour of a mainfrarne CPU time to solve for thirty cities, it will take 30 hours for 
thirty-cine cities and 330 hours for thirty-two cities. These are actually very small 
numbers when compared to the thousands of tclecommunications switches and cities 
that are used in routing of data packets and real itcms. 

A neural net can sol ve thc ten-city case just as fast as the thirty-city case whilc a 
conventional computer takes much Ionger. For the ten-city case, tiJC neural net carne up 
with one of the two best routes and for the thirty-city case, it carne up wiih one of the · 
best 100,000,000 routes. This is more impressive if it is realized that this route is in 
the top 1E-22 of the best solutions. Although neural nets may not always give the 
oplimum answer, they can provide a best guess in real-time. In many cases, a 
99.999999999999999999 % corree! answer in one millisecond is better than a 100 % 
corree! answer in thirty hours. 

'' '· 
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Chapter 1 - IntrocÍuction To Expert Systems 

Elements of an ANS 

An ANS is basically an analog computer that uses simple processing elements con­
nected in a highly parallel manner. The processing elements perform very simple 
Boolean or arithmetic functions on their inputs. The key to the functioning of aii ANS 
is the weights associated with each element. It is the weights which represen! the. 
information stored in the system. 

A typical artificial neuron is shown in Figure 1-10. The neuron may have multiple 
inputs but only one output. The human brain contains about 1010 neurons and one 
neuron may have thousands of connections to another. The input signals to the neuron 
are multiplied by the weights and are summed to yield the total neuron input, l. The 
weights can be represented as a matrix and identified by subscripts. 

1 == Neuron 1 nput 1 = I:W1J IJ 
J 1 

Neuron,Ó~tput = 

Figure 1-10 

-(I-6) 
+ e 

A Neuron Processing Element 

The neuron outputis·often taken as a sigmoid function of the input. The sig­
moid is representative of real neurons which approach Iimits for very small and very 
large inputs. The sigmoid is called an activation function, and a commonly used 
function is (l+e -xr l. Each neuron also has an associated threshold val u e, e, which 
is subtracted from the total input I. Figure 1-11 shows an ANS which can compute the 
exclusive-OR (XOR) of its inputs using a technique called back-propagati{ 
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The XOR gives a true output only when its inputs are not ai1 true or not all false. The 
number of nodes in the hidden !ayer will vary depending:,Oil ~he application and design. 

Figure 1-11 
A Back-propagation Net 

Output 
Layer 

Hldden 
Layer 

Input 
Layer 

Neural mits are not programmed in the conventional sense. There are about thirteen 
known neural net leaming algorithms, such as counter-propagation and 
back-propagation, to train nets. The programmer "programs" the net by simply 
supplying the input and corresponding output data. The net leams by automatically ad­
justing weights in the network which connect the neurons. The weights and the 
threshold values of neurons determine the propagation of data through the net and so its 
correct response to the training data. Training the net to the correct responses m ay take 
hours or days depending on the number of patterns that the net must learn, the hard­
ware, and software. However, once the learning is accomplished, the net responds very 
quickly. 

lf software simulation is not fast enough, ANS can be fabricated in chips for 
real-time response. Once the network has been trained and the weights determined, a 
chip can be constructed. AT &T and other companies are fabricating exp1:rimental neural 
net chips containing hundreds of neurons. In the next few years, it is very likely that 
chips will be fabricated containing thousands of neurons. 

Characteristics of ANS 
~ 

•,,l __ _ 

':í\NS architecture is very different from a conventional computer architecture. In a con­
ventional computer, it is possible to correlate discrete information with memory cells. 
For example, a Social Security number could be stored as ASCII code in a contiguous 

'.. "' . :. 
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group of memory cells. By examining the contents of this contiguous grot he 
Social Security number could be directly reconstructed. This reconstruction is possible 
because there is a one-to-one relationship between each character of the Social Security 
number and the memory cell that contains the ASCII code of that character. 

ANS are modeled after current brain theories in which information is represented 
by the weights. However, there is no direct correlation between a specific weight and a 
specific item of stored information. This distributed repres•ontation of information is . 
similar to that of a hologriimin which the lines of the ilolc•gram actas a diffraction 
grating to reconstruct the stored image when laser light is pas ;ed through. 

A neural net is a good 'cliÓice when there is much em pir cal data and no algorithm 
exists which provides sufficient accuracy and speed. AHS offers several advantages 
compared to the storage of•conventional computers. · 

• Storage is very fault tolerant. Portions of the net can be removed and there is 
only a degrada! ion in quality of the stored data. ·"bis occurs because the 
information is stored in a distributed manner. 

• .The quality of the stored image degrades gracefully ¡,¡ p Dportion to tlze amount of 
net removed. There is no catastrophic loss of inform<~tio 1. The storage and quality 
features are also characteristic of holograms. 

• Data is naturally stored in the form of associatil'e nemory. An associative 
memory is one in which partial data is sufficient to ret e~ll of the completl' -ed 
information. This contrasts with conventional memory iu which data is rect JY 
specifying the address of the data to be recalled. A partial or noisy input m ay still 
elicit the complete original information. 

• Nets can extrapolare and interpolare from their stored information. Training 
teaches a net to look for significan! features or relationships in the data. After­
wards, the net can extrapolate to suggest relationships on new data. In one 
experiment (Hinton 86), a neural net was trained on the family relationships of 
twenty-four hypothetical people. Afterwards, the net could also answer correctly 
relationships about which it had not been trained. 

• Nets have plasticity. Even if a number of neurons are removed, the net can be 
retrained to its original skilllevel if enough neurons remain. This is also a charac­
teristic of the brain in which portions can be destroyed and the original skilllevels 
can be relearned in time. 

These characteristics make ANS very attractive for robot spacecraft; oil field 
equipment, underwater devices, proc ess control and other _applications that need to 
function a long time in a hostile environmenl without repair. Besides the issue of reli­
ability, ANS offer the potential of low maintenance cost because of plasticity. Even if 
hardware repair can be done, it will probably be more cost-effective to reprogram the 
neural net than replace it. 

· ANS are general! y not well-suite<l for applications that require number-crurY · · 'll 
or an optimum solution. Also, if a ¡ ·ractical algorithmic solution exists, an A > 
not a good choice. 
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Developments in ANS Technology 

The origins of ANS started with the mathematical modeling of neurons by McCulloch 
and Pitts in 1943 (McCulloch 43). An explanation of learning by neurons was given 
by Hebb in 1949 (Hebb 49). In Hebbian learning, a neuron's efficiency in triggering 
another neuron increases with firing. The term firing means that a neuron emits an 
electrochemical impulse which can stimulate other neurons connected to it. There is 
evidence that the conductivity of connections between 'neurons at their connections; 
called synapses, increases with firing. In ANS, the weight of connections between 
neurons is changed to simulate the changing conductanec .of natural neurons. 

In 1961, Rosenblatt published an influential book.'d~·3}ing with a new type of arti­
ficial neuron system he had been investigating calle<f'a p·erceptron (Rosenblatt 61). 
The perceptron was a remarlcable device that showed capábilities for )eaming and pattern 
recognition. It basically consisted of two layers of neu~Ó~s and a simple learning algo­
rithm. The weights had to be manually set in contrasí.:to modern ANS that set the 
weights themselves based on training. Many researchers 'entered the fieid of ANS and 
began studying perceptrons during the 1960's. 

The early perceptron era carne to an end in 1969 when Minsky and Papert pub­
lished a book called Perceptrons that showed the theoreticallimitations of perceptrons 
.~ a general computing machine (Minsky 69). They pointed out a deficiency of the 
':~erceptron in being able to compute only 14 of the 16 basic logic functions, which 

means that a Perceptron is not a general purpose computing device. In particular, they 
proved a perceptron could not recognize the exclusive-O R. Although they had not seri­
ously investigated multiple !ayer ANS, they gave the pessimistic view that multiple 
layers would probabiy not be able to sol ve thc XOR problem. Govenunent fumling of 
ANS research ceased in favor of the symbolic approach to Al using languages sucii as 
LISP and algorithms. New methods of representing symbolic Al information by 
frames, invented by Minsky, became popular during the 1970's. Further work on per­
ceptrons has continued with new types able to overcome Minsky's objections (Reece 
87). Because of their simplicity, perceptrons and other ANS are easy to construct with 
modem integrated circuit technology. 

ANS research continued on a small scale in the 1970's. However, the field final! y 
entered a renaissancc starting with the work of Hopficld in 1982 (Hopfield 82). He put 
ANS on a firm theoretical foundation with the two-layer Hopfield Net and demonstrated 
how ANS could sol ve a wide variety of problcms. The· general structure of a Hopfield 
Net is shown in Figure 1-12, In particular, ·he showed·how an ANS could solve the 
Traveling Salesman Problem in constant time as compared to the combinatoria! explo­
sion encountered by conventional algorithmic solutions: An electronic circuit form of 
an ANS could solve the Traveling Salcsman Problcm in 1 J.l second. Other combinato­
ria! optimization problems can easily be done by ANS such as the four-color map, the 
Euclidean-match (Hopfield 86b), and the transposition code (Tank 85). 

An ANS that can easily solve the XOR problem is the back-propagation net, 
also known as the generalized delta rule (Rumelhart 86). The back-propagation net 
is commonly implemcntcd as a three-layer net, although ad<litional layers can be speci-
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fied. The layers between the input and output layers are called hidden layers beca• 
only the input and output layers are visible to the externa! world. An importan! 
theoretical result from mathematics, the Kolmogorov Theorem, can be interpreted as 
proving that a three-layer net"'í\>~ with o inputs and 2n + 1 neurons in the hidden !ayer 
can map any continuous funcV,~?,.<Hecht-Nielsen 86). ·. 

~-~~i ¿· '· 
• ~. ! nt ; ..... ·'-~ ..... 

Figure 1-12 
A Hopfield Artificial Neural Net 

Applications of ANS · Technology 

A significan! example of Iearning by back-propagation was demonstrated by a neural 
net that learned corree! pronunciation of words from text (Sejnowski 86). The ANS was 
trained by corrccting its output using a Digital Equipment Cqrp. text to speech device 
called DECTalk. It required tw~nty years of linguistic research to devise rules for corree! 
pronunciation used by DECT:ilk. The ANS taught itself equivalen! pronunciation skills 
overnight by simply Iistening to the corree! pronunciation of speech from text. No 
linguistic skills were programmed into the ANS. · 

lnvestigations of the ANS are under way for recognition of radar targets by elec­
tronic and optical computers (Farhat 86). New implemcnl ations of neural nets using 
optical components promise optical computers with speeds millions of times faster 
than electronic ones. Optical implementation of ANS is attractive because of the 
inherent parallclism of light. That is, light rays do not interfere with one another as 
they travel. Huge numbers of photons can easily be generatcd and manipulated by opti­
cal components such ·as mirrors, lenses, · high-speed programmable spatial Iight 
modulators, anays of optical bistable devices that can function as optical neurons, and 
diffraction gratings. Optical computers designed as ANS appear to be complementary to 
one another. 



• 

Expert Systems: Principies and Programming 55 

·Commercial Developments in ANS 

A number of new companies and existing finns have been organized to develop ANS 
technology and products. N estor markets an ANS product called NestorWriter that can 
recognize handwritten input and convert it to text using a PC. Other companies such as 
TRW, SAIC, HNC, Synaptics, Neural Tech, Revelatioll$ Research and Texas 
lnstruments market a variety of ANS simulators and hardware accelerator boards to 
speed up learning. One of the best bargains for getting started in neural computing is 
volume 3 of Rumelhart's books on Parallel Distributed Processing available from the 
MIT Press. The book describes a half-dozen ANS simulators and also includes a 
diskette with software for an lB M PC compatible m achine for $27.50. By purchasing a 
386 accelerator card for an IBM XT or compatible, a person can have a very powerful 
system for ANS at low cost. 

1.14 CONNECTIONIST EXPERT SYSTEMS AND 
INDUCTIVE LEARNING 

=.' 
It is possible to build cxpcct systems using ANS. In one systcm, the ANS is thc 
knowledge-basc constructcó by training exan1ples from medicine for disease (Gallant 
p- · In this system, the exp :rt system tries to classify a disease from its symptoms 

one of the known disc -tses that the system has been trained on. An inference 
engine called MACIE (Matr~:' Controlled Inference Engine) was designed that uses the 
ANS knowledge-base. The s•:stem uses forward chaining to make inferences and back­
ward chaining to query the ~:ser for any additional data nceded to produce a solution. 
Although an ANS by itself carmot explain why its weights are set to certain values, 
MACIE can interpret the ANS and generate IF THEN rules to explain its knowledge. -

An ANS expert system such as this uses inductive learning. That is, the sys­
tem induces the informatinn in its knowledge-base ·by example. Induction is the 
process of inferring the genc1 al case from the specific. Besides ANS, there are a number 
of commercially available cxpert systems shells that explicitly generate rules from 
examples. The goal of inductive learning is to reduce or climinate the knowleógc 
acquisition bottleneck. By placing the burden of knowlcdge acquisition on the expcrt 
system, the development time may be reduced and the reliability may be increased if the 
system induces rules that were not known by a human. 

1.15 SUMMARY ,,._ 

In this chapter we have reviewed the problems and developments which have led to 
expert systems. These problems that expert systems are msed for are gene rally not 

'vable by conventional programs because they lack a known or efficient algorithm . 
. ce expert systems are knowledge-based, they can be effectively used for real-world 

problems that are ill-structured and difficult to solve by other means. 
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The advantages and disadv;mtages 'of expert systems were also discussed in •· 
context of selecting an approp,ri~te problem domain for an expert system applicatL 
Criteria for selecting approprii!te. applications were given. 

The essentials of an expert system shell were discussed with reference to rule-based 
expert systems. The basic recqgrii:Ze-act inference engine cycle was described and illus­
trated by a simple rule exaJJ!ple,, Finally, the relationship of expert systems to. other 
programming paradigms was :described in terms of the appropriate domain pf each 
paradigm. The importan! point. of all this is the concept that expert systems should be 
viewed as another programmirig tool that is suitable for sorne applications and unsuit­
able for others. Later chapters will describe !he features and suitability of expert 
systems in much more detail. 

PROBLEMS 

1-1. Identify a person other than yourself who is considered an expert or very 
knowledgeable. Interview this expert and discuss how well this person's expertise 
would be modeled by an expert system in terms of each criterion in the section 
"Advantages ofExpert Systems." 

1-2. a) Write ten nontrivial rules expressing the expert of problem l's 
knowledge. 

b) Write a program that will give your expert's advice. Include test results t. .. 
show that each of the ten rules gives the corree! advice. For ease of 
programming, you may allow !he user to provide input from a menu. 

1-3. a) In Newell and Simon's book, Human Prob/em Sojving, they mention the 
9-Dot Problem. Given 9 dots arranged as follows, how can you draw four 
lines through all the dots without (a) lifting your pencil from !he paper 
and (b) crossing any dot? (Hint: you can extend the line past !he dots) 

• • • 
• • • 
• • • 

b) Explain your reasoning (if any) in finding the solution and whether an 
expert system or sorne other type of program would be a good paradigm 
to sol ve this type of problem. 

1-4. Write a program that can sol ve cryptarithmetic problems. Show 'the result for 
!he following problem, where D=5. 

DONALD 
+ GERALD 

ROBERT 

• 
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Abstract 

This paper descnbes 12 autonomous "'creatures" bu.Pt with Electronic Bricks. Electronic Bricks are 
special1y-modified LEGO bricks wllh stmple electronic circuits inside. Although each Electronic Bnck 
is -quite simple, the bricks can be combtned to form robotic creatures with interesting and complex 
beh:niors, similar to the fictional machines described in Yalentino Braitenberg's book Vehicles (1954). 

Introduction 

This pc.per describes a collection of artificial '"'creatures., made from LEGO bricks. The creatures were 
inspired by Valentino Braitenberg's book Vehic/e, (198~). 

In Vehicle~, Braitenberg describes a set of thought experirnents in which increasingly complex vehicl~s 
are built from simple mechanical and electronic components. Each of these imaginary vehicles in sorne way 
mi mies intelligent behavior, and each one. is given a name that corresponds to the behavior it imitates: 
""Fear," "'Love,"' -Values,"' "'Logic," etc. Braitenberg uses these thought experiments to explore psychological 
ideas and the nature of intelligence. Progressing through the book, the reader sees very intricate behaviors 
emerge from the intcraction of simple component parts. In a sense, Braitenberg "'constructs"' intelligent 
behavior-a process he calls ""synthetic psychology.-

Our \VO:k follows Braitenberg in spirit. However, instead of Braitenberg's imaginary motors and sensors, 
we have developed~ set of real components known as Electronic Bricks-L~GO bricks with electronic 
circuits insidc. The~ bricks can be connected together to forma wide va:iety of artificial ¡,;creatures,,.,_]Iluch 
like Braitenberg's "_!hieles. Of course, our creatures do not reach the levels of complexity that Braitenñ:erg's 
do. On the other hand, our creatures exist in the real world: people can actually intcract with and pl<~>·ith 
them. Our creatures do not livc only in the world of scientific publications. 

\Ye designcd our creature-construction kit pa.rticuléuly for children. Children can easily connect the bricks 
together inw ncw configurations, to creatt:: ncw creatures with ncw beba\ iors. In doing so 1 children can 
cxplore 1 in a playful way, the samc d~ep id~a.s that Braitenberg describes in bis book. In trying to construct 
particular behaviors, children explore the emergence of complcx beh.:íviors from simple componcnts. At the 
s.-une time, chddrt.·n confront fundamental qut:::>tions about inte:1tionality. Creatures built from Electronic 
Bricks fall on the fuzzy boundary betwcen ammals and machines, forcing studcnts to come to terms with 
how machines can be likc anirnals, and vice versa (Rcsnick and Martin 1990). 

Tltis cr~:ature+construction activity serves a.s a prototypical example of the ... constructionist"' approach 
to karnÍ¡lg (Papcrt liJSO). Acc.:ording to the coustrnct10mst paracligm, pcopk are most likely to makc Jeep 



connections with new idea., when they are in volved in constructing meaningful artifacts. In this case, childrcn 
learn important ideas about living systems not just by observing creatures, but by building them. 

Electronic Bricks 

Electronic Bricks are LEGO bricks in which we have placed digital electronic circuits with inputs and 
outputs. They fall into three categories: action bricks (such as motor bricks), .en•or bricks (such "{> 

threshold sound sensors), and logic bricb (such as and bricks). When connected by a wire, the output 
of one brick controls the input of another. 

(a) light off 

light 
brick 

input 
off 

tot.:.ch 
sensor 

(b) light on 

light 
brick 

i."'lput 

0.'1 

touch 
sensor 

pressure~ 

Figure 1: A simple Electronic Brick setup. 

Imagine tbat we have a touch sensor. Its output is on when its button is pressed, ªnd its output is off 
at all other times. If this output is attached to the input of a light brick. then the input of the light brick 
will be on when the button is pressed (see figure l(b)). and off otherwise (see figure !(a)). This extremely 
simple setup provides us with a light that turns on w-hen you press the touch sensor and turns off again 
when you let go. 

In this paper, ,..,.e ~e certa:n terms that ha ve specific meanings in the Electronic Brick uniYerse. These 
terms will be printed ,iñroughout the article in boldface, and they are all defined in the glossary at the 'in d. 
Included in the gloss'!!y are dcscriptions of each individual type o( Electronic Brick. ~ 

Simple creatures 

The first six creatures. Timid, lndecilive, Paranoid, Dogged, lnucure. and Driven, are all quite simple. 
They g~nerally have only one sensor and rather limited electronic '"brain-s."' 

2 
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Timid 

the shadow seeker 

The sirnplest combination of Electronic Bricks possible is one motor attached to one sensor. Happily, 
even the simplest combinations can produce interesting behaviors. 

Timid is a tiny car with one motor brick and one threshold light sensor, pointing up. The motor 
brick has two inputs: one controls its power, one controls its direction. The output of the sensor is attached 
to the power input of the motor brick. When the light fal!ing on the sensor is in excess of its threshold, 
its output turns on. Because this output is plugged into the power input of the motor, the motor turns on. 
Hence if sufficient light is falling on the threshold light sensor, the car drives forward; otherwise it stands 
still. The threshold is set with a dial on the side of the sensor. 

If the dial on the threshold light sensor is set correctly, Timid will run when it can "'see"" the room 
lights, and stop when it cannot. \Vhen the lights are turned on, Timid drives until it gets into shadow, at 
which point it stops. If whatever is casting the shado\v is moved, Timid will start driving again until it 
enters another shadO\'•'· 

Indecisive 

the shadow edge finder 

Indecisiue is identical to Timid, except the output of the threshold light sensor goeS to the. d:.rection 
input of the motor brick instead of the power input. In this case, the motor is on all of the time, but it 
goes in one direction when the input is on and in the other when the input is oñ. This means that Indecisive 
runs forward when it sees the room lights. and backwards when it does noc. 

\Vhen let loose 1 Indecis¡"ve drives forward (a.ssuming that the room lights are on) until it gets toa. shadow 
cast by a chair, table. someone's hand, etc. At this point, the threshold light sensor no longer sees the 
overhead lights. and its output switches off. The motor reverses, and the creature runs back i!1tO the light. 
Now the light sensor is illum:nated again and Indecisive reverts to forward motion. returning to the shadow. 
In the shadow, the sensor output turns off again, and the ve hiele backs up again. It oscillates back and forth 
at shadow edges. 

Paranoid 

the shadow-fearing robot 

The structure o8his creaturc is what wc cal! a turtle Turtles ha\ e two molors, one that dri~ the 
whcels on the lcft side (the left motor). and one that drives the wheels on the right side (the nght mOlar). 
If thc two motors are doing different thing.c::, then the turtle will turn. That is, if the left motor is ~ing 
forward, 2'.:1d thc right motor is off. the turtle will movc fo:-~>ard and to the :-íght. If the left motor is driving· 
forward. ancl the right motor is driving backward. the turtle will pivot in place to the right. The turtle will 
l!lO\"C in a st:-aight line only tf both motors a:-e on a:td turaing in the same direction. 

This pa:-ticular turtle ha5 one sensor. a threshold light senso_r, whose threshold is set so that its 
output is on in the light and off in thc shadow. justas it is for Timtd and lndecisive. The threshold light 
sensor points up, and it is on an <Hm that stlcks out forward on the vehicle. Its output is COlliiCCt~d to the 
clirection i11p11t of thc lcft motor. \\'hen its ontput is on, the left and right motors turn in thc s<'tme dircction 
(the chrectio:1 of the right motor dcf3.1!\ts to forward. thc direction of the left motor is set to forward by the 
output of thc threshold light sensor), and whcn the output is off. they turn in opposite d1rections. 

J 
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\Vhcn Faranoiri is set clown in a lit room, it drives straight forward until its protruding threshold light 
sensor enters a shadow. \Vhcn this happens, the sensor's output switches from on to off and the left wheel 
reverses. A~ this poiut, the left aurl right wheels are turning in opposite directions. This forces the turtle 
to pivot to thl! leít (se!..' figure 2). lt swings around to the left until the protruding sensor has swung bark 
out of the shadow. At this point the lcft wheel returns to forward motion, and Paranoid is off again. 

Doo-o-ed 
00 

the obstacle avoider 

Figure 2: Pa.ranoid turning. 

left 
motor 

This vehicle is a small car with a sin1!le motor brick that drives it forward or backward. 1t has two 
touch sensors. onc 'facing front and one ~back. each ~onnected lo a bumper. \Vhen the bumper is pressed, 
the touch sensor is_Activated, and its ou~put turos on. lt a!so has an or brick anda fiip-ftop brick. The 
fiip-flop brick ha.s,Swo states. an on st.1!e and an off state. In the on state, its ouptut is on continuQusly, 
and in the off state,'?rhe out;>ut is off coutinuously. lt changes state each time its input is turned on~o if 
thc input is off and lhen tnrns on. the brick will change Sta te, and it won't change statc again until t~ut 
turns off ancl on again. Thc outputs of thc touch sensors go to the inputs of the or brick and its output 
goes to thc ftip-flop brick. T!J(.· ftip-ftop brick's output is connected to the direction input of thc motor. 

\Ybcn Dvggeri is st<utt•d, ir rnns eitb··r furward or backward, dcpending on the state of the flip-flop 
brick. \\'hen t•Hher the frout or brtck l.n1mper is prcsst:d (and hcnce a touch sensor·s output turns on), 
the or brick's output turns on. wluch changt:s the state of the flip-flop brick, and tbe creature reverscs 
,._.,,._.._ . .,_, ... ::. -:.::.,:- ·.·.ü~C-.. Do~·:;c,[ cb;u¡g~_.·s direction ev•:ry t1mc eithcr bumper gets presscd. Let loase, thc 
vehiclc wiH rn11 across thc ftoor uutll it hits sometbwg. \\'hcn It does. thc bumper will be pressed and It 
will rcver~e dnt·ction a1ul rt111 away. lt w¡\\ continue until it bits somethiug in the other direction. lt rcverses 
and ra:]S b:1ck tu tllt' fir~t olJ::.U1ck. ln tl11~ way 1 it will ft-~.ll into a pattcrn. of running vcry quickly back and 
fo~th b\..'1\'."l't'!l t·.·:o olJjen ... O\'n an.\ o\·~·r ~g;till. 

\ 



Insecure 

the wall follower 

This vehicle is a turtle, like Paranoid, but it uses the whisker brick to sense its surroundings. The 
whisker brick is a brick with a thin plastic strip ( whi,ker) pointing out of it. When the strip becomes 
sufficiently bent, the output of the sensor turns on. This "bending threshold" is set with a dial on the si de 
of the brick. The whisker protrudes over ln.ecure's left side. The output of the whisker brick goes to the 
power input of the left motor 3.nd to an in verter brick. An inverter brick,s output is on if its input is 
off, and is off if its input is on. The output of the in verter brick is attached to the power input of the right 
motor. This setup ensures that exactly one motor is on at any time, since the output of the sensor controls 
one motor and the inverse of that output controls the other. 

\Vhen /nucure is put clown in an open area, the whisker brick's output will be off, the right motor will 
be driving, and it will turn in circles. Imagine, however, that it is put clown so that there is a wall clase to 
it on its left. The right motor will dri\·e, turning the vehicle left and forwards, until the whisker touches the 
wall. Once this happens, the output of the .whisker brick will turn on, and the left motor will drive; the 
invcrter ,..,.¡Jl turn off and the right motor will stop. Insecure will now move fonvards and right. Soon it will 
have turned far enough right that the whisker will no longer be touching the wall, and it will start turning 
back. 

Insecure slowly edges its way along walls and around the bases of pillars. 

Driven 

the light seeker 

Driven is our standard light seeking vehicle. )t is a turtle. It has a differentiallight sensor mounted 
on it, facing forward. The differentiallight sensor is a brick with two outputs. \Vhen the left side of tbe 
sensor is receiving more light than the right side, the left output will be on. \Vhen tbe right side is recei,·ing 
more light than the left side, the right output will be on. The left output of the differential light sensor 
is attached to the power input of the right motor, and the right output t.o the pO\ver input of tbe left motor. 
Thus, the left motor turns on whea the right side of the sensor is brighter, and the right motor turns on 
when the left side is brighter. 

Driven moves towards a bright light by successive right and left turns. If the light is on the left, the 
left output of the differentiallight sensor will be on and so the right motor will be running. moving the 
creature forward and .rotating it left. Once tbe vehicle has turned far enough that the light is on its right, it 
starts moving forward and right. Driven slowly wiggles its way tO\vards light sources. 

'3 
-' 

More complex creatures 

In this section we p:-esent -1 creatures, al! of which are a bit mort! sophisticated than the previous enes. 

Persistent 

the light seeker with a collision algorithm 

This ve hiele is the samc ~ Driven, bui with an attcmpt to give it a method for avoiding obstacles. 

In addition to DriveTL's differentiallight sensor, Per.~t.dent has a humper on its front which is atlached 
toa touch sensor. This senc;or plugc; into a tin1er b~ick. Thc timer brick has ouc inpu~ and one output. 
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Each ti m~ the input turns on, thc output turns on for a period of time and then turns off again. The period 
is set with a dial on the sidc of the brick. Thc output of the timer brick is attachcd lo the dircction inputs 

on the motors. 

\Vhcn thc creature is lct loase, it starts moving towards the light source in the same way that Dri11en 
does. Howe\·cr, if it collides with something ou its way, the bumper will get prcssed. 'Vhen this happens, 
the touch sensor v.·ill be activated, the timer brick will turn on and the motor directions \vill be reversed. 
They will stay reversed for the duration o[ the timer brick's period. 

Upon collision, Per.istent backs up for a short period of time and then the timer brick switches off. 
The creature resumes travelling towards the light. However, Persi3tent fails in its goal of .;voiding obstacles, 
since the creature generally resumes travelling along the same path it was 0!1 when it made the contact. It 
usually collides with the same object that it did befare, and it does this over and over again. 

Attractive and Repulsive 

The leading and following pair 

This example actually involves two Braitenberg creatures. 

Attractive is a creature with one motor brick anda threshold light sensor pointing towards the rear. 
The threshold light sensor's output goes to the power input of the motor. It drives forward when the 
se!lsor's output is on. Attractive is a very quick vehicle. 

Repulstve is a slow creature "'ith orle motor brick and a bank of bright ligbts. It continually drives 
forward. \\'hen Repulsn•e's lights get su!Ticiently clase to Attractive's threshold light sensor, the output 
of the s.ensor \':ill turn on. and Attracttve will move. 

Imagine that Attractive and Repulsive are set clown in a line, with Repulsive facing Attract:ve's back. 
Repu.lstve w:ii cirivt:: slv\\ly forward until its lights come \\'ithin the range of Attractive's sensor. The sensor's 
output will turn on and Attractive will run quickly away from Repulsive until it is out of range and so the 
motor stoj)s again. Soon, however, Repulút•e will have come within range again. 

Consistent 

the four-state turtle 

This vehicle is a turtle witb one threshold sound sensor. \Vhen the threshold sound sensor 1
S tiny 

microphone "'hearsl" a sufficiently loud noise, its output turus on for a very short time. Its threshold is set 
with a dial on the side o[ the brick. The sensors output gocs lo a flip-flop brick. The output of that 
ftip-ftop brlck goe"~to another flip-ftop brick, as wdl as the direction input of thc left motor. The second 
ftip-ftop brick's ott;put goes to the direction input of the right motor. -

E\·cry time the t'hreshold sound sensor is triggered. the output of the first fiip-ftop brick cfáBges 
state (either from on to off or off to ou). So. every second timt.' the sensor is triggered, the output of the 
fir::;t ftip-ftop brick turns from off to on (as opposed to c!1a.'1ging from on to off). \\'henever the output of 
t!1t~ F.:st ftip-ftop brick changes from off to on, the ouqn:t of the sccond ftip-ftop brick changes state. In 
od~t:r wort!~. the output of the fir:::t flip-ftop brick cbanges state e\·cry time that the sensor 1s triggered, 
anJ the output of the secom..l ftip-flop brick changes every second tirne. This means that Consistent has 
fol:r r::.::r ..... .,. ~::~··:!t:d- ~Litt·~: O!l·On. off-on, ou-off. off-off. 

ilL'CiHl~C the Ollt.pllt of the fir<;t ftip-flop brick is attoched tO the dircction Ínput of thc fÍ!)ht motor, and 
the output of the ~ccond is attached to the directlon input of the left motor, these "'mental .. states each 
cor:-cs.po:!d to llllt' of four :-;tates of motiou. The first corrL-.5ponJs to forward rnotion, thc sccond to turning 
ll'ft. tite t!:::-d lu t;:::!ing Iight, thc fuu:th to IJloving Uackwaals. lf une clnps !out! cuough in thc viciuity of 
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Con>i>tent, it will change state. In fact, as one claps repeatedly, Con>Ütent will cycle through its four states 

in this arder. 

Inhumane 

the mousetrap 

/nhumane is designed to capture mice. It consists of a long, thin tunnel with a door at one .end. The 
door can be moved by turning on a motor brick. Near the other end of the tunnel. tbcre is a light source 
on one side and a threshold light sensor on the other. Sorne mouse food is placed at the very end, past 
the light beam and sensor. 1f a mouse enters the chamber, he or she must break the light beam to get to the 
bait. The light is always on, and the sensor's threshold is set so that the output is on when the light's path 
is unobstructed, and off when it is blocked. 

The layout of Electronic Bricks that make up Inhumane's "'brain~ is shown in figure 3. 

·~·· ... ·.·.······/·' 
•· b0ait ·•·••·:• .... o? 
::-...... ; .. ; · ..... ..... ~? 

threshold 
light 
se:-:sor 

Figure 3: The layout of Inhumane. 

motorized 
door 

Imagine that we start with tbe trap's door open and the flip·fiop brick's output on. In this situation, 
one of the and bricJs:.s inputs is on. If the beam is broken by a mouse, the threshold light sensor's output 
changes to off. the ir5"erter brick"s to on. and then both of the and brick inputs are on. The and b:iick 
turns on the inputs (j} the flip-ftop brick and the timer brick. The timer brick's output turns oil..ior 
just long enough to clase the door. The ftip-ftop brick changes state and therefore one of the inputs to-ihe 
and brick is now off. 

l'\ow the mouse is incarcerated, a:1d the circuit is impotent. The mouse can run back and forth past 
the beam all he or she likes, but with one input to thc and brick off (the one from the flip-flop brick), 
the timer brick will never turn on again. In other words. t>hen the flip-flop brick is in its off state, the 
threshold light sensor has no effect 0n it. wherea.s whcn it was in its on st.ate, the sensor could· indeed 
affect it. This circuit is dircctly analogous to a physical trr.p, bccause most traps begin in a loaded state 
(flip-flop brick on), gct triggcred (light bcarn is brokcn), alld thcn clase, entrapping the victim (flip-flop 
brick off) . .-\ftcr thc trap is sprung, no amount of fiddling with the trigger will reopen it (rc-breaking the 
bcam ducs not changc the flip-flop brick'~ str.te). 

In practice, mhumn.ne caught sev('ral t:llCL' in our huildtng )!ost wcrc able to chew their way out, leaving 
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a pile of LEGO dust behind. However, we did indeed relocate one mouse to a more natural habitat. Soon, 
however, our creation was outmoded by more efficient methods of pest control. 

Philosophical creatures 

These two machines value thought over action. The first, Frantic, does nothing but think: it only observes 
itself. The second, Observant, observes its environment, but does not change it. 

Frantic 

the negative feedback loop 

Frc.ntic consists of a light brick, an in verter brick and a threshold light sensor. A light brick is 
an Electronic Brick with one iuput and a small light. \Vhen the input is on, the light is on; when the 
input is off, the light is off. 

The threshold light sensor points at the light brick, and its output goes to the in verter brick, The 
inverter·brick's output goes to the light brick. 1\'ow tlrere is a "paradox'': if the light is on. the sensor's 
output is on, the inverter brick's output is off, and the light turns off. If the light is off, then the sensor's 
output turns off, the in verter brick's output turns on, and the light turns on. 

As one might predict, the light blinks on and off at a frenzied rate. 

O bservant 

the creature sensitive to the direction of a sound 

By compari:ng the outputs of two threshold sound sensors, ObsertJant can find the direction from which 
a sou:1d comes. The circuit does not lend itself to verbal description. so we present a diagram: figure 4. 

In air. sound travels a foot in about one millisecond. \\'itb the threshold sound sensors approximately 
one foot apart, Qb.,eruant can indeed tell the direction from which the sound carne since the sound takes 
about a milllsecond to get to the more distant sensor. That is, if the sound comes from the left, and bits the 
left sensor first, the output of the left timer brick will turn on, and if it comes from the right, the output of 
the right timer brick will turn on. The circuit restares itself when the timing cycles of the timer bricks 
run out. 

lt is interesting J..o note the conceptual similarity between the electronics in Inhumane and Obserua.nt. 
Both creatures have,iircmts that start in one state, and in the presence of sorne stimulus '"drop- into sorne 
new state which the!initial triggering stimulus is unable to change. Both circuits are analogous to-t!aps. 
But becau::e Oburv~n.t uses timer bricks instead of flip-flop bricks, it restares automatically to it~ial 
state after a specific time. -
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Glossary : 
.-. 

And brick: AnLlectronic Brick with two inputs and one output. If both inputs are on, th~ut 
is on; otherwise it is off. 

Electronic Bricks: Thcse are the subjcct of this paper. They are LEGO bricks with simple electronic 
circuits insidc, and input.! and outpu.ts tha.t a\!ow you to connect them together. The input-1 and outputs are 
digital (only on or off). There are acüon bricb (such as motor bricks), sensor brícks (such as threshold 
sound sensors), and logic bricb (such as and bricks). \\"ben conncctctl by a wire, the ouiput of one bric}c 
controls the mpu.t of another. 

Differentlal light sensor: An Electronic Brick with two light sensors and two outputs. \\"hen the 
sensor on the left side of the bríck is more brightly lit than the right. then its left output is on, if the right 
is brighter, thcn its right ou.tput is un. If the light levcls on the two sities are extrcmely clase, then both 
outputs are 011. 

:'· 
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Flip-flop brick: An Electronic Brick with one input and one output. This brick has two states: an 

on state and an off state. \Vhen the input to this brick turns on, it changes state. That is, if it is in the off 
statc i'l.nd rhe input changes from off to ou, it changes to the on staie, and it will stay that way unril the 
input tums off and then on again. When this happens, it will change back to the off state. When in the off 

,tate, its output is off, and in the on state, its output is on. The flip-flop brick is like a toggle switch. 

Motor brick: An Electronic Brick with two inputs, and a motor shaft which can be attached to 
wheels or other LEGO machinery. If the d1rection input is on, the shaft turns in one direction. If it is off, it 
turns in the other. If the power input is on, it runs. If it is off, it does no t. N o te: If there is nothing attached 
to ihe power input, the motor defaults to on. 

lnverter brick; An Electronic Brick with one input and one output. \Vhen the input is on, the 
output is off. \Vhen the input is off, the output is on. 

Light brick: An Electronic Brick with a tiny lightbulb. It has one input. When the input is on, the 
light is on; when the input is off, the Iight is off. 

Or brick: An Electronic Brick with l'wo inputs and one output. If both inputs are off, the output is 
off: otherwise it is on. 

Threshold light sensor: An Electronic Brick with a light sensor and one output. \\.hen the light 
fallmg on the sensor is above a certain level, the output is on; otherwise it is off. The threshold is set with 
a dial on the side of the brick. 

Threshold sound sensor: An Electronic Bdck with a tiny microphone and one output. \Yhen the 
sound picked up by the microphone is sufficiently ioud, the output turns on for a short time. The threshold 
is seL with a dial on the side of the brick. 

Timer brick: An Electronic Brick with one input and one output. Each time the input turns on, the 
output turns on for a period of time. The period is set with a dial on the side of the brick. 

Touch sensor: An Electronic Brick with a button on its side and one output. \rhen the button is 
depressed. the output is on: otherwise it is off. 

Turtle: .-\. type of ve hiele with whee!s on the left si de and wbeels on the right si de. Turtles ha ve two 
motor bricks. one that drives the wheels on the left side (the left motor), and one that drives the wheels 
0:1 the right side (the right motor). If the two mo:.ors are doing d1fferent things, then the turtle will turn. 
For exa:nple, if the left motor is driving forward. and the right motor is off1 the turtle wil1 mo\'e forward 
a:1d to the right. If the left motor is dri\·ing forward. and the nght motor is dri\·ing backward 1 the turtle 
will pi\'ot to the right in place. It will only mo\'e in a straight line if both motors are on and turning m the 
same direction. 

\Vhisker brick: An Electronic Brick with one output a:1d a thin pla.stic strip sticking out one side. 
\\'hen the stnp gets...Qent far enough, the output turns on; otherw1se it is off. The bending thresbold is set 
\\·ith a d1al on the si~ of the brick. 

lO 
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An autcnomous mobile robot t!-!at is caoable of planning "intelli;ent" pa:~s ::-:rough its 
world must have a su~table representati.c:-1, or model, of that world and mus': be able to 
lnteroret ~ts sensor¡ i~~uts i~ ter~s o: t~at world model. Furt~er~ore, t~e robot must be 
~~le ~o modify i~s planned movements (and world model} based on differences be:~een current 
perceptions of tte world and the existlng wodel. 

'!!"lis paper describes a two-?ar: world model and a rr:ethod for pat!'l plann1:;g that. are 
oarticularlv sui~able for -use !~ known, -man-made environments.--The basic -model-treats the 
!-obot's wcrld as a hlerarc!"llcal r"oet·,.,Jcrk of logi.cal reglons with arbitrary polygonal 
~c~~daries. Because the regions need not be convex, they may correspond one-to-one with 
:~~Ultively par~:tioned, but irregularly shaped, real-world regions such as rocrns, hallways, 
and open work areas. Obstruc::cns •1:~i~ r~g:c~s are also modeled by arb:trary ?Olygons. A 
"-=~mplex confit;-..:rat:cn. space" is derived from t~is bas:..c model and is used to plan goal­
criented ¡:at~s in a top-down fashion. Dynamic replanni::g is used to cope ·,.,1;_<;h changes in 
t~e env~row~ent. 

T~e tec~:1iq·..;es descr:bed below we:-e developed duri:;g prelim:..nary efforts to design and 
'"J~.::..ld an autc:"'.omous mob:..le robot for aircraft service a~d ma:.ntenance. T~e 1nitial warl< 
e~:ered en ge~eral navigation whic~, for an au::~c=c~s ~c~ile rctot, consists of 

car:oc;ra?::y, path pla~:;:..n.g, ar.d coll:s:..on-free motio:-~. A robot navigator is a task- or 
f· .. mct:o:-:-or:..ented pa.t~-finding system t~at is capable of develcpi:-.g a:-.d r.1a::.ntain:..ng a.;¡ 
acc~rate rnodel of the world, accepting mot:on-related comma~ds, and planni:1g a~d re~lanning 
pat~s to ;~:¿e t~e rcbct mec~an:sm throus~ its world to accompl1sh t:le g1ven tasks. ~ 

Er.1phasis was placed or fi:ldi;¡g good pat~s t~rough known, man-made envircnments such as 
storage rooms, hallways, hangars, and flight l1nes. Planning a path that is as direct as 
poss:ble, · ... ·r . .:le circ:Jmnav.:gat.:.ng k.:1ow·n o~stacles and avoiding inadvertent e::trapment, is 
k:to·.,..rn as t!"'.e f1:1d-path problem. 

The fi:-:d-pat~ problem iS well known in robot::.cs, with solut:..ons falli:tg i::to two bread 
categor.:es. One approach models, and plans pat~s around, any cbstacles in t~e world, wnile 
:he other basic approach models, and plans pat~s through, the open spaces between obstacles. 
In both cases, the t:-t=ee-di:nens:..cnal real wcrld normally is reduced into a t·,.,c-dimens:onal 
floor pla:1 represe:-~tat::.on. !-1a:-:y 3.::Jple:ne~.tat::.cns e! t!":.e first approach a::e =ased o:t t!"le 
class:c co~f:c;urat.:.cn space method. 

The classic conf:..guration space met!":.cd co!'"'.siders cnly a s:..:-~gle refere!1ce point cf the 
:.-:ov1:1g object (robot), such as ::.ts ce:::.e::, and C.eter:n.:;-:es t::e bounc!ar:..es of t=-:.e space which 
t~e refe::e:-~ce point can occ~py :-:ea: obs:ac!es w1t~out caus:::c; any cther part cf the movi:-~g 

object to collide with an obstacle.:.. ~!"lis loc~s cf "free space" is kno....-n as the cc:¡fig­
uration space. Esser.tially, thls-classic con!lguration (•f;:ee•) space is t!"'.e C:lmpleme!"lt of 
the union of all obstacles, alt~ough i~ also depends heavily e~ the shape and crientat~on of 
t~e moving object.. ?aths whic~ :::es:::::.-=~ ~~e :e!e::e~.ce ~~i~-: ":~ ':~e c·..:~:-e:-:.~ c:Jnflguration 
space are guaranteed to be collis:..on free !or ~~e mov1r1.g objec-: in t;;e ::eal · .. ·a:-ld. 

_-._~ 

·- Three prob 1 ems are usua 11 y assoc 1a ted wi t...,_ configura tion spaces.. Fi::s t, the c:::oss ... 
sec':ions cf f::ee-s':andi:-:g obs-:acles must be co~vex ?Olygons. S:nce ma:-:y ~yp:cal real-world 
a.:-eas anC. objec-:s a::e not co~vex, t!'-.ey mus~ ::e "~u1! t '.:.?" ::::::7: -...:.:-.::::-:.s e: c:::::.vex polygo:-:s, 
;..·:-:::c:1 i::.creases bct!"l mcc!el s:=e a::-:! ::.:-ocess::::= t:;.:es. Sec:::-.C, :.:-.e ::a-::-.s ::a.::-:C bv -::-t:s 
:':":e-::-.od cft.en pass r.ear cns:acles, so ::Cs:::c:~::-:g er:::::::s ::1. a Ce;.C.-re-::.'<::~::-:.g rc::o: mec.:-:a::.:.sm 
could leaC to c:lll:.s:ons. F::-.ally, ::tat::::-:. cf t=-:e :ncv::-.g O:lJeC': leaCs to :::.e:::c:e:-:cies, 
unless t!:e rotation can be ic;-:-.c:ed (1-.:S"..!ally ?Css:::,le because t::e ::-.ov:::.g cb: e e:. lS approx:­
~.a-:ely c:::c~lar and its re!ere::.ce ::c1:-::: :..s :::e c::~ec::'s ce::::e::-). · .• ;:-:::-'. r::ta:..:..:::::. ca!"l :-:.:::t ::e 
:..gnored, eit~er the ccnf:..g1.:rat:cn ·s;::ace must ::e r.ecalculated a:-:e: eve:-y r:::.a::on or else 

". -- ·r-~c· 
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the ~pace must be sufficiently ccnservative to allow for any rotation, which _•wastes" f· 
space near Ob]eCts and may proh~bit ot~erwise good paths between closely spaced obstacles 

Di=ect f=ee ~ models 

The rat1onale behind the other general approach to the find-path problem ·is that, since 
the path must remain in unobstr'..lc~ed space, t!1e u:-:obst!'ucted space should be modeled 
direc~ly rather than as the complement of the union of all obstacles. Two methods found in 
the literature for directly modeling free space include use of overlapped "generalized 
eones" to I:.epresent the t·,¡o-dimensional spaces (s\ol'eepable areas) between obstacles in t~e 
world model', and use of non-overlapped convex polygons to partially tile t~e same areas • 
The eones {or convex polygons) ret'resent available pathways, so the find-path problem 
reduces to findi~g a match betwee~ :he areas (eones or polygons) of f~ee space and the area 
swept by the objec~ as lt ~oves toward the goal. Advantages claimed for thls approach are 
that paths :end to pass m~dway be~ween cbstacles rather than on near-tancents, and that free 
space is modeled directly. The generallzed cene approach alsO has the ~bility to deal with 
rotat~on of ar!:ütrarily-shaped objects without recomputi:lg the free space. (The convex 
polygon method s1mply assumes rotation can be ignored.) 

Al:hough both cf the c:ted free-space methods reduce the likelihood of collision 
___ (c:::;':'jpared . .,.1:!"1 classic cc:"'.figura:.:c:1 space -methods), -- they- also -ir.crease -path-length, -­

especlal~y fcr W!dely spaced obs:acles. Also, although the free space is modeled directly, 
the num~er of cenes or convex pclygons required to re?resent it increases rapldly w1th the 
~u::-J::er of obstacles' presen:., and :he co::.es/polygor.s bear little relat!cnship w1th i:ntuitive 
part.lt:cns of the real world. Finally, lf the robot mec!"lanlsm is approxi.;¡¡ately circular 
(lt.s w1C.th and lengt:-J. are app:-ox:..:nately equal), path planning using a configuration space 
method can be corn?u:atio~ally mere e!fi.c:..ent t~an the cene method. 

li. ::u::-:!:er of othe:: eff::r~s ::;:~ salve :!"le f.i:1d-path problem have been re:;:orted in the 
l.i:era<:u!:'e, but were four:.d to be of llttle i:-.t.eres:. :-.ere for ;tarious reascns. Most ·,.¡oere 
either concer~ed only with paths th=o~gh completely ur.k::own worlds, or else were dependent 
on complete VlSlOn systems. Bot~ of these cases are needlessly 1nefficier:.t in the inter 
a?plica:!cn for th:..s pr:ljec:. 

:he solut:cn te the f:..::d-path prc~lem that is desc=i.~ed i~ this paper was developed for a 
robot, apprcx:..:nately circular, t.hat i:1hab1ts a man-made envlro:nment containi~g many objects 
and dist:..:lctly separate areas. The world 1s modeled us1:1g a ftcomplex confiquration spaceft 
to represer:.t. f=ee space in a straightforward way, w1th a m1n1mu~ number of elements in the 
moCel. Eac!"l element correspc::ds wlth a floor plan view of an intuitively-defined real-world 
area, such as a Sl~gle room or wcrk area. 

Aocroach 

Tte general approach take:n :..:: :h1s paper to salve the find-path problem is as follows. 
r:,e wor~d l:"'.habi-:.ed· by the robct rr:echa!"'.ism is descr:.bed (modeled) as a oet"."ork of regions. 
Each reg1on has :.t.s own r.at~ral cr:e:::.a:!on anda bc~:;,Ced floor plan. Reg:.o:nal bounds, much 
l~ke t!':e walls of a room or t!'-.e pa.:..:-.':.ed lir:es arOI.!:1d a work area in a fac~ory, serve to 
def:::e rnea:"'.:::.gful areas, each area c:lntaining a g::-o~.;p of (zero or more) spatially-related 
objec't.s. A r:.:-:g cf di.stance-rneas-.:r:nc; sonars spaced at. a f1xed heic;ht arou:1d the robot's 
boCy serve as t.!"le :naln senscrs. Seca use of t!'ie w1de beam and fixed elevat.ion of each sonar 
sensor, the robot dces not. have a Vldeo-c;p.:ality t!'-.ree d¡mens1onal image of its world. 
Rat.ner, it ftseesft the world as a lcw ::-esoluticn, two d1:nens1onal plot of the distances t.o 
s~===u:-:di::g cos:acles. ~he=e!:re, a reg:on's !loor pla::. is described in ter~s of boundaries 
cf :::e area and cbJec-:.s, as v:e· .. ·ed a: t.!':.e se::sor ::.e:c;ht. Passageways, areas of overlap 
be:~een regions, are the c::ly F~aces where the robot mechanism may transition across (non­
p:-:ys:cal) boundarles bet.wee:1 reg:ons. -- -·~- --

: #-- --- #-· ___ -:_. 
G.:..ve:;, a command to move to a :-:ew Fos:.t!.cn wit.hi:1 the current region, the navigation_ 

syst.em f:.nds a path, if o::e ex:s:s, :::.a: avoiCs i::.ter:nediate obstacles and stays with~n the 
reg1on's bounds. For efficlen~¡, commands to move to positions outside the current region 
involve bierarchical path planning. First, a limlted-detail global path is planned across 
:::.e :-:e:~ork of reg1cns to 'fi::d a se~l.!e:-:ce of passageways leadi:1g from the c~rre:1t regicn to 
t.::e c;ca! :-e-;:c:-:. -:-::.e::., local pat!ls are pla~:;ed be-:wee:: successive passage· ... ays to trave!:'se 
eac:: ::::e::-;ne¿~at.e reg:cn. ':'::e e:-:¿ ~o::-::s f:r each s't.ra1gnt-li:1e leg of the local path 
f=assed to t:-:.e r:;~=ot mec:-.a:-:..:.s::l-C=:.ve::-, •Jl":ich 1s expec-:ed to use feed~ack f=cm the var:., 
se:-:sc: s-..:=sys-:e:r.s :.:;~ K.ee!=l ::..: e:-: c:::-..:rse, w1.:!'-.:n scr:1e tolerar.ce, wnile avc:::!::-:g unforsee:1 
c:s:ac:es. T!':.e sensor s~~sys~e~s are also expec:.ed to report back tQ the navi;ation system 

;:e~::~s:y ~::kno~n i~passes so ~~a= :~e wcrld ~o¿el ~ay be updated~. 
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e robot's wor!d is divided into logical regions with arbitrary polygonal boundaries. 
dUSe regions do not need to be convex, they may correspond one-to-one with l~tuitively 

.~-:~itioned, but irregularly shaped, regions of the real world, such as rooms, walkways, 
?ark:ng areas, a~d so forth. All cbjects in the robot's world, whether they are phys~cal or 
1on-phys1cal, are also modeled by arbitrary polygons. The polygons are restricted only in 
:hat edges of a given polygon may not cross each other, like a figure-S, although they may 
:ouch. This restriction · is quite reasonable since it in no way lim1ts the actual shapes 
:hat may be represented, only the way they are represented. The restr1ction s1mply reflects 
:he fact that the sides of real-world objects may narrow te negligible thickness and even 
terge, but they can never cross through each other. 

escr:bi~cr ~ oolvoc~al ~· 

One e~ the si~plest and most com~act wavs to represent a polygon is with an ordered list 
f lts vert.lces. successive pairs ·cf ve:-.,;:ces Cefi.ne success:..ve edges of t~e polygon and, 
y i~posing a consiste~t arder on t~e vertices 1 they also define the •¡~sicte• and ·o~tside" 
~ t~e eCges 1 Wlt~ ~espec~ to t~e ~hale polygon. These def1nit10ns are s1mple applications 
~ :-asic geometry. !:1 part:.c'...llar, a st:.-aight l!ne seg~e:1t ca:¡ :,e d:awn join:.::.g ar.y t·..,.o 
~::1~5, a:1y such seg~e~t can be exte~ded in a straight li:1e, and a st:alght line divides the 
larie ccntaining i:. 

:~e general eq~a:icn of a s:raig~t line, g:ven in parametr1c form~ is: 

X = x0 • :nt 
Y .,. y

0 
• nt ( 1) 

~e:-e t is t~e para~~te~ a:1d rx 8 ,y0 ¡ is t~e ?Dlnt on the l1ne correspond:ng toa zero val~e 
By adcp-:::-:g -::;e co::ve:¡t:cn that t ra:>ges f:om O at ene e:-:d cf an edge (call i.t K) to 

at t!"le ot::er end (ca11 i: !..) , 2q (1) ca:1 =e rewr~tten as: 

X = X + ( XT - X~) t 
y = y~ + (y~ - YK) t ( 2) 

:a~e:r:c for~ can be ccnver:ed to :~e :mplicit f==~ to y~eld a si::.gle eGuat:on for 
:::.e cc:1ta:.~ing t::e t~o points, K a:1d L: 

( 3 ).. 

{YK - YL)X + {X::_.- XK)Y + (XKYL- XLyK) < O 

:le po~::.:s 0:1 the c:her s~de satisfy: 

( 4) 

(5) 

::1 brie.f 1 Eq (J) Cescr:t:es a l1::e cc:-:ta::::::g two poi:-:ts 1 K ar-.d L. Poi:1ts O!"! o:-.e s:¿e or 
.=: other of t~e l1:1e w~ll satis!y e:ther =:::;: (4) or Eq {5). ?oi:-::ts t!":.at lie on t!"le line 
--:-:ai:-. .:ng K and L ~:11 sat.2.sfy F.::;- {3) ar.C, f~r:he=:no:-e, ?Oi:"'.ts :::at. act.ually l.:..e 0:1 the 
;e, bet·..,.ee:1 K ar.d ¡., will sirnulta::.eously sa::sfy bot~ par:s o: Eq {2) .,...lt!'l a s~;,gle value 

;;a=ameter t, be:·,...ee:l O ar.d 1, i:-:.clus1ve. The convent:..on used :n t.h.;.s pape::- is t:> list 
~ ve=t:.ces of an edge such that the slde fac::-.g t!ie free space sat:sfi.es Eq (5) 1 ;.;h:..le the 
:e t=ward ·~o=~idde~· S?ace sat:sf~es ~q (4). (See Fic;~=e 1.) üepending on t~e o==eri~g 
-:::e ye=tices 1 polygo~al oojec:s may e~c:cse eit~e= free o= fcr~iCde~ space. 

G: ·.·en t!'li.s backgro~nd 1 

-:.a::le has its ve=::ces 
!Ose fo:=idden space and 
as t~at they occ~py •. 4 

i~ is easy to see t!'lat a polygonal 
s?ec:..!ied w:-:~ a c!ock...,.i~e -:.r::e=. 
are surrcunCed by f:ee space, so t!iey 

model of a free-sta~C.i:-!.g 
SLi.c!1 poJ.ygons com?let.e.J.y 

exclude the robot ~rom the 

C:::~versely, because :~e ex-:.e=~cr bcr~e= cf a req:..cn e~c!cses free S?ac~, t~e ver:::es e~ 
ex:er:c: ~cr~e= a=e l:s~ed :~ c=~~:e=c:cc~~:..se o:-de=. ::::..s per~::s clcsed f:;~res :~a: 
¿ ·:bed by c=~~~erc!=ckwlse c:~e::..ng e~ ~e=::ces t.:> C.e~:..~e lar;e areas e~ ~=ee s;ace, 

··- :..e~ srnalle= areas o! f:>rb~C.::e~ space (o:staclesJ are su:t=ac:ed out w:.:h c!cc~ .... :se 
·j of ver::ces. Eac~ reg:..o:1, t.~e~. has exac:ly one exte=:..cr (co~:-.te:-clock~:se) =cr::e= 
:' !:ave =e=o e= more :~t.er:or {clock;.;:..se) !:orde=s t::a: re;::=ese::: f:::=b:C.Cen a:-e::s ~~d 

:a-:·:. es. 
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The edges of the polygonal figures that cornorise the basic world model may be eithe 
sensor detectable or non-sensor detectable. De.tectable edges, termed physical, represen 
salid objects that are detectable by the robot's sonars. s.ince not all log1cally separate 
areas i~ t~e real world are even partially bou~ded by phys1cal ob]ects such as walls, and 
~ecause passageways must be unobstruct.ed for t~e robot to pass through, t!l.e :iOn-sensor 
¿etectable, perimeter, edge is i~troduced. Alt~ough not detectable by the robot's sonars, 
perimeter edges are used three ways. 

First, perimeter edges may form a closed polygon with vertices ordered clockwise, to form 
a virt.~al obstacle (one not detectable by the main sensors) that excludes the robot from an 
area. Second, they may form a closed polygon with counterclockwise arder, te defi~e the 
exterior border of a logical reglan that lacks any sensor-detectable boundar~es. Finally, 
a~ ooen series cf per~~et.er edges may be used te link physical edges to complete a closed 
polygo:1, .... lt.~ bot;, t!':e :;er~met.er a!".d ?hys~cal ve::-t..:.ces having the sarr.e arder. A ve=-1 common 
usage o: -suc!1 a ?eri:neter edge is t:::J complete an otherv."ise salid (senscr detectable) 
exter~or border of a reg1on, thereby form1ng a passageway to another reg1on (that is, the 
per:~eter represe~ts the t~resnold of a door~ay). 

Eac~ reg:cn, t!1en, is descri.t:ed by its exterior borde::-, its i:-.terior bcr:!ers (if any), 
an.d anv passageways t:> adjaceDt regior.s (Flgure 2). T!1e arrangement .. of :regions in -the 
r:>.?ct's· .,.,.crld ::.s descr::.~ed bv ··the network Of · regions. T!'ns network specifies the 
c:>~nec~iv::.~y cf t!l.e reg~c~s ~n ter~s o: t~e passageways that direct.ly connect. them. 

To sur..mar~ze the t:as.:.c world :nodel, t~e real world is divided into lo'gical are as of open 
S?ace, cafled reg.:.cns. Each reg::.on has or.e exter~or border and zero or more interior 
:cr:e:;s ::::;e '::::J- cbs:.acles 1.::. t!ie a:;ea. All areas are modeled by arb1trary ?Olygons with 
eC;es t~at re~rese~t c::~t:i::.aticr.s o! se~scr detectable and non-detecta~le real world 
obJeCt.s. Reg1on.s overlap slightly at passageways, which are deflned to be per.:.~eter edges 
t.."'lat are the only places where the robot ca~ safely ex.:..t the currer.t reglan. The 
c:::::-.:-.ect..:.vi:y e: t!':e reg~c:;.s ::.s S?ec~:~ed by :!':e r.e-:: .. ·crk cf regior-.s, .:.:1 terms of the 
;assageways between ad;acent. regic~s. 

:~.e C:li7!olex c::::!".:icuratic:"l ~ 

:-o red::ce t!":.e C::J~?Utational req:1:re:nents e: t!"'.e f:nd-?at!1 solutlon, t!':e basic wor. 
model is tra~sformed i.:-:to the complex ccnf~guraticr:. s;::ace, a pro;::e:r subse-:. o: the basic 
.,.,cr~d moCel 1:1 wh1ch all pat~s are g~a:ranteed to be collision-fr)e· T!1e c::mplex configu­
ra~::.~~ space is s:m1la:r t::> the convex polygons used by Crowley to direct.ly model free 
s~ace, exce?t. that it need not have a c::::nvex ext.er~cr border and it may :~elude inter1cr 
::::rCers. (It. is because cf t;,ese t· ... ·o feat'.lres tha':. this configurat:..on s;::ace 1s ter:ned 
":::::nplex".) 

1~ ge~e:ral, a configurat.i::n space c::>nslsts e: t!l.at free· space wh1ch may be occupied by a 
re:ere~ce ::c~:-.t en t!"'.e~rcbc':. · ... ::.t:-:o:..:t. ?:roCuc:ng a collis~on bet· ... een t.he r::~bot. a~d t;,e var1ous 
c:,Jec-:s in. t.:-te reg~on'. Since the cr:::ss sect.~cn of t!l.e robot fo:r which t~is system was 
Ces::.g~ed is a regular dodecago.!"l, t!l.e robot is su!':ici.entl'y clase te be::.~g c~rc•Jlar that it 
ca:-, be :noCeled by a· ci::-cle wit!1 t!':e refere:1ce polnt at the center. ':'h1s simplification 
pe:.-:':":i~s :rotat::.on of t!":.e robot te be ig:-:cred., so only a single complex ccn::.;...:ration space 
~eed be calc::lated !o:- eacn region. 

':'!-.e Ce:r.:va:~on o! t!ie 
1
c:>mplex c::~nf:g:.:rat.:..c:'l S?a7e lS a ve:rs:on of .t;,e ·~::-OW'lng• .process 

Ces::=:bed =Y Lozano-?e::-ez • Each edge ::-: a reg.:.on lS d~splaced by a flxed d~st.ance 1nto the 
::.-ee space and reconnect.ed :o form grown structures. Because the reg1ons are not requlred to 
be c::nvex and because reg1or.s may cc~ta~:1 free-standing obstacles, the grcw~ s':.ructures must 
be '":;:r·..:~ed" to prevent. cross-cve:.- of t!-.e str:.:c~:.:res, caused by edges i!"l the bas1c world 
:::oCel ~:-.a: face eac!"l ct!1er w::.:h a se?a:rat.icn less than t!"'.e growing .dist.ance (Flgure 3). By 
C.:.s;;!ac~~g edges more t!1an t!-.e (great.estl :ad~'.:.s of the rooot mecnan1.sm, an:i t!'len pruning 
ove::-!aps, collls~on-!ree mct.:on is guaranteed for the actual robot when its reference point 
s~ays en cr w~:!l.::.n the grown st::-uc:::res. 

Traditional find-path solutions that use ccnfiguration space are based on decomposing the 
-..:c=ld :':":o~el :~t:> sets of c:::wex ?Olygc::s t:-:.a: :.-epreser.t obstacles. All ve::-tices i:t the 
s;:ace a=e ~::e:-~ c:;~s~:!e:reC t.:~ =e ;:::ss.:.::~e .... ·ay;:::::-::.s o: a pat~.!.. ':'~.e la=:;e ::·.;::-~e= oi ccn-.-:x 
;:::~y~:;:-.s :-.ee:::.ed !:::::- t.:_.·p::.cal wc=:.:. :':':-::dels leaCs ~:::J a c:::::no.:.~ator:al explosicn. of pass~:,· 
?a:::s ··•:-:e~ a?pl:ed to reg~::::s o: r.easonable c::::~?lex.:.':y. Use o: a cor..plex conf::.gurati~.. 
s;:ace =e:::.~ces t.::e search s;::ace e: pcss.:.ble pat::s by red~ci~g the pcss~ble waypol~ts to those 
~e=t.ices :::a: ·:::~v~de" :ree s;::~ce. 

!~ a c::::-.?lex con.:.:.c;urat::::::'l space (.::::-.e 
cve=la?;:.:..:-:g, ?Olygcnal. :::.ter.:.cr bor::!ers), 

polygc:-.al exterior bor¿er and zer::: or more :1cn­
t:1e JU:1Ction o: any t .... o adjacent edc;es that. meet 

SPfE Vol S79 lmelltgem Robcrs tmdCompvrer Vision(1985) / 333 
/ 



3 
·~ 

at an angle great_er .t!'lan 180 degrees ~measured. through f7ee ~pace) 'is said to divide free.~ 
space, and is an 1ns1de cerner. The s~mple re~lo~ shown ln F1gure ~ has ene inter1or angle ~ 
that is greater than 180 degrees, form1ng an 1ns1de c:::rner. The f1gure is not convex, but """' 
it can be formed from the t!'lree convex polygons A, S, a:1d C. The shortest paths bet•..,.ee!'l­
poi.:-.ts in A and points in e consist of two legs, c:-:e f::-om the poi:1t i:1 A to the i~side ~ 
cerner, v, and the ot~er from V to the point i:1 C. No other waypoints should be considerect -
for minir:~al length paths. This same concept applies to reg1ons Wlth a!"bltrarily complex • 
boundaries. It is never necessary to cons1der a vertex as a waypo1nt on a minimal indirect _ 
path unless that vertex is an inside cerner (Figure 5). . .. _...; 

To further simplify matters, interior nodes are derived from the set o! inside corners:·_~ 
When two inside corners occur •:~egligibly clase" to each other and each divldes the same 5 
localized free space, one of t::e corners or an ent1.rely new median po1.r.t ¡.:ay be chosen to c­

re;:lace t::e orig1.nal pa1r (Figure 6). '!'!'ns replaceme::t is called an interior node. After .::;: 
merg:.::g all possible .!:--.s::.e C:l:::~e:s, t~e new ncdes and any remai:11r.g cc::-:ers are all 
c=~siCe::ed te be interior nades and are ccmbined te for~ the network of visible nades. 3i: --'"" ---= . T!:.e r.et· .... ork of vis1.ble r.cCes describes all poss:ble Cirect paths betwee!1 inter1or nodes ;¡ 
withln t;,.e reg1on. 3ecause every po1.nt in a complex confisuratlon space is visible from at .­
least o;.e i:-:ter1cr :1ode, t;,.e :-:e:.·..,crk of v1si.ble r.odes ca:1 be t.:sed to f:.nd a rrnni.mal indirect--; 
pat::. be:.· ... ·ee:l. any two obstr':..l.cteC. pc:.:-.ts wit!'lin the space. Suc:-t a path consists of ene leg to = 
an .:.:-.ter:.or nade, ze:-o or more lees to other inter:.cr noC:es, and ene leg from the last_:;:: 
i:-rter.:.or nade to the goal. - ·.-;-:a:¡ 

-~ 

I:t sl.!~:nary, all edges o! t~.e basic world model are s:"lif~e¿ by a sa:e amou!'lt into the free~ 
space t::. .:o:::-:n t!'l.e complex cc:-::.:.guration space. T!".e S?ace is c::mplex i:'l t::a:. it has one ~ 
polygor:al ex':erior bor¿e:::- a:~d may have non-overlappi:~g polygonal interior bo:-ders. Sorne 
poi:-,ts Wlt!1in the space, t::e i:-,terior nades, serve to div1de the free space·,' and the _-: : 
mu':ual!y-v1s:ble :nter:or ncdes are descr:bed by the ~etwork of visible nodes. This network ~ • 
!S useC t:J !i:1d rni:1:;nal ·i.::Ci.rec:. pat~s t~:::-ough t~e. re;::::-¡ whe:1 d~rec-: pat.hs, are not d ,,. 
pcss.:.~le. F.:.gure 7 sho~s the co;nplex conf:guration space der!ved from Flgu:::e 2. 

T~e sol~~i.o!'l to t~e !i:-:d-;at~ ?=o~le~ 
(""local !i:-:d-pat!'l.") is Cevelo;:ed .:irst 
f.:.ndi::g ("global !ir.d-pat!'l."). 

7~e local ::::=-=a~:, alcor:~~~ ------

is a 
ar.d 

h.:.erarc~::al c::e. 
t!'l.en ex':e:-:Ced ~o 

Intra-reg:onal path f1nding 
ir:.clude lnter-regional path 

~r: t~e goal is w1thi:1 the same reg!on as the robot, the!'l only the free space associated 
wii;,. that reg:.on need be cons.:.dered t~ find a local path; the rest of_the world outslde the 
:eg.:.o:1 can be ig::ored. 3ec~use •Jacal" pat~ finding refers to the s.:.t~atio:'l wnere the goal 
a:~d :he robo':'s curre:-:: positicn are both i:t the same cornplex co:-:figuration space, find-path 
must ver:fy that t!'le goal r:cs:..:.:.:::n f::::: eac!'l new pa-:!1. ac-::.:ally !:es i:-.s:Ce the complex 
cor:f:g~ra:.io:l. space. 

!f t~e cur=e!'lt and goal pos:t:cr:s are both within :~e same co:-:figuration space, the local 
?ath is d:rect if :10 edges of :he cornplex co~f.:.g~rat.:~:~ space i~te~ve:-:e be~~ee:t the current 
posi:io:1 a:-:d :~e goal. !! :~ere are no i~terveni~g e¿;es, t~e local pa:h is called •cirect• 
a:-.C ·:.s s:~.;>ly t.!".e s'::rai.g~.t 1:.:-.e !:::om the c·..:.r::e:"'.t pcs:..t.io:> t.o t=-.e goal. Rcwever, direct 
pat.hs are not guaranteed because cor:!igu~atlon spaces are, 1n general, complex polygons. 

~~en i:-:te~lening edges of t~e co~plex co:~f:..guratic~ S?ace prevent a direct path, a search 
must ~e made o! t.!'le space for an i~direc-: path t~at is ~!~:~al by sorne me:.r:c. The metr~c 
1.:.se:: ~ere i.s E~clidea:'l C:..sta::ce. As is C.escr!beC. 1:1 't::e der:.vat.:.cn of the comolex 
co:tfiguration space, a shcrtest ind:rec: path t~rough t~e space proceeds ~rcm the star~ to 
the goal point, pass1nq t~rough only inside corners for waypolnts. When interior nades are 
1.:.sed :.nstead of i~s:de corne::s, pat.~s are :-:ot g~aranteed to be aosolutely m1ni~al leng~h for 
the complex conf:guration space. Hcwever, a near-mi~i~al path will be found, poss1bly in 
..:.:.ns:.Cerably less tl.me because o! the smaller :~umoer of naCes to searc:1. T:lere.fore, tne 
loca 1 f i:-:C-pa th a 1 gorl thm f :.:~ds a 11 the 1n ter 10r nades W"l th an unobstruCted view cf the 
start1ng point and searches from them through the reg1on's network of visible nades for an 
interior r.ode wi.th a:1 ur.obstr':..l.cted vie·.J cf t!".e goal. ':':-.e s:-.~rtest pat.~ t~::-:.•.:.-:;n t~e ;,et.·,...ork 
to:t~e c;cal 1s t~e :~direc-: pat.:: selec:ed by t~e local f::-:d-path r:::ut::-:e. · 

T::e p::ceC:..:re just Cesc::..:::;ec. fcr :.:.~¿:::.g l::.C:rec: paths :..s a~ appl:.cat:o:~ a: c!ass1cal 
state-s~ace searc~. whlc~ 1s :::c::ouchlv discusseC. ln ::-:e l:..terat~re. The s:ate-s~ace c-aen 
for lcc"al f::-.C-path 1s t!"..e :1e:.·,.¡or:,.- of~ v1s:.ble nades, plus t::e curre~t a:-:d c;cal ·!oca:.~~:-~5, 
· .. ·:.:.::::-:.a reg:c~'s c::;j;'\plex c::-:::·;:.:::-aticn space. T~e sear~h p:."':)Cedt.!re used :..:~ ::-:e ~:=:o:.!~ ::.::=.­
?at!'l sol~:.~=~ 1s t~e A• sear=~ a!go=:-=~~. w:1i.c~ has bee:1 ca!!ed ~:~e cpt:~al sea:c~ :=r an 
opt:.::-.al solut:on" 0

• Euclidean distar.ce is the cost met::-.:.c used. T~e ;.,• algcr.:.-::::71 lS 

__ ,_ 

-~ 

_;;¡; 
-:~ 

- ::;: 
-:::~ 
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applied in the local find-path solution only when an obstruction exi~ts between the start 
and goal locations. 

~ olobal find-oath alqorithm 

If the goal is nat· within the current region, the~ reachi~g the goal is a three-step 
process. The first step is to find a global path frcm the starting region te the goal 
region. This is facilitated by the network of reg~ons which descr~bes passageways between 
adjacent reg~ons. The second step is te iteratively find and follow local paths to each 
success~ve passageway along the global path until the region containing the goal is reached. 
The final step is to find and follow a local path from the last passageway to the goal 
itself. 

T~e netwcrk of regions is a hlgh-level "~ap" used to :i~d a reasonably good cver-all .path 
frcm the star~ ~o the goal locatic:-t. Searc::.::-.g th:s :-tet",...c:-k is ar.alogous to the sea=ch 
procedure used in the local flnd-path algor~t!"lm, except it uses t!':e net......,ork e: reg~ons 
rather than the network of vis:ble nades. Because of th~s clase similarity, global f1nd­
~a~h uses the same basic A• search algorithm used by local find-path. 

A n~mcer o: mid-level, task-ariented comma~ds bui1d upan the f:~d-path solu~!ons and low­
level mec!"la!"l;..s:n control i:-:str'..lc~:.o:;s. T~.e ::.rst task-cr:.ented co_mmand lS t!"le bas:.c •gato 
xy• !~~c:io~ wh1ch uses local find-path to move abouc wi:~in a region. A Sl~ilar command is 
•;c~o Regio:-:". T!"lls func::cn cornc::;es local and global f:!"ld-path to move t!"le robot lr:.to the 
¿esired reg:on. -The last of the bas1c mcti~n commands ls ";oto XY 1n Reglan•. As ene might 
ex;::eC':, t!:is f'..!r:.c:ion slmply commands. a •gota Reg:cn" follcwed by •gota xy• to reach a 
s;::ec:fic ?lace 1n the distant region. 

A Cata base af known •thlngs" provides memory for t:-.e location of varicus parts and 
su;?lles. T!:e task "br1ng the Widget" is accomplished by getting the robot's curre:-:t region 
a!"ld XY loca:icn, recalling the last-known reg:on and XY 1ccat1an of t~e WiC9et, pe~forming a 
•;oto XY in Reglen• te f1nd the Widget, perfor~~ng a •gcto XY in Region~ ~o return to the 
cr:cpr.al lacat:on and, finally, updat.i:¡g the data base to reflec: the r.~ovement of the 
;.;;..Cget. 

In eac~ case, ?at!"ls are plan:;ed befare motion begi!"ls, so there is no gua~an:ee t~at paths 
can be ccrn;::le:ed as ?lanned. For example, a recently ~oved obstacle may block a ;::assageway. 
I:: s~.;c:;. cases, t~e =~bct w111 try to c:rc~:n~avi;ate t:-:e blcckage and stay en t!"le or~ginal 
;:at~. F.c·,.,.ever, 1f the pat!"l deviat:on becomes excess:ve, t...'-':.e old plan is scrapped anda new 
;:a:!: :s pla~~ed =~=rn t~e c~r=e~~ pos:t:a~ to the goal. 

Conclus1on 

T~:s ?a?er desc~i=es a world model a~d ::~d-pat~ scl~t:on that are su1~able !or use in 
rna~-rnade e~vi=anments. For e:!:ciency, bot~ the mcdel a~d fi!"ld-path sol~t:on are crganized 
h:e:-arc~.:cally. !he .t· ... a-?art mcdel al so Sl.:??or:s h1gher leve!·, task-ar:e:~ted c::mmands that 
b~:ld on t!:e basic f:nd-path sol~.:t:on. 
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EQ S 
Free Space 

EQ 2 
o < t < 1 

~-K 
~/ 

Figure 1. T~e :~~e~?~e~a~ic~ of li~e 
seg~e~t K: a~d i~s relateC eq~a~:c~s. 

~:g-..::e 3. Gr:r,...!"l. str"..!c-:-.:res wh!.c!i ove:-lap 
::::cst be ?r'J.ned, possibly mer-;:::g seve:-al 
objects into one. 
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Figure 2. A sarnple region showing an 
ex:.er:..cr ::.creer w:. t:'l or.e passageway and 
t~ree e~closed objec:s. 
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Fir;-.1.:-e .c. A sim?le, :-:.c::.-convex ?Olygon 
Wl.t:. a sl.:-.gle i!"ls:.Ce ccr::er, V. T~e 
non-convex area can be Cecomposed 
convex polgons •separated" by V. 
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Figure S. 7':-.e short.es-:: ?a t=: a!":¡..::-,d an 
c:::s:~cle ?asses t:-:.ro~g~ one cr more :~s:=e 
cor::e!"S (e.:;. V, W). Cuts:C:e cor~ers 

(e.g., x¡· are neve= conslC!ered. 

p 

F"!.r;'..l.!"e 7. ':'~e c:::7:~:ex c::. .. ::.S"'.:rat:..cn space 
is shown suoe=::..:noosed en t!":.e reg::..on !'rom 
?::..;ure 2. i::terior nades are highl~ghted 
a:-:C: -;:-:,e ;:assac;eway {?) is marked. 

' 

' 
' 

' 
' 
' ' 

' _). __ _ 
V ' 

' 
N 

F1gure 6. T·,..,.o i:1side cor::-:e:-s t!"lat are 
suf!l.C::..ently clase (e.g., V, WJ may be 
re;:;laced :::y a single interior node (N) to 
reduce t~e search space for 1ndirect 
pat:-.s. 
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Researchers are trying to bc;i!d 
machines that emulate the reasoning 

and self-awareness of humans, but in the real 
world even the competence of a 
mayfly eludes them-for now. 

Squish ... lt "/Jin- ... Sera pe. Sera pe. Sera pe . . -\robot is bt¡.tter­
ing toast. It's doing a fairly good job, considering that it 
is just learning. 

Although humans do it easily, by machine standards the 
simple act of buttering toast is very difficult indeed. lt is also 
a task that stands proxy for a host of other problems that 
confront machines aspiring to get along in the real world. 
A conventional robot, which knows only how to move its 
gripper along a specific path, would almost certainly make a 
mess of both toast and butter. 

Buttering toast requires continuous modification of actions 
based on sensor)· feedback. Too much resistance, ease off 
the pressure; too little, change the angle of the knife, and so 
on. Calculating the correct path in advance would call for 
precise measurement of the viscosity of the butter and of 
the toast surface, a nonlinear finite-element model of the 
spreading process as well as several hours of time on a Crar 
supercomputer. 

This experimental robot in Stanley]. Rosenschein's labora­
tory at Teleos Research in Palo Alto, Calií., is one of a new 
breed of machines that represent the leading edge of 
artificial-intelligence (Al) research. Unlike Al systems based 
on vast stores of arcane knó\v-how, such as e:-..pert systems, 
this nascent tri be is supposed to act \\'ith perception and be 
imbued ,,;¡h comrnon sense. The effort is pushing the state 
of the art not only of machine \ision and sensing but also of 
automated reasoning, planning, knowledge representation 
and natural-language understanding. 

Thcse are the subdisciplines that artificial intelligence split 
into a generation ago, when it became clear that it would 
take more than simple programrning to produce a computer 
that coulct be regarded as intelligent. Thcn; n,·o years ago, Al 
pioneer .-\llen Newell of Carnegie 1\lellon UniHrsity issued a 
cal! for researchers to pul the field back together again, to 
builcl \\·hat he callee! "integrated intelligent systems." The 
prowess clemonstratcd hy Al's parts, he saicl, was. now 
sufficient to builcl a whole. 

In response, Newell says, "a whole bunch of interesting 
char<~cters emerged from the woocl\\·ork." ~lost of them were 
airead\· \\·orking on "autonomous ,·e!Jicles"" or "intelligent 
agenh ·· or just strange things. They sharecl the common goal 

f ( Jí,'l / \ 1 \ './\(, /\( Jf;() r (¡//.' .\Jlrl'.l,f J;¡¡{[L'I, f¡¡¡¡ /i \f¡{¡' t ,,., i {(/\{L' btt!ak{l1,\(. 
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How Not 
to Butter Toast 

of attemptmg to build not just "smart" 
cor.1p~::•2:-s but mechanical creatures 
tha t could function independently m 
the \\·orld. 

T\,·o maJar issues daunt those who 
ha,·e responded to 1\e\\ell's call. Re­
searchers dtsagree on the fundamen· 
taltssue of \\·hat constttutes mtelligent 
beha,ior. Second, they dhide into at 
least two maJar camps on the quesnon 
of hm' to gt't from the current state 
of the art to \\ha te\ er ther think in­
telligence ma) be. Tradltional .->.J re­
searchers su eh as 1\"e\,·eU be he\ e m 
reasonmg, learning and S)mbollc pro­
cessing . .\!ore sophisticated algorithms 
and fas ter hard\,·are, ther predict con­
fldentl~, \\lll eHntuall) engender smart 
maclunes. Mt:an\,·lule ) oung turks such 
as Rodney .-\. Brooks of the i'-lassa­
chusetts lnsnrute of Technology a,·oid 
at all costs an) thmg that might look 
hke ranonaht) by destgrung mechani­
cal creatures that act entirely according 
to refle:-.... · 

E\ en if a consensus existed among 
-\.1 researchers (a suggest10n that pea­
pie m the f1eld regard as humorous), 
puttmg art1f1oal intelligence back to­
gethcr \1 ould not be e as~. EYpert s~ s­
t~ms are sohmg a m~Tiad of problems, 
from d1agnosmg the ills of d1esel en­
gmes to ratmg midsize banks .. -\uto­
mared planners schedule aJicraf¡ mam· 
tenJ.nLt: anCI help design assemb!~ !mes. 
i\atural-bnbruage sysrems can parse 
mo~i ~~ . .-ni~..:nu.-~ a:; \H·ll as a person can. 
But e-..:pt.•rknce demonstrates that mod· 
u les from thesc di\'t.'r.;;e disctp!mt.:s can­
not slmpl~ be combmed and. \1ork 
srnoorhh togcthcr. 

.-\1 ont.: recen! '' orl-.shop, reporrs 
Kenm:th D furbu:. of \orth\,eslern 
l'm' t•r:.n~, "t hmg·· butlckr'> spoke opn­
mi.;;tJCall~ of an Jutonomous machme 
th.lt coulcl Pt'r!orm a \anety of tasks 
and :-.Uf'\1\t' un,uded 111 the ''orld fo'r a 
~t· .. tr "~¡1 1 \\t'nt <lfi1Urlcl .tnd ash.t.'d peo·­
pk. 'li!ll\ 1\Jil'..! do·~·" \<lllf :-~!'>lt'n1 !JS! ''" 

1 h~.· ,1/h\\t.'r ,,.~..., tll,u no unl' haC ~ et 
buj]r .:ul\ thm~ thJt ~Uf\1\ed more rhan 
a ft''' h11llr.., Ttw l-.lu:'t'" o! cl~·<llh are a.; 
1.1nn! .,, rh(: m.1d11nt·-., rhem-.L•ht·s 
Snnh·iJ:::t· ... lh•_' -.,ultH.Jit' ju:-.1 gnnd:-. tu 
a h.dr. 1 ¡,¡pu-., :-..1~:-.. nr :-.oml'ttml'~ the 
b<ilttTit'' run out .\lo:-.1 oftl'n, though. 
an <Hilnnornou' \\ '>ll'm !'-Impl\ ).!t.'fS 

mto :1 -.Hu.uton lrom \\hJCh etther rea· 
:-.on:n'..! o~ :-.t·r. o me ltor-. c,mnnt l'.\.tncate 
1! "-,,\,. -.,:tll J... und.·r .1 ( h.11r 

In blt::1: t~·rm'. th•· HliL"gr.Jlt'd·tnklll· 
l.!t'nt ..,._..,:, nh rc-.,,·,11, !11·r-., h;J\t· \t•r 1t1 

burle! .1 r:1,H lurll' \\llh tht· sur. na] abt!J· 
lit':-. o: ,1 J:l.!\ th --111Ulh k...,-. tht.: ~l'l\~11· 
n ,1:1<~ h··l:.l\\!tr,d -.m.Jrt-. ll1 l!nd dnn:h­
t'í 1:1.t' lh .~nci m:lll' ''!lh ¡; 

~-!.),~::: .. ·, l:-u::: <~:l!t':-L·n: p.líb of -\1 
¡j., ¡;¡ ,; \,!J;~ [ll,!..!VIilt'l, bt'ldli:-.L' llll' fl'· 

Knowledge 
Representation 

A
rtificial·lntellJgence programs 
usually represent their knowl­

edge tn the form of logJcal 
assertions in a spec1alized computer 
language. Some assert1ons are sim­
ple facts-thAS TI\EET\ WINGS) (ISA 
TWEETY BIRD)- whereas others, typ· 
ically called rules, encode informa­
tton about connections. (IMPL¡ES 
(HUNGRY CLYDE) (GOAL CLYDE (AND 
(POSSESS CLYDE 'X) (EDIBLE ?X)) 
(CONSUME CLYDE 'X))) [Rough trans­
latJon: "lf Clyde ts hungry, he will 
want to possess somethmg that is 
edible and consume it."] 

An "¡nference engine" responds to 
new assert1ons by searching its 
knowledQe base for addltlonal facts 
based on rules and exrst1ng facts. For 
example, if a system were told that 
Clyde is in fact hungry, 1t would as­
sert that he has the appropriate 
goals. That conclusJon drawn, the 
system might search its knowledge 
base for edible obJects and then as­
sert that Clyde wanted to possess 
and eat one of them (below). 

Reason1ng from knowledge and 

HAS CL YOE TRUNK 

COLOR CLYDE GRAY 

IS CL YOE ANlMAL 

HAS TWEETY WlNGS 

IS TWEETY ANIMAL 

C=:J FACTS 

RULES 

lf'JTER.l.CTIONS 

PRODUCTIV= CONNECTION 

- p:.,_ Tr- OF INFERENCE 

--- -- - ---- -------' 
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¡ rules to n-2\\ knowledge is typically called forward charn­
mg. lnference systems can al so chain backward from exrst· 
rng knowledge to answer quenes. For example. if asked 
whether Clyde wanted to possess a crescent wrench, the 
system o,¡.,.ould see that being hungry can be a reason for 
wanting to possess an obJect, and so it would check 
whether Clyde rs hungry and whether crescent wrenches 
are edible. Failing either of those possibilities. it would con­
tmue searchrng for other rules that might eventually imply 
(GOAL CLYDE (POSSESS CLYDE CRESCENT·\VRENCH)). 

Encodrng facts and actrons is a tncky problem. Consider 
the "Gravity drowned" problem: When a natural-language 
understanding researcher was frrst tryrng to represent the 
concept of fall1ng, he translated "X fell" as "Gravity carried X 
downward ... Elsewhere 1n h1s system was a rule that ¡f you 
fell in a river and could not sw1m, and had no fnends to 
rescue yo u. yo u drowned. S mee grav1ty as a force of nature 
has nelther arms, legs nor friends, it meets Jts unfortu­
nate-and improbable-end. 

Other facts. such as "Fish swim,~ are not really facts at 
all, so attempting to encode them yields endless trouble. 
Sorne f1sh walk on their f1ns, and others are baked. Re­
searchers ha ve turned to "default reasoning" ("F1sh usuaJiy 
sw1m") and "nonmonotoniC inference~ (retracting any con­
cluslons tha: may have depended en the belief that a par­
ticular f1sh swims) te produce automated deductions in the 
presence of uncertainty and error. The success of both 
techn1ques is mixed. 

lf the objects in a knowledge base have complex rela· 
t1ons to ene another- and they.usually do-researchers of­
ten resort to semantic network representat1ons (above 
right). Nets cons1st of nades that stand for the obJect rn 

OUERY 
(GOAL CL YDE 
(POSSESS CL YDE CAESCENT-WRENCH)) 

..,.,.,_,_ ==y'"''"'" " 
IMPLIES (ANO íiS ?X ANIMAL) 

{NOT-EATEN-LATELY ?X)) 
(HUNGRY ?X) 

---~-=.:>'.;:... 

IMPLIES (HUNGqy ?X) 
. IGOA!... ?X ~ANO (POSSESS ?X ?Y) 

(EOISLE ?Y))) 

. ·--·-·- -·--- ---:.-:-¡--:::::..-:.:..._..::...:;;oo.:=~ 

Jf,1DLJES (15 TOOL ?X) 
(NOT (EDJSLE ?Xl) 

IMPLJES (GO~L 'X USE-TOOL·TO-OPEN) 
(GO:..:,. 7 X (ANO (POSSESS?X 'Y¡ 

(15 TOOL 'XJI) 

ANSWER 
(OUEAY (NOT·EATEN-LATEL Y CL YDE)J 

~~~om~=a.a.a-a=-a.~· 

question and of lmks that show nodal connections. Links 
can denote simple relations such as IS-A. or PART-OF or 
more complex ones such as LEGALLY·ENTITLED·TO, BE· 
LlEVES or OPERATES·ON. A program seekmg to deduce in· 
formatJon about a particular object IJ! the semantic net· 
work need only. follow the appropriate lmks. 

Semant1c nets can al so use a techn1que ca~led spreadmg 
act1vation te model human cognrtrve behav1ors such as free 
association. Spread1ng activatron passes markers outward 
fíOm nades represent1ng particular objecrs or concepts. 
When the markers from different nades cross, the paths 
back to the parent nodes representa cham of assoc1atlons 
bet\ilieen the two objects 

EDIBLE PEANUTS 

EDIBLE BROCCOLI 

EDIBLE BAAZ!L NUTS 

EDIBLE CASHEWS 

lr.1PUES (ANO (GOAL ?X (POSSESS ?~ ;~;;·-----}. 
(NOT (KNOW 'X (LOCATION ?Y)))) f: 

(GOAL ?X (FIND·LOCATION ?Y)) r:, 
~ 

~ 

lr..IPLIES (ANO (GOAL ?X POSSESS ?Y) f4 
(IN·CLOSED·CONTAINER ?Y)) ~ 

(GOAL ?X USE-TOOL·TO·OPEN) 1! 
·: -;~-::!7-"'_-:. :-;:;-::.'~ u;;:,:;;?-?3iti'!'''"; ~::.:..:.::;a::rn·zn " 
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ROO:\'[) -\. BROO~S of ~!.l. T. and thoughtless friend Genghis are leading e:\-pO· 
nents of the be lid that intclligent beha\ior has no need of reason. 

..;\lt·n·c~ c~tt·:-o:J,l:l'> r~u: rhosl' tn n:hc·r 

~Pt'\'!.1ltl•.'" l'.t'~L' 111)1 <1~!\.mg. ancl thL'\ 

h<n t' !or thL· r::.n-:t P-'~t nt·gll'ctt..·cl otht•r 
J-..-..u._·-.. 1!!.!: 2~.__· tur:u:::.: out to bl' c:-~!t'i:l! 
lor tll!l'<..!í.lt~C: !l1tl'l!!!.!t.'ll(L' for l'\J:-:1-

pk. '-tl\..; 1 hn¡:1:1" \1 :O.Iitlhl'll o! Carnl':.!lt.' 
:-H!o;~. r::~· l::-~Cah 1n~ pJrddl¡.::::: ot 
r::o-..,: r::.•-._:::::·: \bJO:: .l!;.:onthrn:-. b :-:n:­
ph r:J!.,:..;~::t 1 tC~ ":O.I~:.:hu: th.__· \\(J¡\.. •,,,¡.., 

hu\\ t· • ...:··· •1 pttJ'.!r.!::· ltJ tntcrp:t•i ,t 

/'-1:1:..:!< p:•. :~::-t·" ~1::(: IC!t·ntlh ti:·.: olJ· 
)•:(!"' ::· 1: f).:· .l~t::Jl'!.!! cr~.:.Jtu:-c-.. ¡;;,n 
l'\l:->1 1: [.'· IIO:!t: :::~¡..,¡ lflll'í¡Jít•i •' 

~rr·_·.¡;;: , . 1 ·:.!:..:·· ... l'.' 1: dll!·.·rtn:..: or:h 

mll~l'. r:.t·· t::.l\ ,,¡;,· k:-:- .1bt1L:i ¡h,· 
Jc!l'!lliT\ 11: ,1:' 11ilJ1 r r rh.1:1 11 ht·rit·:~ r:1,·1 
..,)wult: .1111!,! ru:Hw1-..: 11lltl 1!. 

-\!;¡¡,,¡:-_:¡::::.t. llln·· \ 1-..!•lll ,,..,;,_.;::.... ,!:·· 
[¡, ::·." t:-· ,: 1:' 11)[;1;::~ ;,¡,·~ rtlbro:- : ;~:·: 

r··· ··nr:·. -..;]•, 1.•i1-..: ... :·: 111·· 1:··[,• 1.·· 

[\ I:,.::lrlit'\: iZl<: qu,· .... r¡o:: o! \ ¡..,¡¡r;: trH 

moh1!-: fll,l, i::n··-.. . .\l!it h,·]J. tor tn:•:. lh· 
!1•'\1'" J 1 ~t~~,¡. :::.... !,l:l·.;:t:l:-! t~r•:1• !J,;,.,, u:.:: 
\1'>11111 ¡,, ;:w ICkil<l!:c.tiJDJl 11l .ti:li.lt:_:u 

llthh .... ::.•;•-·,~ lli•:· ti' (,1:: b·· ..,¡,)',· ....... · 

jlh )l\ ¡:· .. :._.:.•lilll••=-..··~··- ¡; :·. (' 

r 1 ··.•·.:::. 1 • · :·; •e:: :::~ ¡1: ,.,.,' • 1: 
1••·· :. [ .. :: " ... ' 

o.,Ji\ tll j~, .. :~-- .;,-: o!: ·.::lll:l.tit \J-..:••1: · 

1\l!t• h h.·-.. .... ;- .•. ·.:Jt::.~: r::.1n-. li~loi.~\· :';., 

t•·..,-.,t::_ .·' 1::::::·;, ,,1:1 lw .... :¡ .:l:.-

:.• t 1'' ,. 

¡, 

_1·;.:: o! ¡iJcÍi <Hll'rlliO!l 

Tiwn till'ít' ¡.., tht· probll'm p(hl'd b\ 

!:llr'.',!!J...:d :-.~ :->IL'I:b o] t:·lllh nlJ!lllC!hlt1Ct' 
<::-.• :~ c!t-Lnt!i rt',I'-Ont!l;.¿. t\h;ch <Hit'mpl 
¡¡, cnpr.: \\llh uncl'r!.l!!l ot contradiLto· 
¡-, lill0111:.111Pil ·¡d~l'. l11í L'\,H~lpk tht· 
-.:.!:~::;~·n: "1-:m!-., !l~ 1 h.n·:-; t:-uc. ,1:--. 

.\:.!:-,;¡: [ .\1111'-~\ nf \!.[ ¡-, ;:1!11011\.! oth· 

l''' h.· ... r1i>-..r'nt.:L!. unk·:-.-.. tht•\ ~1ft..' Pt'll 
;:;- 11; ¡¡.,;;-¡r hv-., or !1lrl,h or cltldOL'"· 

w t.·:k-..... tht'\ h.nl· h;1d thl'lr t\ln).!'> 

t\:;J·,·c: ~~~ .!lt'Lnnlint·c~ tu a sm.ll! bo\. 
r1; t::;> ...... til··1 ,n· clo-.!C~ ;md 11.11kd In .:1 

;'·-~_:: 1: u:tl<_. ... .., rt~~-~ h.!\L' bt'L'!l p-.,~-

¡:,,.,,: ¡.1 -..;.•\ lll\ lht'l.!iiHIIld ,1r1d '-11011 

l·>···.h~ ,,; (ll"..:l;,tt:n:..: tu~idu-.,h 1n ,m ,!1· 

1--;·:;1: ¡,, (~··r,·n:urh' hlh'!h•_·¡ 11 "hould 
''· · .,.. ;1:1••11 1:1.!1 ,1 ;J.l~:1nd.1~ b1:tl 

..... ::• ' '· ' '· 
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thetr usefulness. In papers titled "lntel­
hgence \\ithoul Reason" or "Elephants 
Don't Play Ches.s." he argues that the 
fancy logic and k.nO\\·Iedge-representa­
tion techniques belo\·ed of artificial ¡r 
telllgencers ha\ e no place m machir: 
designed to li\e in the \\Orld. 

Jnstead Brooks plns his hopes on 
what he calls "subsumptlon architec· 
ture," m" tu eh complex beha\iors su eh 
as exploratJOn nf the e!!'"!ror.ment are 
built up from simple ones like mming 
a smgle leg. Subsumptwn arctutecture 
re hes largel~ on the nature of the out· 
stde \\Orld rather than sophistii:ated 
reasoning to stmcture the robot's ac.' 
tmns For e:-..ample. if the robot encoun· 
ters an obstacle, tht' 1mportant thlng is 
to go around lt, not ro determme how 
it got there. The wbot ma~ not e\·en 
need to remember that the obstacle ts 
there-after al!, ¡¡ '"" detect the obsta­
ele perfectly well the ne\t ttme 1t ap· 
proaches'it. 

Su eh a procedural kno" ledge repre· 
sentatwn, says !'.1 J.T rescarcher Patne 
i\laes. 3\0ids -rhe coment10nal .-\J un­
passe Of ti')ing to construct and main· 
tam a conststent loglCJI model of the 
outsidc ''orld ".\!al-..mg thc correspon­
denet~ bet\' cen perception anct mternal 
reprcscntat10n.s is too hJ.rd." she says. 

Brooks's tnscCiotcl robots, dubbed 
-\ttlla anct Hanntb,,! contain mulriple 
mtcropr<1Ct.:ssor-., ,mcl \\Oíi-.: b:; cm:pl.­
~cnsor~. procL"S:->or :-. and actuJtOr!:> 
a tJght loop [~e~: ":0.1athcmi:ltJCal Recre­
ations." SC!!_.'\.-1 lrtl -\~!UHCA:\, jul~ J. The 
kg~. tor e:-.:ampk. spcnd most of the1r 
t1mc runntng '' pmgr.:~m th<H checl-..s 
thctr posHton an(: h.ecps lhl'm stand­
ID).! Jt cunditlun:- tngger thc robot's 
\\alh.mg tlt'l1J\Illr. ,1 Cl'ntr;:~l processor 
scnd" "\\JI~" ~lgn,lt:-> to thl' ll'gs but 
dot'~ not actu<J!h coordmate the1r be· 
ha\ mr. ·¡¡ll' mdh IÓtJI prograrns bu1h 
tnlo c:1ch il'g op~.·r.tt~· mdt..::pl'ndentl~. 
\IJl'~ conrt•nd" th.\i lhc "emergen! be· 
h<l' ior" of !he-...~.· p.lr:llkl proccsses ma} 
bt• a b~.·ttt'r mim1c for ,,·hat actuall) 
h<~ppL"Ih 111 thl' hr.1tn th~1n the "folk 
P'-ILholog~" of .1 ccntrJll!.L'd. alt-con­
l!nl~:ng rnthCtou ... t:1mcl 

-\" '-llllp!·· ,¡-.. 11 '>t'<'llh. -.uh-..umplion 
\,\li :,.:vn·.:t.!;l· J.¡¡;i~ Ltl;;¡pk.\ ~lLII\lt} 

Orw ol tlw robot.... th.lt thc group de· 
~1;.'.11t.'cl \\~Hlcll'íl'd till' h<IIIS of thl' t-.I.J.T. 
·\rt¡f¡u,d lntt:lilgl'lltC L.tborJtot;. SCJ\'· 
l'!l;.'.lll,t.; ~ocb cJn~ 1,11 Jc;:~st once. thl' pub· 
!1:-.hed cLum gnl·-.,t \111hout any exp1Jc1t 
CtJtlccpt nt 1d1.11 10 H;h cltll!lg. Thc "ap· 

¡Ho,lt 11" JJI()dttl·· !•;nu.c.:hr Tlll' rnbnt\ 
gr1p¡wr LltJ'><' lo ,IJ~".!Illll;,; c.m-shapcd, 
;tncl Tlh: gnppn ~unpl~ dnst•cl \\hl'Dl'' 
cr drl~ lhlllg <lppc:lrcd bL'I\\l'l'n it" ci<J\· 

Htooh.-.., h.1.'-o ~ug¡;t·~tt•d ThJt tln~ mu­
bt!r· robnh. \H'I' .. dlltl'.: nn mnn· th.m a 
L~! ·~::.1::: 1:1::.!1!: ¡•··:J·nJll ~t:rh ¡,¡~l-..:-. a~ 



explonng the terrain of a Wstant planet 
(or üus on~J murt.: dficiently than larg­
cr. indi\iduall~ more reliable srstems. 

\\'orking along the5e hne5, HI.T. 
graduare 5tudent "laja ~lataric de5igned 
a software module that produces a sub­
sumption-style map of a robot's sur· 
roundmgs. lnstead of the usual data 
structure containing objects and theu 
locations, or perhaps even a robot-sen­
sor '1e'' of the world, the subsumption 
map is a collect10n of little computa­
tional processes, one of \\hich IS acn­
,·ated for each "mteresnng" place m the 
robot's \\·orld. 

}.faes has e' en designed a subsump­
twn-based architecture that mcorpo­
rates "behefs" and "mon,·ations." :\ 
robot based on her des1gns ''ould be 
potentially able to ans,ver the quesdon 
"ll"h\ did Attua cro55 the road?" The 
robot could tell a hwnan being "·here it 
thought a particular object ,,·as located 
or what caused 1t to go from one room 
to another. ~luch l!ke the "beha\lor" 
agents that drl\e ''alking or sca,·engmg 
behanor, the .. behef' agents m }.faes's 
so-called agenr nl't,,ork architecture 
gO\ ern the robot's actJOns ata high le\· 
el For e-..:ampk. a "battef") lo,,·" ·bcl!d 
agent m1ght suppress explora non m fa· 
\Of of a ··rerurn ro base" behm10r 

Pred1c1abh. the makers of more con· 
\l:lli!IJn~lL les:-. phofOi.!l..'niC s~stems ar~: 
e han tablc to\,·;¡rcJ Brooks eH bes t. ho:;­
tilc at ''orst. ·\JI:- J. \"tlsson of Stanford 
1 :ni\'t:r...,\1\. \\'llo cllfl'Oecl -\l \\Ofk at SR! 
!ntl'rn;l!Jnn;ll :!!l \ L',lf'> ago m thc d¿1~:.. 

ol ~hakL'~. thL· t!r..;¡ mobik robot. re· 
tre;n..; lo\\. H .. -\uckn \dlL'n prcs!-.ecl foo-· · 
.1~1 op1nion. ,.., two.;L' \\'ho \\JI] no! reJ· 
..;nn'Jll'f! . ...,)l lfl t!lL' Zllt: /Thme \\hO \q)l 
nor ;H.t-'PL'fiSh lor th,\1 n:a..;on" 

.\litchdl 1s bluntl'r Rrooks and ht~ 
{olJ.. . .:~l~ue ..... ht: ... ,\\ "· '"c~re \ery seductt\c. 
hut 1 flL'\ hd\ (.' \ L'f\ !J.Jd ldL'<J:-." -\]· 

thou~h h,_. ildrnti ... thar Hrnoks':-: tl'iliT' 
h,,..., bL'L'f1 '":-.urprt--lfl~-d~ succe~-;fu! In 

buJlcJ¡n;.: :-.\:-.km:-. th.ll bL'ha\e ,,eJI." 
.\JJI¡ lwll unHt·nd" th.n the <.;Ub-;umpl!on 
.Jrthllt'L'lllfL' ¡...,JwttL'f :-.utted tu bullchn . ...: 
rlwrrno .... r.lh th.!iltntdlt.!.!L'fll ;J;_!t'nt:-. 

) t·l o11o· o: ¡]¡.· lllt• ... t ;¡pprm 111 . ...: rom· 
111•·nh 1 (l\\lt'"11tl\11 '-t'\\t·IJ. \\hr1"'' --;¡ J \1\ 
;1n illll't'IU!t' l'> tll\' :1potheu ..... h o! ele,~.;ant 

red'-IHHil~ and ¡._!lo\\ !t•dgt: n:prt..·sent<t· 
tPn1 ,.t'\\1'11 nnl!t'rHh th;n SO-\U and 
"lliJ .... ulllpt!tlll .Jlt' flttl rt·.lll\ ,<.,() \L'f\ di!' 
]('f!'rll. hn",lll'-'' \() \J\. hlO, Oj)t'f.Jh.'<., t'...,. 

'-t'lllt.dh ttll .1 ,¡¡:;¡¡![n,·rv ... prH1'-'' !J.J'-t" 

r'' o•pl nll\'11 l!'> rt:!~·" 111!1 tll:tt :111 1111 
p,¡,.,, lit- p;,¡;,,, ::;,· hlt".t td "ro:.1~·rn1 

r·.·" rt1:tr J¡,· :-.t'l''- 1:1 r\¡,· lllrJ,· Ht--•·t tottl~. 
1\q_:;udl•:"" o: \\h··thn -\tt!l,t .tnd th 

kn1 '-ltli!J,· !tt l.tllh' PI bluclt!t-r Hlltt :1 

pht!P'-'iill\t<.tl d•',l(~ cnd, or do h111h. 
flr,¡,f ,·, 1•.rq~ r.•r .... · ... "'1::t•· ltlnd.t!ll•·n 
l,d l'-'-lt•·, .•1•11[11 11:·· !1.11\lf'' ll: llllt'lll 

gence. \\.hat doe~ it m~.:an tosa~ that a 
system knO\\'S somethm~:(-' ls 1t enough 
for thr system to be ha\ e as tf 1t knO\\S 
nor to run into \\alls, or must it ha' e 
sorne espl!cir representatwn of struc· 
iura! engrneering·:' 

Researchers may hnd 1t stmpler ro 
tlunk in terms of !oglcal propositions 
and inferenct!, Rosenschem says, but 
that does not mean P\'P~"thin5!1!1'1~'? 0 

machine must be represcnted m terms 
of e\']Jhcit logic. "Sorne people are im· 
prc5sed b) the preCI5ion of logicallan­
guages and thetr capaoty for rubbing 
facts up agamst one another," he sa) s, 
but m real machmes elegance must de­
fer ro efflciency. Determirung the truth 
of a log¡cal proposition 1s an "!\1'-hard" 
prob!em. one that in principie cannot 
be 5oh ed m any rea5onable nme. That 
15 no! a good thing for a mobile robot 
to be computing. 

The problem, Ro5en5chem contend5, 
is that designers m pursuit of log1cal el­
egance mi-..: static facts, \\luch are al­
,,ays true. \\lth d~narruc tnformation 
about rhe unmcdJate state of the \\Orld. 
Fans that can changC, such as \\·ho 

''orks m\\ hat off! ce or "·herher the ele­
,·ator door is open, benefit from e.'\.-plic­
it representa non. Bur constants such as 
gran[) or the Impenetrabtlny of mate­
na! objects need not be e:\.-phcltly cod­
cd . .l.. system has only to act as if it 
kn0\\5 them. Ro5enscliein and hi5 col­
lea&TUes ha\·e de,·eloped software tools 
that build the stanc kno,dedge into the 
~tntcnm:- of 2.:1 autor:c:--:-:m:s system. 

But the des1gner of an mrelligent ma­
chine must still decide \\"hat knm\'ledge 
the system shou!d appear ro ha\·e a~d 
ho,,· rhat knmdedge should appear to 
be represented. The tssues are far from 
resol\ ed. Standard logJC. for example, 
can rcpresent facts, but rt cannot repre­
sent mrenuons or bellefs about the 
"·orld or about the results of parncular 
actlons, sa~s Sruart C Shapiro of the 
S tate Unn ersin of :-..·e\\ ) ork at Buffalo. 
Richer log!Cal formal!sms bring \\ith 
them the dahger of creanng paradoxes 
that can bring a reasoning cngine to its 
knees. he notes /sce hl\ helowj. 

Furthermore. Shaprro .sa~ s. the logic 
of bellef and thc logtc of acuon are not 
thc same Sofr,,·¡¡re bJSL'd an. con\'en-

' ' '· 

The Paradox Explosion 
he barber shaves everv man 

who does nor shave himself. 
Hho shaves che barber? Wrth 

rhese Simple sentences Bertrand 
Russel! demol1shed the apparent 
perfectron of pred1cate log1c anc! 
maihemat1cal ser theory. The barber 

·parado-.. (or, for the set·theoret1cally 
mcl1:-~ed. the ser of all sets thar do 
not contain themselves as mem­
bersl tllustrates the p1tfalls of allow· 
mg statements to refer to the truth 
of othe:- statements 

.\rt:f:crJI rntelligence researchers 
e are about thrs ancient chestnut be· 
cause most of therr programs are 
f1rmi'. bJ.sed on log1cal 1nference 
The l2·.·.s of logJC pro'.'zde that it 15 
pos)::JI:? ro deduce anvthrng from a 
con:·.i~J•Ctron. and so the posstbdily 
of p.uJ.aoxes spells d1sasrer forAl 

Tn-: r:-:c.Jnt.1t1on runs as follows· tf 
"A. 1s :·ue. then obvrously "A or B · 1s· 
trut- .'.tc,1nwhlle. 1f "A. is false and 
·k a~ E 1S t/LJ~. then "8 · must be 
!ru~~ :<:: ,l contrJdrction s.1ys th.lt 
. :, 1<. i"•.t·' ,!nd "fl. IS fJIS~. and SO "E;" 

1 \">t::-:: an~ r ~·:o path s out of the 
QuJ:lC.::-.,-, accordtng ro Stuart C. 
Sh.l:Ji:_::¡ of th~.: St-1<•2 Un1verstty of 
/\:·~\'- Tork at BuffJ1o On~ 15 the ver 

arder predtcate logre. which does 
not perm1t statements that refer to 
one another's truth 1.alue. No"'._para· 
doxes. but the sy_stem 1s 1ncomplete, 
as Kurt Codel showed 1.1 the 9énera· 
t1on aher Russell. A s;.atement may 
be man1festh¡_true but imposstb!e to 
preve 1n formal terms 

The other path rs to tmpose (logt· 
cally speakrng) arbitrar\· constratnts 
on relevance. so tha: deducnons 
cannot 51mply run d\'-2Y into mf1n1· 
ty. Shap1ro says. Kno•:.1ng that the 
moon both 1s and ts not made of 
green cheese. for example, m1ght 
lead an auromated reJsoner to bt· 
zarre conclus10ns about lunar sotl 
samples. but rt shoulc not permtt 
the machrne to dec1de :n.1t rhe color 
of the sk.y deterrnrnes s'n1pprng tM· 
1ffs for Ttbetan ',:a k. fat 

lron1cally, Shapiro e\plams, the 
structure of simple au:amated de· 
duction systems prevents such blow· 
ups autornattcally. These programs 
nev-:r try to reJsor1 í~o::1 1terns that 
2~~ not d1rectly lml..cc~ ;._-. on~ anoth· 
Cl Only' tht: most ::,u~n.~tl<..dtt!d and 
complete programs . .::;:er long and 
arduous work by thetr é!uthors, can 
hJul together cornplet-2ly unrelated 
fact-; and explode wher: confronted 
bv .~ contr.Jdrctlor.. 

. '. 

, .. 



tional logic, such as the PROLOG pro­
grammmg language, typically forms a 
belief only once, e\·en ¡f 1t is used as a 
log¡cal step in Se\·eral dlfferent chains 
of reasoru.ng. Appl~ mg the same e cono· 
m~ measure to actions \\Ould lead )OU 

to conclucte, for e\ample, that ) o u had 
no need ro \\alk m arder to get out) our 
front door m the morrung, beca use )OU 

had airead y "·aJked \,·hen yo u \\ ent to 
lht.: b...ttlu uum ro bn1sh your teeth. 

LogJCal representations capable of 
dealmg \\lth both actwns and behefs 
are essentJal to mtelügent agents. i\ot 
o ni~ \\"il! such machmes be reqlllred to 
red son abo u t the conscquences of thelf 
o,,·n ac[lons. Shap1ro pomts out, they 
al so \\"lll ha\ e to represent and under­
stand thc behefs and actwns of people 
and other mtcll!gent agents. For exam­
pk: "john be!Je\ es that \lar;: be he\ es 
that thl.' program IS faulty, bur john be­
Ji en::~ thJt the program IS not fault\, 
and ~et :'l.!ary 1s nght." 
_ Such logical regress10ns are reflected 

1n thl' \\Ork. of Thornas Dean of Bro"n 
l'nh·L'rsny. amon.; ot:h:rs. Dt.::an's S}S· 
tl'ms nnr onl} plan out the1r acnons. 
thl.'} L'\L'n plan ho\•: mui:h plannmg to 
do. Tlwsc \\'hO thmJ... about thesc "an~­
tune ;:llgnnthrr:.:;." are pamfull) 3\\are 
th.11 compurm; rcsources are not infi­
n¡fL•-111-.e pl'ople. m:!chincs can cwr­
Cl"L' onh \\ hdt 1-kr~~·n -\. S1mnn call'\ 
"b11Um1ecl r,liional!t\ ." 

Chunks of lo.:nowlcdgc 

1\L'.l"oning tcd:;1JC¡l!l':-> thal prodUCl' 
t''\.tl'! <!!l..,\\t'r" t'\•:;¡:~u!h a:-L' no gqud to 
m.tdltlh'" rh,t: r:~u< Clf!L"rdh 111 "rl·,J! 
rmH· ·· rTlll' p•·-'CI"v c\:llnllHm pf rt•J! 
l!Jlll' ¡.., .d .... o ,1 n~.lli·,·r (>; Lorl!ro\ l'r"~. bur 
.\litt hdl ntkr" !~·-· h.1::d~ n1k o! rhumb 
th:11 rh,· l!m·· ";JL'r: r:111-:k1ng gl·nc:-,1!!\ 
...,¡1<1llld !1111 b·: !•1t:~t'í th,l!1lhl' (1\.:111111 b·· 
111.~ tlhHl~h: t1b1)Ui 1 liHkl•(!, Lt'd"Olll!l~ 
r...·chntqu.· .... th,1; e;~!~· '...h pn,tfuL·~ .lp· 

pro'\Íill,!l•,' :111"'·' •. ,._ :-:1,1\ nnt be ,J:l\ 

gt111d t•ttlh·t iltht·-. ldllnot bt· 111tl'rn¡¡Jt­
ed p.u·l\\d\. thrnu'...!h -\..-. .:m~orw h:nm'' 
\\l111 11.1 .... \\,H,·h··c~ ,1 lí•.',1'llred ptl...,...,t . ..., 
~11111 ht'.idttl:.: !11' ;;;.• :iiHJ; \ir!U,tih ,1J\\ 

;u lPlll rn.n l1·· b··ii•·: l!J,t!ll!l.~tl!IJ!l 

-\{1\Cl,dlt''o (!; 'olll'i: 1111'/ti·pl.lrl!ll:l¡.! 

!t'!H\ !11 U'>l' ¡¡j'...!tlrlliJ¡;:~ b,\'>t't! 011 "lll'f.l 

11\t' rl·lln•.·mt·n; · R.un them c1nC•· .tnd 
tht'\ p~ochtt't• .HJlljbl\l'í ;¡;.:;un .md th•'\ 
pr/ldll,··: ,¡ bt•![•'í ;J:~..;',\l'f. lHH~ 'oJ llfl 

(,1\t'l1 llllt1í!ll.111ro;; ,.:.,,1!1 ho\\ ,111"1\t'f<., 

llll¡llll\•' \\1li11t:::·· .•;:l~ ,J!JIJlll th•· ('1•"' 

1.[ ti.·I.J\ ·' "\..,¡.;:o 1 <~il t!"t Hk h111\ l•dl:~ 

¡1 ..,)HqJ!d tllt:l~ b··ir1;1' ,ILI!Il.~ III•·rt• ¡.., 

/k.tn ;H!intr ... 1•·: .tnr1tlwr 1•.'\t•l cd r·· 
:..:r•'"'-111'; 11;1t:¡:·:n::..: :);,· ;¡:nnu::¡ td 

tnn·· rn "fl•'rH~ t'Ll:::::n:: ¡.., Jht']l ;n1 un-

..... : •• ,~~:. ¡¡; .. :::. "" ¡j¡. tlll'ld pl.lli 

lit'; 1:1:1._; ¡•¡;!J... .ir.• .!f1\)[1 J\1::¡,¡; 111::~ 

1 :· ' ' 

PROBLEj\t SOLVERS Allen Newell of Carnegie Mellon University ( lc{tl and john E. 
Laird of the Uni\'ersity of f\lichigan are f'.\'0 chief architects of SO.-\R, an integrated 
reasoning system that is now nearing its 10th birthda). \'ariams or the system can 

or ci~L' plan ho\\ much time ro spcnd 
plann1n~ ho1' much t!lne to spencl 
planntng. ad ml1mtum 

Dcan h.1~ prm cd m.Hhl'flli.ltJcaJI~ that 
thl· logJC,¡J rL'gressJOn "L'\ cntualh bot­
tonh uut.'. but hL· dcl..no\\ll'clgL'' rhat 
mrelllgl·nt ITI.1Chlnt:" b,l...,l'cl on h1" algo· 
nrhr.1~ Jit' ~ull 111 t hl'Jr Jorm,ltl\ t' 'c<trs. 
"JU:->t ;u rhL· :-.t~tgc \\ hL'íl' thl'~ ·rl' robu . .;r 
l'IHlU~h t11 \\,!lh d<ll\ll tht· hall \\lthout 
k.n 1n!..! llu~L· gnll.!.!t'~ 111 the pl,t~!l'r" tk 
prL'dll'h rh,\1 ¡¡ H!ll probabh bt' thL' cnd 
nl th•: ckL.1Lk bL·Itlrt· mn .... t pL!lllllll.~ 
d/lC~ rt.'.ll'li\l' S\SlL'Ilh \tnp Ll..,lt~;..: \\h,l! 

anHHtnh toad ho( nwthocl .... ro allo(all' 
lOI!lpUI,ll!O!l,J! f'l'~Ollf'll',<.,. 

1 !:'·· "::1 h rcl.JII\t'h "tll1pk lo.o..:rr 
'-\ )1,·;::. ¡.., lh\· !Jr.ttrl" r1: \1 1 \)·'. ,1 l11.-..:tt 
..,.,..,;,·;¡¡ li!.li '\,·H•·II._ L:rt1ll)l j¡,¡._ bn·n 
runntn:-: lfl \,HH1ll'- lrlC.Jrn.tlHHh !or 
J11'.1rl\ tllfll' \t'.IJ'>. 11 1-. b.J...,l'd on !\\(1 

lt'{ hill{]ll•'"- ..,t';1r•. h .nul "t hunktn;..:" 
\\ hvn th•: ..,, "lt'lil 1'> con! rolllL'd \\ il h 

.1 prnblt-ct !1 dwd .... \\lwtiJ¡•¡ .111\ ot lh•· 

tllk'- 1:~ ¡;.., J...Jl¡)\'>lt·lL . .:•· IJ.i...,l' .1ppl\ ;11HI 

111·· ... 1•:: ·' t1.11r1 •Ji ckdll•llllll" tt:HJI 11 

t.1:· :.~ · ::.1 ::t:l!t,·;. l' lll·· p:-t1hkn: t'> 
'o(d\• d. !t:Jt• )¡ tllli, \fl-\1\ t".\llll'h ll!ll't' 

Lrjlll:\ .t 11:1··· .... t1111t! ¡,,, :....rdiL'. (lp··r.Jtllr 
\nd l~n~:::, ..,,.¡.., up .1 "prnbkzn '>j!.lu:" 

In clt-.d \\tth th·· lmp;t"'t'. \\ithm thi..., 
pt11\1:··r:, '~'.1•, ¡1 ...,,.,~r, ¡¡, . .., !11! ,¡[j 11''" 
.._¡¡¡[, ..,,,;lllli1il~. ¡¡..,¡¡¡~: "Jl''i'l,il·ptHpil'ol' 

tl'chmques 1r thl'~ ,\íl' il.\ ailable and 
bntte forct.:: ¡¡ not. Unll' ~U-\R hds found 
~n an.;;\\Cf, 1t gcncr .. ilil.~" thl' kchruque 
11 uscd 1n thl.' sulul!illl and compiles 
!he tcchnique into t1 "chunk"-a mil' 
rh,1t 1\l!l be actl\atl'cl rlw ne'\t time a 
:'tmdar qucsnon COilll':-. up Jnd su elrm­
líl .. ltl' thc burdl.'n uf :-.c~trchmg. 

SO-\R's moclull' fnr n.llura!-languagc 
undt.:rsrandmg L\L·SO.-\RJ 1s a perrect 
t''\:llnpk of th¡s rcchtHc¡ue, 0-l.'l\ell sa\ s 
]¡ s1mpl} Jppile~ thL· opl·rator "l1ndcr· 
~:;mcl thl~ \\üfd lfl LOI\[l''\t" [O t.:dCh i1C\\ 

\\Ore\ of mpu!. rottl!ng olt dcduct!Oil'>, 
.llld chunk.Jng l\ 1 t h t~b.tnclun. -\ccordmg 
tn ,John [ 1 ;md o! lhl' l•nl\crsit~ of 
\lidl!;_;Jn. \\1!11 cll'\l'l•'jl¡·cJ '-;0-\R Jlong 
I.J!Il '.t'l\\'11 ;¡¡¡.¡ 11lh••J'" '.)-\().\!\ Sldfh 

\'.llh al>out !Jtltlrtdt" .ttlliL"\p,mds 1ts 
kl1ll\\ ledgt.' b.t:--.l' [() 11\\ lrl' than 1,500 ar­
ll'r rornprehl'ndtn;.! onl~ .1 le\\ hundred 
\1ords ~L'\\t·ll cl.ll!ll" th,lt thl' :-.~stcm 
1.-.. 111 pnnnplt·. Gtp .. ibk o! learmng ÓCI\ 

1-.orcl .... ancl ruk .... ttHkl1:litch. 1-k ~peak:-. 
11t rtlfllllll.C: o..,r l \J~ !11; .1 rnonrh ..,rr,ugllt, 
ll1ll!l1l:t,dh ",H!d:::~ LJ~I>\'.lt-dgl' lilllllt.'l· 
i . ..: 1: ~;.! .. \ ,¡ \ "." 

ilh'll lll' b.llkp• d,il.., \-. thl' S)S!l'nl 
...,!,lllCI' nn1-.. "!h.tt'-. ¡;111 t1l ._,,\~ th.Jt 11 
\'.itll't C'>l'l/.L' l:p 111 d 1 tJt:plv u! hou~~:· h~ 
.... , 1\' ·r he !]di\ r•::-.td·· ...... ( !niL'\\ t1erc in 
ri:•· lllllt,d tu!•:" 111.>1 t¡um.t:J:-. h,\\C 

l1.•1HI toclt•(! 1:1!11 llt·· <.,\ ,ft•rn \nr:ll'hOI\ 
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control mobile robots, understand plain 
EngHsh and perform a variety of otber 
more or lcss practica! tasks. 

thc strucrure of these chunks makes 
for bad lcarnmg. Oddi~ enough, i'\ewell 
sa~ s, the fewer rules people put in and 
the more 50-\R has to learn by Jtself, 
the better lt \,·orJ...s. 

In addttlon ro the natural·language 
s~srem. SO-\R also runs a couple of 
robotlC apphcanons: RoboSO-\R, a robot 
arm, and HeroSO-\R, a mobile robot 
R.oboSO-\R, \\'hich dcpends on a sepa· 
rJtl' ns10n module ro determine wherc 
small objecrs re~tde m its \\Ork space. 
cdn perform stmple tasks such as ptcl-..· 
mg up and stackmg blucks. HeroSO.-\R 
Jn\l'SttgJtes tts ennronmenr \\ith ultra· 
~ontc sensors. pa~1ng special attenuon 
ro thmg" th.u look like garb¡tge cans 

1 ·¡lllll.lll'l~. La1rd sa~ s. all the dlfll'f· 
t·nt nwduJt·..., o! ~r l-\R \\ 11! be JnUlrpo· 
r<~ted ullo ont.' ·¡ har \\llll'nable a robot 
li 1 ;HTt.•pr pl.11n f.n¡.!ll~h comm<~nds anct 
<!Jh\\L'f b.1rJ.. m J..:nd as 11 pcrforrn~ th 
t.l._J.,....,_ Hui flr~t thL' reo.,eJrchers h;l\e ro 
:-.oht· ~olllt' problcnh \\llh the \l"'otl 
...,~ ...,!t'll! ;nHl otlll'r module:-. 

'1/h' \J.'>Itl!l ~CJ!i\\dft.· <HJ,ll~/l'~ ~ll'lh'" 

lll ,1 ltJIIII lh,i! dtl\'~ 1101 ah\~1)'~ llldldl 
lllt· 1nforrn.tl!IHl !ll.l! SO-\!(., probll'rn 
..,nhl'f llll!.!hl \\.llll f ur!ht•rnwrc. tht' 
c.nlit·r.r r-. rnountl.'(l dlrl't.tl~ abme thL 
n1ht11·-. \\llrk "PdU' .,o Th;ll HohnS(} \1{ 
~·.r;r'r .lt ru.dh ...,,.,. \\ h.rr J! ¡..., rlr,rn·.~ ·¡ ilt• 

... -\ -.r··rrr r:~tr .... · .ln.rl·. -/t' ;r ..,t l'llL', nl!l\ \'ir-.. 

gnpper and attempt to ptck up objects, 
then mm e the gripper out of the "ay 
and find out whether it has been suc· 
cessfuL lt's a httle bit hke a human be· 
ing \,·earing hea\y rruttens tiJ.mg to 
pla) chess b) taking a snapshot of the 
board, dectdmg what mo1·e to maJ.:e 
and then, eyes closed, reaching out for 
the piece. 

Uke SO~R. ~litchell's TiiEO S) stem 
uses a conceprually similar "plan then 
compile" architecture. ~Utchell contends 
that mtegratiOn ts not nearly enough; 
orgaruzauon is the key. \\'Ithout sorne 
\,·ay of focusing on the fans rele\·anr to 
the case at hand, a program "ill bog 
do"n. "ll·e qwckl) leamed that ú a S\ s­
tem has fl\ e rules it does o ka), but 
5,000 rules \\ill slo\\- tt dO\\ TI hopeless· 
!y," he says. C'\e\\ell reports the same 
e.\:penence \\ith SO A.R. Addmg a smgle 
"expensi\e chunk" to the knowledge 
base can ser off a logJ.cal chain reacnon 
that reduces the program's speed by a 
factor of four.) 

Resides clutrenng up memor;. space. 
m u eh of what a s) stem learns by look­
ing at e~amples. though true, ma~ be 
irrele\ant or e\·en rrusleadmg. MHchdl 
Jikens the problem to an automated 
,·ers!on of the ''cargo cults" that led Pa­
nfJc Islanders to build a1rstnps and 
i\Ooden Jlfcraft ro ennce \\ estem goods 
and knm,·-ho•,\· f:-or:1 the sky 

Chunking. ~litchell explams, mar 
speed up the ('\¡;:>CU!!r:m of plans, but tt 
doesn't make them an~ more correct. lf 
the plan ts based on an erroneous un· 
derstandmg of the \,·arld. tt \\lll sor:Je­
ttmes fall. JdeaJJy. an inleJligcnt S~ Steffi 
\\·ould learn from irs failures, but get­
tmg H to !t:arn the nght thmgs ts a 
problem "There JS no perfcct model 
for the effects of sorne acuons." 0.1Hch· 
e U sa~s. so tht: best courst: may m facr 
be to !et THEO fa1l e' er;.· no\\· and then 
and tn to reco' er from !!S failures, 
rather than tr;. to J.ntlctpJk bdorehand 
e\·erythmg, that could go \\Tong 

Al ~leets \'irtual Reality 

Ont· rt.·qulrt'rnLnr rhat ~!i!chcll e;;-¡· 

ph.t~l/.l':-. l\ hL'll hL' t.:llk.~ of Je¡ llng T! íJ::O 
and otht:r tntl'llt~ent a~enr~ "expen· 
ment" \\llh !he \\orld around them IS­

tll.ll no hum mu~t come tn tht: robot 
or ll..., ~ubiecrs ~o a nurnbn of mtellJ· 
genr-a~enr rl'..,l'.lfChl'f-"' h,l\L' created 
C!HllpU!t•f :-.l!lHd.tl!Ofh lo t.:\l'fUSl' thl' 
pn1'.!,f.Ul~" Til.n 1\d] be the brams o! 
!hl'lf .tUIU!HHIHlll" llldCllllll':-. 

( JnL o! rht' "lnllrldcrum dl\l'llero.; thJt 
cJth~.·r ft'"''<líl'her:-. flnd mo."r unpreS-"'1\t' 
b llonlt'r Butlr b~ .)tl'\l'n .-\. \'ere of 
rh~·l e" Uwnl -\rrtlwl.d lntl'il!gl'net· Cen­
r~·' tn l'.!lo \\tn, C.t!:L. 1 !omt';- t.-.~~' tn •. 
;1i :-.r:hm.rrrn•· rh,ll Ir\ t"'> 1r1 ilfl ;rqu.111•· 

world contamtn~ sh1ps, lish, \\'hales, 
other submannes. mines, buoys, brrds, 
islands, docks and people. 

Homer Wlderstands about 800 words 
and can carry out mulustep tasks-for 
example, "Bnng the red buoy to the 
dock befare noon and then meet Roger 
at the break\, a ter tomorrm,- morning." 
lt kno"s hm,· to ask people for infor­
n:2tion \',·he;-; ;~ .::~c..:s;:'; ~iüi\. where 
something ts, and 1t connnually tracks 
e\ents m its en\lronment. 

In fact, a printout of a sess10n \dt)l 
Homer bears a strong resemblance toa 
transcript of a da y spent \\lth a preco­
cious three-year-old: 

"1 see a brmm btrd on the gray log." 
"There are two satlboats by the is­

land." 
"The Smirno\' just passed me on the 

right agam." 
"1 ha1·e reached the dr, dock." 
"Homer, br\ng me Fred's buoy." 
";\ow I'm gomg to Fred." 
"Fred, ,,·here ts :our buoy?" 
\ere admtts that hcn mg a simulated 

\\Orid to \\·ork in ha" simphñed much 
of hls work, but he mststs that .. most of 
Homer's capabllltlcs could be trans­
ferred to a real mirusub. Jn particular, 
he says, Hom·l'r's uncannih acute slmu­
lated \is10n ts not particularly far­
fetched. Because the marme environ­
ment contalil:::, a :::,et of obJects so small, 
a faírly simple percepnon system would 
be able to distmgwsh between fish, 
whale. stup, saJlboat, log. bird and land­
mass. Homer \\ ould be e' en more com­
petent If it \\ere transplanted toa con· 
cepruall) sirrular (although geograptu­
call~ dJsparate) art!linal ennronment 
such as a space starion, \,·here every 
object could be marked for WJambigu­
ous tdentillcanon. 

A.t first glance, Homer appears to be 
a success story for mtegrated intelli­
gent arch.Jtecturcs. Il can plan its ac­
tions, change plans m response to new 
ctrcumstance.s and mteract ,,,th others. 
Under the surface, though, the sailing 
JS not so smooth, \·ere says. Homer 1s 
slo\\. and ils memoq t_<., mefficient. The 
longer tt IJ' es, the slo\\'L'r tt runs. just 
a ft:~\ scenanu~ strung together \\ill 
bring the program to a near halt. "ft's 
like a house of cards," \·ere Jaments. 
"\\hen )Oll add a ne\' capability, you 
dtSCO\ er th<ll old sccnarios don't work 
any more You ha\l' to go b<tck and re­
tune Jt " 

llornt:r·~ hit· 1..., aho T]lfeatened b) 
corporatt~ budget.t~ \\Ot.'" ~md the grad­
U<JI exnncl!on ol 11..., research team 
\ere\; colleagLu' ·11morh~ \\. Bickmore 
lefr 1 ockheed a ~ e.rr t~go, and the com­
p<~n~ no\\ pern~:!..., \ t.·r~· tn spcnd onl) 
hdiJ ol h1..., Irme on- thc project. Al· 
th~>tJ<.!,h !1•'\\ ( nr,1p1: 1 •·• !~.!;d·.\·are htl<; 
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hclped unpro,·e Homer's reaction time 
· from miserable 10 tolerable (30 sec· 

onds ro plan a sunple course of action, 
dm\TI from se\ eral mmutes), the dream 
of transplantmg lt to a real minisub 1s 
on indefinite hold. 

just dm\n the road from \'ere, at the 
i\at1onal Aeronautics and Space Admm· 
istranon Ames Research Center, anoth· 
er simulated agent has a some\\hat 
fim1er footing. ~lark E Drwnrnond"s En· 
trap} Reduct1on Engine {ERE) 1s a con· 
ceptual model for the kind of robot 
that nught one da\· help mamtain struc· 
n1res m ofbit or on the moon. 

For nm\·, ERE h\·es in TU e \\ orld, a 
gndded Flatiand that contains any nwn· 
ber of polygonal nles. Tile ll.orld !S be­
ser b~ \\lnds that can mm e tiles from 
their places. and the robot's attempts 
ro m o' e or el m eh them in one or more 
of as four gnppers ma~ fall. Such a 
Simple ennronment prmides more than 
enough d¡q~rsn~ to work out most of 
the 1mportant 1ssues in planrung and 
controL Drununond sa~s. 

ERE cons1sts of compuncnts thar de­
compase problems tnto simpler form. 
l'\ aluate possible soiutlons and cum­
pilt: mies that put those soluuons mto 
etf'ecr. lt IS des1gned not onl) for 
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"achJ.e,·ement goals," such as assem· 
bling tiles 1nto a parncular configura· 
non, but also for what Dnunmond calls 
beha\1oral constraints-for e.xample, 
maJ,.,ng sure that a parncular nle struc· 
ture remains intaet e\·en under the in· 
fluenee of \\mds. (E,·ennlally, of eourse, 
Drwnrnond would ilke to be able to 
generalize sueh behanoral eonstraints 
10 build the kmd of robot that could 
be told: ··1-.eep the space station in 
\\Orklng arder. This is a list of what 
can go \\TOng. He re are } our tools and 
suppl!es."l 

Drummond's interest in Tile World, 
ho,,·e, er. goes beyond his 0\\TI research. 
He hopes ro promote the simple sirnu· 
la red ennronment as a standard ''ithin 
"luch the des1gners of different intelli­
gent agents can compare their perfor· . 
manee on ,-arious standardized tasks 
and thereby understand the strengths 
and \\eaknesses of Yarious architee· 
tures. 1'\.l,.S.-\ Ames, along hith Rosen· 
schein's Teleus, has won a research 
contract from the Defense Ad\anced 
Research Projecrs Agency to define a 
ser of benchmarks for integrated mtel· 
l1genr sysrems 

. .l.! one end of the spectrum of mrelli· 
gence and <Jctlnn scuttle Brooks's insec· 

IOid robots. In the m1dd!e are the doz­
ens of systems, such as those built by 
Vere and Drummond, possessing vary­
ing levels of knmdedge and capabm,. 
ty. At the other end maJestically si<:·.: 

h e 
Douglas B. Lenat's Cyc, \dlic k:nows al·· 
most e\·el)thing-IA3 mill10n inter­
connected facts at last count-but does 
almost nothing at al!. lndeed, many 
would question Cyc's inclusion in a list 
of integrated intelligent systems be­
cause it is essentially an automated en· 
cyclopedia (hence the narne). , 

One problem \\ith coneel\ing of Cye 
as an entity (even though. like 50.-\R, it 
is nearing the end of 1ts first decade on 
this earth) is that Cyc has no real sense 
of itself, says Patrick Ha) es of S tan· 
ford. Hayes, currently pres1dent of the 
American Association for Artificial In· 
telligence, was briefly head of Cyc's 
West Coast ofhce until conceptual d!f· 
ferences \\ith Lenat made him decide 
to be a consultant 10 the project instead. 
"Cyc knows that there 1s thts thing 
called Cyc and that C~ e 1s a eomputer 
program," Hayes sa~ s, "but it has no 
idea that irIS Cyc." 

E\·en so, the program is remarkable. 
r-.rcc, the consortJum of 56 high-teeh­
nology computer cumparues that em· 
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\\UNDERKI~D Douglas B. Lenat of MCC is the instigawr ofCyc, a decade·long proj­
ect for encoding common sense. At its birth se\ en years ago, C}c \\as considered 
ncar luna tic by many artificial inteUigencers: now it is part of the mainstream. 

r!o~" LcnJt has 1m es red h.:lif a pro­
gr~mmt.:r-rnil!enmum of cffort mto C~c 
Tllcrc b prubdb]~ an equal amount of 
\\ nrh: again rcmamm.Q bcforc-~nmt·· 
tnnt.· m 199...; or l ~03 by Lenat's hOt)t'· 
tu: Jco...;.__ul1ing-C}t' rt:aches tht.: break­
l'\'\.:íl le\ el of 2bout 1 ú milhon facrs -\t 
!~:.:· ¡;'i::~:. ;: ·.·.¡!! be able ro ptck up 
lll'\\ knm' ledgL· mort: rt:adi!>: b~ rcad· 
mg than b~ ha\1!1;4 kno,\lt:dge engmt.'er~ 
spoon·feecl tt -\ \\ icler mformJ.tmn bi.bt' 
111.1~· al so SJ\ t.' (}e from su eh ¡.:,1!it'" 
;¡-.. l'lHKiudJn:..! 1 r ro m e\ cr. bocl~ !! kf!1''' 
;l!JoLJI 1 thai J:l hu:11;!!J:-. 111 thc \1ur!d ;lrt· 

!nt·Jld'i o!' Duu·~ Lcn,lt 

:O< o Royal Road 

lt1c pro:.::-:1"; 1~ dt·•.t:.;nt·d to h,l\t·th·· 
1-..tnd ol l....nu\lk(!~·-· 1!1,11 c~n tn!L'Ill:.!t't;' 
d:,!.t'!ll nll'e!,ht n•.:t·d J(l pt·r!orm Jh [.¡..,¡._.., 
\1 )¡,¡¡ pt·opl~ .nHI lro't'" and nmnJlJU:-ot'" 
,¡n· ;l!lcl hn\1 rh \ ¡n~o-r:H r. hm\ (lhJ•'l ¡..; 

l.di .1:H! !J:··,·- 11: ]¡!1',·. ,• ll:.!hl ]ltdt' 
\' 1 ':k-. 1 t '1 ~.!; ( ::. 1 ':• 1: ¡-. ,\ tl.t \ ',1 lt. '11 l \ ( 
111¡¡ lwi1i l<llllt.'-.1~ JIJ[ UIIJ:J:\111\..,I'Il"t' 

~d\11\'.!t·d¡.~·: !ro-~1 pro;.:,r.tn~.., lor n.nur.r~ 

l.111~ll.l~t' unci,_-;- .. r,lndtn:.!. lron1 c'\J1t'i' 

...,\.,Jo'!lh ¡¡; ~t.lfl'h rd "t'lhlblv lwh,l\ltli 
11•'.11 lh•· l'd'.!'.'" ol !ht·!r t'\¡H"r!J-..t·. (\t 

111!'.!111 1'\1'11 h· !:1 Jlo·r•pl•• do't Ido· \\/¡,¡· 

f 1:1ti 11: .1:1:,, '1:,1HI·· 1~> pt:tt )l,¡...,, \: 

11:, .... • .•:1'.11~::·. llll'..:\1: ¡, (• 1··1,1!11 11· 
ll·•lo· ... lr•,r:: th.•:l·.:Hl:.! ~:o'JH!o-r rcrh-.., ¡¡; 

11:·· !1\•lt~··:¡; t. 1 .. ~rh !1• llw ft·l.lll\•'lf.r~J:, 
• J',oll••l' ¡,¡: •. , n· r.•; .... p.tl;!h·t! ::.n'. j1!t:·· 
tlr ,,;¡,·..,1 rn·· r• t 1 

1 •• 

1t k_.r10\\'S IS asscrtcd In n' o different 
fon::s. hrst m clt:an and elegant "Cpls· 
tcrnol0¡.;te<l.llanguJge" and agam at thc 
ht:un:-;trc ]e\ el 111 ··a grab bag of dJfr'cr­
er:: rt'Pft'SL'IltJtions" that are dt.'Sigtlt.'d 
to m~~L' mfert•nce f<:~:-.ll..'r lora pJ.rtiCU· 
lar cl.1 :''> of fact<; Thus far the S\ Slt'lll 

cnn;,l!n .... '.!.--:- ddtercnt ~Pl'CIJ.I-purposl' 

m;t':'L'!hL' L'll:-!lflL'"· ancll.t·n~H Jntl'nc\:- to 
;:¡,;,: J:luit' ¡¡.., !ht·~ <lre llt.·t:ckc! 

l\L thu .. ,noJd .. tht· tr,Jdc-otf b ... ·. 
!\1 ._-~·:· t''\prt·:-.:-.1\ \.'ill'S., ;111cl dfJCit'!X \. 
lt'~~-~· (OrliL"llcl .... 1 or L''\,.lmp!l..'. b\ 1.'111· 

p\ l\ !:;;.: ",¡ ltHol kl[ tJ! J.Xlf!J,:Ji so[Ullll!l" ... 

(\Ch.' .... -..cJht•d !lll.' pmbl·.:m~ of dc,llln~ 
\1 ,;~: tlr~:t· "P-la', Cdu-.,J!JI\. bl'11d <1nd 
r;~·,_·::'!o;~ th.n tru-..rr:lll' cJth•:r ¡¡rli::r1.1! 
lfllt'lli'..!L'!lll'" "\fe• .... ! ol th'..' p0'.1l'r­
J1•h;;;\L' or nq,:,tiJ\o:--ot l!llt·gr;:llt:d Jll· 
tt .. ·!:::-;t·r:: .tn:llltnturL'" \1JII r<rmc !ron~ 
tll•.: cnnlt'lll, no! !l'.e .l:"Lhitt'Cillrl' ... 

[t'/1,\{ d""L'r!:O. 

\!,,:-~··J\c:-.lt·nJt !lt'!lt'\l'"l!:t· 1ck.1 tll,li 

c1::- ;:.•~ilt'l:!.n ..,lfU1 !U>t' ni ;:d,t.;nrlthJ:b 

11!!: r::.1~·· llli•·IIIC:t'1JI IJ··Ii,IIHJr pn ........ \tl]·· 
¡.... 1\J .... !llul rhJ11klll.~ "lnrL"lll;..;t•nct· '" [¡r 

l~'.J\bJ!l rur ........ lt ~llll 11.1\L' {\ h.l!I\\J~ ele· 

rer:· h.n•H\kd:.:t· r ... ·pn·:-.cnt.lllon Jnct <1 
qu.!~!t'f·ll,\~ dcn·n1 arch!lt'Ciure. thl'~ 
11n::·; :..:··: !il Th•· 11',1\," h•_· :-.<1~~ Re· 
... ·.•·,~:··: .... I·.!J,¡ d111ü, tll:11 :1 :-.1ngle l'k· 
~ •:·: •;¡ .. ,,!\ c .11: -..tll\t' ;d! lllL· prob!t-r~h 

...... :• .:··: ·:pn·-..t·nt.nJrl!l and 1n~cr 
eil·:. .. •.::t•:r lrorn "pln'il!.'" L'/1\~." Ll'n.lt 
flli'i·:::t~~ "111··1 \\.1111 ;1 !hcon th,11·~ 

.. :::.!!:. t<t·~.J:!:. ptl\\t·rlui .1nd u)rr ... ·ct. 

.JIH~ "·' r¡¡ .. , In !llll' frc(··lumh tactlc<lf· 

gmeering talent may seem a I.Htle much 
for pickíng poi) st) Ten e cups off the 
laboratory floor-assuming, that is. the 
contamers are not glued dü\\11. \\"hen 
\\ill the llfe span of mtegrated intellige: 
systems break the ~-l:-hour barrier. an\... 
hO\\ 7 

It is tempting to behew that the nat­
ural progress of semiconductor \ÚZ· 

ardi> \\ill Jet people sol\·e problems of 
perception and reasoning by brute 
force. _.-\fter al!, as ~e\\ell says, "if not 
for the fact that \\·orkstanons ha\·e 
doublcd m pO\\er e\ er) year, \\e'd be 
dead airead)." Fas ter. cheaper chips • 
ha\ e airead y put mob!le, camera-bear­
ing robots \\ithln reach of most re­
search groups. 

In reality, ho,,·e\ er, :\e\,·ell adrmts 
that mtegratcd-Clrcun ad\·ances ha\e 
at best kept big proJeCts like 50_-\R a 
fe"- paces ahead of the knackers. He is 
not happ}· thmkmg about the perfor­
mance of S) stems containing perhaps 
200,000 rules instead of the paltry fe"­
thousand that lus machmes run today. 
i\litchell concurs: "\\'e'd hke to think 
that silicon \\ill sa\ e us. but 1t \\·on't." 

The anS\\ er msread may be nothing 
more compll'\: than tune and hard \\·ork.. 
B~ their H~r;.· nature. i\e\,ell points out, 
mtegrated mtelhgent s~ stems are jacks 
of all tracit:s-not on the forefront of 
am partJcu!Jr hcld of arof!Cial intelh .. , . ~ 

gcnce. And nO\\ th<1t planrung, natun·:> 
!Jnguagc understandmg and other di.S': 
crpl!nes h.:t\ (' mJturt:cl, he says, ") ou 
ha\ e to \1 al k a Ion~ \1 a~ to get to the 
lronucr." Kut JI artJflClal intclhgencers 
can must~.·r tlll' detcrminalion to con· 
11nuc long bt:~ ond the span of an~ sm­
gk grc~duar~ ~tudent or rcsearch gran t. 
thL'tr sJIICon b:Jbl(''> ma~ ~et grO\\ 10m· 
httbll \IOri....Hl~ bodJI..'S 

f l'l{ l'Hf.R RL-\DI:'\G 

1..:11!1\l'\tl !1"111" 1\ll\ ·\SI:-.1-\f[ \¡. 
. ..,,,~-~ 11.111.111 H.ill.ud m Ek1·enth Jnrer· 

n.H.'•'I!dl jo1111ó Con¡crt'I!Ct! orr Artificial 
f•;;,·lf;:¡,·n, ,· f'rrh'l'L'.illl!/1 ~lorgan J....auff. 
m.lnnl'ulJII .... [h'r" 1•1,..;•1. 

[)(<,ji,'\]'\(, -\l Joo'\!J\1111., ·\CI'\-1\ .. llll· 

11i;i \'\1' i'll\< Jtr 1 !1\ll\l H1<ll11t.\ lt! 

1.'\r:"l'l IU'\<, \'\ll ¡.; \CL Edur.:d b) Put· 
t!t \!,t·:~ ~JI 1 '¡:¡.,,.\ ll'~. 19:)() 

l '11 n n 1111 1 HW.., ol Coc.-.:1 1 10'. -\llr.:n 
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-\ Brr,nk .... 111 J¡,,·f¡th /nr,•nJ<I(/Oih/1 /ollt/ 
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How the popular 1-'nl.~rn,,., considerations' 

for use on mobile rnhnt~c-~~~?,~;E&~J&!~O'~ and navigation. 
b-' H.R. Evereu 
Adapted from the book Sensors for 
Mobile Robots: Theory and 
Application. published by AK Peters, 
Ltd. Wellesley. MA 
ISBN 1-56881-048-2 

T: he Polaroid ranging module is 
an active time of fl1ght (TOF) 
device developed for automatic 

camera focusíng. It determines the 
range ro target by measuring elapsed 
time between transmission of an 
ultrasonic waveform and the detected 
echo (B1ber. et al., 1980) .. Probably 
the single most significant sensor 
development from the standpoint of 
its catalytic infiuence on lhe robotics 
research communicy. thts system is 
widely found in the literature 
(Koenigsburg. 1982; Moravec & 
Elfes, 1985: Everen. 1985: Kim. 
1986: Arkin. 1989: Borenstein & 
Koren. 1990). Representative of the 
general charactenstics of a number of 
such rangmg devices, the Polaroid 
unit soared in popularity as a direct 
consequence of ir.-. extremely low cost 
(the transducer and ranging module 
circuir board are ::Jsailable for less 
than $501. made possible by h1gh-vol· 
ume usage in its origtnal application 
as a camera autofocus sensor. 

lntroduction to Sonar 
Sensors 

Al! sensor-.. ''ht:ther acti'e or pa.;;­
:-.1\l', pt:'rftlf!lltht:'ir funct1on by detect­
ing (Jnd 1n mo::.t C<.lse~ quantifying) 
the chJ.nge in ~ome specific property 
tnr propcrtit:!l) of energy. Active sen­
'nr" emlf encrg: th:ll traveb JWJ) 

frum thl· :-.l'rhllr anJ Inll'rJ¡,;t;-. \\'llh the 

Fall, 199; 

object of intcresl. ú1Ci ¡;~¡:~;~.:.J:~;C¡R~· 8t Tuve. 1979). The wave-

the energy iS fetumcd to; ~~~~~~]&~:~=~it col:: I:IUstical energy is directly 
For passive sensors; lhC's lo che speed of propaga-
monitored energy is che; · sMwn below:. 
and/or che surrouíiéling -.~~i~~~~~~;~c_;:::: 
In the case of acoustical syscOñi il --, 
must be recognized chat che medium .:_ . _ . 
of propagation can some·t¡;r;~:·ha~e- ~­
significant influence. and such effects 
must be taken into account. 

Sound is a vibratory mechanica1 
perturbarían that travels through an 
elast.Ic med1um as a longitudinal 
wave. For gases and liquids the 
velocity of wave propagation is given 
by (Pallas-Aren y & Webster. 1992): 

s=~K; 
where: 

s =. speed of propagation 
Km = bulk modulus of elasticit)' 
p = density of medium. 
S10ce the introduction of sonar in 

1918. acoustJC' wa\es ha\e beco suc­
cessfully uscd to determine the posJ­
tion, velocity, and orientation of 
underuater objects in both commer­
cia! and militar:- applicJ.tJon~ (Uinch. 
l9S) ¡ lt therdore seems only lo~ical 
we should b~ abk to tak~ advantage 
of this well-developed technology for 
dcployment on mobile robotJc vehi­
cles This seemingly natural carry­
over frum Ulh.kru·;_¡ter scenarios has 
been somewhat !Jcking. however, for 
a numbcr of reason~. The speed of 
sound in air (assume sea leve! and 
:!5::C) ¡, IIJS feet/second. while 
unJer th~ same conditions in se.:l­
\\ater 'ound tr:t\C],., 5,0)-l feet/seconJ 

Thc l?.o/Jottcs Practitioucr 

whcn:; 
• • ·).. >= -..'avelength ,, 

s -= spccd of sound ._ 
f-= opc:nsún¡; fn:qucncy. 
This relationship mcans che wa,c­

lengch for an undcrwatcr sonar oper-. 
ating at 200KHz would be appm,i­
mately 0.30 inches. while lhal a~soci­
ated with operation in air at the same 
frequency is in contrast only 0.07 
inches. As we shal\ see latei. the 
shorter lhe __ wavelength, the higher the 
achievable resolution. So in theof). 
beuer resolution should be obtainable 
wit.h sonar in air than that associated 
with operation in water. [n practice, 
however. the performance of sonar 
operating in air seems poor indeed in 
comparison to the success of under­
water rmplementatJOns, for severa! 

reasons. 
For starters. w:J.ter (be1ng basically 

incompre.ssibk) Js a much bener con­
ductive medium (for sound) than is 
air. In fact, sound waves originating 
from sources thousands of miles 
away are routmely detected in 
oceanography and military applica­
tions. One such example involves 
momtonng global warrrung (as mam­
fested in long-term variations in aver­
age sea-water temperature) by mea­
suring t.he associated change in the 
spc.::d of \\ 3\'C propJt:Jtion o ver a 
transoccanic p~Hh 

\! 
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~~~~;i~~~~i~~~,~:~~:.':~:·(~Sti]:¡;ef~-¡~1). liquid leve! mcasure· 
ment (Shirley. 1989). >afety in ter· 

for · locks around dangerous mJ.chmc:ry 
Frequency- (lrwin & Caughman. 1985 ). and e ven 

r:Jnging intrusion detection in security scenar· 

~ l~ ~~f:~' . S<!nt: ·- · 

WJ.\ -.· Jrt? betrer 

· systems are·iiéncntiy.looling ror -· -····-. Ului.sonic-based measurement sys-

fairly large discréte w¡¡ets in relative- tems ha' e found broad appeal 
ly non-if!teñc;ring surruundings. with lhroughout the industrial community 
the addcd bencfit of intcn..~I: pov.cr- for a wide \ariety of purposes such as 
fui pulse ernlllions. non-destructive tesring (Campbell. 

And finally. onc ,h,,.,¡,¡ ~ccp in 1986). industrial process control 
mind lhat untold billlon' ~.•f t.k·ff.!n:-.e (Asher. 1983). srock measurement 
dollars ha\1! bccn 1m~ ... h.·J 1.J\Cr m:lll)' 
decadcs in lhc: re:-.cJ.n.:h Jnd de,elop­
mcnt of sophisti~o:JtcJ umh:rwater sys­
tcms that inJi, iduall;. co:-\t millions of 
doi!Jn to prCX'un:. opt."r:He. and main­
tain. In contr:.~:->1. rnn ... t robutic design­
t.'L.., b..:gin to b.tiJ... v~ h.:-n thL" pnce of 
any scn,or ,un,: -.tcm begin:-. ro 
c:u:ced a few thou~J.nJ dullars. 

The r:.m~c of frcqucn~le:. gencr::lil) 
a.-;; ... ociated with hurn:..~n hl'aring runs 
from about ::w Hz to 5iomev.here 

:1rounJ ~O Kl-lz. Althoug:h sonJr sys­
tem-. ha\ e bt't'n dt:\t:loped thJt opa­
Jtr: (Jn Jlf) \~ith1n thi:- aud1ble ran~c. 
ultra:-.oni....- lr~quen._.·¡c:.; (lypi....-all: ... 
bct\\t't..'n :::o KHz :.~nJ :!00 KHLl are 
h~ f:.~r thc nw-.t \I.JJ~I: appltcJ lt i:­
intcre,ting lt' not.:. hO\I.l'\t'L ul!r:.~:-.on· 
ic frequen~ie:-. a:-. high ;.¡:.; 600 ~lH1. 
CJn be produced us¡ng: pioock....-t.ric 
quartz cryst:.1ls. \\Jth an a:-C~O....-J.Jtt:J 

\1.:.1\ekngth 1n a1r of 500 nanometcrs 

IHallid:..~y & Re~n1d:. ¡g¡..¡¡ IThb 
wa,ckngth ¡.., comp~r~1hk [(' ck·..:tn'· 
m:.~gncu..: prop:.lf:.J!Jun in the '¡-.¡hk 
hght region l'f thc l'nl'rg~ :-pc..:·1rum.) 
Ccrt;.un piczockctn-.· film-. can b~.· 

mJdl' to nbr:n::- in thc ~~~-Ihcrt..: ran\.::1.' 
iCampbell. !YS61 , , • 

ios (Smurlo & Everett, 1993). In the 
recreational electronics industry. 
major usage is seen in undef\\.·ater 
sonar for depth and fish finding 
(Frederikson & Howard. 19?~). ocd 
autornatic camera focusing (B1ber, et 
al.. 1980). Typical robotic apphca-. 
tions include collision avoidance 
(Everett. 1985 ). position location 
(Dunkin. 1985. Figueroa & Mahajan. 
199~). and Doppler velocity measure­
ments (;\lilner. 1990). 

Acnu .... tic;.t] r..1n::1n~ C:.l!l h~.· lmplc­
mt'nteJ u:-in~ tn:tn:oubtion. lllllL' nf 
tlJght!Frl'JaJI.. .. -...:n .._\: •hl\\.trJ. 197-L 
BJbt·r. el a!.. 19SO!. fr~.·qu~.·r11.:y mnJu­
latJon l~luomc. ct :d. t9S..l¡. pha.-.e· 
..;hrft lllt'..l:-.uremcnt 1 Fu\. ct al.. llJS.\. 
Flgucroa .. \:. U;,:.;b¡~,.·ri. ]t)'Jl J. or :-om~.· 
combin:1tion {lf th~.·-.c tL·~.·hnl4Lió 
(F'¡_gucroJ & Lam.Jnl.'us~L 199~ ). 
Tnangui:Hi .. m and ttnll.··nf-OJg:ht 
nlt.:t!wJ:-. t~ ¡1i;,·.J!!:. t:a;;,¡;:;; Ji:-..:rL'Il' 

Figure 1: ROBART 11. an autonomous security robotic testbed, 

zs 

employs a total of 36 Polaro1d electrostatlc transducers tor coflisJon avold­
ance, navJgatJOnal referenCJr.g. and 1ntrus10n detect10n. 
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~-:~~f;~~~-114~~~¡~¡¿;}~:-,··-;· .. '·_ 
Polarotd UltrasorilC:Rañ'giñifModule · -

The m<>SibáSi~@:~_Of@§id ranging module consists oftwo 

fundamenta! co_~~!S:~):tJ:~(uJ~jé _uansdu.:er and 2) the rangmg mod­
ule el"'tronici.'A'ai,¡c.¡0r~:iYJies is now ava!lable. In the ongmal 
in~trum~nt-gr.uk :~J"é(ti<)St~tit\imiOO;B:~~ry (hin metalized diaphragm mounred 

on a machin<-d bac:kJ>Ia,!~.f~Xi:ii~.\iye_transduw (Polaroid. 198l). A 
smaller electrostatic tiíúisihicá'OOOQ.Scries) has also been made avarlable. 
developed for thé POiaroiCi'sp¡;ar;¡:~ (Polaroid. 1987). A ruggedized 
!"1ieu'-=' 1 ~-=-~~: (":'~0-S.::ri~-~f;:n~·fR:uu·~~~~llr.m.~u .. o.:l imrudu.:~d for applications 
that may be exposed to raiii.'¡,;',í{coiéts3It spr.>y. and vi~rarion is able to meet 
or exceed guidehnes set fofth in SAE Jl4SS Januan I9SS specitication for 
heavy-duty trucks. - - . · 

The original Polaroid ranging module (607089) funeuoneJ b) transmitting a 
chirp of four di serete frequencies in thc ncighborhooJ of 50 KHz. The s¡-;"88"7 
module \\JS later deve\oped with a reduccd pan~ rount. lower powcr consump­
tion. and simplified computer int~rfac~ rcquircmcnt~. Thi~ sccond-gcner~Hion 
board transmtts onl: a single frequl!ncy at ..¡9_1 KHL A third-gcncration board 
(6500 series) introduced in 1990 pro,ided yct a furthcr n:duction in interface cir­
cuitry. with the abiliry to detect and repon multiple cchocs (PolaroiJ. 19901. An 
Ultrasonic R.::mging Developer·s Kit bas~d on thc lntcl SOC 196 microproc~""or ¡, 
now available that allows software control of tran ... mil frcqucn¡,;y. pubc v-. idth. 
blankwg time. ampilfier gain. and ::tchit:\'t:d rangc mcasurcml!nls fmm 1 in..:h tu 
50 feer (Polaroid. 1993). 

The ultrasonic ranging capability of ROBART 11 (Figure 1) is bascd cntircly on 
the Polaroid system (three 5~28827 .rang:ing module~ cach multipk:\~d w 12 
electrostatic tr~msducersl. For obstacle J\OJdJncc purpu:--c~. a fixl!d arra y of 11 
tr:msducers is installed on the front of the bod~ trunk (as shown in th~ pholo) to 
prm·ide dtst:wce mforrnation to objects in the pJth of the robot. A ring of 24 

addtt10nal raog:iog ~en:'ors ( 15 degrees apan) is mounted ju~t b~!IO\\ the robot's 
head and used to g:Jther range infonnation for position estimation. A final rang· 
1og untt is \n('ated on thl' nJtJtJng he:1d 3.'\'embl:. allcm ing for dJStancl! mca!-.urc­
nwnts ro bt: madc 10 \Jrious direcuons RdJabilit: of tht: Polaroid components 
hJs be en exceptional. \\ ith no f:J.ilures or dt:gr Jded performance of an~ type 10 
owr eight years of e\tenJeJ operauon. 

A t:ptcJl operJt!ng c:L·h? is as fol!O\\~. 
• The control circUltr: tiró tht: trJn'iducer and \\JÍl~ for an indll:'atlon that 

transmission h.:l'\ b~~un. 
• Th~ rece]\-ú ¡..., bl:mkcd for a short pt:nod of tlml! to pre\ ent fals~! detecuon 

dul! to residuJI trJnsmll :-.tgnJI nngmg in th~ trJn:-.ducl!r. 
• Thc rec~J\'ed :-.tgnJ! .... are ~unplitied \\'Hh tncreJ...,t:J g:tin 0\er time to compen­

SJt~ for tht: dt:creJ:--L' in 'ounJ Jnten .... it\ with distan~,·~!. 
• Retum1og cchot:s thJI t:.\Cei!J J tJ.,~J-thre~huiJ \':.dut: Jrt: recorded and the 

aSSlKtJtt:d di:-.l...ln~..·ó CJkulated from t:Jap,t:J timt: 

_1 
""1"'·'"" 'li!lll~!l~l6 Pulses 

TR~NS~! i ( 1 Ni) _.Jjl~.!!é:!11.:.:__:.:.:_~----------------

BlNK ---------

~ 1 r<. T) 
_j 

''"0 ------­
Figure 2: Timing d1agrams lar the 6500-Senes Sonar Ranging Module 
executmg a muff¡pfe-echo-mode cycte w1th blanA·mg tnput (courtesy 
Polaro1d Corp). 

Fall, 199:; T11e 1\ohntic-:> Jlractitioncr 

In the single-echo mode of opera­
tion for the 6500-series module. the 
blank (BLNK) and blank-inhibit 
(BINH) lines are held Iow as the initi­
ate (INIT) line goes high to trigger 
the ourgoing pulse train. The mtemal 
blanlung (BLANKJNG) signa! auto­
matically goes high for 2.38 millisec­
onds to prevent transducer ringing 
from being misinterpreted as a 
retumed echo. Once a valid retum is 
received. the echo (ECHO) output . 
\\ ill latch high until reset by a high­
to-low transition on 1!\IT. For multi­
ple-echo processing. the blank 
(BLNK) input must be toggled high 
for at least O . .W milliseconds after 
derection of the first re tu m signal to 
reset the echo output for the next 
retum as shown in Figure 2 (Polaroid. 
1990). 

Performance Factors 
There are three b::tsic types of ultra­

sanie tr:msducers: 1) mJgnetostnc­
ti\c. 2) piezoelectric. and 3) electro­
sratic _ The first of these categories. 
m:12netostricti\e, is primaril~- used in 
high-power sonar and ultrasonic 
cleaning applications (Campbell. 
1986). and is of limited utilit} from a 
mobile robotics perspectl\'e!;· 
P1ez~Jectric trJnsduc~rs (scimettmes 
referrcd to J.S piezoceramic)":'-are e lec­
trie al! y similar to quanz crystals and 
re!-.onant at-.onl~ t\\O frequencies: the 
resonant and antiresonant frequercies 
(Pletta. er aL 1992). Transmission is 
most efficient at the resonant frequen· 
cy while optimum receiving sensltJ\ 1-

t)' occurs at the antiresonant frequen­
cy (¡.;arional. 19891. In bistatic (dual 
rr::msducer) sysrems. thc resonant fn:­
quency of the transmitting transducer 
is matched to the antiresonant fre­
queocy of the recet\er for optinul 
perfonnance. 

Pic::zoclectric crystals change 
dimension under tht: influence of ~n 
e\ternJI electncal potenual and wi\1 
begm to vibrare if the apphed poten­
ti:.II i:-. maJe to oscil!ate at the Cf]:.­

tal"s rc~onJrlt frcqueoL·y. \\'htlt: the 
force genaated can be signttlcant. the 
d1spbcemcnt of the oscillations is 
typ!cally very smJ!I. and so piezo­
ekctric trJn..,ducers tend to couple 
\\el! tn soJtd.., .:md !Jqu1dS but rathcr 

poorly to lo\'.'·dcnsity compn:ssibk 

·' 
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media such as air (Campbell, !986). 
Fox, et al. (1983) report using a quar­
ter-wavelength silicon-rubber match­
ing !ayer on the front face of the 
transducer in an attempt to achieve 

better coupling into air at operating 
frequencies of 1 to 2 MHz. There is 
also a mechanical inenia associated 
with the vibrating piezoelecrric crys­
tal. As a consequence. such transduc­
ers will display sorne !Jtenc) (typical­
ly severa! cycles) in reaching full 
power. and tend to .. ring down .. 
longer as well when the excttation 
voltage is remo,·ed. 

Electrostatic tran~Ju .. ·ers. on the 
other hand. gener:.He small forces but 
have a fairly large disp!Jcement 
amplnude. and rherdore couple more 
efficiently to a compressible medium 
such as air than do p¡ezoelectric 
devices. The low-inema foil mem­
brane allows for qu1.:ker turn-on and 
tu m-off ¡n comparison ro the slow 
rt!sponse of piezoeh~¡;rncs. facilitaring 
unamb1guous short-dur::nion pulses 
for improvcd hming: accuracy 
rCampbell. 1986). Since effecti,·e 
operation 1s not limit~d toa umquc 
resonancc frcquenc;. ekctrostatic 
transducers :::tre mu..:h ffiLXe broad­
band. but with an upper limit of SC\'­

er:tl hundred kilohenz in contrast to 
megahertz for thc p¡e¿u-:kctric \:lri­
ety. 

In :..tJduion to tr:In:;;d-,.1\:er design 
COOSÍderJttOOc;;, the rL'Tf0nnance Of 
ultr:..tsonic r;mging :;;ystems 1~ s¡gniti­
cantly affectcd b;. t:1rg.et characteris­
tJCS (i.e .. absorption. rdlectivity. 
dtrccti\ itj) anJ e m ironmentJI phe­
ntJmena. as wtll be tÍJ:'CUüed belo\1. 

Atmospheric Attenuation. Asan 
acoustical wa\e tfJ\els awJy from ih 
source. the signJI pm~ er JecreJse~ 
accord1ng to the 1merse square IJ\\ :.b 

illustr~Hed tn Figure .3. Jmpping 6 Jf3 
J~ the diqance from th(.' :-.our •. :r.: i:-. 
douhkJ (~la & ~b. 198-IJ The fol­
lowing de:-.cnhe~ the efle~..·t:-. of sphen· 
C;.t] dJ\crgence on sigt1:1l imensit;: 

1 = --,---.:1 ''::-' .,.. 
4 r. R' 

where: 

1 = intensuy (pLmer per unLI arca) at 
d1stance R 

30 

¡,, = maximum (initial) intensity 
R = range. 
Thcre is also an exponential loss 

associated with molecular absorption 
of sound energy by the medium irself 
IP.>llas-Areny & Webster, 1992): 

1 = 1 e-""R 
ú 

where: 

a = attenuation coefficient for 
m.:J¡unL 

The value of a varies slightly \\Ith 

the humidity and dust content of the 
air and is a function of the operating 
frequenc: as well (i.e., h1gher fre­
quency transmissions anenuate at a 
faster rate). The maximum detection 

range for an ultras6nic sensor is thus 
dependent on both the emitted pov.er 
and frequency of operation: the 
lower the frequency, the longer the 
range. 

The maximum theoretical attenua­
tion for ultrasonic energy can be 
approximated by (Shirley. 1989): 

f a =--
m" lOO 

whcre: 
amJ' = mJx.lmum attenuation in 

dB/foot 
f = operaung frequency in K Hz. 

For a 20-KHz tr::msmissJOn. a typi­
cJI ab~orption fac10r in air is approxJ­
mately 0.02 dB/foot. whlie at .JO KHz 
lmsc~ run between O 06 Jnd 0.09 
dBifoot l~la & ~la. 198-lJ 

Combimng the above sphencal­
dJverg:ence and molecular-absorption 
anenuJtion bctor:-. result'i in the fol­
]owtng goveming: equauon for inten-

-~ 
~\ 

_..--_I \ : 
--~-----A 1 ' . -- ) ) o--<::'-----.--------
------¡;~( 

1 o~ 

Figure 3: Negleclmg atmos­
pheric attenuation. the total ener­
gy f!owmg wtthm the cone OABCD 
ts mdependent of the dtstance al 
whtch it ts measured, whereas the 
intensity per untt area fafls off with 
the square of R (adapted from 
Feynman. el al., 1963) 

Tl;c Hobotics Practitinm•r 

sity as a function of distance R from 
the source: 

f -'laR 

1 = o e 
4n R' 

Note that in this expression, which 

does not yet take into consideration 
any interaction with the target sur­
face. intensity falls off with the 

square of the distance. 

Target Reflectivity. The totality of 
all energy incident upon a target 
object is either reflected .or absorbed; 
be it acoustical, optical. or RF in 
nature. The directivity of the ta.rget 
surface determines how much of the 
reflected energy is directed back 
to\vards the transducer. Since most 
objects scaner the sig:nal m an 
isotropic fashion. the returning echo 
agam d1ssipates in accordance wHh 
the inverse square la\\ (Biber. et al., 

1980). introducing an additional .JnR' 
term in the denominator of the preví· 
ous equation for intensity. In addi­
tion, a new factor Kr must be intro­
duced in the numer.:uor lO account for 
reflectivity of the target: 

K 1 -OaR 
r o e 

1 
16n' R' 

\\ here: 
Kr = coeffic1em of rdlectJon. 
This coeffic1ent of reflecuon for a 

p!Jnar wave arriving normal lO a pl:.l­
nar object surface is f!l\ en by (Pallas· 
Arenv & Webster. 1992) 

1 (z-z)' K - r- ¡: O 

' 1, Z., + Z, 

where: 
J.= retlectcd mtensity 
/1 = incident intensity 
Z: = acoustic impedance for air 
z, = acoustic impedance for the tar· 

gel ObjCC{ 
The bigger the impedance mismatch 

between the two media, the more 
energy will be reflected back ro the 
~ource. In industnal applications. this 
rhent)fllCOOn aiJU\1. S tan k leve! mea­
:-.uf~o.'ntt:nt In be accompl!shed using an 
ultrJ~omc transduccr 111 air looking 
dov. n on the liquid suriace, or alter· 
natJ\ely an immerseJ transducer 
\ooJ...ing upward at the tluid/air inter­
fJce. 
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Fi~~~~'4t}~¡fi¿Ú~ImJ;iding ~ ~~~th ~urtace as shown wi/1 gen-
. eral/y bOÚnéé'Ead('ió'Wáfdi.¡i§'origin, whereas a ba/1 much larger in diam­
eter /han /he sawtootf] 'dímlmsion d wi// bounce away in specular fasion. 

Figure 5: As the angle of inci­
dence decreases below a certain 
critica/ angle, reflected energy no 
/onger returns lo the transducer. 

lvlost targets are specubr in nature 
with respect to rhe relatively long 
wavelength (roughly 0.25 inch at 50 
KHz) of ulrrasonic energy. as 
opposed to be10g diffuse. In the case 
of specular retlection. the angle of 
reflection is equal to the angle of 
incidence. whereas for diffuse reflec­
tion energy is scanaed in various 
directions b) surfJce irregubriues 
equal to or larga than the wavelength 
of mcident radiation. Lambenian sur­
faces are ideal diffuse reflectors that 
in theory sc.:ttter energy v. ith e qua! 
probabiluy in al! directions (Jarvis. 
1983). 

To den~lop a more or kss intuiti\':~· 
appreciation for this rel.:ltionship tu 
v.avelength. "is perhaps helpful to 
consider the analog:y of a pair of rub­
ber balls impacttng a hypothetical 
surfacc with tht: SJ\\'toOth protik 
sho\~ n in Ftg:urc ~ As~ume one ball 
is approximatel: an in(h in diJ.mcter. 
whilc the other is J much largcr b~l."­
ketball. If the SJ\\'tomh dtmenston d 

is in the same nc-ighborhood a.;; the 
dwmeter of thc smallt•r b:.1ll. then 
there ts a good chancc thts bal! '' hen 
approJ.ching the surface at sorne 
angle of incidencc e\\ ill bounce bac~ 
wwards its originas shown in Figure 
4:\. Thi' ts bi.'CIU~I.:' on the "cah: of 
thL' :»mallcr h.lil. tht.: surfact' ha:-. J stg­
nificam nom1al componen!. On the 
other hand. when the basketball 
tmpacts this sav.tooth surface \nth 
thc samc angle of tnL·idcnce. thc sur­
fact: trn:gularitió are (l)O ~mal! with 
n:spcct to tht: h .. i/1 t.kllllL'It:r lo ht· 
efft:L·u \e The b.1sketh: . .d l therl'lore 
deflect~ in a .\pecubr m~lnn('r as 
shown in F1gun: 48. 

A familiJr ex.::tmpk of this effect ar 
<lJ111c:!l wa\'elen~th" CJn he sccn whL'n 

B 

the bcam of an ordinal)· fla.-;hlight is 
pointed towards a wall mirrur at 
roughl: a -l.S-degrce anglc. The foot· 
print of illumination on lhe mirror 
surface is nm \·isibh!. becausc all the 
light energy is detlected awa: in a 
specular fashion. In mher words, you 
cJn·r see the tlashlight spot on the 
mirror itself. Now suppose the flash­
light is red1rected slightly towards the 
wall adjacent to the mirror. The spot 
of light shows up clearly on the wall 
surface. which is Lambenian in . 
nature with respecr to the wavelength 
of light. The wall is thus a diffuse 
reflector as opposed to a specular 
reflector for optical energy. 

\\"hen the angle of incidence of a 
sonar beam decreases below a certain 
cmical value. the retlected energy 
does not retum to strike the transduc­
er. The ob\'ious reJson for th1s effect 
is the nonnal component fa lis off as 
the angle of 1ncidence becomes more 
shai!O\\, as illustrated in Figure 5. 

··~ Centel'l troe 

This criti~al angl~ is a function of rhe 
operating fr~quenc: chosen and the 
wpugrJph¡,,:al characteristics of the 
target surf;.¡c~ 

For rhe Pobroid electrostatic tr.:ms­
ducers this an~!le tu m:' out 'to be 
approximatel)- 65 degrees (!.e .. 25 
degrees off nonnJ!) for n nJt target 
surface made up of unfimshed ply­
wood. Transducer offset frorn the · 
nonnal will result in t:llher a fa] se 
echo as detlected enag~ retums lO 

the detector O\'CT ~m elongated path. 
or no echo as the detlected beam dis· 
sipates. In Figure 5 :-~~.\~\e, the rang· 
ing system would not :-ee the wall 
and indicaTe instead m::rximum range. 
whereas in Figure 6 tht' r:mge report~ 
ed v. ould rt:Oect the total round trip 

Figure 6: Oue to specu/ar reflect¡on, the measured range would repre­
sen! the round trip distance through points A. 8, ande as opposed to the 
actual d1stance between A and 8 (adapted from Everett. 1985). 

Barrel 

e 

~-Ar-----------~-------------8-vsox 

Tltt' J\obotics J>r.¡ctiticmcr 



through points A. B. and C as 
opposed to justA and B. 

\\"hen the [;rst protot~ pe of the 
(\.lobik Detection Assessment 
Response System (t>ID.-\RS¡ interior 
robot (Figure 7) was dehYered to 

anoth.:or gmemment !Jboratory for 
fonnal Technical Feasibility Tesung 
in early 1991 (Holland. et al.. 1995; 
Laird, et al.. 1995). the narrow-beam 
culilsion 3\ oidance sonJ.r arra y expe­
rienced significant problems m the 
form of fa1se echo detections. These 
erroneous sonar reJdings \\ere quick-
1; seen to correl::ue \\ ith rhe presence 
of exp:1ns10n joint.S m the concrete 
floor surface of the test facilit) The 
transducers in the fof\\ :1rd-Jooklng: 
arra y were purposely mstalled with a 
7-degree dm\n ang:le to 1ncrease the 
probabillt; of detecuon for lov.-lying 
obstrucrions. Th1s approach had 
v.orked H~r: well in our building O\·er 
months of e\tenJed opaations. 
because the smoorh tloors \'.ere \er: 
specular target.;; \\Hh no signiticant 
dtsconttnutti~s. An O\emight field 
ch:mge rcahgning thc sonar bcams to 

a horizontJI orlcntJtJon \\as requm~d 
~o rc:~ohe thr: problem (E\·crett. et al.. 
19r.J~). 

:-\ny·stgntti,:ant absorpuon can 
rc:-,ult 111 .1 reJu.:tJt)fl of the relle~..:ted 

\\:.!\t' intenc-lt; \\ith an ad\·crse tmp:.:tct 
on ~y.stt:"m rt:"rf,1m1:.1nce. Fl1r e\:.:tm· 
pk. th~ Pobroid ultíJ:\onic sy"tem 
tus :.:tn 3.J\t:'r1t,eJ rJn~o:: ('\( J5 ket. In 
tc:-.ung thl' :-c~.-·urit; m,,!..lule L'fl thc 
i\10:\RS fl'blH. ht)\\1.'\t.'L \''-' founJ it 
\\3.:- dirTtcult w pt.:K ur :1n :.:t\t:rJge 
~tze pL"r ... on :-IJnJn¡g upri_:;ht mu~.-·h 

bo:.·;onJ a di:-lJih.L" llf ~-~ t'et:"t. Harder 
tJ.rgL"t:- of ,m,!lh.·r ~.-·rp,,-:-e.:tam~.d are J. 

on !ht..• nthcr h.tnJ. ~.-·uu]J bo:..- :-cen out 
to thl..' m:.:t\tnwrn ltm1t 

Th .. · ~!llli\Ullt ~~r cner_:::; ,_.,,urkJ tll!l\ 

th._· I:tr.::._·¡ 'urt.h.\: 11 ,_. a[-...,,lrr~.·d) \1,.'r· 

:-.u, th:.!: rel1~·~·t..:d ¡, n.~,¡~·-111; J-.·t~.:r· 

Figure 7: Tne early feasibifity 
prototype of tne I.IDARS 1ntenor 
robot employed nme Polaro1d 
etectrosttc sensors m a forward· 
lookmg coi/Jsion avo1dance array. 
as well as 2..: addi!JOnal senso.~s t:; 

a 360-degree arra y for ultrasonic 
mot1on detection (courtesy Naval 
Command Control and Ocean 
Surve!llance Center) 

3:> 

mined by the difference in acoustic 
iinpedance Z between the propagation 
medium (air) and the target object 
itse1f. Typical Yalues forZare 1isted 
in Table l. Max.imum transmission 
of energy occurs in the case of a fully 
homogeneous medium \\he re Z is 
uniform throughout. For non-homo­
geneous siruations involving an inter­
face between t\\O dissimilar media. 
effectiYe couphng falls off (and. 
rdlecu\·iry subsequently goes up) as 
the differential m Z increases. Thc­
codticient of transmission for a p!J­
nar wa\e incident u pon aplanar tar­
get in a direction nonnal to the target 
surface is gh·en by (Pallas.:Aren:-- & 
\\'ebster. 199c 1: 

where: 

171t' Uohotics Jlractitwncr 

Kr = coefficient of transmission 
(absorption) 

!: = transmitted intensit; 
/1 = incident intensity 
Za = acoustic impedance for air 
Zo = acoustic impedance for the tar­

get object. 
The orií::!inal Polaroid rangmg mod­

ule trans~itted a 1-millisecond chirp 
consisting of four discrt:"te frequcn­
CJes: 8 cycles at 60 K Hz. S cyc les at 
56 KHz. 16 cvcles at 5c.5 KHz. and 
24 cvcles at 49.41 K Hz (Biber. et al.. 
198Ó) This technique "as employéd 
to increase the prob<.~b!lit; of signa! 
reflection from the t::trget. since cer· 
tain surface characteristics could the­
oretically absorb a single-frequency 
wa\·efonn. preventing derection. In 
actual practice such frequency-depen­
dent effects rarely arose, suggesting 
th1s aspect of the absorption problem 
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had bee~ ·~m~what ovr=ti~ In 
fact, PolarOid'~ impru,_~J ._.~ of 
the ranging module circuit' bOard. ihe 
SN28827, operated ata single f're­
quency of 49.1 KHz. 

M y daughter Rebccca compiled a 
~ignificam amount of ~mpiricaJ data 
tn 1993 as pan of her high school sci­
ence fair project entitled Dt!renninin~ 
the Accuracy of an Ultrasonic ... 
Ranging Sensor (Figure 8 ). One of 
her tests investigated the reflecti,e 
properties of vanous target surface.s 
measuring 16 by 24 1nches. The tar· 
gets were maintained normal w a 
temperature-cornpensated Polaroid 
sensor (a Digitape ultrasonic tape 
measuring unit distributed by 
Houseworks) mounted 14 inches 
above a smooth concrete floor. 
Starting at a point beyond the maxi· 
mum range of detection. the distance 
between the sensor and target was 
decreased in l·foot incremems until a 
vahd range readtng was obtained. 
The tablc (Table 2¡ is reproduced 
here with her penniss10n. 

A ir Turbulence. Turbulence dueto 
w1nd anJ temperJture \Jriations can 
cause bend1ng or d1stonion ot 
acousticJ.I energy tra\·ellng through 
atr (Shirley. 1989). Wmd dtrection 
and velocity can.ha\·e a noticeable 

push or d~..·by effect on the \\'3\C' 

propaga11on velocity. more rek\·ant in 
thc ca~c of outdL~Or \e hieles. 
Consideration 0f wind·effect erTors 
must a !so treat cro::.sv. inJ componenrs 
in add1t10n to thü::.e \\ hich tra\·eJ on a 

Table 1: Typical values of acoustical impedance (Z) lar various con­

ducting media (adapted with permfssion from Bolz & 7uve, 1979, © CRC 
Press, Boca Raton, FL; and Pallas-Areny & Webster, 1992).· · 

Medium z Units 

A ir 4.3 X IO·-l million Pascal-seconds/meter 

Cork LO million Pascal-seconds/meter 

Wat~r 1.5 million Pascal-seconds/meter 

Human tissue 1.6 million Pascal-seconds/meter 

Rubbcr 3.0 million Pascal-seconds/meter 

Glass 13 million Pascal-seconds/meter 

Aluminum 17 million Pascal-seconds/meter 

Steel 45 million Pascal-seconds/meter 

Gold 6,_5 million Pascal-seconds/meter 

parJ.lld ~Lh either with or against the 
wavefront. Crosswind effel2'tS can 
cause the bt:arn center to bt: offset 
frorn its targeted dircction. dirninish 
the intensity of rctumed echt~:-. and 
result in a slightly lnngcr be ..1m path 
dueto deflection. 

In general, little effon is maJe in 
the case of rnobilc roboti.; appli..:J­
tions to correct for such erro~. Th1:-. 
is probably due to the fact that ultra­
sanie ranging is rnost y, idely 
employed tn tndoor sc::-:1:!:ios \':h:.:rc 
the effects of air turbulence are mini· 
mJI. unless extreme mea~uremcnt 
accurJC] is desired. In addition. there 
is real\ y no practical wa: to n:liJbly 
md~ure the phenomena responstble 
for the interference, and so compen· 
sauon i:-. generally limited to averJg· 
1ng O\er muluple readmgs. This 
approach mtroduces a coordin&te 
transforma ti un requiremem in the. 

case of a moving platfonn. since rh~ 
slow speed of sound limits effective 
updJte rates to roughly 2 Hz (i.e., sin· 
gle transctu'cer. assuming :!S feet max­
imum range). Faster updates are pos· 
sible if the system is r:.mge·gated to 

sorne lesser d1stance l Gilbreath & 
E\OfCll. 1988). 

Temperature. Recall the earlier 
expression for \\J\'e propagation 
spced (s) in a gas. as a function of 
tk•n:-.ity p anJ bulk modulus of ebs· 
tJ..:Jt) Km: 

{FC' 
s=fp 

" S1nce both of thc:-.c parJmeta:; 
chang:e \\ it_b temperature. the speed of 
:-.ound m air is abo tcmperarure 
dependent (Palla,·Areny & \\'eb,tcr. 
1992!. and tri fact dtrectly proportion­
al w the square root of temperature in 

~~, .. ~g 

Figure 8: 

•e~•'' e# 
110 '.1. Tl.t:.C'f<OC 

·~:,....-..o.. 

Rebecca Everett checked the 
accuracy of the Polaroid sensor m measunng 
the d1Stance to a vanety ot surfaces tor her sci· 
ence pro¡ect 

Table 2: Maximum detection ranges for standardized 16- by 
24-mch cross-sectJOns of vanous matenals. 

Surfa~e Distance Reading !.!nits 

Plywood 24 2-+.2 feet 
Towel 22 22.3 feet 
Underside of rug 16 16.3 feet 
Foam 13 13.3 fect 
Pillow 9 94 feet 
Blanket 8 8.4 feet 

Top of rug 3 3.6 feet 

Fall, J9'Jo Tlzc 1\ohotics Practitiollt'r 
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·deg=s Rankino ¡E,crott. 1985): 

s=..JgkRT 

where: 
s = Spéed of sounJ 
g = gravitationJ! conq:mt 
k= ratio of speclfi.: h~ah 
R = gas constJnt 
T = temperature in d~gree:- R . .mkine 

(F + ~6G;. 
For temperature \·JriJ.tions ryp¡cally 

encountered in indoor robotic ranging 
applications. Lhi5 dept!ndence results 
in a stgniticant dk-.·t t!\Cn consider­
ing the short d1~un.:::- .. Jn\Ol\ed. A 
temperaturc ch:.1n~t! O\ a the not unre­
alisiJc span of 60' to 90'F can pro­
duce a range error as l.:lrge as 12 inch­
es at a distance of 35 ft!et 
Fortun:Hely. this situation can be 
remed1ed through the use of a correc­
tion [Jctor based u pon the actual 
ambtent temperature. availJ.bie from 
an externa! ::.en!)or mounted on the 
robot. The fonnub ts simply: 

R =R Jf" ,: n: T ,. 

whcre: 
R,¡ = a~..:tu:.~J ran~c 

Rm = mca..,ured r.1n~c 
T,; = a-.·w:.~l tcmpc'rature ¡n degree,.; 

RJnkine 
T = cahbration temperature in 

degree:, Ranh.ine 

The po~stbilJt~ do.:~ :>till exi~t. h0\\­
ever. for temperJture gr:.H.Itents 
between the sen,.;or and the tJ.rget to 
introdu.:-e range crrors. ~ince the cor­
rt!ctJon f:.tctor i:-. ha~cd on the ac!Ual 
tempt:r:.Iture in thc' Imrncút:.Ite \ i...:tnit: 
of thc ~en~or onl:. A .. In tht: ca .. r.: uf 
atr turhukn .. ·e. thae i~ gcna:J.l\y lttth.· 
recoursr.: 0thcr thJn J\'t:ra~tng multi­
pk rcaJtn~.. (.';~111\t.' indu-.trial .!pph­
Cl!H'll" pnn tJt.• .! lt.'lllPt.'l:.IIUrt.'-.,t.lhl­

ilzed ~..:olumn of :.ttr u .. ing :.1 ~rt1:.11l 

blower or fJn ) 

Beam Geometry. Sti\1 anothr.:r 1~¡..­
tor to cnn .. Ider ¡., tht . .' bt:~ml"Idth (\r 
thr.: :.r.:k .. ·t·:J tr.111 .. Ju.:-r.:r. dclinr.:J :1 .. tht.· 

anf!k h~.·t,~-.·cn tlw ptlinh .:u\\ hi .. :h th~,.· 

'iuun..! t,'l'-'· ..::-)u .. r.~·~.·n r~·Ju...:r.:J 111 h.dt 
l-3 dB1 1t .. pt.'J~. \.duc fShtrk:. \9S9¡ 
Thi:-. fonn:.1l dr.:fwitt1lll ÚPI.':-. Olll 

J!w:.Iys m:.tp di:-t:.:tl: tnto Jny u .. cful 
pJrarnr.:tcr 111 rt.':d \\1•!\d u~.J_::~.·. hn\\. 

ever. \\'hat is generally of more con­
cero can be bener described as the 
effective beamwidlh, or the beam 
geomet.ry constraints within which 
objects are reliably detected. 
(Reliable detecuon. of course, is also 
very much dependent on the size and 
shape of the object.) The width of 
the beam is determined by the trans­
ducer dbmeter and the operating fre­
quenc:. The higher the frequency of 
the emitted energy. the narrower and 
more directional the beam. and hence 
the gre:1ter the angular resolution. 
Reco.ll. howe\'er. an increase in fre­
quency CJuses a correspondmg 
increase tn Signa! attenuation in air 
and decreases the max1mum range of 
the system. 

The \\J\'elength of acoustical ener­
gy is in\'ersely proportional to fre­
quency as shown below· 

S 
}.=-

! 
where· 
). = \\ 2-H:Iength 

s = speed of sound 
f = operJting frequency. 
The beam-d1spcrsion 3.ng!e is 

dirc('tl> pnJportion:.Il to this transmis­
sion \\3.\ekngth (Bro"··n. 1985). 

e= 1.12 i. 
d 

whc'r~. 

8 = dC:-.lrCJ dJ:>.rcr~tOn ang\e 
i. = :.h.'I...'US{Ít.' \\':.1\ ~kngth 

d = tr:m"ducer d!.Jmt:ter 
Thc :.lt'~)\ e rcbtion:-.hip c3.n be tntu-

itivel y visualized by considering the 
limiting case where d approac hes 
zero. Such a hypotheucal device 
would theoretically funcuon as a 
point source. emitting energy of equal 
maonitude in al! directions. As d is e 
increased. the device can be constd-
ered a p!anar arra y of point sources 
clustered together in circular fashion. 

For this configuration. the emitted 
energy wil\ be in·phase and at maxi­
mum intensity only along a surface 
normal. Destructive interference 
from adjacent point sources c:.Iuses 
the beam intensity to fall off raptdly 
to either side. up to sorne local mini­
mum value as shown in Figure 9. 
Construclive interference then occurs 
past this minimum point. resulting in 
the presence of side !abes. 

Shirley ( 1')89) detines the spol 
diameter that is insonified by the 
ultrasonic beam (i.e., footprint of the 
~nctdent beam at the target surface) in 
tenns of th!S bcafn-dispersion angle 8 
(Figure 1 0): 

e 
D=2Rtan­

~ 

where: 
D = spot diameter 
R = target r:.tnge. 
Best resu\ts are obt:1med when the 

bt!am centerline is maint3.ined norrnJl 
to the target surface. As the angle of 
inciden ce varit?s from the perpendJcu­
!Jr. note th¿:- r:.1nge a.:-tually being 

measured does not ah\ Jys correspond 
to th:.It assocJ:.Ited \\ Jth the beam cen­
terline (Figure 1 1 ). The beam is 

f"'IC.0.l lt ...... rATTlii.H 
ATioO•H.o 

No" dB nor,...,.lll..:IIO on .... ,,. ,_tPOf', 

Figure 9: Constructive interference resufts in maxtmum power in the 
main fobe a long the beam center axts (courtesy of Polaro;d Corp) 
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only way to improve resolution other­

wise is to decreasc the individual 

beamwidths by increasing the operat­
ing frequency, changing transducers. 

or through acoustical focusing. Sorne 

designs achieve this effect through 
use of an attachable hom that caneen­

trates the energy into a tighter. more 

powerful beam (Shirley. 1989). 

Figure 10: The diameter of the insonified tootprint at the target sur­
tace, assuming normal incidence. 

A number of factors must be con­

sidered when choosing the optirnal 

beam" idth for a particular applica- . 
tion. A nJ.rrow beamv. idth will not 
detl!Ct unwanted obJeCts to either side. 

is less susceptible to background 
noise. and can achieve greater ranges 
smce tht! energy IS more concentrated 

(Shirlev. 1989). On the other hand. 
for colÍision J.\Oidance apphcations it 
is often de~irable to derect any and all 
objects in front of the robot. and since 
extremely long range:-. :.1re not usual! y 
required. a wtde-ang!e transducer 

m:.1y be a more optlmJI choice 
(Hammond. 1993). When comparing 

a single transducer of c:ilch type. the 

use of a w1de beamwidth will 
improve chances of targct detection 

dueto the greater likehhood of sorne 
portian of the beam encountenng a 

surface nonnal conditton as seen m 
Ftgure 13. Admittt!dly this obser\'a­

tion is a bit ltke s:1ying the wider thc 

beJ.m, the more ch;mce of hittmg a 
target. Taken to the extreme. ah: po­

thetical 360-degree field-of-view 
transducer is clearl: of rather hm1ted 

utilny due to the total lack of 
J.ZtmuthJ.I infonnation regJ.rding tht: 

target's whereabouts 

reflected first from the ponion of the 
target closesr to the sensor. For a 30-
degree bea.m-d!spersion angle at a 
distance of 15 feet from a tlat target. 
with an angle of Incidence of 70 

degrees with respect to normal. the 
theoretical error could be as much as 
1 O inches. The actualline of mea­
surement intersects the target surface 

at point B as. opposed to pmnt A. 
Effective bcamv.:idth introduces 

some uncertainty m the perceived dis­

tance to an object from the sensor but 
an even greí.lter uncenainty m the 

angular resolution of the object"s 
posiuon. A very narrow target. such 
as a vertical pole, v.ould ha\·e a rela­
tÍ\cd; L.1rg~ a:')~o~.:iatr:J regían of floor 

spacc that \\ould essentially appear to 

the sensor to be obstructed \Vorse 
yet. a 3-foot doorwa: ffi3.Y not be dis­
cemtbk 3t all when only 6 feet away. 

~imply h~cau~e at th:u dtstance the 
b-::1m 1~ wtJer than the door opening. 

lmprmeJ angulJ.r resolution can 

someumes be obtatned through beam 

Figure 11: Ulrrasonic ranging 
error due to beam d1vergence 
results 1n a shorter range mea­
surement to the target surtace at 
B 1nstead of the des1red read1ng to 
pomtA 

Foil, 199'i 

splming. a technique that involves the 

use of two or more transducers with 

panially overlapping beam pattems. 
Figure 1 ~ shows hov. for the simplest 
case of tv.o Lransducer.;, twicc: thc: 
angular resolution can be obtained 
along with a 50-percent incrc:ase in 
coverage area. 1( the target is detect­
ed by both sensors A and B. then it 

tor at least a portian of it) must lie in 
the region of overlap shown by the 
shaded urea. lf detected by A but not 

B. then it lies in the region at the top 

of the figure. and so on. Increasing 
the number of sensors with O\·erlap­

ping beam parteros decreases the size 

of the respective reg10ns. and thus 

m.:reascs thc angular rcsoiULion 
h should be noted. however. that 

thts increase in angular resolution is 
ltm!ted h.' the case of a dtscrete target 

1n re!Jti\el~ uncluttered surround10gs. 

such as a metal pole supporting an 
0\ erheJJ il'lJd ora Ion e ho\ tn the 

mtJJk of the tloor i\o 1mpro\ement 

ts seen for thc: c:.1sc of an opening 
~mJlkr thJn Jn tnJi\ tduJI 

beJffi\'IJth. such J:- J door\\3~ The 
t>nBrt: h~.·.ml frum at \eJ't on~ sensor 

m u,¡ PJ" throu~h tht: opentnf \\ nh­
out :-trl~in~ c:Ltha :-.iJt: tn order f{1r 

tht: ort'ntn:; 10 ht..' dt..'tt:CteJ. and the 

Alternati\·ely. an equivalent surface­

nomlal condltion can b~ realized 
usmg a c: lmdnc:J\ arra y of narrO\\-

Target 

Figure 12: Beam-splitting techmques using two or more sensors can 
1:npcove angular resolution for dtscrete targets (adapted from Everett, 
1985) 
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Figure 13: A wide-angle transducer (A) has a greater chance of 
encountering a surface normal conditJOn than a single narrow-beam 
transducer (8). but at the expense of reduced angular resolution and 
eltective range. A more opt1mal configuratJOn is presentad in (C), ata 
slight cost ro sysrem update rate. 

~J.m tr.m,Ju~.:cr-. !\' .!,:hi~.·~.~ thc- same 
\Oiumc:tric cn\t:rJgt.: J-. il!ustrated m 
Figurc- 13C. Thh 3pproach offer~ the 
adJcd ad1.antJg~ of signiticantly 
imprm~d ~mgubr resolution but at the 
C:'tpc:n't: ora si O\\ ~r 0\'t!fJll update 
ratc:. Thc ~10.-\RS Interior rObot uses 
:.J cornbinJtHm of widc:-angle piezo­
electric sonars operJting ata frequen­
cy of 75 K Hz for rimel y obstach: 
dctection co1.erage. anda mne-ek­
ment arra y of narrow-beJm Polaroid 
ekctro-;Ult!C tr3.nsducer~ oper:Hing at 

-t9A KH1. w support intelllgent obsta­
eh: a\ O! dance. DC"tection of an;. 
potentiJ.I ob~trucrions hy eitht:r typc 
of :.onar cau~es the pbtlonn to slow 
to a speed c0mmen:.urJte \\ ith thc: 
n:.trrow-bc3m upd:Ht: r~tt:. \~ hcrcupon 
thc htgh-re ... oluuon Pt1bwid dJtJ ¡, 
u~cd 10 fnrmubte an appropnJte 
J.\ OH.bnce mJneu\·a. 

Noise. Borl'n:->tcin & Kllr~:.·n ( 1992 ¡ 
of the Lini,er.;Jr: of \lll'higan :\Iobik 
Robouc-. Lab ddine thre:.: typc-~ of 
noise affl'cting the pt:rfonnanl.'t' of 
ultra,oni<: ~cn:-or-; 

• Em·irnnfllt'rlfol nni.11' r~;.·..,ultin~ 

from tht' pre:-.en~.·~;.· o! t'\tan:d 
'tlllfL'l':-. opaJtíng in thc :-.ame 
~p.tl't.'. Typ11 .. ·;,¡] t.'\amph.::-. in inJu..,. 
tnal :-.t.'ttlng<; ml'lude hlfh-pre:-.:-.ur~.· 
Jlf hla~t:-. and harrnon¡,,:.., trom 
ek~..·trical are v.e!Ja:-.. 

A noise-reJt.'Ction measure for each 
of the components was developed and 
integrated into a single algorithm 
(Michigan. 1991 ). which was in rum 
combined with a fast sensor-finng 
algorithm. This software has been 
implemented and tested on a mobile 
platfonn th::H was able to traverse an 
obstacle course of densely packed 8-
mdlimeter-diameter poles at a maxi­
mum velociry of 1 meter/second 

System-Speciffc Anomalies . .-\ 
final source of error to he considered 
stem.s from ca.se-specifil.' pecu!Jmties 
assoctatcd with the Jctu:J.l hardware 
employcd \\'e shJ\1 again refer to the 
Polaroid sy:-.tcm. in !tght of Jts \l. tde­
:-.pre:J.d us:..tgc. :1:.:111 illustr:..tti\·e e.\am­
pk Ín the t.'Jl'\Uing dt'\CUSSIOtl. 

Pulse Width. The l·milil;c,·onú 
kngth of thc origtnal four-frcyuency 
Pol..1rotd chirp w:.t.-. a pott.'nt!Jl '\Ource 
of r:.tnge mcJsur~.·ment error ~~n~.·c 
SllUnd tr:ncl' roughl: 1100 fcetJ-. .. ·1.'­

onJ at ... ca k\t:l. \\ htl.'h ey_u:.ttt.::. to 
ahnu1 13 tlll.:h .. ·:>/milh::,l'l,:onJ Tht.' 
unccrtJint~ and hcncc error ;trosc 

Amplitude 

'Í' 
1 

1 

from nm knowing which of the four 
frequencies making ur thc- chirp actu­
a11y retumed to trigger the receiver, 
but timing the echo alway~ began at 
the start of the chirp (herett. 1985 ). .. 
For the initial application of automat-
ic camera focusing. designers were 
less concerned about absolute accura-
cy than missing a target altogether 
due to surface absorption of the 
acoustical energy. The depth-of-field 
of the camera optics would compen-
sare for any small range errors that 
might be introduced due to this chirp 
ambiguity. 

E ven with the more recent 
SN28827 ranging mode1 operaring at 
a single frequency of 49.1 KHz. the 

· transmission pulse duration is 0.3::!6 
milliseconds. giving rise to a maxi­
mum theoreti'cal error of approxi­
mately 1.7 inches. (This estimare 
takes into account round-trip distance. 
and assumes best-case echo detection 
after just three cycles of returned 
energy.) The new Polaroid Ultrasonic 
Ranging Developer's Kit a\lows for 
programmable pulse duration to a\le­
viate this hmitation in demandtng 
applications (Polaroid. 1993). 

Threshold Detection. The specific 
method for detection of the rctumed 
pulse can be a stgnific:J.nt source of 
error in any TOF ranging system 
(Ftgueroa & Lamancusa. 1992). Kuc 
and Sregel (12_871 pmnt out that the 
intensity of a typtcal pulse transmis­
s.ion p~aks in th.: se¡,;ond cycle 
(Ftgure 14). Jnd '\O stmple threshold­
ing of the receJ\t:J s1gnal can cause 
bt.: dete~..·twn of \\'l·.ü.: echoes. 
Lconard and Durrani-\\'hyte ( 1992) 
dtscuss furthcr compl!c;.Hions 1n the 

• Cnn lfalJ... ft.'~ulttng frnm thl' pro\-
10111: qf \Hhl'r :-.L'thor ... tn thc 
ff11Ufl. \~hilh ~.·:m b~;.· l'"l'l'L't.dl: 
trouhk:-.onll..' \l.hl'n op~.·rJt!n:; 111 

conlint:J arl'J.:o. 
• Sdf not.H' gent:ratcJ t'ly thl' :-.t.'n.-.Pr 

Ít-.t.•lf 

Time 

Figure 14: A typ1cal pulse waveforin for an electrostat1c transducer can 

be approx1mated by a smuso1d that is modula/ed by a Gauss1an enve­
lope. oeakmg m mtensity durmg the second cycle (Kuc & S:egel, 1987, © 
IEEE; 
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lhe Polaroid ranging m<xlol!e; 
inlc:gralive approach was incorporated 
by the designers to discriminare 
against unwanted noise spikes (Biber, 
et al., 1980). Compared to strong 
reflections, valid but weak echo 
returns can take substantially longer 
to charge up the cap::tcitor to the 
threshold leve! required for the com­
parator to change stare. 

The effect of this charging de la y is 
to make those targets associared with 
weaker returns appear further awJy. 
Ignoring the obYious worst-case sce­
nario of a completely missed echo. 
ma.ximum theorerical error is bound­
ed by the length of the transmitted 
burst. The obvious question now 
becomes. which is more preferable· 
missing wrget detection altogether. or 
being alerted to target presence at the 
e.\pense of range accuracy? Tht! 
answer of course depends on the par­
ticu!Jr priori ti es of the applicat10n ·. 
addressed lf the ranging sensor is · 
being employed as a presence detec­
tor for secunty purposes. prectse 
:.~n:uracy ts not al! that tmportant On 
the other hand. if the sensor is being 
uscd for nJ\ tgational referencmg. the 
situ:J.t!On mo.y be somewhat different. 

Stepped Gain. Long. et aL 1 1989! 
expenment:1ll~ confim1ed t:rror 
efr'ecb o.~~o~..·tJted \\ 1th the pie~...·t:\\ isL' 
16-'>tcp gain ramp cmployed on thc 
e:.~rher Pola.r01d 607089 rangmg mod­
uh:. In arder to precisely coumcr the 
cfkcb of stgnJI lo:;' J:-. a function of 
r;.~nge-tu-tJrget ti e . Jue to :.Itmo'­
phaic :.Ittenu.Jtton and sphaic:1l 
divagcn..:L'l. the a~..·tu:..~l time-dq)L'fl­
dcnt g:..tin compcnsJtion \\Ould bL' an 
t:\pnnenti:..~l function tmer:-.cly rcb.tt'd 
tuthe :-.phcrit'al dt\L'rgt'n~...·c c'-1uatltJn 
prC,l.'rHt'J C~lrl!~·r ('L't: thc .-\tmu:-pheri,; 
Attcnu:..~tion .-.ecuonl A ratht:r coJr:-.t' 
piccc\\ 1:-.e appnntm:..~tion tn thi.' iJI...'al 
g:un cunL' (Figure 15¡ n:.Iturally 
rl...',ult~ tn J :-.itu:.Htnn \lht•rt· the in.,t.lll· 
tant'lllh arnpliftL'r g.nn h 11 cnrrt·ct 
Pnly f11r ~~ 'tngk pnint 111 tllllt' ¡ncr 
th~..· perÍlkl rcpre~crHt'Ú h~ ;¡ "'ik',,:tti~.· 

:-.tep \'JIUt.'. ~ 1 C\cc,.;,j\'t' pnnr to thi' 
po1nt. and 3 J in~ufticlcnt aftcrwanJ, 
lf thL' ~:.11n ¡, h)n 1m~ al !ht• time nf 
r,_•jk,.'r'l•d rui~L' ((,1[]1 ;¡rfl\,d, \\t',t1-. 
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incrtase in tbe · · 

Chooslng an· 
Frequency. The opmltinlf fii 
of an ultrasonic ranging _, 
should be selected only after ~fu! 
cunsideration of a number of factOrs.. 
such a~ tht! d1ameter and type of 
transducer. anticipated target charac­
teristics. sources of possible interfer­
ence. and most imponantly the narure 
of the intended task. to include 
desired angular and range resolution. 
Resoluuon is de:pendent on the band­
width of the transmitred energy. and 
greater bandwidth can be ach1eved at 
h1gher frequencies but at the expense 
of maximum effecuve range. The 
rninimum ranging distance is also-a 
function of bandwidth. and thus high-
er frequen~ies are required in clase as 
the d1stance between the detector and 
targ:et d~~re:.t~es Most man-made 
background noise sources have ener-
g~ peaks below 50 ~Hz (Hammond. 
1993). ho,~,.ever. and so higher-fre-
quenly system,.; are generally pre-
ferred i:-: :!coustically noisy environ-
ment; (Sh~rk~. 1989). 

About the Author 
CommJndt:r H. R (Bart) E,-erett. 

L:s:--.: (Rct ). ¡, the fLxmer Direcwr of 
the Ofti;.·e of R.nhou~s Jnd 
AUtllf1l)/1lL1U:-. s:~tcms a! the !\:l\3] 

Se,l S~ st~rr,-. Command. \\':.bhtngton. 
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Figure 15: The 12-step approximatJOn employed in the new 6500-
senes rece1ver gain ramp results in a situation where the instantaneous 
gain 1s either above or below the ideal value lar most of the step durat1on 
(adapted from Polaro1d, 1993) Note the large jump in gain between 
steps 3 and..; 
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Temo VIl· Vehiculos Dutogui.Jdos 

TEMA 7: 
VEHÍCULOS AUTOGUIADOS. 

1 -INTRODUCCIÓN. 

1.1 - ESTADO DEL ARTE. 

Un Robot Móvil es una máquina autopropulsada y no tripulada, capaz de 
desplazarse libremente y bajo control con un cierto grado de autonomía en un entorno 
determinado. 

Su precio oscila entre unos pocos cientos de miles de pesetas para pequeños 
robots educacionales a robots de más de diez millones de pesetas que realizan trabajos 
muy sofisticados, hablando siempre de robots existentes actualmente en el mercado. 
Lógicamente los precios de los robots utilizados, por ejemplo, en aplicaciones 
espaciales o submarinas quedan fuera de esta clasificación. 

La dc:finición anterior es muy amplia y engloba dc:sde máquinas parcialmente 
tdecontroladas hasta el más complejo vehículo que puede imaginarse en cualquier 
novela de ciencia ficción Hay sistemas en los que los desplazamientos están limitados a 
un movimiento lineal. Por ejemplo, equipos que puedan moverse sobre un carril o 
vehículos filoguiados. A estos sistemas no se les considera normalmente como 
vehículos móviles, por el hecho de que su libertad está excesivamente restringida 
Aunque más adelante hablaremos un poco de este tipo de robots, mientras no se diga lo 
contrario, a partir de ahora sólo consideraremos robots móviles aquellos que pueden 
desplazarse. al menos, en un espacio bidimensional. 

El mecanismo empleado por un robot móvil para desplazarse depende, 
lógtcamente, del medio en el que se mue,·e Los sistemas empleados en los robots 
navales v aeroespaciales no difieren en absoluto de los utilizados por los sistemas 
equivalentes tnp.ulados (hélices, turbinas, .. ) En los robots terrestres se usan también 
mecanismos tradicionales como ruedas u orugas, sm embargo en aplicaciones en las 
que se requiere que el robot tenga b'Tan capacidad de maniobra estos mecanismos 
pueden ser Insuficientes. Actualmente se está investigando en otros sistemas de 
locomoción. El principal esfuerzo de este campo se esta realizando en Japón, donde se 
est:\n desarrollando robots movidos mediante patas an1culadas. 

Una caracterist1ca importante de un robot móvil es su _grado de autonomía. La 
autonomía requerida al robot depende de la apl1cación que se le vaya a asignar. En 
muchos casos ~o es ~eces:Jrio, ni siquiera recomendable, que el robot sea totalmente 
autónomo, y es preferible que esté parcialmente telecontrolado. Un ejemplo claro lo 
constituyen los robots diseñados para actuar en caso de cat:istrofes o para la 
desactivación de explosivos. En otros casos un alto grado de autonomía es necesario por 
motivos económicos (un operador pernnanentemente en contacto con el robot resulta 
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Planificación y Guiado de Sistemas Robotiz.ados. 

costoso), estratégicos (por ejemplo en robots militares las comunicaciones pueden ser 
interferidas) o técnicos. Entre otros ¡notivos técnicos cabe destacar los casos en que las 
comunicaciones entre el robot y el operador sean casi imposibles, (por ejemplo robots 
submarinos sin cables de conexión con el exterior) o sufran grandes alteraciones (por 
ejemplo robots para la explotación de otros planetas, en los que cualquier comunicación 
sufriría retrasos considerables desde el envío a la recepción). 

Para desplazarse, los robots móviles necesitan estar dotados de sensores que les 
permitan a ellos o al operador del telecontrol tener información sobre el entorno para ' 
poder localizar objetos o evitar obstáculos y para informarse sobre la situación del robot 
en cada instante. Para reconocer el entorno se usan cámaras de TV, sistemas de sonar, 
infrarrojos etc. Para conocer la situación absoluta se utilizan sistemas de balizamiento, 
brújulas, inclinómetros, altímetros, odómetros, acelcrómetros, etc. 

Aunque puede hacerse una división de los robots móviles según la función que 
realizan (básicamente de transporte y manipulación), la clasificación principal, en 
nuestra opinión, desde el punto de vista técnico, viene determinada por la tecnología de 
guiado en que se basa su diseño ,y que podemos resumir en cuatro grandes grupos que 
se detallan a continuación: 

• Robots !iloguiados. 
• Robots autoguiados. 
• Robots guiados por raíles. 
• Robots guiados por visión. 

De estos cuatro grupos los más utilizados actualmente con gran diferencia son 
los dos primeros. Los robots auto guiados mejoran en cuanto a versatilidad y nexibilidad 
a los anteriores, aunque su aplicación industrial es más compleja. Los robots guiados 
por raíles tienen prestaciones muy parecidas a los filoguiados, pero su coste es 
sensiblemente superior, razón por la que raramente se acude a esta solución. 

En cuanto a los \'chiculos guiados por visión, se encuentran todavía en estado 
experimental. 

1.2- ROBOTS FILOGUIADOS. 

El principio fisico en que se basan los robots filoguiados es muy simple y 
robusto. Se trata de un cable enterrado que es excitado por un generador de corriente 
alterna (en el rango de 1KHz a 15KHz). Esta señal produce un campo magnético a lo 
largo de todo el cable, con una distnbuc1ón de simetria radial enlomo al mismo_ Esta 
simetría es la que permite detectar la posición relati\'a ticl robot respecto al cable. Dos 
bobinas situadas simétricamente respecto al eje longitudinal del vehículo permiten 
captar la intensidad magnética generada por el cable, de modo que si el vehiculo está 
perfectamente alineado con el cable, la diferencia de intensidad magnética entre ambas 
bobinas es cero_ Cualquier diferencia no nula de intensidad (señal de error) generará por 
medio de un algoritmo de control una señal de actuación sobre Jos motores de dirección 
y guiado del robot. 
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Estos robots disponen de un computador de a bordo que posibilita el control 
local del vehiculo: cálculo de error de desviación respecto al cable de guiado; 
algoritmos 'de control que actúan sobre los motores de dirección del robot; 
comunicación bid•reccional con el computador central o con otros vehículos; chequeo 
de su estado; detección de obstáculos ... Su mayor inconveniente radica en el elevado 
coste de la instalación de cableado, lo que hace poco viable la remodelación del trazado 
de trayectorias, con lo que su utilización ofrece un grado de flexibilidad muy pequeño. 

1.3- ROBOTS AUTOGUIADOS. 

A diferencia de los anteriores, los robots autoguiados no necesitan de ningún 
cable o dispositivo para su guiado. Normalmente utilizan el cálculo y control del 
número de giros de las ruedas. Mediante este control el robot sabe perfectamente la 
posición absoluta en la que se encuentra, así como sus velocidades lineal y angular, su 
orientación .. 

Son mucho m:is flexibles que los filoguiados, ya que pueden realizar cualquier 
desplazamiento en dos dimensiones (por lo menos), y quizás lo mas imponante, para 
cambiar la trayectoria a seguir no hará falta la reinstalación de ningún cable. Bastará 
con mdicarle la nueva trayectoria 

Las características principales de este tipo de robots so~ bs siguientes: 

• Son impulsados por motores eléctricos alimentados por baterías. 
• Disponen de un computador de abordo normalmente comunicado con un 

ordenador central para su control y obtención de información. 
• La comunicación con este ordenador central se realiza mediante módem, 

vía radiofrecuencia (FM o frecuencias extendidas con inmunidad al ruido) 
o vía infrarrojos. 

• Disponen de sensores, de ultrasonidos u ópticos para determinar donde se 
encuentran y que hay a su alrededor. 

1...1- IWBOTS GCL\DOS POR RAÍLES. 

Los robots guiados por raíles ;¡gucn una trayectoria prefijada por la instalac1ón 
de unos raíles semejantes a los de los trenes Sus posibilidades y limitaciones son los 
mismos que las de los robots filoguiados, por lo que no entráremos mas en ellos. Tan 
sólo mdícar una ventaja· este tipo de vehículn< ;vr<~nt:¡ •.!n resultado óptimo a la hora 
de transponar grandes cargas. Y un inconveniente: el alto precio de la instalación de los 
raíles 
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1.5- ROBOTS GUIADOS POR VISIÓN. 

En los vehículos de uso comercial la capacidad de visión es mínima (realmente 
es incorrecto hablar de visión), ya que se reduce a la detección de pintura renectante 
sobre el suelo, normalmente por dos células fotoeléctricas y el control de la trayectoria 
es muy limitado. 

Los robots realmente guiados por visión requieren una cámara de video. Se trata 
de sistemas muy sofisticados y actualmente se encuentran en fase de experimentación. 
La idea fundamental en la que se basan estos robots es la sustitución del cableado 
seguido en el caso de los robots filoguiados por señales de navegación que puedan ser 
reconocidas mediante visión. 

El principal inconveniente de este tipo de guiado es la programac10n de los 
algoritmos de reconocimiento de formas para el tratamiento de imágenes. En un futuro 
se especula con que se puedan distinguir formas tridimensionales. 

1.6- APLICACIONES. 

Como se ha visto en apartados anteriores, los robots móviles presentan una gran 
variedad de configuraciones y posibilidades. 

En primer lugar existe:~ dispositivos de esta clase capaces de moverse en los 
distintos medios fisicos: gases, líquidos y sólidos. Entre los primeros está el grupo de 
los denominados robots espaciales, de los que ya se ha citado como característica, 
cuando trabajan fuera de la órbita terrestre, la dificultad de comunicación con el 
controlador y, en consecuencia, la necesidad de un alto grado de autonomía. Estos 
robots realizan tareas en el espacio tales como toma de muestras, mantenimiento, etc. 
De un uso mas común son los robots que operan sumergidos en líquidos. Las tareas para 
las que se utilizan son muy variadas, desde mantenimiento de objetos sumergidos, como 
barcos o plataformas petroliferas, hasta extracciones de muestras de fondos marino o 
detecctón de grietas en grandes recipientes o redes de tuberías. 

Los robots móviles terrestres constituyen los de mayor campo de aplicación. Las 
distintas áreas de acttvidad en las que se aplican configuran los distintos tipos existentes 
en la actualidad o en vías de desarrollo. Entre otros se pueden citar los industriales, de 
protección civil, los agrícolas, de servtcio, etc., aparte de las aplicaciones de defensa. 

Los robots móviles industriales se están desarrollando como una evolución de 
los ststemas de transporte basados en AGV (vehículos guiados automáttcamente), en un 
IntentO de darles mayor f1~'ihi!td"d )" CC eVItar la obra de infraestructura externa que SU 

Instalación exige. Además de estas funciOnes de transporte pueden realizar otras más 
complejas, como alimentación de m:iqutnas, montaje, mantenimiento de instalaciones, 
etc. Este tipo de robots requterc un alto grado de autonomía, ya que la dismmución del 
coste de operario puede ser decisiva rara optar por su implantación. Por otra parte, 
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evoluciona en ambientes conocidos y haciendo funciones en gran parte repetitivas, lo 
que pennite que su estructura sensorial no tenga que ser excesivamente compleja . .. 

Otro tipo de robot móvil terrestre es el de protección civil, dedicado a tareas 
tales como actuaciones en incendios, en ambientes tóxicos o radwctivos, manipulación 
de explosivos, etc. Las características de este tipo de robots son distintas de las citadas 
para los industriales. En primer lugar deberán acceder a recintos no unifonnes, lo que 
exigirá dotarlos de medios mecánicos de movimientos muy sofisticados, tales como de 
desplazamiento en suelos no asfaltados, blindaje ténnico, etc. Sin embargo el grado de 
autonomía en su· control puede ser muy reducido ya que en principio su movimiento 
será teleoperado, al menos parcialmente. Se puede igualmente pensar en otros muchos 
campos de aplicación en los que los robots móviles pueden ser utilizados. En cada uno 
de ellos será necesario un diseño específico y dará lugar a un sistema distinto que 
quizás, durante bastantes años, no guarde relación con los destinados a otras 
aplicaciones de distinta indole. 

1.7 - VENTAJAS E L'i'CONVENIENTES DE LOS ROBOTS 
;\IÓVILES. 

Para poder hablar de las ventajas o de los inconvenientes de los robots móviles 
habrá que centrarse en los robots de uso comercial, ya que no tiene sentido hablar, por 
ejemplo, de los inconvenientes de un robot experimental que ha sido enviado a un 
lejano planeta donde no puede llegar un ser humano. 

Los robots móviles resultan muy baratos una vez se ha hecho el desembolso 
inicial (ordenadores para su control, ayudas para su navegación, equipo de 
mantenimiento, fonnación técnica del personal encargado del mismo, ... ). Un robot 
móvil no necesita una persona que lo dirija, pero necesitará la instalación··de ayudas 
especiales para la navegación a 
lo largo de su ruta. Aunque un robot móvil sea fácil de manejar, un sistema CAD será 
indispensable para generar y estudiar la gran cantidad de datos geométncos sobre la 
trayectona que debe seguir y sobre los obstáculos que se puede encontrar. La 
instalación de sensores para detectar obstáculos o colisiones lo pueden hacer muy 
seguro, pero el riesgo de un accidente inesperado está siempre presente cuando el robot 
trabap rodeado de gente, especialmente sí hay niños o ancianos. Por esta razón, la 
velocidad de desplazamiento del robot debe ser bastante inferior a la de las persoms por 
r:uones de seguridad. Necesitará recargar sus baterías de fonna periódica, luego no 
podrá estar trabajando 2~ horas al dia Tiene limitaciones fisicas que serian 
insignificantes para un ser humano (escaleras, puertas cerradas, ... ). Sólo se pueden usar 
en recintos cerrados al tráfico (la posibilidad de un robot móvil circulando por nuestras 
dks ce forma independiente est:i muy lejana todavía). Aunque pueden tr~bajar en 
medios peligrosos para las personas (radiactividad, medíos tóxicos, desactivación de 
explosivos). las personas tienen una versatilidad y capacidad de reacción que las hacen 
insustituibles en algunos casos. 
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A la vista de esto quedan claras las grandes limitaciones de los robots móviles. 
Pero estas limitaciones vendrán impuestas por el uso que queramos hacer de ellos. Un 
robot móvil será un mal vigilante jurado en una empresa, pero puede ser un incansable · 
transportista de materiales entre dos centros de mecanizado. 

1.8 - ALGUNOS DATOS SOBRE LOS ROBOTS MÓVILES 
ACTUALES. 

En la tabla siguiente aparecen algtinos de los robots móviles o vehículos 
autoguiados más comunes, asl como su fabricante y la utilidad para la que.han sido 
diseñados. La tabla se ofrece a título orientativo, pues los continuos avances 
tecnológicos hacen que cada vez haya más fabricantes que desarrollen vehículos de este 
tipo. 

PRINCIPALES VENDEDORES DE ROBOTS MÓVILES 

VEi"iDEDOR ROBOT ESTADO PROPÓSITO APLICACIÓN 
ACTUAL 

Apogee Orbitor 750 AGV Mercado Transporte Industria 
Robotics material 
Bcll & Howcll Mailmovil AGV Mercado Transporte correo Oficinas 
Catenpillar Self Guided Lift Mercado lntercambiador de lndustna 

Truck with Vision [palés 
Cybcrmation Klugc Mercado Inspección de Reactores 

ed1ficios nucleares 
muscos 

y 

Cybcrmot10n S pi master Mercado Patrulla de Oficinas, factorías 
seguridad 

Cybcrotics Lab Rover Mercado Transporte Hospitales 
material laboratorios 

Cvbcrworks CyberVac Mercado Asjlirador Industria 
Cyberworks CybcrGuard ac Mercado Patrulla de Industria 

seguridad 
Eaton- Kenway Eagle Mercado Manipulación de lndustna 
Kenwav materiales 
EPO Radamec RP2 H Mercado Grua cámara TV Estudios TV 
!S Robotics Attila-Il Educacional Educación y Univ. centros de 

desarrollo mvestlgación 
Kent RoboKent ¡Mercado Aspirador Oficinas 

supermercados 
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Odetics Odex-111 _ Bajo pedido Centrales Comisión de 
Nucleares Energía Atómica 

de Francia 

Odetics IRMA Mercado Mapa de Reactores 
radiaciones Nucleares 

Panasonic Robot Aspirador Experimental Aspirador Hogar 
Samsung Scout-About Experimental Patrulla de Hogar 

seguridad 
Sandía Fire Ant Mercado Vehículo Armado Campo de batalla 
Nacional ' 

Laboratories 
Transit10ns ScrubMate Experimental Limpieza aseos Hoteles oficinas 
Research 
Veeco AGV with robotic Bajo pedido Manipulación y Laboratorios de 
instruments manipulator transporte de fabricación de 

circuitos C.! 
integrados 

PRINCIPALES MECANISMOS DE LOCOMOCIÓN 

;\ 1 cea n is m o Suelo Escaleras Escombros 
Ruedas SI NO NO 
Ruedas en trebo! SI SI SI 
Orugas SI SI SI 
Brazos SI SI SI 

SENSORES PARA NAVEGACIÓN 

•J Tipo de sensor Descripción. Función 
Bumper 1 Switch Detección de colisiones 
Guia Detectores de campos Seguimiento de marcas 

magnetices, ub1cadas en el suelo 
luz ultravioleta, y células 
fotoeléctncas 

lman !Efecto Hall Localizar marcas 
Rdlector Luz v células fotoeléctricas Localizar marcas 
Cód1eo de barras Scanner y ce!. fotoelectr Loca!1zar e identificar marcas 
Baliza Ce!. fotoelec. Local1zar e identificar marcas 
l'ro~1midad Luz y células fotoeléctricas Detecc1ón de obst3culos 

Cálculo de distancias 
Ultrason1dos sensores de ultrasomdos Calct:lo de distancias a los 

obstáculos 
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Heading Giroscopio inercial o compás Cálculo de orientación y 
de rumbo. dirección del movimiento 

Odómetro Rotación de las ruedas, ángulo Cálculo de orientación y 
de dirección dirección del movimiento 

GPS GPS, computador de Indica la posición del robot en 
navegación cualquier lugar de la tierra con 

un error de 1OOm. ( 1 O m los 
militares) 

SENSORES PARA PERCEPCIÓN DE OBJETOS EN EL ESPACIO DE TRABAJO 

Tipo de sensor Descripción Función 
Sonar-Vision Múltiples sensores de Detección, localización e 

ultrasonidos identificación de objetos 
Ltght-stripe vision Proyector de luz, cámara TV Detección, localización de 

objetos 
2-D vision Cámara TV Detección, localtzación 

identificación de objetos 
3-0 vision Cámara TV, Scanner láser, Detección, localizactón 

scanner de 1 uz, . identificación de objetos 
Tacto Palpadores Detección, localización 

identificación de objetos 

APLICACIONES DE LOS ROBOS MÓVILES. 

AGRJCUL TURA Arado, plantado, fertilización, ... ; mantenimiento de campos de golf; 
control de invernaderos, control de plagas. 

LIMPIEZA: Servicios limpieza de hoteles, oficinas, hospitales. Limpieza de ventanas de. 
edificios comerciales. Limpieza y ptntado de cascos de embarcaciOnes. Limpteza el 
hogar (mini- y microrrobots). 

CONSTRUCCIÓN: Transporte de materiales dentro de la zona en construcctón, pintado 
y enlucido de paredes. 

RECURSOS DE LA TIERRA: Investigación geológica y recogida de muestras. 

ENTRETEN1MIENTO: Animación de dinosaurios para museos Parques de 
atracciones. 

TAREAS PELIGROSAS: Regeneración de bases militares contaminadas en Estados 
Unidos y Europa. Manipulación de residuos químicos o radiactivos. 
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e 

e 

e 

,_-_._. 
~ .. 



'. ·:' 

Tema VIl: Vehiculos ilutogui::.dos. 

MANTENIMIENTO: Inspección mediante ultrasonidos de los componentes de aviones 
(alas, fuselaje, ... ). Inspección de tanques de gas líquido. Inspección, reparación y 
pintado de puentes ante la corrosión. 

MANIPULACIÓN DE MATERIALES: Carga y descarga de contenedores, barcos, 
aviOnes, ... 

EJÉRCITO: Infiltración y reconocimiento. Detección de minas. Reparación y repostaje 
de tanques. Evacuación de heridos. Ayuda frente a guerra química o biológica ... 

REHABILITACIÓN: Sillas de ruedas móviles. Sillas de ruedas con brazos de robot 
para cuadrapléjicos ... 

2- DESCRIPCIÓN DEL EQUIPO. 

Para el desarrollo de la aplicación se ha utilizado el vehículo, una tarjeta de 
visión para PC y un joystick convencional. A continuación se describen someramente el 
vehículo autoguiado y la tarjeta de visión. 

2.1- DESCRIPCIÓN DEL VEHÍCULO :\UTOGUIADO. 

El vehículo autoguiado Robuter !1 es un producto fabricado por la empresa 
francesa Robosoft S.A. El vehículo tiene un peso aproximado de 150 Kg. y la capacidad 
de carga es de 120 Kg. E 

Consta de una platafonna li. 
con unas dimensiones en ; 1 f~ fJ,. 
milímetros de ..IJ j.·: < • 

~;ª~:~:::~i~;:;: '..:;i"Tcr~~~;.:Jt 
Uno. E·l S<St··ma esta' . ~.): ~··L ~~'~'-' - -·r•'" 'ol.:·.·· controlado por una CPU ,.., y. "'"'' 
basJdJ en un ·--·· 
microprocesador 
~ fotorola 68020 a 16 
!\fHz y arquitectura de 
bus VME. El sistema 
operativo de esta CPU 
recibe el nombre de 
ALBATROS. Se trata de 

lluuración 1.· Vista general del vehículo autoguiado Robnler 11. 
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un sistema operativo diseñado específicamente para el control en tiempo real de 
sistemas robotizados de ejes múltiples. Gracias a este sistema operativo el control del 
vehículo se realiza de una fonna mucho más cómoda, ya que se lanzan órdenes de alto 
nivel y la CPU del Robuter resuelve el problema cinemática directo y actúa en 
consecuencia para cumplir las órdenes recibidas. Las órdenes son recibidas por la CPU 
mediante un módem de infrarrojos que se conecta al computador vía RS-232. 

Como herramientas más importantes, el Robuter I1 cuenta con un sistema de 
detección de obstáculos basado en sensores de ultrasonidos, un sistema de seguridad 
que detiene el vehículo en caso de colisión, un sistema de visión y un sistema de parada 
de emergencia. 

2.2 -DESCRIPCIÓN DE LA TARJETA DE VISIÓN. 

Las imágenes captadas por la cámara de visión instalada a bordo del Robuter son 
transmitidas al dispositivo receptor vía modems de radiofrecuencia, independientes de 
los modems de infrarrojos utilizados en el control del propio vehículo. De este modo se 
consigue que la visualización de las imágenes se produzca en tiempo real, condición 
indispensable para poder realizar la teleoperación, al independizar la transmisión de las 
señal de video de la transmisión de las órdenes de control. Para la visuaJ¡zac¡ón de las 
imágenes se dispone de una tarjeta integradora de imágenes para PC. Esta tarjeta 
pennitc abrir una ventana en el monitor de un PC y utilizar dicha ventana como monitor 
de video de la señal recibida, a la vez que pennite el almacenado en disco de dichas 
Imágenes para un postenor tratamiento de las mismas. La tarjeta, denominada Screen 
Machine II, pcnnite conectar cualquier señal de video a una de sus entradas. 

2.3- COMUNICACIÓN CON ELVEHÍCULO. 

La comunicación con el vehículo se realiza vía transmisión serie mediante 
modems de mfrarrojos. Según las experiencias realizadas, los modems de infrarrojos 
hacen que el proceso de comunicación sea más lento que con modems de 
radiofrecuencia pero a cambio el índice de errores en la transmisión es mucho menor. 
La transmisión se realiza a una velocidad de 9600 baudios, sin paridad y con dos bits de 
stop. Los modems se rigen por el protocolo de comunicaciones request-to-send clear-to-
send. · 
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VISUALIZACION DE LA IMAGEN DE LA CAMARA 

CAMARA DE VISION 
VEHICULO AUTOGUIADO 

TARJETA DE VISION 
VEHICULO AUTOGUIADO 

MODEM EMISOR 
DE VIDEO 

(VEHICULO) 

MODEM RECEPTOR 
DE VIDEO 

(PC) 

TARJETA VGA 
(PC) r-

TARJETA DE VIDEO 
SCREEN MACHINE 11 

(PC) 

-

MONITOR 
VGA 

lluslración 2.· Visualización de la imagrn c:aptada por la cámara del vehículo. 

Pero lo más característico de la comunicación es el protocolo que siguen los 
modems para aceptar un carácter como bueno. 

A continuación se detallan los pasos seguidos durante el proceso de 
comumcnción: 

1) Se escribe un carácter desde el computador en el módem 
2) El módem emite el carácter. 
3) El otro módem rec1be el carácter, lo almacena en memoria y lo reemite 
4) El módem emisor recibe el eco y comprueba si coincide con el carácter que 

envío. Sí coincide lo da por bueno y lo vuelve a emitir. 
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5) El módem receptor vuel~e a recibir el carácter y comprueba que es el mismo 
que recibió antes. 

6) El módem pasa el carácter recibido a la CPU 

Si en alguno de los pasos no hay coincidencia se establece un error de 
comunicación y vuelve a empezar el proceso otra vez desde el principio. Esto introduce 
retardos en la transmisión, por lo que hay que procurar minimizar la transmisión de 
datos para no formar un cuello de botella. 

3- INTERFAZ DE USUARIO. 

El interfaz de usuano consiste en una sola pantalla compuesta de varios 
elementos con distinto significado. Principalmente podemos d1stingwr ventanas 
gráficas, pulsadores y conmutadores. 

T·.>r-rcata . 

le.!).·. 

li!KJ) 
S l·n:!l-ore.s 

lcmt:JI·.· 
.:o\,lst idc ~ 

~ 
t~ 

"' ., :-:"' ., 
~· :-:::.·· 

Ilustración 3.- Entorno del usuario al iniciar la aplicación. 
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Cabe distinguir entre dos ventanas gráficas. En la parte superior izquierda de la 
pantalla hay una ventana gráfica en la que se puede ver la imagen captada por la cámara 
de visión. Ésta es la ventana principal, puesto que a través de ella el operador establece 
contacto con el medio en el que se encuentra el vehículo. 

En la parte superior derecha de la pantalla aparece otra ventana gráfica en la que 
podemos apreciar el estado de los sensores del vehículo. Sobre la figura del Robuter 
aparecen veinticuatro esferas de colores que representan los sensores de ultrasonidos 
del vehículo, cada uno en su posición. El sensor que aparece sobre el vehículo y no en 
el perfil representa el sensor de ultrasonidos de la torreta de la cámara de visión. 

Cada sensor puede aparecer en los colores azul, verde, amarillo o rojo. El 
color en que aparezca dibujado el sensor indica la lectura que se realiza del 
mismo. Los colores a)azul, b)verde, c)amarillo o d)rojo significan: 

a) desactivado, 
b) que no hay ningún obstáculo que entorpezca el paso del vehículo, 
e) vía libre pero con obstáculo próximo, por lo que el vehículo deberá 

desplazarse a baja velocidad (1 m<d<4m), y 
d) riesgo de colisión (d<lm). 

Existen nueve pulsadores con las s1guientes func1ones: 

• Pulsador "Sal1r" sirve para salir del programa y finalizar la sesión 
• Pulsador salvar imagen sirve para archivar la imagen captada por la cámara a 

un fichero en disco (directorio por defecto "films"). 
• Puhadores cargar palé y descargar palé. 
• Los cinco pulsadores que aparecen en la parte inferior izquierda de la pantalla 

sirven para desplazar el vehículo o bien la torreta de visión, según el comando 
·de movimiento que haya sido activado. Si no hay activado ningún comando de 
movimiento, estos pulsadores se inhabilitan y se activan las funciones .. dcl 
portapalés. 

Los conmutadores que aparecen en la parte superior central de la pantalla 
Sirven para habititar los comandos de movimiento y Jos dispositivos de seguridad, 
con las siguientes funciones: 

• Conmutador "Robuter 11" habilita el movimiento del vehículo. 
• Conmutador "Torreta" habilita el movimiento de la torreta de visión. 
• Conmutador "Bumper" gestiona la activación eJe los bumpers. 
• Comnutador "Sensores" gestiona la activación eJe los sensores de ultrasonidos 
• Conmutador "Joystick" habilita el d1spositivo de maniobra. 

CJ!'-e resaltar que para trayectorias en espacios muy reducidos, la lectura 
de los sensores introduce un tiempo de retardo, por lo que en maniobras de 
aparcamiento se aconseja desactivar los sensores y dejar activado el bumper, para 
tener ,mayor control sobre el vehículo. 
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Por último, hay una función que sólo se gestiona por teclado y no aparece 
en el menú. Esta función lo que hace es devolver la torreta de visión a la 
de arranque y se 
ejecuta al pulsar la 
tecla W estando 
activado el 
conmutador de la 
torreta. Si pulsamos 
esta tecla . en otras 
condiciones, 
sucede nada. 

En 

no 

la 
ilustración número 
cuatro se describe la 
pos1ción de los 
conmutadores para la 
mamobra de la torreta 
de v1sión. nustración 4.- Estado del panel al mover la torreta. 

4.- CARGA Y DESCARGA DE PALÉS 

El vehículo tiene un elemento adicional que la aplicación también se 
encarga de gestionar. Se trata de un intercambiador de palés para una máquina 
herramienta. El 
arrastre del palé 
se realiza 
mediante un 
motor de 
corriente 
contmua 
alnnentado por 
las prop1as 
baterías del 
Robuter. La 
gestión del 
sistema se 
realiza mediante 
un sistema 
combinaciOnal 
basado en reiCs, 

'·1-·-.. ·1 

EJEJ 
\ '••- -u ~·¡r-,.-_--.. jj .;_., 1 r-¡,~--·--,··1 ~ 

•• ·- ·- 1 1 1 ____ .. -~~ 1 .. '"..-""' . 

Ilustración 5.- Carga de un palé. 

que utiliza sensores de presencia para detectar la posición del paJe y el 
enclavamiento del vehículo en la máquina herramienta. El disposllivo de control 
del vchiculo se basa en seis entradas lóg1cas que actúan sobre el sistema 
combinacional. De estas seis entradas, tres corresponden a los sensores de 
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presencia que se encuentran alojados en el ponapalés y ya vienen conectados de 
fábrica. Estos tres sensores detectan el enclavamiento del vehículo a la máquina 
herramienta y la posición del ponapalés. La información que se recibe de estos 
sensores también se encuentra disponible en tres salidas lógicas por si el usuario 
desea utilizar dicha información para su programa de gestión. Dichas salidas se 
conectan a las entradas optoacopladas del vehículo y de tal modo que accediendo 
a dichas entradas en la CPU del Robuter podemos conocer el estado en que se 
encuentra el ponapalés. Cabe destacar que el sistema sólo actúa cuando el sensor 
de enclavamiento detecta que el vehículo ha sido anclado en la máquina 
herramienta. Este modo de funcionamiento es muy seguro, ya que de esté modo 
se evitan posibles incidentes debidos a la mala manipulación del vehículo. En 
caso de que un palé cayera al suelo, se. podrían producir daños graves, con serio 
peligro para las personas de las inmediaciones. De este modo, se evitan todos 
estos estados de peligro. 

Las funciones de carga y descarga de palés permanecen inhabilitadas hasta 
que el vehículo se encuentra acoplado a la máquina herramienta en la posición de 
carga/descarga y que los comandos de movimiento se encuentren desactivados. 
Un sensor de enclavamiento del ponapalés detectará la posición adecuada del 
vehículo y cerrará el contacto que permite el paso de la corriente al motor del 
ponapalés. 

La razón de tener que desactivar los comandos de movtmtento del 
vehículo responde a dos razones principales: evitar que accidentalmente se 
proceda a desplazar el vehículo durante el proceso de carga o descarga del palé y 
ofrecer una mayor fijación al suelo. 

,. 
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ARQUITECTURA JERÁRQUICA BASE PARA VEHÍCUWS 
AUTOGUIADOS (AGV). 

Juan Miguel Marrfnez Rubio 
Junio 1995 . 

DEFINICIÓN. 

Modo de estructurar el sistema de funcionamiento de un vehículo autoguiado 
(AGV), en diferentes niveles o capas intercon~tadas, con el objetivo de conseguir 
total autonorrúa y mayor eficiencia. 

PUNTO DE PARTIDA . 

. ?ara poder desarrollar la arquitectura será necesario: 

• Vehículo móvil. Ej: ROBUTER-/l del DISCA. 
Dotado con sistema de movimiento, percepción, computador de abordo, 
etc .. 

• Sistema Operativo básico para comandar el vehículo. Ej: ALBATROS 
• Computador de control externo para comunicarse con el usuario. 

Supuesto en el nivel superior el Usuario y en el inferior el hardware que maneja el 
vehículo. La arquitectura de control deberá comunicar ambos al objeto de gestionar el 
movimiento del AGV a panir de los· comandos de usuario. ·· 

USUARIO 

AAQUITECTURA 
DE 
CON!llOl 

-_¡ 

1 

s1 



ARQUITECTURA JERÁRQUICA BASE: NIVELES NECESARIOS. 

La arquitectura jerárquica realiza una descomposición para el control del AGV en 
capas o riiveles; En su modelo más básico se puede abordar en cuatro capas: 

INTERFACE CON EL USUARIO 
NNEL DE GESTIÓN DE TARE4S 
NNEL DE GESTIÓN DE TRAYECTORIAS 
NIVEL DE CONTROLDEL HARDWARE 

La figura muestra lo que serfa los distintos niveles desde un punto de vista de 
diseño descendente (rop-down). Se trata de un modelo jerárquico puesto que cada nivel 
sólo se interconecta con sus inmediatos vecinos y no con los demás. 

INTERFACE USUARIO 

J 

1 GESTION TAREAS 
1 

l 
GESTION TRAYECTORIAS 

1 

CONTROL HARDWARE 

Seguidamente se describe cada uno de estos Niveles incluyendo su implementación. 

Interface con el usuario. 

Corresponde con el nivel más allo de la jerarquía y por lo tanto es el que será 
accesible por el usuario. Debe proporcionar un entorno de trabajo cómodo y agradable 
al usuario, con el fin de que éste pueda manipular y gobernar el vehículo lo más sencillo 
posible. 

Al usuario 1e le ofrecerán todas las funciones que el AGV puede realizar, por 
ejemplo bajo un entorno WINDOWS: 

.... 
::~·-; 
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.- - ON/OFF 
- Definición del entorno. 
- Definición de la misión. 
- Operación manual. 
- Ejecución de una misión. 
-Identificación del estado del AGV. 
- Planificación de una misión. 
- Parada de emergencia. 
-Etc. 

El desarrollo de este nivel debe ser suficiente modular para poder ir incorporando 
nuevas funciones en la medida de que éstas se necesiten. 

Puede observarse que alguna de estas funciones se pueden resolver directamente en 
este nivel (Ej: Definición/Modificación del enromo; Vzsualización del entorno actual; 
Definición de trayectorias por defecto; etc). 

Sin embargo otras operaciones sí que involucrarán otros niveles, por lo que se 
deberá comunicar al nivel inferior (Ej: Inicialización del vehfculo; generación manual de 
trayectorias; planificación de una misión; on/off del agv; ejecución de una misión; ere) 

Entrada en este nivel: 

Operación escogida por el usuario en función del menú ofrecido en la pantalla con 
todas las opciones posibles. En definitiva la entrada que se va a obtener en este 
nivé! es el propio usuario que nos identificará la opción que desea del vehículo. 

Salida de este nivel: 

La salida que se obtendrá es variable en función de la opción escogida. En el caso 
más simple, cuando se resuelve completamente en este nivel, únicamente alterará la 
base de daros del eruomo, llamada ""modelado del mundo". 

Por modelado del mundo se entiende una estructura de datos que permita conocer 
a priori cuál es el entorno por el que se moverá el vehículo, su implementación se 
realizará mediante matrices en las que se puede almacenar información binaria. Por 
ejemplo ·¡· para marcar obstáculo y "O" para indicar la no existencia, 
posteriormente se pueden incluir valores intermedios si se considera necesario. Por 
ejemplo, la idea para una matriz E que represente un espacio de una habitación 
"i .. : 

0000000000011 

0011000000011 

0011000000011 

0001100000000 
E • 1 0000000000000 

0000000000000 

0011000000000 

0011000000011 
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Esta base de datos se actualizará dinámicamente de forma que si se detectan nuevos 
objetos pueden ser incluidos como nuevos. Pueden existir dos mapas 
implementados ambos mediante matrices. Uno que almacene información de los 
objetos fijos y otro que almaé:ene información de los nuevos objetos que se vayan 
detectando durante el funcionamiento. El mapa fmal para conocer los huecos libres 
se calculará como la OR de ambos. 

Por otra parte, si el usuario da la orden de mover el vehículo a un determinado 
punto, éste nivel deberá dar las órdene,; necesarias para que se ejecute la orden. En 
este caso la orden que pasará al nivel inferior vendrá dada por un código de orden 
y un parámetro que indique el destino. Luego en general, si la orden no se ejecuta 
completamente en este nivel, la información que se pasará al nivel inferior es: 

Salida nivel inferior: {código orden; parámetros) 

Para el ejemplo que nos ocupa, los parámetros podrían ser: 

parámetros: {coordenada_inical coordenada_jinal) 

A partir de esta información comenzará a operar el nivel inferior. 

Nivel de gestión de tareas. 

Para poder operar correctamente deberá disponer de la información necesaria 
almacenada en una base de datos llamada modelado del mundo, con la información 
siguiente: 

• Mapa{s) con información de los obstáculos. --
• Tipo de terreno. 

La 'misión principal en esta capa es la de planificación al más alto nivel. Por 
ejemplo, para el caso de movimiento, supongamos que el usuario ha seleccionado llevar 
el vehículo desde un punto A hasta otro B que se encuentra distante. Para alcanzar esta 
meta habrá que salvar toda una serie de obstáculos conocidos en este nivel. Por lo tanto se 
puede descomponer ir desde A hasta B como una serie de puntos (Px) libres de colisiones: 

T{A,B) = T(A,Pl,P2, ... ,Pn,B} 

A 
Pl 

Ex sten 
\~.. P3 -

. ........ 



diferentes técnicas que permiten la planificación de las trayectorias, algunas de ellas requieren 
gran capacidad de almacenamiento y de cálculo. No existe una técnica que resuelva totalmente 
y de forma eficiente todo el problema: 

• Mapa de carreteras. 
• CAmpos Potenciales. 
• Descomposición celular. 

Entrada en este nivel: 

Recibiremos del nivel superior un trabajo a realizar que vendrá codificado, tal y como 
ya se ha descrito, del modo siguiente: 

trabajo: {código; parámetros} 

Con esos parámetros de entrada éste nivel debe conocer el trabajo que deberá realizar 
y que consistirá básicamente en descomponer el trabajo en una serie de tareas que 
puedan ser llevadas a cabo por un nivel inferior 

Salida de este nivel: 

Supongamos por ejemplo que se desea mover el vehículo de una coordenada origen 
hasta otra destino, tras la actuación de éste nivel y teniendo en cuenta la información 
disponible en la base de ,:atos, se deberá descomponer en una serie de tareas donde 
cada tarea sea por ejemplo el llevar el vehículo a una coordenada intermedia que en 
principio sea libre de bloqueos. 

Luego la salida que se obtiene a este nivel será: 

Trabajo = {rareas, } 

Donde las tareas pueden ser, por ejemplo, un conjunto de puntos que describen un 
camino por el que deberá pasar el vehículo para alcanzar la coordenada final desde 
la inicial. 

Ni~·el de ¡:estión de travectorias. 

Encargado de planilic.ar y monitorizar las trayectorias que se van a ejecutar. Se 
debe garantizar que el AGV alcance los puntos planificados en el nivel anterior. En este nivel 
también se recibe información, proveniente del control del hardware, referente al sistema de 
sensoriz.ación (Ej: Ultrasonid0<, ·:;s;0", e:c.). Por lo tanto se deben realizar dos controles 
simultáneamente, por un lado la monitoriz.ación de que la trayectoria se está efectuando 
correctamente a partir de la información recibida del sistema de percepción y de otro lado la 
corrección de posibles desviaciones o la evitación de obstáculos imprevistos. 

Dentro de este nivel también se deberá introducir algún sistema de localización 
absoluta del AGV. A este respecto hay diferent:!S posibilidades por ejemplo: 



* Recibir iriformació!l por radiofrecuencia. 
* Utiliuu baliuls luminosas qlie serán identificadas.por sensores. 
* Reconocer rTUJrcas en el techo mediante visión artificial. 
*Ele. 

Entrada a este nivel: 

Recibe del nivel superior un conjunto de tareas que se deberán realizar, cada tarea 
consiste por ejemplo en una coordenada por la que tiene que pasar el vehículo. Por 
otra parte también se recibe información de los sensores que nos indica por dónde se 
está moviendo. 

Si se dispone de algún mecanismo de localización absoluta también deberá ser tenido 
en cuenta a este nivel con el fin de poder corregir posibles desviaciones respecto de 
la trayectoria o posición deseada. ::-:;;;_: 

Salida de este nivel: 

Envía al nivel inferior comandos. de morlrniento. Debido a que la presente 
arquitectura está pensada para el vehículo comercial ROBUTER-11, los comandos que 
se generará son los específicos para él y son suministrados por el fabricante a nivel 
del sistema operativo ALBATROS. 

Algunos de estos comandos devuelven parámetros como confumación de su ejecución. 
Antes de enviar una nueva salida se deberá prever que el comando anterior se ejecute 
correctamente. 

Nivel de control del hardware. 

Nos encontramos al más bajo nivel dentro de la arquitectura. Las labores encaminadas 
en esta capa van a ir encaminadas al movimiento del vehículo mediante la actuación y 
control de los motores. También se recogerá información del sistema de percepción 
sensorial, de forma que toda la información recogida por los sensores y sistema de visión se 
trasladará a niveles superiores para su procesamiento. 

También en este módulo se tomarán acciones de emergencia para poder evitar 
situaciones de choque inminentes ante la presencia de objetos imprevistos. Por lo tanto, en 
este nivel se debe actuar de emergencia en una primera instancia y la decisión final ante esta 
situación será ::;;;-,¿ca ca niveles superiores que es donde se tiene el "modelo del mundo". 

El funcionamiento de este nivel debe ser en tiempo real, ya que es crítico el tiempo 
de respuesta que se obtenga. Por ello uno de los problemas que se plantean es cómo obtener 
un código lo más eficiente posible, que pueda manejar y procesar todo el volumen de 
información en el menor tiempo posible. 
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ARQUITECTURAS DE CONTROL EN EL CAMPO DE LA RO BOTICA M OVIL 

CARACTERISTICAS GENERALES DE LAS ARQUITECTURAS 
CLÁSICAS 

• PRESENTAN UN ALTO GRADO DE EXACTITUD EN LA 
DEL OBJETIVO. 

CONSECUCIÓN 

• SE TRATA, EN SU MAYORÍA DE ACCIONES DE ALTO NIVEL CON UN ALTO 
COSTE COMPUTACIONAL. 

• PRESENTAN UNA DISPOSICIÓN SERIE QUE ORIGfNA UN FALLO DE 
FUNCIONAMIENTO DEL SISTEMA SI UN MÓDULO FALLA. 

• NO ES ADECUADO EN ENTORNOS DINÁMICOS, DESCONOCIDOS O EN 
AQUElLOS CASOS EN LOS QUE LAS MEDIDAS CAPTADAS POR LOS 
SENSORES NO TIENEN UNA MÍNIMA FIABILIDAD. 

ARQLJITElTLJRAS DE CONTROL EN EL CAiviPO DE LA ROBOTICA MOYIL 

IJ REPLANIFICACIÓN EN LAS ARQUITECTURAS CLÁSICAS JI 
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ARQUITECTURAS DE CONTROL EN EL CAMPO DE LA RO BOTICA MOYIL 11 

.-.. 

/::: /1 11 ETAPAS PARA LA CONSECUCIÓN DE UNA MISIÓN 

':";. 

' · . .. l. CAPTAR LA INFORMACIÓN DEL ENTORNO 
r:J. 2. CREAR UN MAPA DEL ENTORNO, A PARTIR DE ESTA INFORMACIÓN 
r • 

1?-
r ~-.--', 

(?1 o ·1 
3. PLANIFICAR LAS ACCIONES A EJECUTAR 

O •••"•• M .... ,., •• 1 

•: .. · 

4. EJECUTAR DICHAS ACCIONES 

ARQUITECTURAS DE CONTROL EN EL CAMPO DE LA ROBOTICA MOYJI. 

ARQUITECTURAS TRADICIONALES (SMPA) 

s:n<n· aa.ién 1 na.ién 2 .. ' ::;:a m J 
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ARQUITECTURAS DE CONTROL EN EL CAMPO DE LA ROBOTICA MOVIL 

11 
ETAPAS PARA LA CONSECUCIÓN DE UNA MISIÓN 11 

l. CAPTAR LA !NFORJ..1AC!ÓN DEL ENTORNO 
2. CREAR UN MAPA DEL ENTORNO, A PARTIR DE ESTA INFOIUvlACIÓN r· @·,-¡ ~- ·1 
3. PLANIFICAR LAS ACCIONES A EJECUTAR 

O"''"'• M ••""''' 1 

1·~~~--tli-- ---· 

ni ' 1 1 ....... 

. ~t!¿?~ --(±--~1 
........... 1 

4. EJECUTAR DICHAS ACCIONES 

ARQlJITECTUitAS.DE CONTROl. EN EL Ci\t\-11'0 DE LA ROIWTICA MOVIi. 

ARQUITECTURAS TRADICIONALES (SMPA) 

"-.n<n· :uién 1 :o..it'n 2 ~1.im 3 a:x:ién n nc1mch 
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11 
ARQUITECTURAS DE CONTROL EN EL CAMPO DE LA RO BOTICA M OVIL 

PRINCIPALES CARACTERISTICAS DE LOS 
COMI'OitTAMIENTOS REACTIVOS 

. • LA SALIDA DE CADA COMPORTAMIENTO DEBE SER 
COMPLETAMENTE DETERMINISTA. 

• CADA COMPORTAMIENTO ES INDEPENDIENTE DEL RESTO 

• LOS COMPORTAMIENTOS NO POSEEN MEMORIA. 

• DAN COMO RESULTADO RESPUESTAS INNATAS A ESTIMULOS 
INTERIORES Y EXTERIORES. 

• EL RESULTADO DEBE SER HOMOGENEO. 

ARQUITECTURAS OE CONTROL EN EL CAMPO DE LA ROI30TICt\ MOVIL 

ARQUITECTURAS MIXTAS 

ll.lllU1aria~o 1 

anp::rt:Jrimlo 2 

~ro mdl nl\d 2 1\Íid J ni1d n 
a:n-¡mm 1 0110 3 

~ 

anp::rt:Jrimto 4 
a:ttnl:r ... 

L Jcn•l:atarimlo nJ 
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ARQUITECTURAS DE CONTROL EN EL CAMPO DE LA RO BOTICA MOVIL 

CARACTERISTICAS GENERALES DE LAS ARQUITECTURAS 
CLÁSICAS 

• PRESENTAN UN ALTO GRADO DE EXACTITUD EN LA 
DEL 013J ETI YO. 

CONSECUCIÓN 

• SE TRATA, EN SU MAYORÍA DE ACCIONES DE ALTO NIVEL CON UN ALTO 
COSTE COMPUTACIONAL. 

• PRESENTAN UNA DISPOSICIÓN SERIE QUE ORIGrNA UN FALLO DE 
FUNCIONAMIENTO DEL SISTEMA SI UN MÓDULO FALLA. 

• NO ES ADECUADO EN ENTORNOS DINÁMICOS, DESCONOCIDOS O EN 
AQUELLOS CASOS EN LOS QUE LAS MEDIDAS CAPTADAS POR LOS 
SENSORES NO TIENEN UNA MÍNIMA FIABILIDAD. 

ARQUITITTURAS OE CONTROL EN EL CAMPO DE LA ROllOTICA MOVIL 

-

11 
REPLANIFICACIÓN EN LAS ARQUITECTURAS CLÁSICAS 11 
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ARQUITECTURAS DE CONTROL EN EL CAMPO DE LA RO BOTICA MOVIL 

11 
TAREAS A REALIZAR POR UN ROBOT MOVIL 11 

. • CAPTAR INFORMACION DEL ENTORNO 

• PREPROCESAR ESA INFORMACION 

• MODELIZAR EL ENTORNO 

• CALCULO DE TRAYECTORIAS 

• RESPONDER ANTE UNA ORDEN INMEDIATA 

• COMUNICARSE CON EL USUARIO 

¡\f(QUITITTlJ((AS DE CONTROL FN EL CAMPO DE LA ROBOTICA MOVIL 

11 SISTEMAS INICIALES DE TRANSPORTE DE MATERIALES 11 

• GUIADO POR RAlLES 

• GUIADO ELECTROi\1:\GC.:ETICO \IEDIANTE CABLE ENTERRADO EN 
EL SUELO. 

• GUI1\DO POR SEGUI~viiENTO DE LINEA PINTADA EN EL SUELO. 

11 
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Entrada a este nivel: 

Básicamente será cualquiera de los comandos o primitivas de funcionamiento de las 
que dispone el vehículo ROBUTER-I{ 

Además también se utilizará información procedente de los sensores para ser 
retransmitida al nivel superior y tomar decisiones de emergencia en un momento 
determinado para evitar la colisión inmediata. 

Salida de este nivel: 

Principalmente consiste en la actuación directa sobre los motores para poder mover 
el vehículo, tal y como se suministra el vehículo ·no será necesario desarrollar los 
reguladores y control de los mismos puesto que ya está implementado. 

También se darán las órdenes de lectura de los sensores para que se produzca la 
realimentación necesaria para el funcionamiento. 

El ROBUTER-11 dispone de un sistema operativo en tiempo real llamado Alba/ros que 
se utiliza para controlar y programar el AGY en este nivel. Adicionalmente se encuentra el 
entorno ASDP (Albatros Software Developmenr Package) que es un entorno software para 
desarrollar y cargar aplicaciones software para el ROBUTER-11. 

Para tener mejor id~a de la forma en la que trabaja el ROBUTER-11, seguidamente se 
presentan algunos de los numerosos comandos disponibles para su funcionamiento: 

COMA~l)Q 

MO!\'T < param > 
MOTV <param> 
MOTP < param > 
JSK <param>. 
READ < param > 
SNEW <para m> 
SSET <para m> 
BUMP <para m> 

DESCRIPCIÓN 

Comando básico de movimiento. 
Control velocidad lineal, angular. 
Ejecuta trayectorias entre puntos especificados. 

Utiliza y controla el uso del joystick 
Leer sensores de ultrasonidos. 
Añade descriptor sensor a la tabla de configuración. 

Modificar descriptor del sensor en la tabla de config. 
Activa parada emergencia. 

·.·.: : 
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ARQUITECTURAS DE CONTROL EN EL CAMPO DE LA ROBOTICA MOVIL 

EJEMPLO DE PLANIFICACIÓN DE UNA MISIÓN MEDIANTE 
UNA ARQUITECTURA MIXTA: ARQUITECTURA AuRA 

SUBSISTEMA DE PLANIFICACIÓN 

misión 

1 
Planificador de mtstones 

mis1ón (tarea 1, tare-a:!, tare.a), ... ) 

ltareaX 

Módulo de Navegación 

tareaX (pto paso!, pto paso2, ... ) 

1 pto paso Y 

Módulo de Pilotaje 

pto p:uoY (comp. 1, comp.2, ... ) 

ARQUII ECTlJit-\SOE CONTROL EN U. CAMPO DE LA ROBOTICA MOVIL 

11 
ARQUITECTURA AuRA 11 

l 
...... -

s .. b.hl~m• .1 S .. buo~cou .1~ 1·~--~.., ,_~-
e .,.~., •• n •• lPI•nor. ..... ,. 1 

1 
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H"mtOII•Lito 
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ARQUITECTURAS DE CONTROL EN EL CAMPO DE LA ROBOTICA MOVIL 

LISTA DE COMPORTAMIENTOS LANZADOS PARA LA 
EJECUCIÓN DEL ANTERIOR EJEMPLO EN LA 

ARQUITECTURA AuRA (PRIMER PUNTO DE PASO). 

• MOVERSE HACIA LA PUERTA 

• MOVERSE HACIA LA PUERTA 
• EVITAR UN OBSTÁCULO ESTÁTICO 

• MOVERSE HACIA LA PUERTA 

ARQUITECTURAS DE CONTROL EN EL CAMPO DE LA ROBOT! CA M OVIL 

-

EJI;:MPLO DE PLANIFICACIÓN MEDIANTE ARQUITECTURA 
MIXTA: ARQUITECTURA AuRA 

o b ·~ 11\ " 
H1b1tiC1on 2 

o 

{?-
. - o 

Pa1illo 

Q o o o 

ti lbll.:ICIOn 1 
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ARQUITECTURAS DE CONTROL EN EL CAMPO DE LA RO BOTICA MOYIL 

PRINCIPALES CARACTERISTICAS DE LAS 
ARQUITECTURAS REACTIVAS 

o SE ESTABLECE UNA DESCOMPOSICIÓN POR COMPORTAMIENTOS. 

o NO ES NECESARIO UN MODELO GLOBAL DEL ENTORNO 

o NO SE NECESITA CONOCIMIENTO, A PRIORI, DEL ENTORNO. 

o NO PRECISA PLANIFICACIÓN . 

. ;' o ES ADECUADO PARA ENTORNOS DINÁMICOS Y CON 
INCERTIDUMBRE SENSORIAL. 

ARQUITECTURAS DE CONTROL EN EL CAMPO DE LA ROBOT! CA f\10\'IL 

·~ ) ARQUITECTURAS REACTIVAS 

jcomportamienlo 1 

¡componamienlo 2 

:comport,llnienlo} 

sensor ~ ¡comportamtenlo .J )----3;. aciUador 

1 
!comport~lmit:nto n 
1 
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ARQUITECTURAS DE CONTROL EN EL CAMPO DE LA RO BOTICA M OVIL 

PRINCIPALES CARACTERlSTICAS DE LOS 
COMPORTAMIENTOS REACTIVOS 

• LA SALIDA DE CADA COMPORTAMIENTO DEBE SER 
COMPLETAMENTE DETERMINISTA. 

• CADA COMPORTAMIENTO ES INDEPENDIENTE DEL RESTO 

• LOS COMPORTAMIENTOS NO POSEEN MEMORIA. 

• DAN COMO RESULTADO RESPUESTAS INNATAS A ESTI1viULOS 
INTERIORES Y EXTERIORES. 

• EL RESULTADO DEBE SER HOMOGENEO. 

ARQUITECTURAS DE CONTROL EN EL CAMPO DE LA RO BOTICA MOVIL 

ARQUITECTURAS MIXTAS 

corp:rtaricrllo 1 

CXJ11XrlaTicruo 2 

~= ni\d .1 ni\d2 IU\U J • ni\d n 
cmf0131ienlo J 

· corp:rtaricruo 4 
a:!tnh .. 

)a:n~enlonJ 
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ARQUITECTURAS DE CONTROL EN EL CAMPO DE LA ROBOTICA 1\IOVIL 

LISTA DE COMPORTAMIENTOS LANZADOS PARA LA 
EJECUCIÓN DEL ANTERIOR EJEMPLO EN LA 
ARQUITECTURA AuRA (OBJETIVO FINAL). 

• tv10VERSE HACIA EL OBJETIVO 

• MOVERSE HACIA EL OBJETIVO 
• EVITAR UN OBSTÁCULO ESTÁTICO 

• MOVERSE HACIA EL OBJETIVO 

:\RQUITECTUR:\S DE CONTROL EN EL CMIPO DE LA ROBOTICA ~!OVIl_ 

LISTA DE COMPORTAMIENTOS LANZADOS PARA LA 
EJECUCIÓN DEL ANTERIOR EJEMPLO EN LA 

ARQUITECTURA AuRA (SEGUNDO PUNTO DE PASO). 

• t\·IOVERSE lt\CL". LA PUERTA 

• MOVERSE HACL-\ Lr\ PUERTA 
• EVITAR UN OBSL\CULO ESTi\TICO 

• tviOVERSE H:\CL·\ LA PUERTA 

• SEGUIN!IENTO DE UN MURO 

. 1 

•• 
;< 
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ARQUITECTURAS DE CONTIWL EN EL CAMPO DE LA RO BOTICA MOYIL 

EJEMPLO DE PLANIFICACION MEDIANTE ARQUITECTURA 
MIXTA: ARQUITECTURA AuRA. TRAJECTORIA FINAL 

H abo!ac•on: 

o 

1) 



FUZZY ASSOCIATIVE 
MEMORIES 

' :uzzy SYSTEMS AS BETWEEN-CUBE MAPPINGS 

8 

Chaptcr 7 introduced multivalued or fuzzy sets as points in the unit hypercube 
!" = [0. r'·. Within the e u be we 11ere interested in the distance between points. This 
kd to measures of the size and fuzziness of a fuzzy set and, more fundamentally, 
to a mcasure of how much one fuzzy set is a subset of another fuzzy set. This 
H'itlzin-cuhc theory directly extends to the continuous case where the space X is a 
suhsl't of Ir or. in general, wherc .\ is a subset of products of real or complex 
spaces. 

The next step considcrs mappings hctH"CCII fuzzy cúbes. This leve! of abstrae- · 
tion provicks a surprising and fruitful altemative to the propositional and predicate­
calculu, rl'~~>oning tcchniques used in artiticial-intelligencc: (Al) expert systerns. lt 
all<-'11, Lb tu rcasun with seb instcacl of propo,ition,. 

Thc fuzzy-set framework is numcrical ancl multidimensional. The Al frame­
\l·ork is symbolic ancl one-climcnsional, with usually only bivalent expert ""rules'" 
or prnpositions al!OII'ed. Both framC\\'Orks can encocle structurcd knowledge in lin­
guiStiL' fnnn. But thc fuzzy approach tr:Jn,!Jtcs the structured knowledge into a 
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300 FUZZY ASSOCIATIVE MEMORIES 

. :•.·-~-, 
CHAP. 8 ·· ·. 

flexible numerical framework and processes it in a manner that resembles neural­
network processing. The numerical framework also allows us to adaptively infer 
and modify fuzzy systems, perhaps with neural or statistical techniques, directly 
from problem-domain sample data. 

Between-cube theory is fuzzy-systems theory. A fuzzy set c!efi:;es :.; point in 
a cube. A fuzzy system defines a mapping between cubes. A fuzzy system S maps 
fuzzy sets to fuzzy sets. Thus a fuzzy system S is a transformation S: ¡n _, JP. 
The n-dimensional unit hypercube ¡n houses al! the fuzzy subsets of the domain 
space. or input uni1·erse of discourse, X = {x 1 ••••• :r11 }. JP holises al! the fuzzy 
subsets of the range space, or output universe of discourse, } · = {y1 •••• , Yp}- X 
and 1 · can also denote subsets of R" and RP Then the fuzzy power sets F(2") and 
F(2¡·) replace ¡n and JP. 

In general a fuzzy system S maps families of fuzzy sets to families of fuzzy 
sets. thus S: ! 111 x · · · x ¡n. ~ fP' x · · · x JP·. Here too we can extend the definition 
of a fuzzy system to allow arbitra~ products of arbitrary mathematical spaces to 
serve as the domain or range spaces of the fuzzy sets. 

(A technical comment is in order for sake of historical clarification. A tenet, 
perhaps the defining tenet, of the classical theory [Dubois. 1980] of fuzzy sets as 
functions concems the fuzzy extension of any mathematical function. This tenet 
holds thJ! any function f: X - } · that maps points in X to points in } · extends 
tu map the fuzzy subsets of X ro the fuzzy subsets of } ·. The so-called exten­
sion ¡mnciple defines the set-functi0n f: F(2") - F(2¡·). where F(~\') denotes 
the fuzzy power set of X. the set of all fuzzy subsets of X. The formal def­
inition of the extension principie is complicated. ,The key idea is a supremum 
of pain\·ise minima. Unfonunately. the extension principie <J_chieves generality 
at the price of triviality. In general [Kosko, 1986J. 1987] the extension princi­
pie extends functions ro fuzzy sets by stripping the fuzzy sets of their fuzziness, 
mapping the fuzzy sets into bit vectors of nearly Jll 1 s. This shoncoming. com­
bined with the tendency of the extension-principle framework to push fuzzy the­
o~· into largely inaccessiblc regions of abstrae! mJthemJtics, led in pan to the 
development of the altemative sets-as-points geometric frJmework of fuzzy the­
ory.) 

\\'e shall focw, on fuzzy >y>tt:m' S: !" - J'' that map ha!!s of fuzzy sets in !" 
to b~llls of fuzzy scts in J1'. Thest: continuuu~ fuzzy systems behave as associative 
memories. They map close inputs to close outputs. \Ve shall refer to them as fuzzy 
associali\'e memories. or FAMs. 

The simplest FAM encodes the FAM rule or association (.4,. B,). which as­
sociates the p-dimensional fuzz~ '"t !J, with the n-dimensional,fuzzy setA,. These 
minim~l Fr\l'vls csscntially llldp one ball in 1" to one ball in Ji·_ They are com­
parable to simple neural networks. But we need not adaptively train the minimal 
Fr\i\ls. As discussed bclow, \\'C can dircctly encode structured knowledge of the 
fo:m "lf traffic is hcavy in thi; clircction, then keep the stop light grc:en lungcr" in 
~! HL·bhian-style F.-\1\1 corn:Lnion matrix. In practice \\C side-;tep t!Ji, l;.¡rgL' numer­
i,·~,l 111:11ri.\ \\·ith a \·inu~ll rcprc,L'Iltaliun scht:me. In place of the matri.\ the user 
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encodes the fuzzy-set association (HEAVY, LONGER) as a single linguistic entry 
in a FAM-bank linguistic matrix. 

In general a FAM system F: ¡n ---> JP encodes and processes in parallel a 
FAM bank of m FAM rules (A¡, B 1 ), ... , (Am, Bm)- Each input A to the FAM 
system activates each stored FAM rule to different degree. The minimal FAM that 
stores (A;, B,) maps input A to s;, a partially activated version of B,. The more 
A resembles A,. the more s; resembles B;. The corresponding output fuzzy set 
B combines these partially activated fuzzy sets s;, ... , B'm. B equals a weighted 
average of the partially activated sets: 

B u·¡B; + · · · + u·mB~ 

where te, reflects the credibility, frequency, or strength of the fuzzy association 
(A,. B, ). In practice we usually ''defuzzify" the output waveform B to a single 
numerical value y1 in Y by cornputing the fuzzy centroid of B with respect to the 
output universe of discourse Y. 

!\!ore general still, a FAM system encodes a bank of cornpound FA\! rules 
that associate multiple output or consequent fuzzy sets E/ . .... Bi with multiple 
input or antecedent fuzzy sets .4) ..... A¡. \Ve can treat compound FA!\·! rules.as 
compound linguistic conditionals. This allows us to naturally. and in many cases 
easily. obtain structural knowledge. \Ve combine anteceden! and consequent sets 
with logical conjunction. disjunction, or negation. For instance, \\·e \\ ould interpret 
the compound association (.4 1

• Ac: B) linguistically as the compound conditional 
"IF .\ 1 is A 1 ANO .\2 is .4 2 • THEN 1' is B" if the comma in the fuzzy association 
(.-1 1 . .-\ 2 : B) denotes conjunction instead of. say, disjunction. 

\\'e specify in advance the numerical universes of discourse for fuzzy variables 
.\ 1 .\ 2. and L For each u ni verse of discourse or fuzzy variable- .\. \\e specify 
an appropriate library of fuzzy-set values, A¡ . ... , Aí. Contiguous fuzzy sets in 
a library over!Jp. In principie a neural · network can es ti mate these libraries of 
fuzzy sets. In practice this is usually unnecessary. The libra!)' sets represen! a 
weighted. though o\·erlapping. quantization of the input space X. They represent 
the fuzzy-set mlues assumed by a fuzzy 1·ariah/e. A different library of fuzzy sets 
similarly quantizes the output space 1". Once we define the library of fuzzy sets, 
\\·e construct the FAl\1 by choosing appropriate combinations of input and OtHput 
fuu; 'ets. Adaptive techniquc;, can makc. assist. or modify these choice,. 

An adaptive F.-\!\1 (AFAM) is a 1itnc-1·arying FAM system. System parameters 
graclually ch:mge as the FAM system samples and processes data. BelO\\ \\e discuss 
how neural network algorithms can adaptively infer FAM rules from training data. In 
princirk. kaming can rnoclify other FAM systcrn components. such ~b the libraries 
of fun; 'L'l' or the FAM-ruk weights 11',. 

B~lcm wc proposc and illustrate an unsupervised adapti\·e clustering scheme, 
bascd on competiti\·e learning. to "blindly" generate and refine the bank of FAM 
rules. In Sllrllc cases we can ust' supervised leaming technique.' if \\T h:1\·e :1dditional 
inform:lltc'n tl' accurately gcncratc: error estinntes. 

... 
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FUZZY ANO NEURAL FUNCTION ESTIMATORS 

Neural and fuzzy systems estímate sampled functions and behave as associative 
memories. They share a key advantage over traditional statistical-estimation and 
adaptive-control approaches to function estimation. They are modeljree estimators. 
1\eural and fuzzy systems estímate a function without requiring a mathematical 
description of how the output functionally depends on the input. They "leam from 
example." t-.lore precisely, they learn from samples. 

Both approaches are numerical, can be partially described with theorems. and 
admit an algorithmic characterization that favors silicon and optical implementa­
tion. These propenies distinguish neural and fuzzy approaches from the symbolic 
processing approaches of artificial intelligence. 

Neural and fuzzy systems differ in how they estímate sampled functions. They 
differ in the kind of samples used, how they represen! and store those samples, and 
how they associatively "inference" or map inputs to outputs. 

These differences appear during system construction. The neural. approach 
requires the specification of a non linear dynamical system. usual! y feedfon1 ard. the 
acquisition of a sufticiently representative set of numerical training samples. and the 
encoding of those training samples in the dynamical system by repeated leaming 
cycles. The fuzzy system requires only that we panially fill in a linguistic ··rule 
matrix." This task is markedly simpler than designing and training a neural netv:ork. 
Once we construct the systcms. we can present the same numerical inpJ.!lS to either 
S) skrn. The outputs will reside in the same numerical space of altematives. So 
both systcms define a surfacc or manifold in the input-output product space X x Y. 
\Ve present examples of these surfaces in Chapters 9, 10. and 11. 

Which systern. neural or fuzzy. is more appropriate for a panicul::!r problern 
depends on the nature of the problem and the a1·ailability of numerical and structured 
data. To date engineers have applied fuzzy techniques largely to control problerns. 
These problems often pem1it comparison with standard control-theoretic and expen­
system approaches. :\eural networks so far seem best applied to ill-defined two-class 
pattem-recognition problems (ddective or nondefective. bomb or not. etc.). 

Fuzzy systerns estimare functions with jit::v-ser samples (.4;. B, ). Neural 
systems use nwncricul·¡)(lilll samples (.r, . .11: L Both kinds of sampks reside in the 
input-llutput pwduc·t space .\' >: \·. 

Figure ~.1 illustrates the geometry of fuzzy-set and numerical-point samples 
taken from the function f: .\' - L 

Engineers sometimes cal! the fuzzy-set association (.4,. B,) a "rule." This is 
misleading. since rc~honing with sets i' not the same as rcasoning 11·ith propositions. 
Reas<Hling 11 ith sct' ¡, hankr. Sets are multidunensional. and matrice.s. not propor­
tional conditionaJ,. hmbt: associations. \Ve must takc care how we d~fine each tenn 
and op.:ration. Wt: shall rt:kr to the anteceden! tem1 A, in the fuzzy association 
( .·1,. /i.) as the input associant and the consequent tem1 n, as the output associant. 

Th·,' fu u> ·\Ct 'arnpk í. \,. 13,) cncodes srmcrurc. lt rcpr~sents a mapping. a 
rn:::::::::' ,'!i::: .... ,_,,:: .'.::.'.:1: (lr F:r;·t of thc· output spac·c· 11 ith p~trt of thc· irrpul spact:. 
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, • x..l 
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FIGURE 8.1 Functien f maps demain X te range l'. In the f1rst illustratien 
we use severa! numerical-peint samples (r,. y,) te estimate f. X - \'. In 
tne secend case we use enly a few fuzzy subsets A, ot X and B, el \'. The 
fuzzy asseciatien (:4,. B,) represents system structure, <¡san adaptive clustering 
a'gerithm might infer eras an expert might articulare. In practice there are usually 
fewer d1fferent eutput asseciants er "rule" censequents B, than input asseciants 
er antecedents .4,. 

303 

In practicc this resembles a meta-rule-IF .4,. THEI\ B¡-the type of structured 
linguistic ruk an expen might aniculate to build an expen-system ''knowledge 
base.'' The association might also represent the result of ·an adaptive clustering 
algorithm. 

Con;;idcr a fuzzy association for the intelligent control of a trafi]c light: ··¡f 
thc trafti~ i,; hca\·y in this dircction. then keep the light green longer." The fuzzy 
association is (HEAVY, LONGER). The input fuzzy variable traffic densi(v assumes 
the fuzzy-set value HEAVY. The output fuzzy variable green light duration as­
sumes thc fuzzy-set value LONGER. Another fuzzy association might be (LIGHT, 
SHORTER ). The fuzzy system enrodes each linguistic association or "rule" in a 
nu;n;::ri,·al jit::.1· assocwti1·c nu'lllur_l· (FAM) mapping. The FAM then numcrically 
processcs numerical input data. A measured description of traffic density (c.g., !50 
car., per unit ruad surface area) then curresponds to a unique numerical output (e.g., 
~ s::con.Js). thc "rccallcd" output. 
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The degree to which a particular measurement of traffic density is heavy 
depends on how we define the fuzzy set of heavy traffic. The definition may arise 
from statistical or neural clustering of historical data or from pooling the responses o 
of experts. In practice the fuzzy engineer and the problem-domairi expert agree on 
one of many possible Iibraries of fuzzy-set values for the fuzzy variables. 

The degree to which the traffic Iight stays green longer depends on the degree 
to which the measured traffic density is heavy. In the simplest case the two degrees 
are the same. In general the two degrees diÍier. In actual fuzzy systems the output­
control variables-in this case the single variable green-light duration-depend on 
many FA~I-rule antecedents or associants activated to different degrees by incoming 
data. 

Neural vs. Fuzzy Representation of Structured Knowledge 

The clistinction bet11oeen fuzzy and neural systems begins with how they rep­
resen! structurecl knowledge. How would a neural network encocle the same asso­
ciative infom1ation·) H011 would a neural network encocle the structurecl knowleclge 
"lf the traftic is heavy in this direction. then keep the light green longer"? 

The sirnplest methocl encocles two associated numerical vectors. One vector 
represents thc input associ~::ot HEA \'Y. The other represents the output associant 
LONGER. But this is too simple. For the neural network's fault tolerance now works 
to its disad1oantage. The net11ork tends to reconstruct partial inputs to complete 
sample inputs. lt erases the clesirecl partial degrees of activation. If an input is close_ 
toA,. the output 11ill tend to be B,. lf the output is distan! from .j,. the output will 
tend to be some othcr sampled output 1oector or a spurious output altogether. 

A bet!er neural approach encocles a mapping from the heavy-traffic subspace 
to the longer-time subspaceo Then thc neural network neecls a representative sample 
sct to capture this structure. Statistical nctworks, such as adaptive vector quantizers. 
m ay need thousands of statistically representative samples. Feedforward multilayer o 
m::ural ne1110rks trainecl with the backpropagation algorithm in Chapter 5 may need 
hundreds of representative nurncrical input-output pairs and may neecl to recycle 
thcsc sampkos tCih of thuusands uf times in thc lcaming process. 

Thc· nc·ur~il appmach suffcrs a dccpcr problcm than just the computational 
burdcn of training. W/wt does it encocle'' How do we know the network encocles 
the original structun:'.' What chJe, it recall'' Therc is nó natural inferential auclit trail. 
System nonlincarities wash it a11·ay. Unlikc an expert system. we do not know which 
inft:rc·ntial p:1ths tht: n.::twork usc·s tu rcach a given output or even which inferential 
paths CXISL Thcn.: ¡, (ltlly ;: L1rgc· sy::.t<:m of synchronou, or asynchrunous nonlinear 
functions. Unlikc. say. thc adapti1·.: Kalman tilter, we cannot appeal to a postulated 
mathcm~Hical m oc! el of how thc output state depends on the input state. Model-free 
cstimation is. aftcr al!. thc ccntr;il comrutational advantagc of ncural networks. The 
cuost '' '~ 'lL'Ill inscrutahility. 

\\-,· ~~~-,· kfr \'. i!h an tllhlrllc'iUi<:d l'l'lllfllltational hlaL·k hu\. \\-e do i1<lt know 
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what the neural network encoded during training or what Í! will encode or forget in 
further training. (For competitive adaptive vector quantizers we do know that synap­
tic vectors asymptotically estímate sample-space centroids and perhaps higher-order 
moments.) \Ve can characterize the neural network's behavior only by exhaustively 
passing al! inputs through the black box and recording the recalled outputs. The 
characterization may use a summary scalar Iike mean-squared error. · 

This black-box characterization of the network's behavior involves a compu­
tational dilemma. On the one hand, for most problems the number of input-output 
cases we need to check is computationally prohibitive. On the other. when the nun-i­
ber of input-output cases is tractable, we may as well store these pairs and appeal 
to them directly. and without error, as a look-up table. In the first case the neural 
network is unreliable. In the second case it is unnecessary. · 

A funher problem is sample generation. Where did the original numerical 
point samples come from? Did we ask an expert to give numbers? How reliable 
are such numerical vectors, especially when the expert feels most comfortable giving 
the original Iinguistic data'? This procedure seems at most as reliable as the expert­
system method of asking an expert to give condition-action rules \\ ith numerical 
uncertainty weights. 

Statistical neur::ll estimators require a "statistically representati\·e·· sampk set. 
\Ve may need to randomly '·creare'" these samples from an initial small sampk 
set by bootstrap tcchniques or by random-number generation of points clustered 
near the origin;:ll samples. Both sample-augmentation procedures assume that the 
initial sample ser sufticiently represents the underlying probability distribution. The 
problem of where the original sample set comes from remains. The fuzziness of 
the notion '"statistically representative" compounds the problem. In general we do 
not know in ad\·ance how well a given sample set reftects an unknown underlying 
distribution of points. lndeed \\hen the network adapts on-line. we .. knO\\. only past 
samples. The remainder of the sample ser resides in the unsampled fuwre. 

In contras!. fuzzy systems directly encode the Iinguistic sample (HEAVY, 
LONGER) in a dedicated numerical matrix, perhaps of infinite dimensions. The 
dcfault encoding technique is the fuzzy Hebb procedure discussed below. For prac­
tica! problems we need not store this large, perhaps intinite. numerical matrix. 
lnstead wc use a vinu::ll representation schemc. Numerical point inputs perrnit this 
simplitication. !vlathematically \\C implicitly pass large unit bit vectors. or delta 
pulses in the continuot~> case. through the f-AM-rulc matrix. In general we describe 
inputs by an uncenainty dtstribution. probabihstic or fuzzy. Then we must use the 
entire matrix or reduce thc input to a scalar by averaging. 

For instance. if the hcan·truffic input is 150 cars, wc can omit the FAM matrix. 
13clow \\e refer to these systems as hinary input-output FAMs, or BIOF.-\Ms. But if 
the input is a Gau"iJn cun·e with mean 150. then in principie we must proce's thc: 
vector input \\ ith a FAM matri\. (In practice we might use only the mean.) The 
dimensions of thc- linguistic F.-\t-.1-hank matrix are usually small. The dirnensions 
retlect the quantization ln·els of the input and output spaces. the number of fuzzy-set 
,·alut' assumcd h; tilc· r"u1 ;\· \·ariarks. 
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The fuzzy approach combines the purely numerical approaches of neural net 
works and mathematical modeling with the symbolic, structure-rich approaches c.. 
artificial intelligence. We acquire knowledge symbolically-or numerically if we 
use adaptive techniques-but represen! it numerically. We also process data nu­
merically. Adaptive FAM rules correspond to common-sense. often nonarticulated, 
behavioral rules that improve with experience. 

This approach does not abandon neural-network techniques. Instead, it limits 
them to unstructured parameter and state estimation, pattem recognition, and cluster 
forrnation. The system architecture remains fuzzy. 

FAMs as Mappings 

Fuzzy associative memories (FAMs) are transforrnations. FAMs map fu:zy 
scrs ro fu::y sets. They map unit cubes to unit cubes, as in Figure 8.1. In the simplest 
case the FAM system consists of a single association. such as (HEAVY, LONGER). 
In general the FAM system consists of a bank of different FA!\1 associations. Each 
association corresponds to a different numerical FAM matrix, ora different entry in 
a linguistic FAM-bank matrix. We do not combine these matrices as we combine 
or superimpose neural-network associ:Jtive-memory (outer-prodücl) ili;lirices. (A 
exception is thefuzzy cogniti1·e map [Kosko, 1988; Taber, 1987. 1991].) We store 
the matrices separately and access them in parallel. This avoids crosstalk. Since 
we use a virtual (BIOFAM) representation scheme, the computational burden of the 
parallel access is light. · · 

\Ve begin with single-association FAMs. For concreteness let the fuzzy-set pair 
(A. B) encode the traffic-control association (HEAVY. LIGHT). \Ve quantize the do­
m:lin of traffic density to the n numerical variables x 1 • x 2 . •..• ~-,. We quantize the 
range of green-light duration to the p variables y 1 • y2 , .. :, Yp· The elements x, and 
y_, belong respectively to the ground sets X= {~· 1 , ••• , x,} and Y= {y 1, ••• , yp}· 
x 1 might represen! zero traffic density. yP might represen! lO seconds. 

The fuzzy sets A and D are multivalued or fuzzy subsets of X and Y. So 
.·\ define;; a point in thc n-dimensional unit hypercube !" = [0. l]". and B defines 
a point in the f'·dimensillnal fuzzy cube ]'' . . Equi\:J!ently .. ·l and B define the 
mcmbership functions m.-1 and m¡1 that map the elements ~-, of X and Yj of Y to 
degrces of membership in [0. 1]. Thc membership \·alues, or fit (fuzzy unit) values, 
ind1cate how much x, belongs to or fits in subset .4., and how much y1 belongs to B. 
\\'e describe this with tlu: ab>tract functions 71tA: X~ [0. l] and 71t¡1: }. ----. [0. 1]. 
\V,• shall frccly Yicw scts both as functions and as points in fuzzy powcr sets. 

Thc geomctric scts-as-points intcrprctation of finite fuzz) sets .-\ and B as 
points in unit cubcs allows a natural vector rcpresentation. \\'e represen! A and 
D bv thc- numcrical fit 1·cnnrs .'\ = (n 1 , .... a,) and B = (b¡ ..... b1,). where 
u.='" ;U, J. and b1 = nl¡d,./1;)- \Ve can intcrprct the identifications A= HEAVY and 
i.-; = i .0\"C.iER tn suit the pmbkm at hand. lntuiti\'ely thc a, \·alues should increase 
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Light Medium Heavy 

0+-~=---,_----~~~-----r--~~, 

x
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= 0 50 lOO 150 X = 200 
n 

Traffic density 

FIGURE 8.2 Three possible fuzzy subsets of traHic-density space X. Each fuzzy 
sample corresponds to such a subset. We draw the fuzzy sets as contmuous 
membership functions. In pract1ce membership values' are sampled or quant1zed. 
So the sets are points in so me unit hypercube !". 
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as the index i increa~es, perhaps approximating a sigmoid membership function. 
Figure 8.2 illustrates three possible fuzzy subsets of the universe of discourse X. 

Fuzzy Vector-Matrix Multiplication: Max-Min Composition 

Fuzzy vector-matrix multiplication resembles classical vector-matrix multiph­
cation. We replace pairwise multiplications with pairwise minima. We replace 
column (row) sums with column (row) maxima. We denote this fuzzy vector­
matrix composition relation. or the max-min composition relation [Klir. 1988]. 
by the composition operator "e". For row fit vectors .4 and B and fuzzy n-by-p 
matrix M (a point in l"'P): 

.-\o .\[ D (8-1) 

where we compute the "recal!ed" component 1>1 by taking the fuzzy inner product 
of fit \cCtor .-\ with the )th column of .\f· 

max mm(a,. m,1 ) 
I:Sz~n 

(8-2) 

Suppose we compase the fit vector.-\= (.3 .4 .8 1) with the fuzzy matrix :\! 
given by 

( 
') .X .7 ·-

M 
.7 .6 6 
8 . 1 .5 
u ') ' ._) 

:;.' 

6~ 
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Then we compute the "recalled" fit vector B = A o AI componentwise as 

b1 max{min(.3, .2). min(.4, .7), min(.8, .8), min(l, O)} 

max(.2, .4, .8, O) 

.8 

max(.3, .4, .1, .2) 

.4 

b3 max( .3 .. 4 .. 5 .. 3) 

= .5 

So B = (.8 .4 .5). lf we somehow encoded (A.. B) in the FAM matrix M, we 
would s:1y that the FAM system exhibits pe1jecr reca/1 in the forward direction: 
A o .\1 =B. 

The neural interpretation of max-min composition is that each neuron in tield :J 
Fl· (or tield Fn) generares its signal!acuYation value by fuzzy linear composition. ·J 
Passing information back through MT. allows us to interpret the fuzzy system as a l 

bidirectional associative memory (BAt\1). The bidirectional FAM theorems below ·¡i. 

characterize successful BAM recall for fuzzy correlation or Hebbian leaming. 
For completeness we also mentio~ thc max-product composition operator 

which replaces mínimum with product in (8-2): 

Fuzzy lit.:rature often confuses this composition operator with the fuzzy correlation 
encoding scheme discussed belO\\. i\la\-product composition is a method for "mul­
tiplying" fuzzy matrices or vectors. Fuzzy correlation, which also uses pairwise 
products of fit values. constructs fuzzy matrices. In practice, and in the following 
discussion. we use only max-min composition. 

FUZZY HEBB FAMS 

l\·lost fuzzy syst.:ms found in applications are fuzzy Hebb FAMs [Kosko, 
!986b]. They are fuzzy systems S: /"- /~' constructed in a simple neurallike man­
ner. As discussed in Chapter 4. in neural-network theory we interpret the classical 
Hcbbian hypothesis of correlation s~n~tptic le~tming [Hebb, 1949] as unsupervised 
kaming \\·ith thc signa! produu S.S · 

(8-3) 

For a givcn pair of bipolar row vector'(.\'.)'). the neural interpretation gives the 
ourcr-¡>ro:lun cnrrc·lation matri\ 

.\! ~ .\ 1 \. ( X-4) 
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\Ve define pointwise the fuzzy Hebb matrix by the mínimum of the ··signals'' 
a, and b1 • an encoding scheme we shall call correlation-minimum encoding: 

m;j m in( a,. b1 ) (8-5) 

given in matrix notation as the fu::_v ourer-producr 

:\1 AToE (8-6) 

.Mamdani [ 1977] and Togai [ 1 986] independently arrived at the fuzzy Hebbian 
prescription (8-5) as a multivalued logical-implication operator: truth (e, - b,) = 
m in( a,. b1 ). The m in operator, though,js a symmetric truth operator. So it does 
not properly generalize the classical implication P ___. Q, which is false ii and only 
if the antecedent P is true and the consequent Q is false. t(P) = 1 and t(Q) = 
O. In contrast. a like desire to define a '·conditional-possibility" matrix pointwise 
with continuous implication values led Zadeh [ 1983] to choose the Luk:lsiewicz 
implication operator: m,:= truth (a,- b1) = min(l. 1-a, +bJ)- L'nfortunately the 
Lukasiewicz operator usually equals or approximates unity. for min( l. 1-,; -b¡) < 1 
iff a, > b .. Most entries of the resulting matrix M are unity or near umty. This 
ignores the infom1ation in the association (.-\. B). So .-\'o ,\1 tends w cqual the 
largest tit 1·alue a: for an) system input .4'. 

\Ve construct an auroassocialil'e fuzzy Hebb FAM matrix by en.:-,,ding·,the 
redundant pair (.-\ . .4.) in (8-6) as the fuzzy autocorrelation matrix: 

M= .-\ro.-\ (8-7) 

In the pre1·ious example the matrix ,\! was such that the input .-\ = r .. ~ -+ .8 1) 
recalled tit Yector B =(.S .4 .5) upon max-min composition: .-1: .\! = iJ. \\'ill .-\ 
still recall B if 11e replace the original matrix M with the fuzzy Hebb matri\ found 
with (8-6)'' Substitutin~ A and B in (8-6) ~ives 

~ ~ 

.\! _-\T o B 

.3 

.4 

.8 
o ( .8 4 .5) 

. 3 
4 
8 
8 

. __ , 
1 

.~ 

.-" 
_.:1 

.3 

.5 

.5 

This fuzzy Hebb matrix .\/ illustrates two key properties. First. the ith row of 
M equals the pain1 ise mínimum of ", and the output associant B. Symmetrically. 
tll<.' )th Ct1!LJmn of .\/ CLJLI~l!S thl' p~llr\1 ¡,l' mínimum of /1, and the Íll['Lit ~h-;ociant .-\: 

l'i/¡1,/Jl 
.\/ = 

"· ;, n 
(8-8) 

1 S-9 l 

wherc the cap operator denote, pairwi,c minimum: u, f, /_¡
1 

= minru,. /_¡
1 

'· The tem1 
u,'. fJ indicares component11 i,e mínimum: 

(,' ·. /1 1/. 1. ¡, ) r 1-:-101 
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Hence if sorne a k = 1, then the kth row of M equals B. If sorne b¡ = 1, the lth 
column of M equals A. More generally, if sorne ak is at least as Iarge as every bj, 
then the kth row of the fuzzy Hebb matrix M equals B. 

Second, the third and fourth rows of M equal the fit vector B. Yet no .column 
equals A. This allows perfect recall in the forward direction, A o M = B. but not 
in the backward direction, B o ,\1 r .¡.. :1.: 

(.8 .4 .5) B 

(.3 .4 .8 .8) A' e A 

.-1' is a proper subset of A: .4.' o¡'c A and S( A'. A)= 1, where S measures the degree 
of subsethood of .-1' in .4.. as discussed in Chapter 7. In other words, a; ::; a, for 
each i and O: < a, for at leas! one k. The bidirectional FAM theorems below show 
that this holds in general: If B' = A e .\1 differs from B, then B' is a proper subset 
of EJ. Hence fuzzy subsets map to fuzzy subsets. 

The Bidirectional FAM Theorem for Correlation-Minimum Encoding 

Analysis of FA!'vl recall uses the traditional [Kiir, !988] fuzzy-set notions of 
the ltciglil and the norma!irr of fuzzy sets. The height H(A) of fuzzy set A is the 
maxirnurn tit value of .4: 

!!(.-!¡ = max a, 
1 :51:::; 1! 

A fuzzy set is normal if //(.·1) = l. if at least one fit value ak is maximal: ak = l. 
In rractice fuzzy sets are w;ually normal. We can .extend a nonnormal fuzzy set 
to a nonnal fuzzy set by adding a dummy dimension with corresponding fit value 
(/ 11- 1 = l. 

Recall accuracy in fuzzy Hcbb F.-\\ls constmcted with correlation-minimum 
encPding derends on the heights 1/i.·l: and H(IJ). Nonnal fuzzy sets exhibir perfect 
n:call. lndeed (.·l. U¡ is a bidirecllonal tixed point-.4 o M = B, and B o MT = A­
if and Pnly if 11(.-l) = llí!J). 11hid1 always holds if .4 and B are normal. This 
i:- a cornllary of the biclircctJPil~JI F.-\\1 thcPrem [Kosko. i986a] for correlation­
lllllllllllllll en,·pding. Beltll'. ''e· ¡'rc·<n: a :-1rnilar theon:m for correlation-product 
CllCOLIJllg. 

Corrclation-minirnum bidircctional FA!\1 theorem. If M= .4T oB, then 

1 i ) . 1 1 .\1 -. li J!f 11(.·1) > 1/(JJ) 

( i i ) 1; : .\/ . =e .1 i lf H ( JJ) > H(A) 
( ¡¡¡ 1 ..!'' .\1 ~· ¡; for any ;\' ·-

( i \') 1 ,. 
' e \ ¡i 1 - 1 fnr am· []' 

- '.:..-;;.~· . 

1 
• 
! • 
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Proof. Observe that the height H(A) equals thefuzzy norm of A: 

AoAT = maxa¡/\a, maxa, H(A) 

Then 

AoM - Ao(AToB) 

- \AoAT)oB 

- H(A) o B 

H(A.) 11 B 

So H(A) 1\ B = B iff H(A) 2 H(B), establishing (i). Now suppose A' 1s an 
arbitrary fit vector in ¡n. Then 

A'oM- (A.'oAT)oB 

- (A' o AT) 1\ B 

which establishes (iii) since A.'oAT::; H(A). A similar argument using I\JT = BT o A 
establishes (ii) and (iv). Q.E.D. 

The equality A.oAT = H(A) implies an immediate corollary of the bidirectional 
FAM theorem. Supersets A' =:l A behave the same as the encoded input associant 
.4: A' o .\! = B if A o M = B. Fuzzy Hebb FAMs ignore the inforrnation in the ~ 

difference A'- .4, when A e A'. 

Correlation-Product Encoding 

Correlation-product encoding provides an altemative fuzzy Hebbian encod­
ing scheme. The standard mathematical outer product of the fit vectors A and B 
forros the FA~·! matrix M. Then 

(8-11) 

and in matrix notation. 

(8-12) 

So the i!h row of :\! equals thc fit-scaled fuzzy set (z,B. and the J!h column of M 
T equals b1 A : 

\1 ~ [ :': l (8-13) 

· T T = !¡,; .·1 ! .. . jb,A J (8-14) 

8B 
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If A= (.3 .4 .S 1) and B = (.8 .4 .5) as above, we encode the FAM rule (A, B) 
with correlation product in the following matrix 1\I: 

.24 .12 .15 

.32 .16 .2 
¡\f = 

.64 .32 .4 

.8 .4 :5 

Note that if .-\' = (O O O 1 ). then A' o M = B. The FAM system recalls output 
associant B to maximal degree. If A'= (1 O O 0), then A' o M= (.24 .12 .15). 
The FAl\1 system recalls output B only to degree .3. 

Correlation-minimum encoding produces a matrix of clipped B sets. while 
correlation-product encoding produces a matrix of scaled B sets. In membership­
function plots. the scaled fuzzy sets a,B all have th.e same shape as B. The clipped 
fuzzy sets n, ;\ B are ftat at or above the a, value. In this sense correlation-product 
encoding preserws more information than correlation-minimum encoding, an im­
portan! point in fuzzy applications when we add output fuzzy sets together as in 
Equation (R-17) below. In the fuzzy-applications literature this often leads to the 
selection of correlation-product encoding. 

Unfortunately. the fuzzy literature invariably confuses the correlation-product 
encodin'! scheme with the ma\-product composition method of recall or infer­
ence. as mentioned above. This widespread confusion warrants formal clarifica­
l!on. 

In practice. and in the fuzzy applications developed in the next chapters, 
the input fuzzy set .4' is a binary \ ector with one 1 and all other elements 0--a 
row of the n-by-n identity matri.\ (or a delta pulse in the coniinuous case). A' 
represents the occurrence of the crisp measurement datum .r,. such as a traffic 
density value of 30. \Vhen applied to the encoded FAM rule (.4. B). the mea­
surement value .r, acti\·ates .-\ to degree a,. This is part of the ma.\-min com­
position recall process. for .4' : .\! = (.·\'o .·\T) o B = n, 1\ B or o, B depending 
on whcther we encoded ( .-\. 13 J in .\/ with correlation-minimum or correlation­
procluct cncoding. \Ve actívate or ""tire"" thc output associant B of the "rule" to 
dc\'rcc n 

~ l. 

Sinc·e thc· \aluc, ,:: are binary. '.-: /!'._. = o; 1\ rn,r So the max-min and max­
procluct composition opcrators coincide. \Ve avoid this confusion by referring to both 
the n:call proccss and the corrclation encocling scheh1e as correlation-minimum 
inference when we combine correlation-minimum encoding with ma.\-min compo­
sition. ancl a:; corrclation-pruduct inference whcn we combine correlation-product 
c·ncodin~ \\ ith rna\-nun cornpo-;uion. 

\\'e nnw prnve thc corrclation-pruduct · vcrsion of the bidirectional FAM 
thcllrc·rn. 

' ,.¡:.~ 

..... ~~~\ 
"';;'\.:': 
·.• ... ' 

1 
l 

l • .; 

' j 



FUZZY HEBB FAMS 

Correlation-product bidirectional FAM theorem. 
and B are nonnull fit vectors, then 

Proof 

(i) A o M= B 

(ii) B o AJT = A 

(iii) A' o M e B 

(iv) B' o AJT C A 

iff H(A) = 1 

iff H(B) = 1 

for any A' 

for any B' 

AoM Ao(ATB) 

(A o AT)B 

- H(A.)B 

J1J 

Since Bis not the empty set, H(A)B = B iff H(A.) = 1, establishing (i). (AoM = B 
holds trivially if B is the empty se t.) For an arbitrary fit vector A' in !": 

A' o M (A' o AT)B 

e H(A)B 

e B 

since A' o A ::; H(A). establishing (iii). (ii) and (iv) follow similarly using MT = _ 
T B .4. Q.E.D. 

Superimposing FAM Rules 

NO\\ suppose we have m FAM rules or associations (.4 1, B1 ) ..... (.4,., Bm). 
The fuzzy Hebb encoding scheme (8-6) leads to m FAM matrices M 1 ..... Mm to 
encode the associations. The natural neural-network temptation is to add, or in this 
case maximum. the m matrices point\\ ise to distributively encode the associations 
in a single matrix M: 

(8-15) 

This sup.:rimposition sch.::mc fails for fuzzy Hebbian encoding. The superim­
posed result tends to be the matrix .4T o IJ. where A and B denote the pointwise 
maximum of the respective m fit vectors A, and Di. \Ve can see this from the 
poinl\\ is.:: incquality 

max rnin(u 1
. 1/) < m in• rnax u'. max b') 

l:;ks_111 1 
J ¡-::_;.~, 11 1 ISA.Sm J 

(8-16) 
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Inequality (8-16) tends to hold with equality as m increases, since all maximum 
terms approach unity [Kosko, 1986a]. We lose the information in the m association 
(A., B¡). 

The fuzzy approach to the superimposition problem additi1·e!y superimposes 
the m recalled 1·ectors B~ instead of the fuzzy Hebb matrices Ah. B~ and Ah 
correspond to 

A o (A[ o Bk) 

B~. 

for any fir-vector input .4 applied in parallel ro the bank of FAM ll,lles (Ak. Bk). 
This requires separarely sroring rhe m associarions (Ak. B, ). as if each associarion 
in rhe F.-\M bank represents a separare feedforward neural nerwork. 

Separare srorage of FAM associarions consumes space bur provides an ''audir 
rrail"" of rhe FAM inference procedure and avoids crossialk. The user can direcrly 
derem1ine which FAM rules conrribured how much membership acrivarion ro a '·con­
cluded"" ourput. Separare srorage also provide<; knowledge-base modulariry. The 
user cm add or delere FA!\-1-srructured knowledge wirhour disrurbing srored knowl­
edge. Borh of rhese benefirs are ad\·antages O\'er apure neural-nerwork architecture 
for encoding rhe same associations (.-\¡. Dk). Of course we can use neural nerworks 
exogenously to estimare. or even indi\·idually house. the associations (A¡, B¡). 

Separare storage of FAivl rules brings out another distinction between FAi'v. 
systems and neural networks. A fit-\'ector input .-1 activares al! the FAM rules 
( A1 . D. 1 in p:ualkl but to different degrees. lf .-\ only partially ··satisfies" the 
anteceden! <~:>sociant .-\¡. the cons-equent associant B1 only partially activares. If A 
cloes not satist'y .-l., at al!. D¡ cloes not activare at al!. B~ equals the null vector. 

l\eural net\\·orks beha\·e clifkrently. They rry ro reconstruct the entire associ­
ation 1 .-l:. !31 ) when stimulatecl with .-\. lf .-1 and A( mismatch se\'erely. a neural 
network will tend to emit a nonnull output D;. perhaps the result of rhe network 
c!ynamical system falling into a ""spurious"" attractor in the state space. \Ve may 
clesire this for metrical classitiL·arion problems. but not for inferential problems and, 
arguahl:. for associative-mernory prnbkms. When we as k an expert a question 
outside his field of knO\\·Jedge. ir m~1y he more prudent if he gives no response than 
if he gi\L'' an educated gu<.:s>. 

Recalled Outputs and "Defuzzification" 

The recalled lit-vector output fJ equals a weightccl sum of the individual re­
callee! \"CC!Ors JJ;: 

JJ (8-17) 

= 

•• 
~. 
·~ 
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where the nonnegative weight <e¡. summarizes the credibility or strength of the 
kth FAM rule (Ak, ljh). The credibility weights wk are immediate candidates for 
adaptive modification. In practice we choose u: 1 = ... = u·rn = 1 as a default. 

In principie, though not in practice, the recalled fit-vector output equals a 
normalized su m of the B~ fit vectors. This keeps the components of B unit,inter. al 
valued. We do not use normalization in practice because we invariably '"defuzzify" 
the output distribution B to produce a single numerical output. a singk v~h!"" ;n 

the output universe of discourse Y = {y 1 , ••• , Yp}- The information in the output 
waveform B resides largely in the relative values of the membership degrees. 

The simplest defuzzification scheme chooses that element !lr.1:1, that has maxi­
mal membership in the output fuzzy set B: 

(8-18) 

The popular probabilistic methods of maximum-likelihood and maximum-a­
posteriori parameter estimation motivare this maximum-membership defuzzifica­
tion scheme. 

The maximum-membership defuzzification scheme has two fundamental prob­
lems. First. the mode of the B distribution is not unique. This problem aff~cts 

correlation-minimum encoding. as the representation (8-8) shows. more than ir:af­
fects corre lation-product encoding. Since the mini m u m operator e lips off the top of 
the B; fit \ ectors. the additively combined output fit vector B tends to be ftat over 
m:!:-:y regions of universe of discourse ) ·. For continuous membeíship iun..:tiorb 
this leads to infinitely many modes. Even for quantized fuzzy sets. there may be 
manv rnodes. - . 

In practice we can average rnultiple modes. For large FAM ban.ks of .. indepen-
dent"' FA!VI rules. sorne form of the central limit theorem · ( whose proof ultimate !y 
depends on Fourier transformability, not probability) tends to hold. The waveform 
B tends to resemble a Gaussian membership function. So a unique mode tends 
to emerge. It tends to emerge with fewer samples if we use correlation-product 
encoding. 

Second. the maximum-membership scheme ignores the inforrnation in much 
of the waveform n. Again correlation-minimum encoding compounds the problem. 
In practice !3 is ofren highly a'ymmctric. even if it is unimodal. Intinitely many 
output dt~tributions can sharc thé samc modc. 

Thc n:mrral altcmatin:: is thc fuzz~ centroid dcfuzzi!ication schemc. Wé: 
dircctly computé: thc real-valucd output as a (normalized) convex combination of fit 
value,. thc fu::r ccnrroid fJ of fit-w:ctor JJ with respéct to output spacc !": 

i' 

y--,1/JIIIf!(.l/J) 
~ 

rl 
IJ 

/' 
( R-19) 

~ 111 [j (.¡¡)) 
•. 1 

oJ 
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,------------------l 
: F AM Rule 1 · l 

1 wl 1 
1 FAM Rule 2 1 

1 ~s;~ 1 

~--~~B~~ : 
A _ _.J._ ___ , "~2 • 0-+ B ~ yi 

• • • 1 

• • • 1 

• • w 1 

LFAM Rule m m 1 

1 ~B~ : 

L ______ -- ---------- _J 
FAM SYSTEM 

FIGURE 8.3 FAM system architecture. The FAM system F maps fuzzy seis in 
the unit e u be !" lo fuzzy sets in the unit e u be JI'. Binary input sets model exact 
i~¡:¡~t data. In general only an uncertainty estimate of the system sta!e con!ronls 
the FAM system. So A is a proper fuzzy set. The u ser can defuzzify output fuzzy 
sel B lo yield exacl output data, reduc1ng lhe FAM system to a mapping between 
Boolean cubes. 

The fuzzy centroid is unique and uses all the information in the output distribution 
B. For svmmetric unimodal distributions the moJe and fuzzv centroid coincide. - -
In many cases we musl re place the discrete sums in ( 8-19) with integrals owr 
continuously infinite spaces. \Ve show in Chapter 11. though. -thal for libraries of 
trapezoidal fuzzy-set values we can replace such a ratio of integrals with a ratio of 
simple discrete sums. 

Compuling the centroid (8-19) is lhe only s1ep in the FAM inference procedure 
that requires di\·ision. All other operations are inner products. pairwise minima, 
and addilions. This promises rcalizalion in a fuzzy optical processor. Already sorne 
fom1 of lhi, FA\-1-inference scheme has led lo digital [Togai, 1986] and analog 
[Yamakawa. 1987, 1988] VLSl circuitf). 

FAM System Architecture 

Fi!!ure 8.3 schematizes thc architecturc of the nonlinear FAM svstem F. Note 
~ -

that F m a¡,; fuzzy sets lo fuzzy sets: F( A) = n. So F defines a fuzzy-system 
tran,form:IlicHl F: /' --JI". In praclic.: .-\ .:quals a bit vector with one unity value, 
u, = l. and all othcr fit valucs zcro. u1 =O. ora delta pulse. 

\\'L' lkfuzzify lht: output fuzzy set IJ with the centroid technique to produce 
an c.xact ekment .1/1 in the output universe of discourse }". In effect defuzzifi­
cation pw,lUl"L'' an output binary wctor O, again ·with one ekment 1 and the· 
re·,: (k .\t ti;'·· k\·el thc F:\\1 ''-'ll"I;; /" ¡¡¡;q>., ,ch tu -'L"h. ~~ducing the fuzzv 

... 
o 
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l 
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system F to a mapping between Boolean cubes, F: {0, 1}" ___, {0, 1}1'. In 
many applications we mode 1 .\" and Y as continuous universes of discourse. 
So n and p are quite large. We shall cal! such systems binary input-output 
FAMs. 

Binary lnput-Output FAMs: lnverted-Pendulum Example 

Binary input-output FAMs (BIOFAMs) are the most popular fuzzy systems for 
applications. BIOFAi\1s map system state-variable data to control. classification, or 
other output data. In the case of traffic control, a BIOFAM maps traffic densities to 
green (and red) !ight durations. 

BIOFAMs easily extend to multiple FAM-rule antecedents. to mappings from 
product cubes to product cubes. There has been little theoretical justification for 
this extension. aside from Mamdani ·s [ 1977] original suggestion to multiply re­
lational matrices. ln the next section we present a general method Jor dealing 
with multiantecedent FAM rules. First, though, we present the BIOFAM algo­
rithm by illustrating it, and the FAM construction procedure. on a standard control 
problem. 

Consider an im erted pendulum. \Ve wish to adjust a motor ro balance an 
inverted pendulum in two dimensions. The inverted pendulum is a classical con­
trol problem and admits a malh-moJel control solution. This provides a formal 
benchmark for BIOFAM pendulum controllers. 

There are two state fuzzy 1·ariabks and one control fuzzy variable. The first 
state fuzzy variable is the ang/e G that the pendulum shaft makes with the vertical. 
Zero angle co.rresponds to the vertical position. Positive angles are to the right of 
the vertical. negative angles to the kft. ·· 

The second state fuzzy variable is the angular ¡·e/ociry D.G. In practice we 
approximate the instantaneous angular velocity t::.e as the difference between the 
present angle measurement G, and the prcvious angle measurement 6,_ 1: 

The control fuzll" 1·ariabk i,; the mo/nr curren! or angular wlocity ¡·1 . The 
velocit: can be positilc' or negat¡l·c. \\'e cxpect that if the pcndulum falls to the 
right. the motor velocity should be negativc to compensate. lf the pendulum falls 
to the left. the motor velocity should be positive. If the pendulum successfully 
balances at the vertical. the motor velocity should be zero. 

The real line !? is the univn'c of di,course of the three fuzzy variables. In 
practice we rótriL·t e~tch univcr,e of cliscour'c to a comparativell· small interval. 
such as [-90. 90; for the pendulum angle, ccntered about zcro. 

\Ve can qu~llltize each uni1·crse of discourse into fivc overlapping fuzzy-set 
values. \Ve know that the fuzzy 1·ariables can be positive. zero. or negative. \Ve 
ca11 quantizc thc· m~tgnituJc, of thL" fuu:y variables finely or L'Oar,;el:. Suppose we 
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quantize the magnitudes as small, medium, and large. This leads to seven fuzzy-set 
values: 

NL: Negative Large 
NM: Negative Medium 
NS: i\egative Small 
ZE: Zero 
PS: Positive Small 
PM: Positive Medium 
PL: Positive Large 

For example, e is a fuzzy l'Griable that takes N Las a fuzzy-set \'Giue. Different 
fuzzy quantizations of the angle universe of discourse allow the fuzzy variable () lO 

assume different fuzzy-set values. The expressive power of the FAM approach stems 
from these fuzzy-set quantizations. In one stroke we reduce system dimensions, and 
we describe a nonlinear numerical process with linguistic commonsense terrns. 

We are not concemed with the exact shape of the fuzzy sets defined on each 
of the three universes of discourse. In practice the quantizing fuzzy sets are usually 
symmetric triangles or trapezoids centered about representive values. (We can think 
of such sets as fu:zy numbers.) The sct ZE may define a Gaussian curve for the 
pendulum angle e, a triangle for the angular velocity !:le, and a trapezoid for the 
motor current t·. But all the ZE fuzz) s.:b center about the numerical value zero, 
which will have maximum membership in the set of zero values. 

How much should contiguous fuzzy sets overlap? This design issue depends 
on the problem at hand. Too much overlap blurs the distinction between the fuzzy­
set values. Too little overlap tends to resemble bivalent control, producing excessive 
overshoot and undershoot. In Chapter 11 we determine experimentally the following 
default heuristic for ideal overlap: e (!fl{lguous fu::y sets in a library shou!d 0\'er/ap 
appro.rimately 25 percent. 

lnvened-pendulum FAM rules are' triples. such as (NM, ZE: PM). They de­
scribe how to modify the control variable for observed values of the pendulum state 
variables. A FAM rule associates a motor-velocity fuzzy-set value with a pendulum­
angle fuzzy-set value and an angular-1·elocity fuzzy-set value. So we can interpret 
thc triple (:\'~!. ZE: PM) as thc sct-k1·cl implication 

IF the pendulum angle () is negative but medium 
ANO the angular velocity 6.() is about zero, 

THEN the motor velocity should be positive but medium 

These commonsensical FAM rules are cornparatively easy to aniculate in natural 
languagc. Considcr a terst:r llllgui,tic· 1 érsion of the same two-antecedent FAM 1 
rule: 

IF 0=[-;1\1 ANO M=ZE 1 
THEC'> 1 = p;-_¡ 

b·en th1' mild k1·.:! of fonn~di,m m:11· lllhihit the know!edge-acquisition pruce,s. j 
J 
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On the other hand. the still terser FAM triple (NM, ZE; PM) édlo11·s knowledge to 
be acquired simply by filling in a few entries in a linguistic FAl\1-bank matrix. In 
practice this often allows us to develop a working system in minuks. 

We specify the pendulum FAM system when we choose a FH/ hank of two­
antecedent FAM rules. Perhaps the first FAM rule to choose is the su:ady-state FAM 
rule:(ZE, ZE; ZE). The steady-state FAM rule describes what todo in equilibrium. 
For the inverted pendulum we should do nothing. 

Many control problems require nulling a scalar error me asure. \Ve can control 
many multivariable problems by nulling the norrns of the system error vector and 
error-velocity vectors, or, better. by directly nulling the individual scalar variables. 
(Chapter 11 shows how error nulling can control a real-time target tracking system.) 
Adaptive error-nulling extends the FAM methodology to nonlinear estimation. con­
trol, and decision problems of high dimension. 

The pendulum FAM bank is a 7-by-7 matrix with linguistic fuzzy-set entries. 
We index the columns by the seven fuzzy sets that quantize the angle e universe 
of discourse. \Ve index the rows by the seven fuzzy sets that quantize the angular 
velocity ::::.e universe of discourse. 

Each matrix entry can equal one of se\·en motor-current fuzzy-set values or 
equal no fuzzy set át al!. Since a FA\1 rule is a mapping or function. there is 
exactly one output motor-curren! value for e1·ery pair of angle and angu!ar-velocity 
values. So the 49 entries in the FA!\1 bank matrix represen! a subset of the 343 
(7 3 ) possiblc two-antecedent FAM rules. In practice most of the entries are blank. · 
In the adaptive FAM case discussed below. we adaptively generare the entries from 
process sample data. 

Common sense and engincering judgment dictare the entries in the penduluri1 
FAM-bank matrix. Süppose the pendulum does not move. So .31! = ZE. If the 
pendulum tilts to the right of vertical. the motor velocity should be negative to 
compensare. The farther the pendulum tilts to the right, the larger the negative 
motor velocity should be. The motor \elocity should be positive if the pendulum 
tilts to the left. So the fourth row of the FA\! bank r.natrix. which corresponds to 
D.fl = ZE .. should equJI thc ordinal in\·erse of the (J row values. This assignment 
includes the steady-state FAM rule (ZE. ZE: ZE). 

Now supposc thc angk e is zero but the pendulum moves. If the angular 
velocity is negative. the pendulum will overshoot to the left. So thc motor velocity 
,JWUJd be [10'>ÍIÍ\C (O C0Jllf1COSaiL'. [f thC angular \t:JOCÍI) ÍS positÍ\"IC, thC mOtOr 
velucity shuuld be negativc. The grcater thc angular velocity is in magnitude, the 
greatcr the motor velocity should be in magnitudc. _So the fourth column of the 
FAi\1-bank rnatrix. which corresponds to e = ZE. should equal the ordinal inverse 
of thc .30 column values. This assignmcnt also incluclcs the steady-state FAM rule. 

P(bitil·c 11 value' with ncgati1·c :-.11 valucs shoulcl rroducc ncgative motor­
currc.:nt value,, ,ince thc pc.:ndulum hcad-; tO\\élfll the vertical. So (PS. NS; NS) is 
a canclidate FAM rule. Symmctrically. negati1·e O values with positivc t:,.e values 
'hould produce positivc motor-current values. So (NS. PS: PS) is another candidate 
FA:I.l rule. 

. ' 

- ' 
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This gives 15 FAM rules altogether. In practice these rules can successfully 
balance an inverted pendulum. Different, and smaller, subsets of FAM rules can 
al so balance the pendulum. The software problems at the end of the chapter explore 
these cases. 

\Ve can represen! the bank of 15 FAM rules as the 7 -by-7 linguistic matrix 

e 

~ NL K'.! NS ZE PS PM PL 

NL PL 

NM •PM ·· 

NS PS NS. 

ZE ·· PL PM . PS ZE Ns·. NM NL 

PS PS >NS< 

PM NM 

PL 
1 

NL 

Thc l3IOFA~1 system F admits a geometric interpretation. The set of all 
possible input-outpairs (8. !J.fl. F(fl. !::.fl)) defines a FAM swface in the input-output 
product space, in this case in R'. \Ve plot examples of these control surfaces in 
Chapters 9, 1 O and 11. 

The BIOFAM inference procedure activares in parallel the. antecedents of all 
15 FAM rules. The binary or pulse nature of inputs picks off single fit values 
from the quantizing fuzzy-set values of the fuzzy variables. \Ve can use either the 
correlation-minimum or correlation-product inferencing technique. For simplicity 
we shall illustrate the procedure with correlation-minimum inferencing. 

Suppose the current pendulum angle 8 equals 15 degrees and the angular 
velocity !J.fl equals -1 O. This amounts to passing two bit vectors of one 1 and all 
else O through the BIOFAM system. What is the corresponding motor-curren! value 
1 = F( l.'i. -10)'' 

Considcr tirst how thc input data pair ( 15, -1 0) activares the steady-state FAM 
rule (ZE. ZE: ZE). Suppose we define the anteced~nt and consequent fuzzy sets 
for ZE with the triangular fuzzy-set membership functions in Figure 8.4. Then the 
angle datum 15 defines a zero angle value to degree .2: m~E(l5) = .2. The angular­
vcloclly datum -1 O ddlnes a zero angu!Jr-\ elocity value to degree .5 : mz$.( -1 O) = 
. .'i. 

We combine the anteceden! fit valucs with minimum or maximum depending 
on whethcr wc combine the antecedent fuzzy sets with the conjunctive AND or th"e 
disjuncti\·c OR. lmuitivcly. it should be at b,,¡ as difticult to satisfy both antecedent 
conclitinrh a< to satisfy cither on~ separare h. 

1 

1 

! 
1 

1 • ¡ 
J 

j 
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PS ZE 

FAM Rule (PS, NS; NS) 

If8 = PS and AO = ZE, 
then v = NS NS 
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m------=~ 
-10 o + o + o 

o 
+ 

lt.e 
1 

FAM Rule (ZE, ZE: ZE) 
1 1 
r 1 If8 = ZE andAO = ZE, 
j 1 . then v = ZE 

,, 

ZE ZE l ¡ ZE 

;1\b-----~-------~ o ,15 + 
8 

-lOO 
1· 
¡ AO 

lt.e = -10[ 

+ o 
)" 

-31 o 
1 
1 l' 

Fuzzy centroid: 1 r = -31 
FIGURE 8.4 FAM correlat1on-mm1mum mierence procedure. The FAM system 
consists of the two two-antecedent FAM rules (PS. ZE: NS) and (ZE. ZE: ZE) 
The input angle datum equals 15 and is more a small but positive angle value 
than a zero angle value. The input angular-veloc1ty da tu m equals - 1 O. and is a 
zero angular-velocity value only to degree .5. The system combmes anteceden! 
f1t values with min1mum. since the conjunctlon AND combines the anteceden! 
terms. The comb1ned lit va fue then scales the consequent fuzzy set with pairwise 
mi~1mum. The system adds the min1mum-scaled output fuzzy sets and computes 
the fuzzy centro1d of th1s output wavetorm Th1s yields the system output-current 

value --'· 

+ 

.+ 

The F:\M-rule notation (ZE. ZE: ZE) implicitly assumes that we combine 
anteceden! fuzzy sets conjuncti1·cly with Al'\D. So the data satisfy the compound 
antcccdent of thc F:\1\1 rulé (;.J:. l F: l F) tu clcL:ree 

min(lll~¡( 1)) lll¡;u -10)) min(.2 .. 5) 

.¡:· 
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This methodology extends to any number of anteceden! terms connected with arbi­
trary logical (set-theoretical) connectives. 

The system should now actívate the consequent fuzzy set of zero-motor-current 
values tó degree .2. This differs from activating the ZE motor-curren! fuzzy set 
100 percent with probability .2, and certainly differs from Prob { v = O} = .2. 
Instead a deterministic 20 percent of ZE should result and, according to the adoitive 
combination formula (8-17), we should add this truncated fuzzy set to the final 
output fuzzy set. 

The correlation-minimum inference procedure activates the angular-velocity 
fuzzy set ZE to degree .2 by taking the pairwise mínimum of .2 and the ZE fuzzy ,. 
set mzE: 

min(m~dl5). m'fl(-10)) 1\ mh(v) .2 1\ mh( t') 

for all velocity values L The correlation-product inference procedure \\o u id multi­
ply the zero-angular-velocity fuzzy set by .2: .2mh(t·) for all v. 

The data simibrly actívate the FAM rule (PS, ZE; NS) depicted in Figure 8.4. 
The angle datum 15 is a small but positive angle value to degree .8. The angular­
velocity datum -10 is a zero-angular-velocity value to degree .5. So \\C scale the 
output motor-velocity fuzzy set of small but negative motor-velocity values by .5. 
the lesser of the two antecedent fit values: 

.51\ m\5 (t·) 

for all velocity \·a!ues r. So the data actívate the FAM rule (PS. ZE: NS) to greater 
degree than it acti\·ates the steady-state FAM rule (ZE, ZE; ZE) since in this example 
an angle value of 15 degrees is more a small but positive angle value than a zero 
angle value. .. 

The data similarly actívate the other 13 FAM rules. We combine the resulting 
minimum·scaled consequent fuzzy sets according to (8-17) by summing pointwise. 
We can then compute the fuzzy centroid with Equation (8-19), with perhaps integrals 
replacing the discrete sums. to determine the specific output motor velocity v. In 
Chapter 11 we show that, for symmetric fuzzy-set values of fuzzy variables, we can 
always compute the centroid exactly with simple discrete sums even if the fuzzy 
sets are continuous. In rnany real-time applications we must repeat this entire FAM 
inference proccdurc· hundreds. pcrlups thousands, of times per second. This may 
require fuzzy VLSI or optical processors. 

Figure 8.4 illustrates thc eyua!-weight additive ·combination procedure for just 
the FAM rules (ZE. ZE: ZEJ and (PS. ZE: NS). In this case the fuzzy-centroidal 
motor-velocity \ alue cyuab -3. 

Multiantecedent FAM Rules: Decompositional lnference 

BIOFA\1 inkrcnce treah antcccdent fuzzy sets as propositions \\'ith fuzzy truth 
\ ;,;,;,·.,. Thi, hc>Icb k,·¡¡ u": fuu~ lugic corn:sponds to one-dimensional fuzz~ -set 

l 
J 

.J 



theory and because we use binary (or delta-pulse) or exact inputs. \Ve now formally 
develop the connection between BIOFAMs and the FAM theory presented earlier. 

Consider the compound FAM rule ''IF X is A AND Y is B, THEN C is Z," or 
(A, B; C) for short. Let the universes of discourse X, }", and Z have dimensions 
n, p, and q: X= {x 1, •••• 1·,,}, Y= {y1, ... , Yp}, and Z = {: 1 ..... :q}- \Ve 
can directly extend this framework to multiple antecedent and consequent terms. 
Continuously infinite universes of discourse require a delta-pulse formulation. 

In our notation X, L and Z double as universes of discourse and fuzzy 
variables. The fuzzy mriable X can assume the fuzzy-set mlues A. 1. A. e ..... and 
similarly for the fuzzy variables } · and Z. When controlling an in verted pendulum. 
the identification "X is .4'' might represent the natural-language description "The 
pendulum angle is positive but small." 

What matrix represents the FA~! rule (A.. B: C)? The question is nontrivial. 
since A., B. and e are fuzzy subsets of different universes of discour,;e. points 
in different unit cubes (fuzzy po,,·er sets). Their dimensions and interpret:Hions 
differ. Mamdani [ 1977] and others ha ve suggested representing such rules as fuzzy 
multidimensional relations or arrays. Then the FAM rule (A. B: C) ''ould define a · 
fuzzy subset of the product space .\' x} · x Z. Engineers do not use this repre:;entation 
in practice. since actual systems present only exact inputs or measuremen" to FAM 
systems. and the BIOFAM procedure Ztpplies. If we presented the sy,;tem with ""' 
a genuine fuzzy-set input. we could preprocess the fuzzy set ,,·ith a centroidal -
or maximum-fit-\ alue technique. so ''e could still apply the BIOFA~I inference 
procedure. 

\Ve present an altemative repre,;entZ~tion that decomposes. then recomposes. 
the FAr-.·1 rule (A.. B: C) in Ztccord '' ith the FAM inference procedure. This rep-
resentation allows neural networks to adapti,·ely estimate. store. and modify· the ;:.; 
decomposed FA~! rules. The representation requires far less storage than the 
m u 1 ti dimensional -:m ay representation. 

Let the fuzzy Hebb matrice;, .\I 1c Ztnd .\/¡;e store the simple FA\1 associZttions 
(A. C) and iB e:: 

.\l \> = 

.\fw 

.-\
1 o e 

JJ'~oC 

(8-20) 

(8-21) 

The fuzzy Hc:bb m:Hrice' .\/. 1, ami .\!¡,, s¡¡fil the compound FA~! ruk ¡ .-\. /J: C). 

\Ve can l'l'n,rruct the splirrin:.; l.>iu!m n "·ith corrc:lation-product enL·oding. 
Let 1'\ = (O ... O 1 O ... 0) denote an n-dimensional bit vector with ith 

element 1 and aii other elemenb O. (In the continuous· case 1; denote,; a delta pulse 
in a con,·olution integral.) 1\- equab the ith row of the n-by-n ickntity matrix. 
Similariy. ¡,· ancl !' <:<.ju~Ii the rcspccti,·c _ith ami 1.-th rows of the f'·b: -¡1 anci t¡­
by-¡¡ idcntity ¡;; .. :~;,-,-_,_ Thc hit \ cctor 1\- rcprcscnts thc occum.:nc·c ui' tile t:.\act 
mput .r,. 

\Ve '' ili c.lli thc propo,eJ FA\1 n:prcsentation scheme FA\1 decomposi­
tional inference. i:; thc' 'flirit of thc max-min compositional infcrctKc' ,,·heme' di,-

/Di) 
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cussed above. FAM decompositional inference decomposes the compound FAM 
rule (A, B: C) into the componen! rules (A, C) and (B, C). The BIOFAM pro­
cesses the simpler component rules in parallel. New fuzzy-set inputs A' and B' pass · 
through the FAM matrices li!Ac and M8 c. Max-min composition then gives the 
recalled fuzzy sets CA' and Cs.: 

CA' 

Cs· 

A' o MAc 

B' o 1\!sc 

(8-22) 

(8-23) 

The trick is to recompose the fuzzy sets CA· and C B" with intersection or union 
depending on whether we combine the anteceden! terrns '"X is A .. and •·y is B" 
\\ith At\'0 or OR. The negated anteceden! terrn '"X is NOT A'' requires forrning 
the ser com plement C~. for input fuzzy ser A'. 

Suppose we present the new inputs .-1' and B' to the single-FAl\1-rule system 
F th~t stores the FAM rule (.4, B: C). Then the rec.alled output fuzzy set C' equals 
the intersection of C."· and e 8 -: 

F(A', E') [A' o Mx) n [ B' e :\I;;c: 

C4· ,iCs· 

C' 

We can th;:n defuzzify C' to yield the exact output !~. 

(8-24) 

Logical connectives apply to anteceden! terrns of different dimension and 
meaning. Decompositional inference applies the set-theoretic analogues of the log­
ica! connectives to subsets of Z. All subsets C' of Z ha\·e the same dimension and 
n1t~Jn1ng. 

We now prove that decompositional inference generalizes BJOF..\:'v1 inference. 
This generalization is not simply formal. lt opens an immediate p~th to adaptation 
with arbitrary neural-network techniques. 

Suppose mo> presenr the nacr inpurs .r, and y1 to the single-FAl\·1-ru!e system 
F rhar srores ( .·1. B: C'). So we present the unir bit vectors I\ and !( to F as 
nonfuzzv set input:;. Then 

F ( .1 .. .l/1 l '1' . . } 1 . 
' .\ C· .\f ¡r·! ~ 1¡ 2 .\ [1(' 

u, I\Cn!J1 1\C 

min(a,. új) 1\ e 
(8-25) 

(8-26) 

Equ~llion rS-25) fo!Jows from (X-Sl. Rcprcsenting C with irs membership function 
111,. t::l-2<íl corresponds to thc BJOF.-\!\1 prcscription 

(8-27) 

foral! - in L:. 

i 
1 

1 

\ 
¡ 
i 
' 

. 
i 
' 
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If we encode rhe simple FAM rules (.4. C) and (B. C) with correlarion-producr 
encoding. decomposirional inference g1ves the BIOFAM version of correlation­
product inference: 

F(I\. !{-) [!\ o AT C) n [!{o BT C) 

a¡C n b1 C 

min(a¡. b1 )C 

min(a¡. b1 )mc(z) 

(8-28) 

(8-29) 

(8-30) 

for al! ~ in Z. Equation (8-13) implies (8-28). min(a,c¡. bjck) min(a, b1 )c¡ 
implies (8-29). 

Decompositional inference allows arbitrary fuzzy sers. wavefom1s. or distri­
butions A' and B · to pass through a FA\! sysrem. The FAM system can house an 
arbirrary FA\! bank of compound FAl\1 rules. If we use the FAM system to control 
a process. the input fuzzy sets .4' and B' can egua! the output of an independent 
state-csrimalion system. such as a Kalman filter. .-l' and B' might then represent 
probabilit) distributions on the exact input spaces .\' and } ·. The filter-controller 
cascade is a common engineering architecrure. 

\Ve can splir compound consequents as desired. \Ve can split the compound 
FAl\1 rule "lF X is .-l ANO } . is B. THEN Z is C OR 1\. is D.'' or (.-l. B: C, D). 
into the FA.l\1 -rules (.4. B: C) and (.-l. B: D). \Ve can use the same split' for the 
conseyuent logicai-connective ANO. 

\\'e can give a rrorositional-calculus justification for the decompositional in­
ference technique. Let .-l. B. and C denote bivalent proposirions with truth values 
1(.4). I(B}. Gnd I(C') in {0. l }. Then tnnh tables prove the two consequenr-splitting 
taurologies used in decompositional inference: 

:.-1- (B OR C')' . . 

[.-1- (!3 ANO C): 
:1.-1 - B) OR (.-! ---. C): 
:1.-l- D) ANO (A- CJ; 

\\he re the arrow denot.:s logical implicarion. 

(8-31) 

(8-32) 

In bi,·alelll logic. rhe implicarion .-l - B is false iff the anteceden! .4 is true 
and rhe consequcnt 13 i, fals.:. Equivakllll\. I(A - B) = l iff 1(.-1) = I and 
1( 1 J 1 e~ (l. Thi' alll''',; a "bricf" rruth-rabk check for validity. \Ve implicirly chose 
Iruth ',¡Ju,·, fur tllt: t.:nns in tllc: conseyuenr of the overall implicarion (8-31) or 
(8-321 to makc: the consequenr falsc. Given thosc restrictions, if we cannot find 
rruth 'alu.:s ro rnake rhe anrccedent rruc. the sratement is a rautolog). In Equation 
(8-311. ¡¡· 1({.-1 - JJ) OR (.-1 -('¡)=O. tht:n 1(.-ll = l and I(B) = I(C') =O. 
,incc a di,_iunction ¡, fah<? itl both di,juncts :!re· Ltlsc. This forccs rhc anteceden! 
.·1 - ,_j; Oí\. e 1 [U be falst:. So l.:.quation (1)-J 11 1\ a tautology: a statement is true 
in al! e¡,;.;,, 

o L 

·,·• 
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A propositional tautology also justifies splitting the compound FAM rule 
"IF X is A OR Y is B, THEN Z is C"' into the disjunction (union) of the two sim 
pie FAM rules ''IF X is A, THEN Z is C" and "IF Y is B, THEN Z is C": 

[(A OR B) _____. C] _, [(A _____. C) OR (B _____. C)] (8-33) 

Now consider splitting the original compound FAM rule "IF X is A AND Y 
is B. THEN Z is C"' into the conjunction (intersection) of the two simple FAM 
rules "IF X is A, THEN Z is C" and "IF }" is B, THEN Z is C." A problem arises 
in the truth table of the corresponding proposition 

[(A ANO B) ____, CJ [(4. ____, C) ANO (B ____, C)] (8-34) 

Proposition (8-34) is not always true. and hence not a tautology. The impli­
cation is false if A is true and if B and C are false, or if A and C are false and if 
B is true. But the implication (8-34) is valid if both antecedent terrns A and B are 
true. So if t(A) = t(B) = l. the compound conditional (A AND B) ~ C implies 
both .-\ - C' and B - C. 

The simultaneous occurrence of the data values 1.·, and YJ satisfies this condi­
tion. Recall that logic is one-dimensional set theory. The condition t(A) = t(B) = 1 
arises from the l in I\- and the 1 in 1\. We can interpret the unir bit vectors 1\ 
and 1( as the (true) bivalent propositions ··x is 1.·,'' and "Y is yJ.'. Propositional 
logic applies coordinatewise. A similár argument holds for the com·erse of (8-33) 

For general fuzzy-set inputs .-\' and B' the argument still holds in the sense 
of continuous-valued logic. But the truth values of the logical implications may 
be less than unity while greater than zero. lf A' is a null vector and B' is not, or 
vice \·ersa. the implication (8-34) is false coordinatewise, at least if one coordinare 
of the nonnull vector equals unity. But in this case the decorripositional inference 
scheme yields an output null vector C'. In effect the FAM system indicares the 
propositional falsehood. 

· Adaptive Decompositional lnference 

The decompo~ition~li-inkrenc.: -;ch.:mc· allow, arbitrary splitting matrices /II.K 
ami .\11,(. lntkecl it allow~ Lh to .:ltmin~tte them altogdher. 

Lct 1\"x: 1" - 1'1 cletine an arbitrary neural-nerll"ork system that maps fuzzy 
subsets .-1' of X to fuzzy subsets C' of Z. :\"¡·. 1~' _:. !" can define a clifferent neural 
network. In general 1\".y and .\"¡· chage with time. 

The aclapti \·e decompositional infcrence (AOIJ scheme allows neural networks 
to acbptively 'Plit. store. and mndlf"y compouncl FAtv1 rules. Wc· can split the 
compound FAM rule "IF X is .·l ANO}" is D. THEN Z is C," or [.-l. IJ: C), with 
1\"x and .\"¡. 1\".\ can housc the simple FAM association (A. C') . .\"¡ can house 
(n. ('). Then for arbitrary fuzzy-sct inpuh .-\' anci !3'. ADI proceeds as heforc for 

1 
¡ 
1 
l 
' 
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an adaptive FAM system F: ¡n x JP---. ¡q that houses the FAM rule (A, B: C) ora 
bank of such FAM rt!Jes: 

F(A', E') Nx(A') n Ny(B') 

- CA· n CB· 

- C' 

(8-35) 

Any neural network can define the system operation. The backpropagation 
algorithm, discussed in Chapter 5, provides a reasonable candidate for many un­
structured problems. The primary concems are memory space and training time. \Ve 
can often train severa! small neural networks in parallel faster, and more accurately. 
than we can train a single large neural network. 

The ADI approach illustrates one way neural algorithms embed in a FAM 
architecture. Below we introduce a more practica! way that uses unsupervised 
clustering algorithms. 

tl.DAPTIVE FAMS: PRODUCT-SPACE CLUSTERING IN FAM CELLS . 

An adaptive FAM (AFAM) is a time-varying mapping between fuzzy cubes. 
In principie the adaptive decompositional-inference technique generales AFAMs. 
But we shall reserve the label AFAM for systems that generate FAM rules from 
training data but that do not require splitting and recombining FAM data. ' 

We propase a geometric AFAM procedure. The procedure adaptively ·clusters 
training samples in the FAM system input-output product space. FAM mappings 
define balls or clusters in the input-output product space. These clusters correspond 
to fuzzy Hebb matrices, which define fuzzy Cartesian products. The procedure 
"blindly" generales weighted FAM rules from training data. Further training modi­
fies the weighted set of FAM rules. We call this unsupervised procedure product­
space clustering. 

Consider tirst a discrete one-dimensional FAM system S: !" ~ J''· Then a 
FAM rule has the forrn "IF X is A,. THEN }' is B," or (A;, B,). The input-output 
product space is !'" >: ¡;-. 

What does the FAM rule (A., B,) loo k like in the product space J" x JP? It 
looks like a cluster of points centered at the numerical point (A;, B,). The FAM 
system maps points A near A, to points B near B,. The closer A is to .4,, the 
closer the point (.·l. B) is to the point (A;. B,) in the product space J" x JP. In 
this sensc FA\ls map balls in J" to balls in JI'. The notation is ambiguous. sincc 
(A,. lJ,) stands for both the FA M-rule mapping, or fuzzy subset (Cartesian product) 
of J" x J1', and the numerical fit-vector point in J" x JP. 

' 
., 

\~, 

'• 
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; 

(04 



328 FUZZY ASSOCIATIVE MEMORIES 
CHAP. 8 '_:: 1 

Adaptive clustering algorithms can estimate the unknown FAM rule (A;, B;) 
from tr~1ining samples of the form (A, B). In general there are m unknown FA!\ 
rules lA 1. B 1) ...• , (A m, Bm). and we do not know m. The user may" select m 
arbitrarily in many applications. 

Competitive adaptive \"ector-quantiz:ation (AVQ) algorithms can adaptively 
estimate botn the unknown FAM rules (A, BJ and the unknown number m of 
FAM rules from FAM system input-output data. The AVQ algorithms do not require 
fuzzy-set data. Scalar BIOFAM data suffi·ces, as we illustrate below for adaptive 
estimation of inverted-pendulum control FAM rules. 

Suppose the r fuzzy sets A 1 •••• , Ar quantize the input universe of discourse 
X. The " fuzzy sets B 1 • •••• B., quantize the output universe of discourse Y. If 
we doubk up on notation and view .\ and } · as fuzzy variables as well, then fuzzy 
variable X assumes fuzzy-set values .4,. and fuzzy variable } · assumes fuzzy-set 
values B,. In general r and .< do not relate to each other or to the number m of 
FA!'v1 rules (.-\,. B,). The user must specify r and s and the shape of the fuzzy 
sets .-1. and B,. In practice this is not difficult. Quantizing fuzzy sets are usually 
trapezoid::J! or triangular. and r and .< are less than 1 O. 

The quantizing collections { .-\,} and { B1 } define rs FA!\1 ce lis F,1 in the 
input-output product space !" x JP. The FAM cells F,1 overlap. since contiguous 
quantizing fuzzy sets A, and .4,_ 1 • and B1 and B1+l· overlap. So the FAM cell 
collection i F.:} does not partition the product space 1" x J.". The un ion of all FA!\' 
cells al;;o does not equal 1" x J.". since the patches F,1 are fuzzy subsets of 1" x JP 

The union provides only a fuzzy ""co\·er"" for J" x J". 
The jic:y C anesian producr A, >: B, defines the FAM cell F,J. A, x B, equals 

th~ fuzzy outer product A"!" oB, in (8·6) or the correlation product A"!" B, in (8-12). A 
FAM ct:ll F,1 corresponds to the fuzzy correlation-minimum or··correlation-product 
matrix .\1,1 : F,1 = M,r Thus we connect fuzzy geometry with fuzzy algebra and 
arrive at the following equalities: product-space cluster = FAl\1 cell = A, x B1 = 
:\/,) = FA\1 rule(.·\,. FJ1 ). 

Adaptive FAM-Rule Generation 

Lct m 1 ..... m; denote k quantization vectors in the input-output product 
~pace /" x J1' or. equivalently. in /"-''· m

1 
defines·the jth column of the synaptic 

connection matri.x l'vl. l\1 has n + ¡1 rows and k columns. 
Suppost:. for inst:mce. m_, chan~:.:s in time according to the differential compet­

itin· karning (DCL) AVQ algorithm dJ,L"LJ"cd in Chaptcrs 4 and 6. ancl in Chapter 1 
of the companion volume [Kosko. 1\1':!1 ]. The competitive system samples concate­
natccl fuzzy-sc:t sampks of the fom1 ;_.\ · /3j. The augmented fuzzy set [.41 B] is a 
pnint in the unit hypcrcuhe r·-;·. 

Tlic· ,,n,JptiL· ,·cctors 111, Ulll\cf>.!c' t<., FAM-matrix centroid, 1n /''>:JI'. More . . . 
_>.!c"ik';,;::, ;:·"·:- .;,¡¡¡¡;;,;,· thc· dc·thit:- "' cihttil>utJOll of thc F:\\1 rule, in !" x JI'. 
Thc· qJJ.iiliJiin:c syn;q11i:: \c'L"tnr, llit!ur~i!l'. \•:ci~h• ;m c-;rimatccl F.-'\\! ruk. The more 
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~yn::~ptic vectors clustered about a centroidal FAM rule, the greater its weight u·, in 
(8-17). 

Suppose there are 15 FAM-rule centroids in !" x JP and k > 15. Suppose k, 
synaptic wctors m 1 cluster around the ith centroid. So k1 + · · · + 1.: 15 = k. Suppose 
the c/usrer counrs k, obey 

> > k¡-J (8-36) 

The first centroidal FAfvt rule is at least as frequent as the second centroiG:!al 
FA.M rule. and so on. This gives the adaptive FAM-rule weighting scheme 

lL '¡ 
k, 
1.: 

(8-37) 

The FAM mk weights u·, evolve in time as the FAM system samples new 
augmented fuzzy sets [.-lj B!. In practice we may want only the 15 most-frequent 
FAM rules or only the FAM rules with at leas! some minimum frequency !L'mm· 

Then (8-37) prO\ ides a quantitative solution. 
\\'e count the number k,; of quantizing vectors in each FA!\·! ce 11 F1r \Ve 

can define FAM-cell boundaries in advance or even designare sorne FA~1 cells as 
alway> 'ufticienrly occupied. High-count FA~vl cells outrank low-count FAM cells. 
~vlost FA\! cells contain zero or few synaptic vectors. 

Product-space clustering extends to compound FAM rules and product spaces. 
The F.-\i\1 rule "IF _\ is _-! Al\D )' is B. THEN Z is C'," or (.-l. B: C). defines 
a point in 1" x 1'' x 1". The t fuzzy sets C 1 ••••• C1 quantize the output space Z. 
There are r.<t F.-\ M ce lis F,j;. EquJtions (8-36) and (8-37) extend similarly and 
_\. 1'. and Z can be continuous. The adJpti\·e clustering procedure extends to any 
numbcr of FAivl-rule antecedent tem1s. 

Adaptive BIOFAM Clustering 

BIOFA\1 data clusters more efticiently than fuzzy-set FAM data. \Ve can more 
casily obtain ancl process pairl'd numbcr, than \\·e can obtain and process paired fit 
\'Cctor,. This allows system input-output data to clirectly generare FA!'vl systems. 

In cuntml applicatiorb. human or autornatic controllers generare streams of 
.. \\ cll-comrc1llt::d" systl'm input-nutrut d~tta. Acbptiv.: BIOFAM clustering converts 
this data to weighted FA~·! rules. Thc adaptive systcm transduces behavioral data to 
bchavioral ruks. The fuzzy s~>stcm léams causal pattems. lt leams which control 
inputs cause which control outputs. Thc systcrn approximates these causal pattems 
when it acts as thc controllcr . 

. -'\cLtpti\·c BIOF.-\\-b c!thtc·r ill thc input-output product spacc X >:Y. Thc 
product space _\ x ) · is \·astly smaller than the pow.:r-set product space 1" x JI' 
Lh<:d aho\c. Thc adaptrve synaptic \t::ctors m

1 
are now two-dimensional instead of 

(u·'- f•l-dimension:tl. On the othl'r hancl. cornpetitive BIOFAM clustering requircs 
lii.IIl} 1::urc· inpur-Putput d:1ta p~tir, ¡ ·',. 11 i -éi /(: than au~mentecl fuzzy-sct samples 
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Again we double up on notation. We now use x; as the numerical sample 
from X at sample time i. Earlier x; denoted the ith ordered element in the finite 
nonfuzzy set X= {x 1, ••• , xn}· So now X can denote a continuous set, say R", 
usually R. 

BIOFAM clustering counts synaptic quantization vectors in FAM cells. The 
system samples the nonfuzzy input-output stream (:r 1, y 1 ). (.r~. y~). . . . . Un­
supervised competitive leaming distributes the k synaptic quantization vectors 
m 1 •••• , m". in X x Y. Leaming distributes them to different FAM cells F,1 . The 
FA!'vl cells F,1 overlap but are nonfuzzy subcubes of X x }-. The BIOFAM FAM 
cells F,1 cover X x }-. The key idea is clusrer equa/s rule. 

F,j contains k,1 quantization vectors at each sample time. The cell counts k;1 

define a frequency hiswgram. since all k,1 sum to k.· So u·,1 = k,1 _/J: weights the 
F,.,v,¡ rule "IF X is A,, THEN } - is B1 :· 

Suppose the overlapping fuzzy sets NL. NM. NS. ZE. PS. Pi\1. PL quantize 
the input space _\'. Suppose se ven similar fuzzy sets quantize the output space }'. 
We can define the fuzzy sets arbitrarily. In practice they are symmetric trapezoids 
or triangles. (The boundary fuzzy sets NL and PL are ramp functions or clipped 
trapezoids.) X and } - m ay each equal the real line. A typical FAM rule is "IF X 
is NL. THEN 1· is PS,'' or (NL: PS). . 

Input datum r, is nonfuzzy. When X = .r, holds. the relations X = 
NL. .... _\' = PL hold to different degrees. Most hold to zero degree. X = NM 
holds to degree 111:--,\t(.r,). Input datum .T, partially activares the FA\! rule ''IF X 
is N!\1, THEN ) - is ZE" or. equivakntly. (1'\M: ZE). Since the FA\! rules ha ve 
single antt>cedents .. T, activares the consequent fuzzy set ZE to degree m:-:\t (r,) as 
well. Multiantecedent FAM rules activare output consequent sets according to a 
logic-based function of antecedent tem1 membership values. as discussed above on 
BIOF.-\M inference. 

Suppl1se that Figure 8.5 represents the input-output dat:1 stream (:r 1. y 1 ), 

( .r:, y,) . ... in the planar procluct space _\' x L ancl that the sample data in 
Figure 8.5 trains a DCL s;. stem. A !so suppose competitive leaming distributes ten 
two-dimensional synaptic vecturs m 1 .•... m 10 as in Figure 8.6. (We can use other 
types of leaming as well.) 

F.-\\1 cells do not o\·crbp in Figure S.5 ancl f¡gurc S.6 for con,cnience's sake. 
Thc· CL1:Tc:sponcling yuantizing fuZLy sch touc'h but du nol m cr!Jp. Thc FAM cells 
panition the input-output producl space. 

Figure 8.5 reveals six sample-clata clustcrs. TIÍc six yuantization-vector clus­
tcrs in Figure 8.6 estimare the si' sarnple-clata clusters. The single synaptic vector 
in F.-\\1 ccll (P:'-.1: 1'\S) inclicatc-; a smalkr cluster. Sine<.: k = 10. the number of 
q~::::::::-::tio:1 ,·ectors in cach F:\\1 cellmc::sures thc pt:rc·cnt:.~g.: Oí frcqucncy wcight 
ll',J of cach possible FAM rule. 

In general thc aclclitive cornbination rule (8-17) docs not rcquire normaliz­
ing th·: qu:mtization-\'CClor count_ !,·,,.. u ,1 = 1;,

1 
is :ll'cept::b!::. This holcls for 

hc>th m:l\imum-lllL'Jllhership ckfuzzilic:ttion (8-18) all(l fuzz) -centro1d defuzzifica­
lillll (:\-l'!i. 

Ti:~· L_·¡~ LltLt:1til~ttiun \~· .. :t\lr' i;~ f"l:..:llrL' s.r) c;.;tinl:ltc :lt ílll)< ,¡\ FA~vt rules. 
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y 

NL NM NS ZE PS PM PL 

NL 

NM 

NS ·.:~. 
: fi!:.:' 

X ZE -~· } ~-. ._,.·-
..¿ .. -. 

PS J:;;f•".< 
·,~;:;.-J; 

PM .. 

PL '• - '.· 

r ~ --~ :: 

FIGURE 8.5 Distribution of input-output data (r,. y,) in the input-output product 
space X x l ·. Data clusters reflect FAM rules. su eh ;;¡s the steady-state FAM rule 
"IF .\' is ZE, THEN ¡· is ZE." 

¡· 

NL NM ~S ZE . PS PM PL 

NL • 
NM 

NS •• 
X ZE •••• 

PS • • 
PM • 
PL • 

FIGURE 8.6 DJstributJon of ten t.vo-dJmens,onal synaptic quantizat1on vectors 
m 1 ..... m 11, in the input-output product space .\"' l'. As the FAM system samples 
nonfuzzy data ( 1·,. ·''· ). competitive learn1ng distnbutes the synapt1c vectors in 
.\" - l. The synaptic vectors est1mate the freq·Jency dtstribution of the sampled 
input-output data. and thus est1mate FAM rules Clusters define rules. 
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From most to kast fre4uent br "ímponam." the FAf\·1 rules are (ZE: ZE). (PS: NS ), 
(r-..:S: PS). (Pivl: NS). (PL: NL). and (\'L: PL!. The": F.-\!\1 rules suggest that fuzzy 

';rríabk .\ bé!Ja\'c> '~" an error \'anablc or an crror-,·eltlL'Íty varíabk. since the 

srt:ady-state FAM rule (ZE: ZE) ís most ímponant. If we sarnple a system only in 

steady-state equílíbríum. wc wíll estímate onl! the steady-state FAl\·1 rule. We can 

accurately estímate thl' FA!\1 systern \ global behavior only if we r~presentatíH·Iy 

><lrnpk thc· system \ ínput-uulpul hd1a' 1ur. E.xpens must nhibrt their expertise in 

pi 1 ,hJ-..·¡n ca'-~L':-.. 

·'' 

·¡ 

fi'[3 
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.. 
The ··comer" FAM rules (PL: NL) and (NL; PL) may be more importan! than 

their frequencies suggest. The boundary sets Negative Large (NL) and Positive 
Large (PL) usually define ramp functions as negatively and positively sloped lines. 
NL and PL alone cover the importan! end-point regions of the universe of discourse 
X. They give mNL(x) = mpL(x) = 1 only if x falls at or near the end J'"i~! of .>:, 
since NL and PL are ramp functions, not trapezoids. NL and PL cover these end­
point regions "briefly." Their corresponding FAM cells tend to be smaller than the 
other FA\! cells. The end-point regions must be covered in most control problems, 
especially error-nulling problems like stabilizing an inverted pcndulum. The user 
can weight these FAM-cell counts more highly, for instance u·;1 = ck,j for scaling 
constan! e > O. Or the user can simply include these end-point FAM rules in every 
operati,·e FAM bank. 

l'vlost FAM cells do not generare FAM rules. for we estímate every possible 
FA\! rule but usually with zero or near-zero frequency weight u·,1 . For large num­
ber' of multiple FAM-rule antecedents. system input-output data streams through 
comparati,·ely few FAM ce lis. Structured trajectories in X x ) · m ay be few. 

A F-\M-rule 's mapping structure al so limits the number of estimated FAM 
rules. A FAM rule maps fuzzy sets in!" or F(2-') to fuzzy sets in JI' or F(2l ). A 
fuzzy associative memory maps every domain fuzzy set .-1 to a unique range fuzzy 
set B. Fuzzy set A cannot map to multiple fuzzy sets B. B'. B''. and so on. We 

· \'.:-!re: th~ FAM rule as (A: B) not ( .-1: J3 or B' or B" or ... ). So we estímate a1 
mosr one rule per FAM-cell row in Figure 8.6. 

lf t\\O FAM cells in a row are equally and highly frequent. we can pick 
arbitrarily either FAM rule to include in the FAM bank._ This occurs infrequently 
but can occur. In principie we could estímate the FAM rule as_ a compound FAM 
ruk with :1 disjunctive consequent. The simplest strategy picks only the highest­
frequency FA~! cell per row. 

The user can estímate FA\-1 rules without counting the quantization vectors in 
each FA\! cell. There may be too many FAM cells to search at each estimation 
iteratwn. The u":r never neecl examine F-\M cells. Instead the user checks the 
synaptic-vcctor components 111,_.. The u ser defines in advance fuzzy-set intervals, 
such as ¡i,L. u,L] for NL. lf 1.\L:::; 111,:::; u,,L. then the FAM-antecedent reads "IF 
.\ ¡,:\L." 

SupplhC thc· input allll output spJces .\ ;md } · are the same. the real interval 
:-35. 3\. Supposc we partition .\ and }' into the ~ame seven disjoint fuzzy sets: 

1\L = i-35 -25J . . 
1\\1 = i-25. -1 ~~ • J 

1\S = -15. ~: 

ZE = [-5. 5j 
PS = ~~ 15' !-- J 

P\1 = :15. 25: 
l'L = :~s. :l:'i ~ 

~,1 ,. 
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e 
1\~! NS z PS PM 

M! .PM> 

NS PS z,·_ 

t:.e z r~r ':Ps:·'· "'',i ' ' NS NM 

z .· .. 

PS :NS 

PM .NM 

FIGURE 8.7 lnverted-pendulum FAM bank used in simulation. This BIOFAM 
generated 1000 sample vectors of the form (B. :C!.B. t"). 
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Then the observed synaptic vector mJ = [9. -10] increases the count of F.-\M cell 
PS x NS and increases the weight of FAM rule ·· IF X is PS. THE:\ } - is !\:S." 

This amounts to nearest-neighbor classification of synaptic quantizarion vec­
tors. \Ve assign quantization vector m, to FAM cell F,_, iff 111, is closer to the 
centroid of F,J than to al! other FAM-cell centroids. \Ve break ties arbitrarily. 
Centroid classificaticin allows the FAM cells to overlap. · 

Adaptive BIOFAM Example: lnverted Pendulum 

We used DCL ro train an AFAM to control the invened pendulum discussed 
abo\e. \\'e u sed the accompanying C-sofrware to genera te 1000 pendulum rrajectory 
data. Thes~ product-space training vectors (8. !:;e. ¡·) \\ere points in R-1 . Pendulum 
angle e d:na ranged bct\\"een -90 and 90. Pendulum angular-wlocity :::,e data 
ranged from -150 ro 150. 

We ddined FAM cclls by unifom1ly panitioning the product-space "cube" in 
R-1 . Fuzzy \ ariables could assume only the ti ve fuzzy-set values 1\\1. 1\S. ZE. PS. 
and P¡\1. So there were 125 possiblc FA!\1 rules. For insrance. the stead: -state FA!\·1 
rule took 1he form (ZE. ZE: ZE) or. more comple1ely. "IF e = ZE A!\:D ::-,e = ZE. 
THEN t = ZE." 

A BIOFA\1 conlrolled thc i111ertcd pendulum. The BIOFA\1 re'>tored lhe 
pcndulum t(' equilihr.tum d' m: knDci-.cd it ovcr lo thc ri~ht and lo the kft. t Funclion 
keys FY and F 1 U knock the pcndulum o ver 10 lhc lefl and lo the righr. Input-output 
sample data reads automatically toa training data file.) Eleven FAM mies described 
the BIOF.-\\1 controllcr. Figure 8.7 displays lhis FAM bank. The zero (ZE) row 
and column are ordmal in\·crscs of lhc rc·,pcclive row ancl column indicc;;_ 

\\'e lr:tincd 125 thrc·c·-dimcrhion:tl 'yn:tptic quanlizatitln \·cctt>r' \\"i!h clitlcrcn­
tial competiti\·c karnin~. as discussecl in Chapters 4 and 6. and in Chaptt:r l of 
tht: companion Yolumc [ Kusku. 1 'J91 ). In principie the 125 synaptic vectors could 
describe a unifom1 distribution pf procluct-spJce trajectory data. Then the 125 FAM 

·-·~ 
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FIGURE 8.8 Synaptic-vector histogram. Q¡fferential competitive learnmg allo­
cated 125 three-dimensional sy:1aptic ve:::~Vó5 tv ~he 125 FA~v1 celis. Here the 
adaptive system has sampled 1000 representative pendulum-control data. DCL 
allocates the synaptic vectors to only 13 FAM cells. The steady·state FAM cell 
(ZE. ZE: ZE) is most frequent. 

CHAP. 8 

cells would each cont;.~in one syn;.~pt1c vector. Altematively. if we used a vertically 
stabilized pendulum to generare the l 000 training vectors. all 125 synaptic vectors 
would concentrare in the (ZE. ZE: ZE) FAM cell. This would still be true if we 
perturbed th<:? pendulum only mildly from vertical equilibrium. 

DCL distributed the 125 synaptic vectors to 13 FAM cells. So we estimated 
13 FA!'vl rules. Sorne FA\! cells contained more synaptic vectors than others. 
Figure 8.8 displ;.~ys the S) naptic-vector hi;,togr;.~m after the DCL S) stem samples the 
1000 samples. Actu~!lly Figure i\.8 di-;pLI\:' a truncated histogram. Thc horizontal 
axi, should list al! 125 FA\1 celk all 1~5 FAiv1-ruk v.eighb u, in (8-17). The 
missing 112 entries have zero synaptic-\·ector frequency. 

Figure 8.8 givcs a sn;.~pshot of the adaptive process. Successi\·e data gradually 
modify the histogram. "Good" training samples shouid inciude a significan! number 
of equiiibrium sampies. In Figur<:? :-i.X thc' steady-st;.~te FAi\-1 cell (ZE. ZE: ZE) is 
clearly the mnst frequcnt. 

Figure l:i.Y dtspl;.~ys the DCL-e-,!lmated FAM b;.~nk. The product-space cius­
tering method rapiclly recovered the 11 originJI FAM rules. It also estimated the 
two aclclitional FA!\·1 rules (PS. N\1. ZEJ and (NS. PM: ZE). which clid not affect 
the BIOF,\\1 s:stcm's perfonnan,·e. The e,timated FA\1 bank detined a BIOFAM, 
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e 
NM NS z PS PM 

N~! 

NS 

PS z NS 

PM 

FIGURE 8.9 DCL-estimated FAM bank. Product-space clustering recovered the 
original 11 FAM rules and estimated two new FAM rules. The new and original 
BIO.=AM systems controlled the inverted pendulum equally well. 
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with al! 1.3 FAivl-rulc 11eights set te¡ equal to unity, that controlled the pendulum 
as well as the original BIOFA!vl conrrolled ir. 

In non-real-time applications we can in principie omit the adaptive step alto­
gether. We can directly compute the FA!v1-cell histogram if we count al! sampled 
data. Then the (growingl number of synaptic vectors equals the number of training 
samples. This procedure equally weights al! samples, and so tends not to "track" an 
e1·olving process. Competiti1·e leaming weights more recent samplcs more heavily. 
Competiti1e leaming·s metrical-classification step also helps filter noise from the 
stream of sample data. 
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PROBLEMS 

8.1. L'se corrdation-minimum enc·orlin~ to con,truct the FAM matri:-- .\/ frnm the lit-vector 
pair (.·\. B1 ir·.-\= ( 6 1 .2 9¡ and B = (S .3 1 ). Is (...!. !J) .. a bidiredional tixed 
point'' Pass.·\'= ( 2 .9 .3 2 i through .\/. and B' = (.9 .5 1) through .\!T. Do the 
recalleJ fuzz: sets J¡ffer from IJ and .-\'? 

8.2. Repear Problem S.! using correLition-prL>duct encodmg. 

8.J. Comput~ the fuzz: cntrop' 1-.': .\/ 1 01· .\/ lll Problems !-:.1 and 8.2. 

X.4. lf .\/ = .·\' o fJ 1n Prllblcm S.f. tind a difkr~nt FA\1 matrix M' \\ ith greater fuzzy 
cntror'- f-.': .1./' > 1-.'! \/ i. t•ut th"l ,¡ji! ~11c' pcrfcct recall: .-\e .\! = !J. Find the 
''Id \¡,l!:o':-t·t,'!Ft •,ny _fu:::_, U.\.\t':'Jd.'n t' 11/t'n:ur_\ ( .\lEFr\\1) n1atrix !\1' ~ulh ¡)u¡ ..1: '-1· = 
JJ. 

H.5. Pm,·,·: Ir.\/= _.¡r' ¡; llf .\/ = .-\ 7 n . . ·\e.\/= /J. and .·\e.-\', th~n .-\'e :\1 = IJ. 

H.6. Pm,·e: ma\ min(u;. /,_ 1 -:._: n1111~ n1:1.\ u .. max IJ; ). 
1 • • 1 - ; - • 1 ·'; ·_ •• 

H.7. l;". truth t,Il'!·:' !·.' ;,,,,._. thc i''''-"'tlucJ pmpo,nionaltautologic,: 

la) [.·\- ¡ll UR C¡:- :1-·\- 8) OR (A- C)). 

lhl (A- IR :\\D C¡ - '¡:\- B) Af'-;0 (A- C)]. 

1 e 1 .-\ OR B ---- C · · .. -\ --· C; OR iB- Cij. 

. ; 

¡ 
1 
1 
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(d) [(A ~ C) AND (B - C)] ~ [(A AND B) ~ CJ. 
Is the converse of (e) a tautology? Explain whether this affects BIOFA;\·1 inference. 

8.8. (B!OFAlv! inference.) Suppose the input spaces X and Y both equal [-10. 10], 
and the output space Z equals [-100. 100]. Define five trapezoidal fuzzy sets­
NL, NS, ZE. PS. PL-on X. Y, and Z. Suppose the underlying (unknown) system 
transfer function is:: = r 2 - y2• State at Ieast five FAM rules that accurately describe 
the system ·s behavior. Use z = x·~ - y~ to generate streams of sample data. Use 
BIOFAM inference and fuzzy-cenrroid defuzzification to map input pairs (x. y) to 
outpur data ::. Plot the BIOFAM ourputs and the desired outpurs ::. What is the 
arithmetic average of the squared errors (F(r. y) - r~ + y2 )~'7 Divide the product 
space .\' x } · x Z into 125 overlapping FAM ce lis. Estimate FAM rules from clustered 
system data (.r. y. z). Use rhese FAM rules to control the system. Evaluate the 
performance. 

SOFTWARE PROBLEMS 

The follO\\ing problems use rhe accompanymg FAM software for controlling an 
inverted pendulum. 

l. Explain why the pendulum stabilizes in the diagonal position if the pendulum 
bob mass increases ro ma.\imum and the motor curren! decreases slightly. The 
pendulum stabilizes in rhe \ ertical position if yo u remove which FAM rules') 

2. Oscillarion resulrs if yo u remo ve \\ hich FAM rules? The pendulum sticks in 
a horizontal equilibrium if you remove which FAM rules'7 

3. Use DCL ro rrain a ne\\ FA\1 sysrem. Use the F3 and F.:+ funcrion keys 
ro gradually generare inreresting control trajectories. Try firsr to recover the 
original F:\1\1 rules. Try next ro recover only half of the original FAM rules. 
Does rhe FAM sysrem still stabilize the in\·erted pendulum'7 



COMPARISON OF FUZZY 
ANO NEURAL 
TRUCK BACKER-UPPER 
CONTROL SYSTEMS 
Seong-Gon Kong and Bart Kosko 

FUZZY ANO NEURAL CONTROL SYSTEMS 

9 

In this chapter we dcl'elop fuzzy ~md neural systems to back up a simulated 
truck. and truck-and-trailer, to a loading dock in a planar parking lot. \Ve use dif­
ferential competitiw leaming and the product-space clustering technique, discussed 
in Chapter 8, to adaptively generare fuzzy-associative-memory (FAM) rules from 
training data taken frorn the fuzzy and neural simulations. 

\Ve dneloped the nc·ural truck sy;,tems on thc cksign r.ccentl~ proposed by 
Nguyen and Widrow [ !9Sl!]. \Ve trained the neural truck systerns with the back­
propagation lcaming algorithrn. discussed in Chapter 5. In principie product-space 
clustering can conwn any neural hlack-box systern into a representative set of FAM 
rule,. 
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loading dock (x¡. )j·l 
1 

rear 

CHAP. 9 

/)- . :.-...-~ (x. y) 

/ 
/~ 

e\ 
/ 6 

front 

FIGURE 9.1 Diagram of s1mulated truck and loadmg zone. 

BACKING UP A TRUCK 

Figur~ 9.1 shows the simulared rruck and loading zone. The rruck corresponds 
ro rhe cab part of rhe neural rruck in the l\'guyen-Widrow neural rruck backer-upper 
system. The three state variables o .. r. and y exactly deterrnine the truck position. 
o specifies the angle of the truck with the horizontal. The coordinare pair (:r, y) 
specifies the position of the rear center of the truck in the plane. 

The goal was ro make the truck arrive at the loading dock at a right angk 
(o,- = 90') and to align the posi!io;~ (.:·. ;;) of the truck \lith the desired loading 
dock (.r 1. !/f)· \Ve considered only backing up. The truck mo1ed backward by 
somc tixed distance at every stage. The loading zone corresponded to the plane 
10. lOO x :o. 100;. and (Jf ur) equaled (:\0. lOO). 

At e1·ery stagC' the fuzzy and neural controllers should produce" the steering 
angk IJ that backs up the truck ro the loading dock from any inirial posirion and 
from an: angk in rhC' loading zone. 

Fuzzy Truck Backer-Upper System 

\\'e tir,t ~rcL·itíc·d c;tL·h L·,,ntrolkr\ input ancl ourput \·an;lrk'. The input 
,·;~n;thks \l<.'rc thc truc·" an_,:k ·· a!lll thc· .1-JW'ltion coordinare J·. Th~ output \·ariable 
was the steerin!2-JI1!2k si\!nal 11. \Ve assumed enou!2h clearance between the truck 

~ ~ ~ ~ 

ancl the load!llg dock so we coulcl tgnore the y-position coordinJte. The variable 
ranges were as follows: 

() < .r ~ 100 

-lJ(J ·.:; V ::.:: ::!70 

-30 S U :S 30 

"'''Jti1 e' ,·al u,< uf fl repre":ntcd clod" ¡,L. rotatiom of rhe .<,teering "hccl. :\egative 
'. :!!t::.>· r·.:p:· . .',;.:;::..:L~ c.'~Jilll'r,.:ltH:h.\' ¡,L. rut.tlHl!l". \V·: cJ¡,L·rctrzcd al! \~tlu~'" to rc:duce 
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computation. The resolution of o and e was one degree each. The resolution of :r 
W;lS Ü.l. 

Next we specified the fuzzy-set values of the input and output fuzzy variables. 
The fuzzy sets numerically represented linguistic tenns, the sort of linguistic tenns 
an expert might use to describe the control system 's behavior. We chose the fuzzy­
set values of the fuzzy variables as follows: 

Angle 6 x-position :r Steering-angle signa! e 

RB: Right Below LE: Left NB: Negative Big 
RU: Right Upper LC: Left Center NM: Negative Medium 
RV: Right Vertical CE: Center NS: Negative Small 
VE: Vertical RC: Right Center ZE: Zero 
LV: Left Vertical RI: Right PS: Positive Small 
LU: Left Upper PM: Positive Medium 
LB: Left Below PB: Positive Big 

Fuzzy 5ubsets contain ekments with degrees of membership. A fuzzy mem­
bership functior¡ l/1.4: Z - [0. 1 j assigns a real number between O and 1 to every 
element: in the uni,-erse of discourse Z. This number T11.4(z) indicates the degr'ee to 
which the object or data: belongs to the fuzzy set .4. Equivalently. m 4(:) defines 
the jil (fuzzy unit) value [Kosko. 1986] of element: in .4.. 

Fuzzy membership functions can ha,·e different shapes depending on the de­
signer\ preference or e.\pericnce. In practice fuzzy engineers have found triangular 
and trapezoidal shapes help capture the modeler's sense of fuzzy numbers and 
simplify computation. Figure 9.~ sho'' s membership-function graphs of the fuzzy 
subsets above. In the third graph. for C\ample. e = 20' is Positive Medium to 
degret.' 0.5. but only Positive Big to degree 0 . .3. 

In Figure 9.2 the fuzzy sets CE. VE. ancl ZE are narrower tha:1 the other fuzzy 
sets. These narrow fuzzy sets pennit fine control near the loading dock. \Ve used 
wider fuzzy sets to describe the endpoinh of the range of the fuzzy variables 6 . . r. 
and fl. Thc· '' ider fuzzy sets pamitted rough control far from thc loading dock. 

!\e.xt we specitied the fuzzy "rulebase .. or bank of fu::y associarin• memory 
(FAl\1\ ruks. Fuzzy :bsociatiorb nr "rule<.(.-\. IJ) associate output fuzzy scts I3 of 
contrul ,·:t!uc:s \\ ith input fun: ,;,:¡.; .-\ of input-variable values. \Ve can \Hite fuzzy 
a"l'ciauuns a' antc:u.:dc:nt-curhc:qucnt p:1ih or IF-THEr\ statemenb. 

In the truck backcr-uppcr case. thc FAM bank contained the 35 FAM rules 
in Ftgure l.J.J. hn exampk. thc: F:\l\1 ruk of the kft uppcr block (FAM rule 1) 
corn.:sponcb to thc follo\\ in~ fuzzy ~h,oci~nion: 

IF .r ' LE .·\\D r} co· ~B. THEN IJ = PS 

Fr\\·1 ru!t: 11-\ indicare, that if thc: truck i-; in near the equilibrium po;,ition, thcn the 
cuntn>llcr should not pwducc a Jll"iti\t: or negative steering-angle signa!. The FAM 
'u J.:, ir1 !he· F.·\\1-h:tril-- rnatri\ ¡,,·¡Jc-,·¡ thc· ,,·rnnletry of thc controllcd systcm. 

:'-
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FIGURE 9.2 Fuzzy membership functions for each linguistic fuzzy-set value. To 
allow f1ner control, the fuzzy sets that correspond to near the loading dock are 
narrower !han the fuzzy sets that correspond to lar from !he loading dock. 
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FIGURE 9.3 FAM-bank matrrx tor the tuzzy truck backer-upper controller. 

CHAP. 9 

For the initial condition :r = SO and ó = 270, the fuzzy truck did not perform 
wcll. Thc: symmetry of the FAi\1 rules and the fuzzy sets cancelled the fuzzy con­
trolkr out pul in a rare saddle point. For this initial condition, !he· neural controller 
(anJ trud:-and-traikr bdow) also performed poorly. Any perturbation breaks the 
svmmetrv. For ex:.~mpk. the rule (IF :r =SO AND 9 = 270, THEN e= S) corrected . -
thc probkm. 

Thc· tlm:e-Jirnensional control surface;, in Figure 9.4 show steering-angle sig­
n:rl nutpul' 11 1ha1 n>rre,poncl 11• :tll combinations uf values of the rwo 1nput state 
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FAM rule 2 (LC, RB; PM) 

\ 

X 

(a) (b) 

FIGURE 9.4 (a) Control surtace of the fuzzy controller. Fuzzy-set values determined the 
input and output combinatJon corresponding to FAM rule 2 (IF r = LC ANDo= RB. THEN 
e = P\1). (b) Corresponding control surtace of the neural controller for constan! value 
y= 20. 

343 

variables 6 and x. The control svrface defines the fuzzy controller. In this simu­
lation the correlation-minimum FAM inference procedure, discussed in Chapter 8, 
determined the fuzzy control surface. If the control surface changes with sam­
pled variable values, the system behaves as an adapti1·e fuzzy controller. Below 
we demonstrate unsupervised adaptive control of the truck and the truck-and-trailer 
systems. 

Finally. we determined the output action given the input conditions. We used 
the correlation-minimum inference method illustrated in Figure 9.5. Each FAM rule 
produced the output fuzzy set clipped at the degree of membership determined by 
the input conditions and the FAM rule. Altematively, correlation-product inference 
would combine FAM rules multiplicatively. Each FAM rule emitted a fit-weighted 
output fuzzy set O, at each iteration. The total output O added these weighted 
outputs: 

o ¿o, (9-l) 

L min(f,. S,) (9-2) 

whcre f, denotes the anteceden! llt value and S, represents the consequent fuzzy set 
of stecring-angle values in the ith FAM rule. Earlier fuzzy systems combined the 
output sets O, with pairwise maxima. But this tends to produce a uniform output 
set O as the number of FAM rules increases. Adding the output sets O¡ invokes 
the fuzzy version of thc central limit theorem. This tends to produce a symmetric, 
unimod::JI output fuzzv set O of steering-angle values. 

Fuzzy systerns rnap fuzzy scts to fuzzy sets. The fuzzy control system 's 

.. 
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FA~! Rule 13 (RV,CE;PS) 
m(Ol 

CE¡) IF 9;RV AND x;CE, m(S) PS 

~ ===T"=E=:\=e=;=ps=. ==J____-JI---No13 

' e 

m(') 
, FA~! Rule 18 (YE.CE;ZE) m¡Sl 

VE 1 CE 1 · lA! ZE 

m( O) 

l
li\. .. ~~\ .... __/ IF~~:~<~~;;~-E~--- 1 / Ü¡g 
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mt81 

input q¡ input ~ 

centroid output 

FIGURE 9.5 Correlation-minimum rnference wrth centroid defuzzifrcatron 
method. Then FAM-rule antecedents combined with ANO use the m1mmum frt 
va!~e lo activate consequents. Those combined with OR would use the max1· 
mum fit value. 

• 
1 
¡ 
! 

1 
J 

output defines the fuzzy set O of steering-angle values at each iteration. We must J 
"defuzzify" the fuzzy set O to produce a numerical (point-estimate) steering-angle 
output value e. 

As discussed in Chapter 8, the simples! defuzzification scheme selects the 
value corresponding to the ma.rimum fir 1·alue in the fuzzy set. This mode-selection 
approach ignores most of the infom1ation in the output fuzzy set and requires an 
additional decision algorithm when multiple modes occur. 

Cenrroid defuzzification provides a more effective procedure. This method 
uses the jic:r cenrroid ij as output: 

;• 

) fi,lllu(OJ) 
~-

-

11 
.. 1 

(9-3) 
/' 

L mo(eJ) 
r-! 

whcrc (! define' a fuzzy subsct of the st~cring-angle universe of discourse 8 = 
{ f1 1 ..... 01.}. Thc· central-limit-thcorcm effe,·t produced by adding out pul fuzzy 
set O, bcndit> both max-mode and centroicl clcfuzzification. Figure 9.5 shows the 
correlation-minirnum infercncc and centroicl dcfuzzification applied to FAM rules 
13 ancl 1 R. Wc u-;cd ccntroicl dcfuzzification in all simulations. 

\\'itll 3:1 f.-'\\1 rule,. the fuzzy truck controller produced succcssful truck 
h.,_-~ing-up trdic·ci"ric·, >li!rtirlg fru1ll any in1t1:JI positJon. Figure ':!.6 shtm·, typical 
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(a) (b) (e) 

FIGURE 9.6 Sample truck trajectories of the fuzzy controller for 1nitial positions k y. o): 
(a) reo 20. JO). (b) (30. 10. 220). and (e) (30 40 .. -10). 

examples of the fuzzy-controlled truck trajectories from different initial positions. 
The fuzzy control system did not use (""fire'') all FAM rules at each iteration. Equiva­
lently most output consequent sets are empty. In most cases the system used only one 
or t11·o FA~! rules at each iteration. The system used at most 4 FAM rules at once. 

Neural Truck Backer-Upper System 

The neural truck backer-upper of Nguyen and Widrow [ 1989] consisted of 
multilayer feedforward neural networks trained with the backpropagation gradient­
descent (stochastic-approximation) algorithm. The nrura/ control sysrem consisted 
of two neural networks: the controller network and the truck emulator network. The 
conrrollcr networ/.: produced an appropriate steering-angle signa! output given any 
parking-k1t coordinates (.r, y). and the angle o. The emulator nerwor/.: computed the 
next position of the truck. The emulator network took as input the previous truck 
position and the current steering-angle output computed by the controller network. 

\\'e did not train the emulator network since we could not obtain '"universar· 
synaptic connection weights for the truck-emulator network. The backpropagation 
leaming algorithm did not converge for sorne sets of training sample~. The number 
of training samples for the ernulator network might exceed 3000. For example. 
the combinations of training samples of a given angle o, :r-position. y-position, 
ami steering-angle signa! () might correspond to 3150 (18 x 5 x S x 7) samples. 
ckpc:nding on thc: dll·ision of the input-output product space. l'vloreover. the training 
s;1mpk.' wcrc numcrically similar. sincc thc neuronal ,ignab assumed scaled values 
in [0. Ij or i-1. 1;. For cxampk. we treated close values, such as 0.40 and 0.41, as 
distinct sampk values. 

Simpk kinematic cquations replaced the truck-emulator network. lf the truck 
11\o\·cJ b;!l·k11·ard from (.r. !J) ¡,, i.J"'. !!') at an iteration. then 

J' 

' .11 

' 
'.' 

.1" + /" CUS\ o') 

!J + nin(o') 

(1-f} 

(9-4) 

(9-5) 

(9-6) 
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Truck Controller 

2-J hidden unirs 

: steerlng signJ.l 

e k 

Truck 

Emulator 

FIGURE 9.7 Topology of our neural control system. 

~ <Pk+l 

CHAP. 9 

r denotes the fixed driving distance of the truck for all backing moYements. \Ve 
used Equations (9-4)-(9-6) instead of the emulator network. This did not affect the 
posttraining performance of the neural truck backer-upper. since the truck emulator 
network backpropagated only errors. 

\Ve trained only the controller network with backpropagation. The controller 
network used 24 ''hidden" neurons with logistic sigmoid funct:o:--.s. !;-, thc train­
ing of the truck controller, we estimated the ideal steering-angle signa! at each 
stage befare we trained the controller network. In the simulation. \\·e used the 
arc-shaped truck trajectory produced by the fuzzy controller as the ideal trajectory. 
Thc fuzzy controller generated each training samplé (.L y. o, B) at each iteration of 
the backing-up process. \Ve used 35 training-sample vectors and needed more than 
100.000 iterations to train the controller network. 

Figure 9.4(b) shows the resulting neural control surface for y= 20. The neural 
control surface shows less structure than the corresponding fuzzy control surface. 
This reflects the unstructured nature of black-box supervised leaming. Figure 9.7 
shows the nctwork connection topology for our neural truck backer-upper control 
system. 

Figure 9.R shows typical exarnpks of the neural-controlkd truck trajectories 
fmm severa! initial.position,. EYen though we trainecl the neural network to follow 
thc smooth arc-shaped path. sorne leamed truck trajectories were nonoptimal. 

Comparison of Fuzzy and Neural Systems 

As shown in Figures 9.6 aml 9.X. the fuzzy controller always srnoothly backed 
up the truck, but the ncural contruller die! not. The neural-controlled truck sometimes 
follnwecl an irregular path 

Training thc' neural contn1l systern was time-con-;umint'. Tlw h;l,·k¡m>pagation 
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FIGURE 9.8 Sample truck trajectories of the neural controller for initial positlons (.r . .11- o): 
(a) 120 20. 30), (b) (30. tO. 220¡, and (e) ¡30 -lO. -JO¡ 

algorithm required thousands of back-ups to train the controller network. In sorne 
cases. the leaming algorithm did not conwrge. 

\Ve '"trained'" the fuzzy controller by encoding our O\\n common-sense FAM 
rules. Once we develop the FAl\1-rule bank. we can compute control outputs from 
the resulting FAtvl-bank matrix or control surface. The fuzz:v controller did not need 
a truck emulator and die! not require a math model of how outputs depended on 
inputs. ,;: 

The fuzzy controller was computationally lighter than the neural controller. 
l\lost computation operations in the neural controller involved the multiplication. 
addition. o: logc::!th!11 of two real numbers. In the fuzzy controller. most computa­
tional operations im·olved comparing and adding two real number:;. 

Semsitivity Analysis 

\Ve studied the sensitivity of the fuzz: controller in two ways. \Ve replaced the 
F.-\\1 rules with destructive or '"sabotage .. F.-\M rules. and we randomly removed 
FAM rules. \Ve deliberat.:ly chosc s:.~botage FA\! rules to confound the system. 
Figure 9.9 shows the trajectory '' hen two sabotage FAM rules replaced the important 
steady-st:lte FAM ruk-FAl\1 rule 18: the fuzzy controller should produce zero 
output \\·h.:n the truck is nearly in the correct parking position. Figure 9.1 O shows 
thc trud. trajcctury aftn wc· rc·rno,·cd four randomly chosen FA1\l rule;, (7, 13. 
!S. and _:>_-;¡_ Th.:s.: perturbation,; did not signihcantly affect the fuzzy controller's 
perfornwn.:e. 

\\"e studicd robustness of cach controller b; ex·amining failure rates. For the 
fuzzy controlkr wc removed fi:\ed percenragc> of randomly selecred FAM rules 
frun1 thc· 'vstc111. For thc ncur~d CPillmllcr m: remo\·cd training data. Figure 9.11 
sh,n\, pcrfunnan..:c c·rrurs a\·cr~lgc·d o\·er ren typ:~·al back-ups with missing FAl\·1 
ruk, for the fuuy conrrolkr and mi,,ing training dala for the neural controller. 
The missing FA\1 ruk' ancl !raining dala ranged from Oto 100 percent of the total. 
In Fi~ur;: 9.11 !al. !he' docl-.in~ crrur cqu:.!lcd the Eucliclean distancc from the actual 
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(a) (b) 

FIGURE 9.9 The fuzzy truck tra]ectory alter we replaced the key steady-state 
FAM rule 18 by the two worst rules: (a) IF x =CE ANO o= VE. THEN e= PB; 
(b) IF x = CE ANO ó = VE, THEN e= NB. 

1 

1 

___ _j 
(a) (b) 

FIGURE 9.10 Fuzzy truck trajectory when (a) no FAM rules are removed and 
(b) FAM rules 7, 13. 18, and 23 are removed. 

final position (6. J', y) to the desired final position (6¡. r¡. y¡): 

Docking error (9-7) 

In Figure 9.11 (b). the trajectory error equaled the ratio of the actual trajectory length 
of the truck divided by the straight-line distance to the loading dock: 

Icngth of truck trayctory 
Trajcctory error (9-8) 

distance(initial position, desired final position) 

Adaptive Fuzzy Truck Backer-Upper 

Adaptive FAI\1 (AFAM) systems generate FAM rules directly from trammg 
data. A one-dimensional FAI\1 system. S: /" ~ JI'. defines a f..Vvl rule, a single 
association of thc form ( .-1,. /J,). In thi' case the input-oulput producl spacc equals 
!" ·.· F . .'\s discuss·2d in Clup::::r S. a f..\\1 rw:2 ; .-\,. /J,) ddinc," ciu,J<:r or tdl 
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Docking error 
80,-----------~------------, 

Trajectory error 
3,-----------~-----------. 

-
60 

2. s r-
21- -

-40 
1. S 1- -

20 
1 r· 

eL---------~~--------~ o se 1ee 
O.SL-----------~----------~ 

e so 10e 
'7c F AM rules remoHd 9é F.-\\1 rules removed 

(a) Fuzzy controller 

Docking error Trajector~· error 
a e .-----------~------------, 3,-----------~-----------. 

6e 

.. e 

2. S 1-

2 

1. S 1-

e . S L------------::::'::-------------,-J 
e se 1ee 

9c Data removed l/c Data removed 

(b) BP-\eural controller 

FIGURE 9.11 Companson of robustness of the controllers: (a) Docking and trajectory error 
of the fuzzy controller; (b) Docking and trajectory error of the neural controller . 

.. 
of poinrs in the producr-space cube !" >: r centered at the point (A,. B, ). Adaptive 
clustering algorithms can estimare the unknown FAM rule (A,, B,) from training 
samples in R 2. \Ve u sed differential compctitive leaming (DCL) to recover the bank 
of FAI\1 rules that generated the truck-training data. 

We generated 2230 truck samples from seven different initial positions and 
varying anglcs. \Ve chose the initial positions (20. 20), (30, 20), (45, 20), (50. 20). 
(55. 20¡. !70. 20). and (RO. 20¡. \Ve changed the angle from -60' to 240' at each 
initial po,ition. At each step. the fuzzy controller produced output steering angle e. 
The training vectors (1·. o. fl) detined poinrs in a three-dimensional product-space. x 
had ti ve fuzzy-set values; LE. LC. CE. RC. and RI. ó_ had seven fuzzy-set values: 
RB. Rli. RV. VE, LV, LU. and LB. e had seven fuzzy-set values: NB, NM, NS, 
ZE. PS. P~l. and PB. So there were 245 (5 x 7 x 7) possible FAM cells. 

\\'e detined FAI\1 celb by partitioning the cffective product space as fol­
lo\". \\'e di\'Jtkd the space O S 1· :S 100 into tive nonuniform inrer-vals [0, 32.5]. 
!32 5. 47 5;. [47.5. 52 s:. [52.5. 67.5]. and [67.5. 100]. Each interval represented 
the five fuzzy-set values LE. LC. CE. RC. and RI. This choice corresponded 
tn the Jh'llc)\erLlpping interval> of the fuzzy membership function graphs m(J:) 
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FIGURE 9.12 (a) Input data d1stribut1on. (b) Synapt1c-vector histog1 am. Difterential com­
pet•t•ve learnmg allocated synaptic quant1zat:on vectors to FAM cells. The steady-state FAM 
ce:: (CE. \'E: ZE) contained the most syna¡¡t1c vectors. 
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in Figure 9.2. Similarly. we di\·ided the space -90 S ó S 270 into seven nonuni­
form intmals [-90.0). [0.66.5). [66.5.86). [86.94]. [94.113.5]. [113.5.!82.5], and 
:! 82 5. 270;. \\'hich corresponded respectively to RB, RU. RV, VE. L\'. LU. and LB. 
We di\ided the space -30 S B S 30 into seven nonunifom1 intervals [-30, -20]. 
. 10 7 _, ' 7 - 1 _, [ 1 - 1 5' '1 - 7 -¡ [7 5 10· d [70 "O' h. h ¡-_ . - .)1. 1- .). ---\· - __ ), -· ¡. ¡_.) .. ) . . , _ J. an _ . _, 1• w tc corre-
sponded to NB. NM. 1'-iS. ZE. PS. P.\1. and PB. FAM cells near the center were 
smaller than outer FA~·! cells because we chose narrow membership functions near 
the steady-state FAM ce!!. Uniform panitions of the product space produced poor 
estimates of the original FAM rules. As in Figure 9.2. this reftected the need to 
judiciously define the fuzzy-ser \·a!ues of the system fuzzy variables. 

We perfom1ed producr-space clusrering wirh rhe version of DCL discussed in 
Chaprer 1 of rhe companion volume [I--:osko. 1991). If a FA¡\! cell contained at 
leas! one of the 2~5 synaptic quantization vectors, we entered rhe corresponding 
FAi\1 rule in the FAM marrix. In case of ties we chose the FAM cell wirh the most 
tkn,ch· clu,;rcred dala. 

Ft¿2urc li.l2(a) sho\\'S th~ inpur sample distribution of (.L ú). \Ve did not in­
elude rhe variable e in the figure. Training data clustered near the steady-state po­
sirion (.r = 50 and o= 90' ). F1gure 9.!2(b) displays the synaptic-vector histogram 
afrer DCL classified 2230 training \·ectors for 35 FAM rules. Since successful 
FAi\1 :-.ysrcm gcnerated the rrainin¿2 sarnp!t:s. most training sarnples. and thus most 
syn:1p1ic \·eclllrs. clusrered in ~~~e sready-slate FAM ce!!. 

DCL producr-space clusrcring estirnated 35 new FAM rules. Figure 9.13 
shm\·,; !he DCL-estimared FAM bank and the corresponding control surface. The 
fJC'I.-c.;rimalt>cl control surfacc \ isu:.illy resernblcs thc underlying unknown control. 
smfaL·c in Figure LJA(a). Thc t\\'O sysrc:ms produce nearly equi\·alen! rruck-backing 
hc·ll:!'-''•''· Thi, 'll¿2¿2c':-.l,; adapti\·c· pruducl-spacc clusrering can esrimare the FAM 
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rules underlying expert behavior in many cases, even when the expert or fuzzy 
cnginecr cannot articulate the F.-\M rules. 

\\'e also used thc ncural comrol surfacc in Figure 9.4(b) to estimate FAM 
rub, \Ve dividecl the rectangle ¡u_ 100 x !-90, 270] into 35 nonuniform squares 
with the samc dtvisions as in the fuzz;· control case. Then we added and averaged 
the control-surfacc values in the square. \Ve addcd a FAM rule to the FAM bank if 
the a\·eragccl valuc corresponded tn one of the scven FAM cells. Figure 9.14 shows 
tliL' rL·,ultin~ F.-\i\1 h:!nk and com:,pon:1!n:: ,-ontrol surface ~eneratccl lw thc ncural - - ~ . r.ú5 

' ,, 
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(a) (b) 

FIGURE 9.15 (a) Absolute difference ot the FAM surtace in Figure 9.4(a) and 
the DCL -estimated FAM surtace in F1gure 9.13(b). (b) Absolute difference ot the 
FAM surtace in Figure 9.4(a) and the neural-estimated FAM surtace in Figure 
9.14(b). 

CHAP. 9 

control surface in Figure 9.4(b). This new control surface resembks the original 
fuzzy control surface in Figure 9.4(a) more than it resembles thc- neural control 
surface in Figure 9.4(b). Note the absence of a steadv-state FAM rule in the FAM 

~ -
matrix in Figure 9.14(a). 

Figure 9.15 compares the DCL-AFAM and BP-AFAM control surfaces with 
the fuzzv control surface in Figure 9.4(a). Figure 9.15 shows the absolute difference - ~ ~ 

of the control surfaces. As expected, the DCL-AFArvl system produced less absolute 
error than the BP-AFAM system produced. 

Figure 9.16 shows the docking and trajectory errors of the two AFAM control 
systems. The DCL-AFAM system produced less docking error than the BP-AFAM 
system produced for 100 arbitrary backing-up trials. The two AFAl\1 systems gener­
ated similar backing-up trajectories. This suggests that black-box neural estimators 
can define the front end of FAM-structured systems. In principie we can use this 
technique to generate structured FAM rules for any neural application. We can then 
inspect and refine these rules and perhaps replace the original neural system with 
the tuned FAM system. 

Fuzzy Truck-and-Trailer Controller 

\Ve added a trailer to the truck system. as in the original Nguyen-Widrow 
model. Figure 9.17 shows the simulated truck-and-trailer svstem. We added one 

~ -
more variable (cab anglc, o,) to thc threc state variables of the trailerless truck. In 
this CJSC a FAM rule takes the fonn 

IF J.= LE AND o, = RB AND ó, =PO, THEN /3 = NS 

Thc four swte vJriables .T. !J. e•,. and ó, detem1ined _the position of thc truck-and­
traikr ;,ystern in the planc. Fuzzy variable o1 corresponded too for thc trailerless 
!Juc·;_ Fuzzy variabk o, spccifled th~ rclativc cab ant:k with respect to tht: center 
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(a) Docking Error 

• 20 

- DCL-.-\FA\1 (salid) 

- BP-.-\F.-\\1 (dashedi: 

_....: ¡ 

-·. ¡ 

\N v·· .. .j'·:. 

.. ... ... 
Back-up Trial 

mean= 1.-l-t-+9. s.d. = c.c:i9-l 

mean = 6.6863. s.d. = 1.066:i 

------·---¡ 

., 
' 1 ... 

Bach-up Trial 

- DCL-.-'.FA\1 ¡solid1 mean= 1 1075. s.d. =O OS39 

- BP-.-'.FA\1 (dashed¡ · mean= 1.1-l:i}. s.d. = 0.1016 

FIGURE 9.16 (a) Docking errors and (b) trajectory errors of the DCL-AFAM and 
BP-AFAM co~!rc! s¡ste~s 

(X 'y) 

(\.y): Cartesian coordinate of the rear end, [0,100). 

1 u . v) : Cartesian coordinate of the jo in,¡.. 

Q1 : Angle of the trailer with horizontal. [ -90.270). 

Oc: Relative angle of the cab with trailer, [-90,90]. 

0~\ . · e 

e : Steering angle, [ -30,30]. 

~: Angle of the trailer updated at each step, [-30,30] . 

FIGURE 9.17 D1agram o: the s1mulated truck-and-\railer system. 
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m(~ ) 
e 

~ 
-90 -65 -15 o 15 65 90 

FIGURE 9.18 Membership graphs of the three fuzzy-set values of fuzzy variable <Pe-

line a long the trailer. <Pe ranged from -90° to 90° _ The extreme cab angles 90° 
and -90° corresponded to two "jackknife" positions of the cab with respect to the 
trailer. Positive 9c value indicated that the cab resided on the left-hand side of the 
trailer. Negative value indicated that it resided on the right-hand side. Figure 9.17 
shows a positive angle value of 9c-

Fuzzy variables x, rPt. and Óc defined the inpU! variables. Fuzzy variable 
.B defined the output variable . . B measured the angle that we needed to update the 
trailer at each iteration. We computed the steering-angle output e with the following 
geometric relationship. With the output /3 value computed, the trailer position (x, y) 
moved to the new position (:r', y'): 

:r' 
1 

11 
v 

;r + r cos( 9t + ,8) 

y ..L r sin(ót + .B) 

(9-9) 

(9-l(w 

where r denotes a fixed backing distance. Then the joint of the cab and the trailer ·'· 
(u,¡·) moved to the new position (u'. r'): 

1 u ;r' - 1 cos( Ót + .B) 

y'- 1 sin(ót + /3) 

(9-11) 

(9-12) 

where 1 denotes the trailer length, We updated the directional vector (dirU, dirV), 
which defined the cab angle, by 

dirU' 

dirV' 

dirU +C. u 

dirV + C.v 

(9-13) 

(9-14) 

wh.:r.: 6u = u'- u, and 61· = 1'
1

- t. The new directional vector (dirU', dirV') 
defines the new cab angle o;. Then we obtain the steering-angle value as e = 
o; 1, - ó,.". where o, " denotes the cab angle with the horizontal. We e hose the 
same fuzzy-set values and membership functions for /3 as we chose for 8. /3 ranged 
from -30' to 30'. We chose the fuzzy-set values of 9, as NE, ZR and PO as in 
Figure 9.18. 

Figure 9.19 displays the five FA M-rule matrices in the FAM bank of the fuzzy 
truck-and-trailer system. In Figure 9.19 we fixed the fuzzy variable x as LE, LC, 
CE. RC. and Rl. There were ns (7 X 5 X 7 X 3) possible FAM rules and only 105 
~~ctual FAt--I rules. 
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tal 
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tb) ¡el 

FIGURE 9.21 Sample truck·and·trailer trajectories of the BP-trained controller for init1al po­
sit,ons (1·, y. o,, o,.): (a) (25. 30. -20 30). (b) (80. 30. 210. --+0). anc (e) (70 .10 200 .10L 

Figure 9.20 shows typical backing-up trajectories of the fuzzy truck-::md-trailer 
control system from different initial positions. The truck-and-trailer backed up in 
different directions. depending on the relative position of the cab '' ith respect to 
the trailer. The fuzzy control systems successfully controlled the truck-and-trailer 
in jackl.nife positions. 

BP Truck-and-Trailer Control Systems 

\\'e added the cab-angle variable o, to the backpropagation-trained neural truclo. 
controller as an input. The controller network contained 2-! hidden neurons with 
outpur \ ariable :3. The training samples consisted of ti ve-dimensional space of the 
fonn '· .:· . . 11. e". o, ... 1). \Ve trained the conrroller ner\\.-ork \1. ith 52 training samples 
from rhe fuzzy controller: 26 samples for the left half of the phne. 26 samples for 
the right half of the plane. \Ve used equations (9-9)-(9-14) instead of the emulator 
nerwork. Training required more than 200.000 iterations. Sorne training sequences 
d1d nC1I conn:rge. The BP-trained conrroller perfonned well except in a few cases. 
Figure 9.: 1 shows typical backing-up trajectories of the BP truck-and-trailer control 
system from the same initial positions used in Figure 9.20. 

\Ve perfom1ed the samc robustness tests for the fuzzy and BP-rrained truck­
and-rraikr controllers as in rhc rraikrkss rruck case. Figure 9.~~ shcl\\s performance 
t'rn'r' :1' c'raged P\'cr ren ryp1cal back-up, from ren ditlerenr 1nltd po,irions. These 
perfomunce graphs rescmble closely rhe performance graphs for the rrailerless truck 
sysrerns in Figure 9.11. 

AFAM Truck-and-Trailer Control Systems 

\\'e generared 6250 truck-ancl-traikr dara using the original F.-\i\1 system ii 
Figure 9.19. \Ve backed up thc truck-and-trailcr frorn the same initial positions as 
1n thc tr:1ikrkss-truck case. Thc trad~r angk u, ranged from -60. ru 2-!0 . and the 
~ .... !~' :!:~~!:..· ('. ~1'-..unled nnh· th·~· t~~:-~.''2 \'~t!U..?\- -i). o·. ~l;1í..l ~)- Th ... · ti"~l¡;~¡i1f: \C;.:tors 
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Docking error 
1001 

1 
8]-

--~-

í1 
,. 1 

J 
J __ -: -...,... 

e =' ~=~:.._:______ _ ______ __j 

5•:• 1 :·: 
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(b) BP-\eural truck-and-trailer 

FIGURE 9.22 Companson of robustness of the two truck-and-trailer controllers. 
(a) Docktng and trajectory error of the fuzzy controller. (b) Docking and traJeCtory 
error of the BP controller 
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(.r. o,. ó .. 3) dcfined points in thc four-dtmensional input-output product spac.:. 
We nonunifom1ly panitioned the product space into F.-\\1 cclls to .. aiiO\\ narrower 
fuzzy-sct \ alues near the steady-state F.-\.\1 cell. 

Wc used DCL to train the AFAM truck-and-trailer controller. The total numbcr 
of FA\1 cells equaled 735 (7 x 5 >: 7 > 3). We used 735 synapric quantization 
vcctors. Th.: DCL algorithm classiticd thc 6250 datJ into 105 F.-\\1 cells. Wc 
tre~ited thé' trailerless-truck fuzzy variables as before. For the cab angle o, .. we 
divided the space -90 :S o, :S 90 into threc intcf\als í-90. -12.5;. :-125. 12S. 
ami [ 12.5. 90:. \\ hich corrcsponLkd tu !\E. ZR. ami PO. Thcre were 735 FAM 
ce-lis. and 7J5 rc'ssible FAI\1 rule>. uf thc fom1 (.1. ,;,,.o,.: J). Figure 9.23 shows 
the synaptic-vcctor histogram corrc>pondmg to thc 105 FAM rules. Ftgure 9.24 
shows thc estimated FAI\1 ban~ bv the DCL ahwrirlirn. Figure 9.25 shows the - ~ ~ 

original ancl DCL-cstimated control surfaces for the fuzz: truck-and-traikr systems. 
Figure 9.26 shm\s the trajl'cturies uf rfll' original FA\1 and thc DCL-cstimated 

AFA\1 tnk~<!r~d-tr:!ikr controlkrs. Figures 'J.26(a) anJ \b) ,huw thc two trajecto­
rics from thc initial position (.r. y. o,. o.) = (30. 30. 10. 45). Figures 9.26(c) and 
(d) show rhc trajcclorie, from inirial position (60. 30. 2!0. -60). The original FAM 
ancl DC!.-c,;tim:llc'd AF.·\\1 S) '!c·m-; exhihit~d comparable truck-and-traikr control 
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FIGURE 9.23 Synaptic-vector histogram for the AFAM truck-and-trailer system. 
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X= LE X =LC 

x =CE 

'= RC x = RI 

lal 

x =LE x= LC 

'=CE 

'= RC x = Rl 

FIGURE 9.25 (a) Ongrnal control surlace. (b) DCL·estimated control surlace. 
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(a) Original F AM (b) DCL-estimated FA\1 

(el Original FA'I (di DCL-estimated F AM 

FIGURE 9.26 Sample truck-and-trailer trajectories from the ong1na: and the 
DCL-est1mated FAM systems starting at inilial positions (.r. y. c.-. o,) = 
(30 30. 10. -15) and (60. 30. 210 -60J. 

perfonnance except in a few cases. where the DCL-estimated AFAM trajectories 
were irregular. 

Conclusion 

We quickly engineered fuzzy systems to successfully back up a truck and truck­
and-traikr system in a parking lot. \Ve used only common sense and error-nulling 
intuitions to generare sufticient banks of FAM rules. These systems perfonned 
well until we remo,·ed over 50 percent of the FAM rules. This extreme robustness 
suggests that. for many cstimation ancl control problems, different fuzzy engineers 
can rapidl: de,·eiop prototype fuzzy systems that perfonn similarly and well. 

The speed with which the DCL clustering technique recovers the underlying 
FA[\ 1 bank further suggests th:ll we can likewise construct fuzzy systems for more 
complex. higher-dimensionJI problems. For these problems we may have access 
to onl: incomplete numerical input-output data. Pure neural-network or statistical­
process-control approachcs may gcncrate systems with comparable perfonnance. 
But these systems will involve far greater computational effort. will be more dif­
ficult to modify. and will not provide a structured representation of the systen 
throughput. 

Our n.·ur.tl c.\pcrimcnt,; suggc:-h that whenever we moJel a system with a 
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neural network. for little extra computational cost we can generare a set of structured 
FAM rules that approxirnate the neural system ·s behavior. We can then tu;Jc tlL 

fuzzy system by refíning the FAi'vl-rule bank 11·ith fuzzy-engineering rules of thurnb 
and with further training data. 
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é::=:-:..-:c:-.: :;o:-·, ;~.-;:- t;,:.¡cc:u;:: ::-~oCi.!::e-:: b)· sr:;·:-::: ;:os~a:-:l:··.irs . 
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rr.ing. the problem can be approached and soked in a far mo:-e d1rect way 

using the natural terminology of the problem. 
The first major step in prepar\ng to use gene tic programming is to Jdentify 

t;¡t' !'et of terr.1inals: the seco:1d 1s to identify the se~ o~ funcbons. 

In the carr centenng proble::-.. tf1e cor.1puter program processed inforrnahon 

abo'J~ the cu:ren~ sta:e o~ tf1e> s.ystem in orde: to gene:-ate a controi vanable 

to drive the futu:-e st2::: o~ tne system to\..,·ard a specined ta:-get state. In this 
p:-obler.~. \..,·e are no: p:-1r..a:i!:: concemed \\·ith ti-le values o~ the three o\·ert 

s~ate \'allables of the a:--.~ (1 e. t'ne nu:"i1erica\ values, between 1 a.íd 32. of the 

\·erti:al a:1d horizonta) posih0:t o: t'ne 2.."'.: on the grid and the direchon the ant 

1s fJcingl lnstead. we a:-e pn::13i'i\y concemed v.·¡t!-1 hndmg food. And to h:1d 
ioo2. \\'e must make use o~ tf,e \'e;:. h:-::ited amoun: of info;mation. about fooC 

comi:~s from the ant's se:1so: 
ln t["'\is problem. th~ bfo:-::.ation \'.'e wan: to F'ocess ¡s thr information 

co:-:11ng 1:1 from the out si de\·. o:ld \'ia the a:-.~·s \·ery l1mtted sensor Thus. one 

reaso:~able app:oach to th:s p~oS!::~ is to place t'ne condtt1ona\ bra:1ching 
O?era:o:-- 1 :-:ooo-;..:-:::;..D i:1:o the funchon set The I?-?O:'IV-A:-:::;..o cond¡, 

tional branchmg operator takes h-.· o arguments and executeS the h:s: a:-gumen.~ 

1: (a!"'l--1 only if) the 2:1: senses foocl d1rect\y tn fro:1: o( i:. bt;: e>-.ecutes tl-te 
second argumen: if (and or.!:; if) the 2!1t does not sense ai\y food directly in 
r~on: o: ¡: The :::::-::::;:):;-,!_:-:::;~ C0:12i~ional b:-a:1ching operato: is \:l1ple­

r:1en:e2 as 2 r..acro as descriVed i:1 s..:bsecho!"'t 6.1 1 
1.: tl'le function se: for Ülls problem contatns an opera~o~ t~J~ p;-oce:::;s~s 

i:.:'o."'7'T:a:ion. the terrr.;na\ se~ fo~ this pro':>lem sho~ld the:1 conta1n ti-le octions 
v.-h1ch tne 2:1: s~ot.;\.:J e:-..e-:-L::c b.1se.: on the o;,.;:co;-:1e o: t':--.ts i:1fo:Tncbo:-, 

F~o..:esst:-tS Thus, the Cerr;;::--.<1! s;:: fo; thJs p:-ob!er~l is 

These t~~ee re:-r:-,::LJ.;:, co::~s?c:·d ci!rt;>ctl:. to t1;e t:1:e2 f'lt:-:<i~J\'C funciio:1s 

C-;;i:neJ a:10 t.:s::-0.: ::-:.- )é-;~:~o:-.. Co!i!:l~. e: .;;] te chanse the s:e~:c o~ the a0: 
5::-;cc h~-::;'2 t~:-ct.~ tt?:!71i:1als. ;;;.:: ,],::,:.:.~:::. f·..::K:1o:--~ té'~l:lf_: no ~:-g· . .m1-2nts. the!:­
r,J:-:~e:. ~:-e C:lcioseC l:-'t p~:-e-.::--.·~=--=~ Tne5l~ r:.-::-~c r:-ir."l.:J·, e fL::--.c:::J:-,5 o;:-erate \"ÍJ 

tn·2t:- s:-:le eh-ecrs o~. he 2:-::'s ~:2-:t' (i e. t:,~ a:::·s t-:J::zor-::-.::! J.'lC \'(':-tJC.::l f'OSI­

tio:• on the ~n.i .;;:-~.i ~:".e<::--.: s f.1c\·•s C!:-t;>c:lo:1~' Ti1ese th:--2e terT:"'.t:1als e\·aluatt> 
:.:"1 l h('\'.-e\·:?~. t:'1~·:· r.....::-:·::--.: r·.:o:·..::-:·. ·;J~'Jr::~ J:c no: re~-:o\'a;,:_;'o:- t~!S Fob\-t>:7'; 

í::.~..:.;!! t~.-3: ¡;, t~.-.: s~J~-2-~;J·:~:::~""':l ¿_,t::-.1:-:·, fo~ ~~e f::~::-:--5-:J~:: Ju:om,1ton 
,:.:;~:;t.' 3.7:. he:-e \·:e:-:> ~·.·:e- h:1-:~ em.~:,.:~:ms f;..J:-:~ t:'J:::} n·cl·:- The r .. -.·v l1n~s 
re~"':-r::sen~e.:! t':le h·:o ;:¡l;e:r.J:t\'(' s:J:e tr.Jnsi:ion; asso..:i.a.:eJ \' .. ·i:f: the- two 

ro:::::::~ie st>r.so~ 1:-'.?..:ts o: :':1::- a:•~- Th;; :?-?-J0:-;..:-::.;: CO:ldl:ion,1! bianchlr:.s: 
C';:'·.::-J:o; 1.""":~?!~ ... --:~~~:-::;. :~.~5:' 5.'·::·.' :· .. .- ....... Jl:t.•:-r.."'\:1 :es he re Ke..:~~; .a\su th.:1: therc 
· .. .:.~ ~,.-.:·.~· t:·-::o:-:.~.:J . .:-:o.~! s:J>.' :.-.'-:.:..::: ........ ¡;. !~·-' s:.1:..:o-:~a·'st:10:L Gi.l¿:_~.1r.. o~ t'n-~ 

i::-::::..>·S:J~:? J·.::,:o:-:o.~:o:~ T'"".:' Ce-:·.·:".:-:; L\:)? co:-.. 1l~ctt-..·~ ::::J·:.:: p~o\·iLlcs a co:--,­
n-...·..:::·.-t:' gl·..:-: fv.· 1:-::~~::-:-:·.~:~::·;(: s-.:::-: J:> l::-.co-.J::to:u: ~c.::L:('ncc o~ steps Fo~ 

C\.1::¡;o)~'. t:·.~· ;·,:o-2~~-_;:-:-·?-.: -;::: :;·. c~,.•nnt:.:c:i'-t' (a\so o~:l':-~ cJlle.:l ??>JG~::: in h11s 

iY·~--;.\ :;1 t~-~, S-o :J"::"::>>:~""'.-, 
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C2.tiSC'S the ant to unconditionally pe1fo~¡ t~c sequence of turning to the right 
and then tuming to the lef:. 

Therefore. ti-le funchon set fo: this proS!em is 

taki:1s h\·o. two and th:-ee arguments, respective\ y. Note ti-lat we include the 
?;;::J.::;~; con:~ed;\'e i:1 the L . .::-. .::;c:.:-. .3::: ~-.·: . .:.:- {.:::-::t ~:-:- t·.·:o a:-gume:~ts and once 

for three a:gumen~s) 

The t:,¡,..¿ majo~ step ir: p~e?a:-mg to t.:se genetic progra:T\r:"l!:tg is to iden~i:"y 
tile f.:~ess measure Tile r.a::..::-a\ n~eas:....:.re o~ the P.:ness of a gtven com?ute:­
p~og~a:n m this p:-oblem is ti-le amou:1t o~ foo.:i ea:en \'. ithn·, sorne reasonable 
amow:-1: of ttme by an ant execu:mg the t;iven pro¡;:am. Each mo\'e ope:-a~10:1 
and each h . .::-:1 ope;-atio!'1 takes one step. In ·o~.:: \'erston o! th!s p;ob\er;;. \ve 
1::-:~ite.i the a:~t to .;oo hme s:eps. Thts time-out hmi~ is s:;fi1C!ent1y smJit i:-1 

re\.a:io:-1 to 1.02~ to pre\·en: a ra:--.dom v·•alk o; a tesse:ia:i:~s mo\'ement írom 
co·•e.-:ng alt 1.02~ sgua;es of the gnd befare timin_s Oli: 

Ti1us. the ra.h· r.tness of a computer progra.r.1 for this problem is t'ne amoun: 
o~ i~..,od {ra:-1gms from O to $9) that ti-le ant has eate;l \\·¡:~in t'ne mc.ximum 
a!io\\eO amou;~:- o~ time. 1~ a orot:ram ttmes out. ¡ts ra\\' htness is t!le amou:-lt 
o.~ fooJ ea:en t.:? to that hme: . 

Ti::-:~ \':3s CO:-!l;'Uted he~e i:t the same \·:ay .;s 1:1 tne v:o:-k o~ ]efierson. 
Co~H:ts. et aL Ti1a: 1s. the ti.ree Vií:l.i:i\'t: h.::-tctlons F.::::G;.;;, L!:?T, a;~¿ !".J·.:::: 

each t.;ke 0:1e ti:-ne s~er to e:-..ect.:~e. \':he:-eas rile ¡;-::oo~-.:..::~.:..:;. cond::10nc.! 
b:-a:--:-:r.::1,s opera:o; and t:.,e u:~condJtlona~ co;~:ledl\'.;::3 :::::..::<:.:~;2 a:1d ?r:::.-.:;~3 

ea;:h t.Jke no n:-:-:e !'teps to cxecute 
_, _________ • t' ' ' ' 1 '¡' ' 1 ' L " F ;_o· ~e e<:~r ce:-t~ertnb~poo em. a s;:--,a leí ra·.-. n~ness tl:':1€ 1' \\25 L'e,,er. o.· 

t~:: ?=-o':- le:-:-.. .: 'ro:¿;~e=- ra·.\· h::1ess (r.üod eJienrJSbe~terS:J.·YdJ:-dlzed-fnnes~-¡, _________ , 

a r.:·~a~·.:·e o: f.::--,es:: ivr \·:i"l¡cn a S:"':'"':.al!e~ \·allJ·~ 15 bc':re:- tfoJ:~ 2\rs,er \·~!u::' Thus 

i·:: ::...:~ Fo~lei"':: tn~ s:a:tC~~d:z:::-C h:ness is tl1!? r.;.axi~:u.--:~ a:ta::la':_1!e \·a!ue o: 
r.1·.-. ~.:;-¡~ss í1 \.'. f?,• r:1Í:":~'5 t:.:t:- a.:r: . .:J1 rJH' f:::-.ess ,!.., s~a:-~CJ~,jiz.ed fi:;~ess e: 0 

cc;;~~:>O.I.:~ ro..:! pe:ft?.:::: sc-)~:.8~ io- t~:~ r~o':>le:-:1 C:!.::2 r.~.1:1Y p~oblem~) Fo~ 

t.-:~- L.J~: ce.Ten·:,s prob\err. ~~a:1dad:zec! f.:;;es5 \-..-~~ dt::1:1.:c! tora .. ·: h~:1eSs 
"i .. "': ¡,'.-¡;::, p:-obler.-:. th~ 2t.:·d1a:-y hits measu:e \-.as ci:;>~ne¿ to be tfle sa:":""e <:!~ 

:-.1:·: f:¡;-,:..~5-5-. Ti'l::- h::s r:-:eJS'..Jre ,.;as then u sed 25 pa~t o~ t:o~~ t~~r:'.!~a:-i.J:-, criterio::. 

.:.. :~.::; e: :~:5 ~-o~l\?:7:. 1~ te:-~l;,J:t?l: i:· 2:1:: 5-ex?~t?S:i!L':~ a~:2::1s f.? h::s o; 

r\.::', 

f' .... ,:·.:-:-.::.1!!: .. t~c f:::1css c~se~ fo~ t~is (rcS\~:-:1 co:151s: o: al! tne poss1ble 
cC':-r:~l:--.. 1:1o:',3 o: 1:1::1J: co:-.C.::·.:>:~5 :o; ti! e 2:1: (¡e !"':e t;Jj~IJl s:.J:-h:1g posinons 
a:-.~~ ::--:~~ :;¡::¡_·;~ i.1·:"t:lf, -.: -,·..:·:_.,~-~· J\v\..: ·.·:::~ 21: ft:'."~~o:oJ~lt~ seOl.erJ)l:2:10:15 

c ...... ~:~-~~~ c.:>-.:'.,!~· Fa?s a: co~;-,¿-~::. . .:'!:~..: :;¡~!-..' f.J?~ a: ü'~:":k'.":' J??eJ:-1:15 1:-' 2:1> 

(\;_.:._.~~ ~<o:~· :--.,:.·.·:t".'t'." ::-.a:\·.:.' ,~.J ·"·": c:-.:"':,.-:t:::. c.-::-J:e a r.oc!:l?hci:y o~ h:ness. 
c.~~('~ :e· t;~.~ :-: ... "~:< ... ·.-. J~ :. :· L::.: :,"~; t:"'::' u;: c¿-:1:·:::-.,:: r~oSlcr;. 1;-:s:eJ¿, 

\'.':" i;:!\ t:> JL''' 0.1•.' f::n:·s.~ Cb:' ·•·. ::~':t':'"\ Ü1·: .;:--.: s:.:!::~ J: posi:1on (0. 01 \-.·hi\¿­
:.::L-.~~ t' .. h' ,;;:,: ::1:':- ::1 :"" .. :· .. ,..:.:·l- ¡· .. ~:O:'.·:' ~;J·\ \';:' r·.:-1:. O"l t~e \'J~lOUS s:a~t'S 



of the ant that actual\ y arise a long the ant's actual trajedory to be sufficienfly 

representative of the generahzed trail following problem. As we will see, this 

o:1e fitness case is suHiciently representative for this particular problem to 

allm·.; the an~ to lea::-t to nav1gate this trail and reasonable generalizations o~ 

this trail. 

lt should he emphasized tha~ genehc programming genetically breeds com­

puter programs that ha ve high htness in grapplmg \'1-'ith the environmen~ (1 e, 

they score a high h~ness fo:- the explicit litness cases on which they are run) 

The programs pmduced by genetic programr.'l.mg h·i\! genera\ize in the sense 

tha: they are usefu\ m solv1:1g o:ne;- problems ,.,·hich a human. in his mi'nd. r.1ay 

e:1\·ision only if the htness cases tilat are chosen are sufhciently re?:-esenta:l\'e 

of the genera\¡z.abo:l en\'JSJO:ted by the humJn. 

Table 7.3 sumír'.a:-izes tfte key features of the artihcial an~ problem fo:-- tlle 

S.rlta Fe trai!. 

The ru:1 s:,Yts \~·i~h t!-le generation o~ 50() random compute:- prosrc:-ns 

recursively composed f:o1:1 tr.e ava!bble funct¡ons and terminals. Predictably. 

t~is in!hal po?eb.:1on o~ random computer programs includes a w1de varie:y 

of highly unfit com?ute~ p~o¿:rams. The random computer programs in gene;-a­

tion O of this problem (a5 .... -el! as tf1e random programs in genera:10n O o~ t;,e 

P'ecedm,s ca'i centenng probler.~ and aJJ later problems ie th1s book) corre­
S?ond to tile co:-:-.?~~e~ prograr::s tilat might b~ typed ou~ at random by the 

p;overbial_ monkeys The5e randorí. COr:1?u:e~ programs provide a baseline fo~ 

co:--r'lpari:-~5 ti:e more sahs~2do:-y performance achieved by genet1c prosram­

IT'<~:1g j;¡ b:-e~ ge:-~e:-a:\OilS 2f:2!:'"l5~ random performance. 

Thc r-:;8~': CC':-:--.mon typ·:- o: 1:-:d:\·idua! i:1 the imhal randorn' populatio:: fo~ 
tfHs problem Ld~ i:o r.'IO';e a: al\ Fo~ exa:-nple. the computer prosram 

f.,,¿ a cor.',?u:~:- p:ogía:n tw controlan a;ti;ÍcJJ\ a_..,,; so:­
~:~.::: ¡: CJ:--. f,_.-,¿ a!; f.~ pi~ces of foo¿ lo..:a:ed O:l t:":e 

t' • .::":"".:-e~ e: ptect>~ o~· Ío...•u2 pic~c.:! u? b~.=orc t~.e .:::--.: 
t~:-r:-:s ou: ,..,¡:n 4l'J o?¿ra!ions . 
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(FROG"2 (RIGET) (LE."T)) 

tums withou~ looking. 1: unconditiona!ly tums the ant right and left .while no~ 
moving the ant anyv.:here. 

s;,;larly. tne program 

(I?-?OOD-A:-i'?.AD {RIG::!) (LE.!'T)) 

lovks v:itho~.ü r.:o,·in~. !t exa~1nes t!;e o~..:~side world and then tu:-ns the a:~: 

difierent ways on tne basis of v.·ha: 1t sav..·, howeve;-, 1t does not move t'ne an: 

a..1ywhere. 

~eithe¡ of these highly unfit indt\'iduals eats any of the 89 pieces o~ fooC. 
Tf1ey a:-e merci:Ully teíiTimated by the expira:ion o! t:'"'le max1mum a !lO\\ e.:l 
i::í:1e. 

Sorr:e ra:tdomly generated computer programs mo':e \\·i:hoL.:t h...!.:-:1lnt;. Fo:­

exam?le. the prograr.. 

s~vo:s across the grid from west to eas~ \\·ithm.:: ei:he:- look.lng 0~ b:"7'1i:tf. 

This vigo:-o~s undirected be ha vio:- acciden:ly hnds the th:-ee pieces ·o: fov¿ 

loca:ed on tile top TO\\' of the grid 

0:1e randomly gene;-a:-ed ·co:":l.puter program (wh1ch \\'ill be calleC t~--'2 

"quilte;'' becaus.e i~ t:-aces 2 gui\t-hke tessellating p:.ttem across tite toroi.:2: 
bí!d.l r:;o\'e!=- and tum::. h'ithout look1n,S. 1: C0:1S!sts o~ n1:1e po;:~ts 

(??.::;.::;:::; (?,~G:-:7) 

(??JG!\3 1."'.:)\':::J (!"'.·:r,:::::J ¡~~)';:::¡ J 

(?? . .:·:;~::? (:_:::::::-¡ (~:r::::Jll. 

po:::;iSl-e a:-.C then re-exec~.::e.:: u:-.:d tne maxirr.um aPo·.·:e~~~ount-o:"-tn;.e-¡;-------~ 

cc:1~'...l:-:"leC 

F1t::...::-~ 7 i 2 si-10v .. ·s tn~ f-.:-s~ p2;t of tne c,',;:l:er·s ¡:'?.::-. Th:s ?-;~t o: t~-:- c.~::1::~~·~ 

?.:!:':. IS r. . .::-~:e.: by X~ T!-1~ q"Jil:e~ accd-e:~taliy f.nds Ío:..;~ p;~ces o: fooC i:1 ~~e 

?.:>~:!:".':o: ::s p.:::n 5~.:-·.\·:1. 

0 ,.,,.. ·~ .... ..: .... ~.¡ ·"e", a'e' con''' ...... ,.. . ...,c- .. ~-·¡.',..,_,··, •o--. ·-"¡;. ~ · t:._-~ c..- ... ·: •·- •w·•'-"~'·'"~ e .•• r, 1.,..¡ ._,.,L!.,., t-·L.:-•w .. ,.,~ '- r:;:_• •• !1~) .• ':., -~- ~ • 

. :--:e..:cs o: fo.J¿ O:l ¡;-.e tra:l a:-~d then go-es into 2:-'. ¡;/::--,::e bo~ \\·~c:1 1: e-:-.­

c·x::--.:e~s -::;::- f-.~s~ f:2;:' l:l the trai! l:-~ r.su~e i 13. t:1o:: loo?c~·s pJ~~~ is r.;~:-~:~~~ 

'r:: x·s T:-.::: r2.·.·: f.:r.ess of the loo?e~ JS 11 
0:-:-::- r.:l:--.2.:':-:--!:. 5-:''"'·.>rJ~e¿ cor..?....::e:- F~O~~a:-;. (r~::- .. i!':.'Odc~'"¡ a::t....:.a!!:. ce> 

rec:i:: ;..::·.~s r.o:e e::~~ po:-::o;-¡ o: food alo:i~ t;¡c t~2·i bcíorc f.:-.. ::L:-:t: t:--.~ f .. -5~ 
S"i' 1n tne t~ad. tile;-, a·.:t;·.-¿\: • .:!\·oiC:: t~is foo.:! by ca~e~..:Ey r:~o·.-in¿; a~ou:~..: ¡: 

-..:~:d 1: fL':c:-;1s t.:>::~~:.:.~:::-:.; ;='OJ:-.: 1: co;.~¡:-n.;..:-s \•:1::-. t~:s u:--.~e\',;a~dl:lf bei-u·.-:0~ 

- - . ' ' 
l ;-.·: :--:: '·?·-:.·~~-~-.- : .~· : '"'·.' .1·. L',.i-:.': n.1~ S~\·~·:·, ~~o::~:s 
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1?-?00D-;..:.:::;..J test. The ant first tums LEF'l. Then. a two-step PROGK2 

seguence begins with the test IF-FOOD-AHEAD. 1f food is present, the ant 
~::>v::-s foí\'lard lf no~. the artt tums RIGHT. Then. the an~ tums RIGE? agai:-t. 
Ther., the ant poi:lHessly tu:ns LE!T and RIG::T m another h\·o-step PRoGr-¡:: 

se~uence The net eFfect is that the ant is DO\-\" facing ngh~ relativ'= to its 
o:iginal facmg d1rechon (i.e., its dtrect1on at the beginning of the execubon of 
tf-us S-expression) The ant next executes the f-,na! th·o-s:e? ~R:lG~;2 s-..:S~:-ec .-o: 
tne b.:- nsh~ o~ the figure. If the ant now senses food via tf-te I:-:ooo-A::::Ao 
test. i: ~~\-'::s fo:>sard Otherwise, it h..:ms L!:!T. The an~ h35 now retumed to 
1:s o:-¡gj:--,al faCJ::g Cirection. The an: now execu~es 2:i t.::iC0:1di:ional ~ov::, 

t~e:eby acka:tci:-t,; fo:-v.:arC i:-t i:s o:igi:12l facing dt:ectio.i i~ it has no: fou:~d 
a:-~ y food to r:-,e ir.-.r:1ediate nght or lef:. 

Fo~ a:~y gt\·en e·.-ah.:atio:-t o[ the 5-expressJOn. only those sub~rees that are 
accessi~le by \ irtl..!e o~ SJ~J::facbon of the cond1t;onal pa~: ot tlie ! :-?CiJO­

;,.:-;:: ;o tes: a:-e act~..;all) evaluated (t.e, executed). f.f~e~ the S-expres5ton IS 

f;'v.;\,..:a~e-::1, if tliere IS addaional time available, the S-exp:-ession is evaluated 

2-'lew. Becal..!se the state o: the a:~t changes over ti~e as the an~ moVe5 
a.:~C ea:s foo2. dtfierent parts o! the 5-express¡on are ofren executed Ol"', ea..ch 
evah.:at1o:: The repeated applica:ton o~ the above JOOS"-correc~ prosram 
alim\·s the ant to negotiate al! the gaps and irregularities o~ ti-te trail and to ea~ 
al! t:te foo.:: 1:-. tile a!lo~ted t:r.-:e. 

1\'ote tila: there is no tes.tir~s o~ the bacb\·a:d di~echo:-~s. See also Koza 
l990c 

Tf:e po1:1:iess two-step PR8G::2 sub~ree at ti-le botto:n o: f:gu~e 7.16. \vhere 
tf1e an; unco:ldJi·1onJliy tu:ns r..::::- and RlG:-:T, does no: h.;:-m the ant's 
re:-:o~a:lCe. the a:~t i:: able to fL'ld 100% of the a\·atiaS\e fooC \\·i:h1:i the 
a~lo·.\ ed max1mu:-r. amount o( time. F1tness in this probler:-: \\·as: defmed to be 
the a:-:¡o~..;:-:~ o: iood ea ten w1:nm the a!io·,.,.·ed hme The bes:-o:-ru:-1 ind:vidual 
i~or.. genera:1on 21 was benehcaHy b:-ed with tl-Hs f-.::~es3 r..CJS'Jre a.s the 
c~~·.-i:-~5 íc~ce Tt"l15 f::ness measi..::e ¿,¿ no~ mcorpo=a:-= a:1y:~lii,S ab:-u: min­
imi:!n;:": tf-,e SIZe o: ti-le 5-express¡on o= minirr:.1zing the te::!~ r1•..::~1':h~~ o: s;_eps. 
e-,.:ce?: l:t til::> J:i.,:!;:;ocr se:15:- t:-.a~ a hit;hi:~ Iilefi.c¡e;¡: ¡:;l~:·.-:.:·..:.:!1 coulC no: i-~'l¿ 

lOC'~c e: t::e foo~ wi:~:n tile a\'3tla~le tir:1e. ,-\r.--.o:~_s j;¡=¡·:;:...:als tha: ca:-1 h:1d 
iC\."':~ o:· t~:? íooC ~·.-i:~::--. h::- a\·Jii.~:l/.._,. h::-:e t~c;-e 1~ no Sek·crJ\"e pressure 
\·. :'..:!:~c·.:-\·e~ 1:--. rJ-.·o~ o: e¡-;¡c;ency o~ pa~s;¡,.o:~:.-

r.'..::-:-.J--:s :~c:"::-r :o o~,s-1:-.::~· :~e:· cons.:1ot.:s til::~k~:-.s 1:--. z ?J~s;:-r.on¡o~..;s \·:z::. 

i-w·.·:e\'e:, f-.:ness. r.o: pa:si:-r.on: •. 1:- t:.e do:-:--.:::J.:--.: fa::c:- i:--. ;,J:t.:~zl e\·obt10n 
Fo; examp1e. o:-.\:; aSo·..:~ 1 -~ .... o: th~ se~ue:--.ces o: n'..!cleoh,~e i:-.:5es tilat occu~ 
nJ~L:~.l)):. alo:~s 0.'...: . .;, a:--e <JC>:..".1li: e.x;"'::?ssej 1:-\:o the se:::u~r:ce~ o: 3:-:li!lO acJdS 
::~.~: J.',J:·:-: e; t:--:::- :.~~o~e::l~ ::~.'· r::-::.o:::¡ th~.· \•.o:~: 0; J:·:i:lf: O~b-1:115~.5 h 
J.:':i!:!.:·--- ::::':-::: .: ~-:~c:::r . .:::- 0: D.': .. :. 1~ .1.::..:.::::.· e:-.~,=--~~ss::-2 (~·1.1 r:1cs:sen_se: ri~10-
r·,...:.:::::.: J·.:;:::. r.~:-.:.: . .-..: 1:1:o ~ s:rt:ls e-: arr.1:10 .::;:¡~5. t:.-.c r·.:3'..:::::~b p:-o~el:l s:ruc­

t·.::~· 15 <.:~e::. r.',J:\.:--;";~~iy ~.1:::-:~~~o:-::..Jcs Tn~ h"..:r:1a:~ he:-:•.Jt:lo:-1:--. r..olc.:ul~. fa~ 

C:o,~::"'.,:":.:. \.::._;:~5 .1':>0~~: 6•),(1~_!~._") dJ]:.._vl~ (¡e, e~UJ\J\e;--,; f~y,~:OSCíl .J70:-:l~). )C: 

:::; ;:'~1:-:~.~~:. re•:·.' 13 :~.., t;J:-':Sr''-,:: o:o\:. c:_s~: 0\.Yf:.'-'n J~Wlt?cl;~::-~ f~or.t tilc \...:ngs to 
::.~·[-,__..,_~:.-e~';;-' Tn~·~~· 1.=- .:::.-:~._"~s: cl'::.1:.1l:, 5o:~::-\ .1~:.::1:::>:'. o:: t:'"le d::os~¿:n o: th~s 

1 'lb 



molecu!e tha~ is at leas: shghtly smJller than óO,OOO daltons. Ho .. vever, if this 
molecule successful!y perforr:~s its task. there may no f1tness advantage, and 
hence no selechve press;jre. in favor of aHaining the most parsimonious 

possible des1gn 
Sec.:mdMy [a..:.io:.l. S'..:C;: ~s eSciency and parsimony. can be incorpc:-at~d 

intc f:tiless measures- (sechons lS.l an~ 25.1-4 ). bl!t this ...,·as not done here. 
Note agaii\ that. b ap?lying gene-he prograrnming to this problem ._.,e made 

no 2SS'..l:np:lo:1 in ad\·ance aSout the .s:ze. the shape. o: the st:l..lctural co:n?lex­
ity o~ the eventual soluho:~. The solu~ion found above 1:-. generatio:1 21 had 
lS poi:-üs YVe d1d no: sp~ci~y th2~ the soluhon ... ,.o'...ll¿ ha\·e 1.5 p01:-:ts. noí d1C 
\'.'e s?ecify the shape o.· the conrents o! th:s 18-po!:tt S-exp~essio:1 The s1ze. 
shape. and co:-'ltents of the lOOSo-correct 5-e.xpression fo:- til:s p:-oblem e\·oh·e2 
h res?onse to the selech\'e pressure provided by tne f:::-~ess r.~easu;e (1.e., the 
2:íl0:..!r1t o~ foo¿ ea ten} Tne reqUJi'ed s~rudu:-e emerged r~o:-:1 a p~ocess cln·:e:--. 
by t:te selecti\'e p:"eSSl.!~e exerted by tne fih::-ss rne.::s"..:~e Fo:" t:,:s proS!e-n~. 

s:rudure fiowed from fi:ness. jus: as i: does h n.:Jtu:"e 
J; is al so intereshng to consider tile ·artificial a:~~ píObler.. \-.·ith a mo~e 

d1filcuh trail. 
The ne\·. "Los Altos Hllls" trail begins w1t:, the sa:;-.e 1r.egt.:\arihes (1 e. 

SÍ:1f=_le gaps. do~..:ble ga?s. Slilble sa?S a~ co::ters, double gaps a: come;-s, a:1C 
tnpie gaps a: CO:"nt?rs\ 1;. tOe sz:ne o:-de;, as t:,e Santa Fe t;-ai! 1-iO\\'::'\'€:". the 
nev. tía:l has two ne\\· ki:1ds o: i.:-regulari:y. \·;h¡c}'. 2.??ea: to".·."a:"d i:s e;1C 
5e.:aL!se of these ad-::le~ iea~ures. t:"::s ne~·; trzd is err:.bedded 1n a large:" 101..1 x 
h"' ... 1 f:íid an~ S?Jci;.g hls bee:~ aCded beh,·ee:~ tile b~a;11::iles o~ t:-:e :íail. 

f¡g.-...:~e 7.~ :- s~._:¡·,·:: ~:~:- L0s Alr0~ H:\1::. t<.:::~ fe: t:'l-:> a;""t:SC!al a:1t proble:-:t 
sitU-lted·m-tr1e·u?re.-~lef:-.:.O-x-7t"Lporh In t'n1s ne .. ·: 

t~J:l. iood peliet 11..."'5 co::e:;?o:-tC:- t. .. "' íoo.:! pelle: E'? (¡e. e SJ:1:2 

Fe t ~a!~ 
T!'o-=- sim;.-.Je.- o: t~e h-. o n::-;·: 1:-:esula:-itie!- 1n tf'le Los . .!..\:os H1l!s t:-ad requ.~e~ 

a s.e~~d-. o:· lo.:a:Jo.":s h·.c s.~e-;os- to the lef: o~ t·.·;c s:e;5 [('1 tne ri~h: o: a:-. 
c,.5:::--.t, p:~.:c o.: foo¿ Ti-.15 f::->' !'\e'\~· irre,gub:i~:: a?~ea:"5 io.- tile r.~s~ nme 2: 
ll..""~O¿ pe !le~ 11& 1;1 t\";u.-e -:. i: Ti-le p:-e·:i0usl:. e-.·oh e.= :-.-o,;: c.":-. ti-.2.: s~:cces-5-

i~.:!!:: na\·iga~es t~e S.1:~r.: Fe trad ca;;:1o: han...:i1e th1s líi't~ulanty. si:~.:e 1: Coe5 
r~c: oes2.~c1a location tilJ: !S h,o s:crs oF-7 t:'l~ :.-~!as Se.:--.:; p.};: a~· the t.-ai1 l: 
::-:.:- J.-:J:':cJa) a:~: rn.-:ste;:. h:s nt:~\ ~.·:q;ub:-i~~. 1: ca:-. f-.:-:.: l.~é p1.:-ces d io,x-: 

T:-:~ r;-¡o;c dt:-'n.:u:~ o! tne t~,-c., n·:.-. ~.-~t"t:L:~J;:::c:; ¡:--, :;;::- L0s .:...\,;:-.:; Hd!s trc:\ 
re.:,•..:::es r:-10'.·i~¿; 0.-:::> s:~·;-- a~t>J..i J.'l..: tr.cn se.1:chJ;l,S io..::a:to:ls t;·:o s:eps to ~f:e 

le:': o: t·.·:0 s:crs t,:-> ::':' ::i=:--:: o: a."": C\Js:::-:_s p1ec-:> o: fooC Thc seco:-~:! ne\·. 

:·~c~..:)J..-:::: 2?;''!<!:: i ... •.- :'-:~, f:::;: ::::-:~- .-:: f. . .'0~ ?e!:e: 13:- 1:-1 tfle f:_s'...!;e E t:-:·:' 
,_._, •... · .. -,_,:_,.,,·.r·.···'·'· ..... ,:,,"_:._...;¡_, ·•· --- r···-· 1·-·r·r" r·c--:.-.1¡,-n, .... ·-· -.- - '- ··' v ... :_;-~ .. · .• · .. ~··· ·~t-"''-··::-:- .• ~ ...... ~ .. ."¡-'...Lt'::o 

.1~ \.,.._. J?;:-:;..•~:;l·:~: t:·:.._• s.:-::;'1;:'; \C:~:C'.~. i:-: p.~::1-:L:lJ~. \'·:e L!5o:' t~c sJ:-:1<: tc~.1n.1l 

s-:.-:_ tne s.1:11·: t-Js:: h:.'1.:;1o..-: 5.._•: J ..... ,:::,~. ;.J.;.·.·? h~:-~-25s ~eJ.:.:.:·::> \\e 1:-1ci-.:-~:::e 

::-,:: .:::· . .;:~J:-; .. ' i;:-:: .. · s: ... ';.":- :.:-1 _; (''~.'~' 17-1:: ;~·.:·~-':"·:~ i~ s:.:=::c1::-n:ly s:-:oJl\ i:-1 rcb:¡·:):-1 

"-' h.l.Ll.,'¡,_! :.""~~·e·.·~·,...:.-: :.1-:.;,-..:-:- \·.-.~!'·. 0: a;:; ~::-:~~1~ t~s~.;;-;;J:inf: r.'io. . .'\ e:~h~·•.: f~o.--~ 

¡•-if 

l. 



105 

116 f±::H: 

136 

157 

r.~.:!:lf; .:1! r:,e Íood nerely by \·:sihnt: .:\! 10.000 sq"...:~:--t?s o~ tfle t:•J¿ \\'e added 
::-r:.x;s..:; to the bas.ic funcho;;. se: \'\:e i--.:íeJ.3e.: t:,e ro?"..:b:to:--. ::.Jie to 2.000. 

FJsL:re 7.15 shov\:s. b:. gene:-aho:-1. the averase o:' t:.e s:c:-';3a~d!zcC fi;:neSs. 
Í.x t~~ po?ulatio!1 as a \'-:hole a:lci iP.-= stanJJ.~..-=:::~3 hmes:: o: the bes;-oc­
b~:-.e;¿¡:,o.-. a:..:i \·:o~s:-or-~enc·ctJO:-t md¡\·i.:h.JJ!s Ío; e:;~ n:n o: rile a;-hhcJal an: 

f~o:-le¡,·, ·s:::-: ~he Les Alto:: f-:¡\!s t~J:\. 

h c:-te !"'.;~~ (1n r.~.::t. oL::- ~~s~ r....::1 o~ t~1s s.:aled-:..:?' v~~S!07"' ce the p:-oSlemJ. 
~~:."' io~:o·.·:::~g S-exp:e:ss1o:-, \':J~ oS:ai;¡ed o:-, g.enc:-.'!~~o." 1 ~ Tn1s bes:-o::-xn 
l::.i". :.:::...:.:.~ is CJ?J~!e o: f::l-::·:-~:; a\! 1 :::;";" piece:- o: í..:-.::d O'l rr .. ~ :l~\',' Los .A. \tos 

r.~::s ::.:.:~ \·:i:~o~;, 1 .500:: tlr.~e 5:e:"~ 

(.':J.·:::; ! 

r ::-::.:.:-.:..:...:::.;:· 

;::-::::·-:..:....:::.:..: ¡:_::-:-~ \?:·::-::-1))·· {::-:e:-:-:-:-.:::..: 
: :.. : :-: . ; ~ >:::-:: ·, ·,: ' : ,. __ ._: .•- ; : ;_:-::.: 
' ~ - - ·-~-::-:.:---:...::-:.- :::::-::;·::- (;-r:-G·:: 1:-::·.·::¡ 
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Generation 

Worsl of Gen. 

AverJ.ge 

B::s: ofGer. 

20 

(?F.OG!\2 (~.:r-:;:) (!':OVE)) í2lG!-:':")) (!?-?~::--.:..:-::::::.::: 

í!?-FOOD-~HE~D (MOVE) (~JVE)) {~OVE))) ~~~\·::::1 )) (~)VE) l. 

The abo\'e hest·of-run 5-exDress:o:~ con~ains ce po1:1:s i\:o: su:-pns1::gly. 
soki:~g the more difficu!t Los Al:os Hills trail require¿ a:-. S-expression v•:ith 

r.1ore i:"ltemcd and externa! poin~s tfla:1 tile so!'.!hon fo~ tile o:ib!:1al Sa:~:a Fe 
t:-a:l. Ti"ns t:-~d!VJLh.:a! ca:-1 be s!mphñed to the fol!owms 

(?ROGS7 (I?-FOOD-AH~AD 

(??::·C'-:S tF.IGH7l {~.Y:EJ 

{ ::.:.::;;..::) 

!~.;o::;:-.:s t::-:c:-::; t!".o·::::: 1~.:c-.;:-l 

( .... .::Y::::: : ( ·" :"\':::: ) ) ) 

( ~.::·::::) 

( ; l :;¡...::-) 

\ ·• :•·::::.··. ~~: ~."'.:5 'r-:>< ·e·:"-:--.::· ;:- _:_ ·::.:-..:.!: c.~.-~~:::-::c:~ 2:-.:: :~~e~·..:~:!.~i:y 1:1 t~(' tíJ:! 

(J:i~: C'(l.':2.~·o:-.J.~l:: \'.'::~·:-. 1: ~:~':..''i :-.0:. t;;;~ ).:_> ... ~~-.:::.:::.:-~. 0'..!5-:.'~ ti1:..• a:1: to r..a~·-·.? 

.1 lo .. :"~' t~.J: is ti'l~et: s.~~J:c~ \'.·¡~~· a:k~ t.·.o s~·..:J.~c, !.:·:-.; Tn:s k'~o?l~f: a.:tio:-~ 

~)\._.,., .. 5 t~~ .J~: to StJ.:ct:>ss:\:l~:- n.}·.·¡sa:t~ tfo:.· : ...... ü n¿ .... h::1J5 o: 1:-ret:ula:-¡t\~s Tn1s 

¡._-..._ .... ;:-·:í1; .JC:1u~. i:: so~~-?~\:·-u: hJ5:t:>:-~\ 3:1.: n:-:7-.·:¡~;-.: hci~·.e-.·e:. 1: \·.or~.s ThJ: 
1~ ::-..~ 5-e:-..¡:-.:c:;:;io:; f:.-...-:~ :C':·': e:·\~':' :'0oG \· .. ,:n:r. :'o~· ,1t;,y ..... e.:l a:-7'\o•..::--.: o~ t1r:<::."' 

.::~-~ ::--:..":·_~i(x~· 'r..1:. ¡:-;,~ .. ::-:-.. :: :··.:r-.·:3:: [\'-'t'í\ t~:.." f:::'\:..'5~ r:·.:-.:s·..:pe we a~e US!:lf: 



:!5 

==-· ·~ 2 

"' 
l:i 

0 
~ 

~ 

5 

:.r. 

o 

-+-

lG 
Generation 

Best of Gen. 
A\crage 

F1sl..!re 7 1-? S:ruch.J:-al complexlt; cu:·ves ío; tne artlf:w.l ar.: pob\err: ...._,::"\ tne Los A!:os Hd\s 
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> 

~0 
Generation 

::n 

Th:~ ::-~o~leí:'l 1s typ¡ca] o~ rr.os: ~~o':-\e::;s i:--. t~a~ the s~ructura! com?lex1~Y 
(i e. to~al nul.'lber o~ fundion poi:-:::: 2:1..: ie~!ílal po::1ts) o: ti-te averase 
S-e:>..?~essio:t J!"'' the po?ub:1v.~. i:-:.::-e.1ses ¡:-, b:e~ t:ene~J:iJ:1S of a g1\'Cil 1'11:1. 

f¡gu:"'e 7.1? coi\:a;:ls t!le s: ... :•:i:<r.~:' CL,n.:;:i:·::::~ c:<n':?S fo:- th:s p~oblem 1: !S 

0;;:~ o: 1~ 51:7'.:\.:!.~ CL!:"'\·es io-.:;),: i:-: t~::: bou~. 1: shows. by t;eneía~io!"., tne 

a·;ca~e o: :~-2 s:;-... c;--.:~..1; CC'.":~;'!::?x;::; o: th·.:- ?Vt-.:b:io:-; a:: a v .. ·hole and t'ne 

s~;--...:.::::..:~2: co.":"'.?lex:::: o: :~ • ..:' b-2s:-o:·-f:~:1N.~~~o~ i:1dn·iCual fo~ one ru.'l o: 
tne a:t:i-:..:1a.l a:l< r~obl·.::-:-. '.·:¡::;he L0:' Al:o::. Hdis trad with thc pnmiti\'e h.mc­
ho~. F :e:.::- dt>k~:cd r.s can 're seen. tn~ t;J:J.l n·..:mber e~ fu;~Chon points and 
:c.T.:.i;~J! po1nts o: t'n~ be5:-o:·f;e:1~.-J~iO:i i:~Ci\·idJal stJ:-:s ;:;: lé fo~ geneía:ion 
l' .:1~.~~ r:::.::-~ to é-::0 ío:-- fe:~t'~-~7:o.• } ~ 

S:::.· o: co::~:'l'. 15 r.:< h:: o:~l:. co:>:~,':_,,.;; ... ,: ~0 ::..,(' co:~~;-'::-· ¡::. of J:'l o~t_:2:1!Sl.; 

no·.-.·t";cr s:c¿:,·¡:;t, f:~CS~ s:::> 2:11.~ co~n;:l\t:>-.:::: \S J f.~:': S:l'? ¡;¡ s:udy!:>S tr.:: 
t.'·.·~,.-.~·.;:t'-':1 o: CL'~:":"?l·~·.,_ ~::-.;:::.:;t~s {S:o::~.-2: l'),:.,:-; 

h¿:t.::c :.21..., 15 t~[' ;:·.::.::. l.t·:·: s~·:o-.·:1:-._s t~-: ,.J:-ie:~· o: tn~ po?tdatwn. by 

rc;¡::-~.1:io:-~. d·..::::1s o:o·.:- :-..:·;o' h,~ .;::·~:~J~ ;~ ... ~ ~'~oblt-r., v:1:':o tfle Los Altos }·Ii!\s 

::J.:: ! oH::-'- J:!c:y C\::-'. e 15 c;,l' e: ni:-1::- si::~ib:- ce~\ es fol:i~: i01 t:O:s buo~. Fo: t:ilS 



1:-: 

problem. va:-iety sbrts at 100~0 a: generation O because duplica te checking is 
done v-:hen t'ne 1m tia! random population is created. I~ then fluctuates around 
SO% fo¡ mos: o: tnis p2-rticu!a:- n.m The operation of fitness·proportionate 
reproduction is a!one respon.sibie for reducint; \·anety after genera:1on O by 
me proOaDili~y p, of reproduction (10% here). H !s common for \'Uiety to dip 
:o~ e:-.: f='?,..,-:'rú¡nn "':henever a s:nJ!! numbe:- of indi\·idua!s have d~sti:-~ct!y 

bette:- titness tllail the remainder of the populahor~ Such a di? occurs a: 
senerahor: 10 o~ this r..!r.. 

The hl5 hstosr/1'11 is a useful rr.orúo:-i:1g tool fo: the p.o?u!a~Jon as a v:hole 
fo; a p.:~:-bcu!a· genera~1on The honzo:"l:al axis o:' tf'te h1~s hi:::ogram is t'ne 

r:umbe.- of h1ts. tile veítical ax]s is t:'le m.:mber of indt\·iduals in the population 
sconn_s that ncr..L"~er o: hit:;. Ti"le>e aíe 10 set5 of s:mi!a:- hlstogr2r:1s throug.hou~ 

tnis book 
Figure ;-.21 s71o\,·s t'ne h':s h¡stograms for fwe sel::-cted generations o[ th!s 

ru:1 The h;-s~ 13 tJcks i:~ the ho:T3.ontal axis o: the his~os,ram · re?resent a 

ra:1ge of 130 levels o[ fitness beh .. :ee:~ O a:~d 1~-?. tne las: tick represents the 

eig'nt levels o:' htness beh ... ee:: 150 a:1d 157. Note. i:". the pros,ression fror.', 
¿:enerJ:to:"l to geneíahon. tne }ef~-to-rig:ht undula:mg: rnovemen: o: bo~n the 
htsh point and the cente; o; r.~ass. of the hts.:ot:ra:-n Th1s ''shn~y" mo·:e­
men: retlects t:,e improvemen: o~ the po?u!ahon a5 a \.._·hole. The 2:1'0\,. rr:.?.;-;..:::; 

tnc b.;;-ely \·isible o..:cu:-re:1ce o~ o:-te 100~r-co~ect t:-ldtvidual sco:-tns 157 o~ 

s.enerahon 19. 
The selectto:-t o[ the terr:-.:.-;:d se: a:~d tne selechon of the fu:1.:hon se~ a:-e 

tr:"l?o:-rJ:-1: s:-::::=s 1::. ~:::1e:1-: ?:''-"~~:'J:71::-ti:-:~ because tnese se~s p;o\·tde t'ne mgre­

C·er.:~ r·run: \\'hlcL se¡-,:;::: ¡:':'C,:;rarr.rr.;:l,t: a:tei':".¡:':5 to buil~ 2 soluho:: h 
~::¡-,era! tne select1or< o! tfle::e se~s aS'ec:s the z?;-ea:'ance o~ the resul:s the 
e.1::.e o~ ñ:tdl:-~f: c. ~L):u:to,..., a :'l.: mdeed. \\ ~e:ne:- c. solution ca:~ be fo:.:.:-~C at all 

Fo~ c:>..2:71?le. 1:-: t:.e d\SCt.:~s:o:-. ;:bove. we u sed bo::-. tne ¡:: !.G:.:-:- a:t2 L~ ::­

~~:-1:-tll!"l\'t' h..:nchons be.::a:.:.::.c ~~.J.: is ho....,· thts pro'olem \"25 o:-igma!ly dehneC 
b:: )efi=e~so::.. Co!kE. e: a!. S::1ce [:.,_...,~·n t:~.e r.:c:-:: ;:nO.:: L:::::- o:--e:-a:to:~:; are 

ohnOt!s!:.- no: r,ee.:!e.::. 1: i~ ::-:t:::-e5:i::f' to cor.sid-:::: tne a ... ti:1cia! 2:1~ p~obl~~:_-. 
'' • ' . . f . ' ' ' \\" . ' 1 . \-.'1.:'1 .:1e p~trnt:l\'e :.:.:-;,::¡,:--. :.~::- ce1e:ec ne:-, t~.¿o ¡:o:-oe'.er. haS re:-u:--, \'.-1::1 

th1s s:-r.aller se: of p:-lmt:t\'t' fL::--.ct1o:-:s ustn~ tf-le Sa:~ta Fe t."J¡L _se:~e:1c p~o¿:¡ar:1-

mint, fo:.¡;.,J =~~ f..J]!.:-·.·:¡:-'1~ s~<·.::t•.:":": 1:-. ~e:-.:::-J:k"'' 1-? o; o:-~e r·..:r; 

1?:::: . .:;::: ·.:::;::::: (::-:~::-:. . .:~:.: 1." . .:-··:;:: (::::::.::;\ 

(?;::.::;· . .:: ¡:;-::,.:::-,;:-:.:::;..: 
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function does not substantJally afiect the pe.formance of genetic programming 

(subsection 24.3.3). 

7.3 S!;'\lPLE SYMBOL!C REGRESS!ON 

As a third il!us:rahon of genehc programrr,¡=-;5. ;.,;;;-;::i.:::: : ~-~¡:!e forrn of the 
pro'vlem of syrr.bohc res:re:ss:on (symbol!.: fe:tchon. identific¡:¡hon). 

ln h:1e.1:- regression. one ¡s given a set of values of various independen: 

vaci3ble(s) a~d tne corres?ondm¡; values fo, the dependent vanable(s). The 

t;oJ.! 1S ter ClsCo\·e:- a set o~ m.:me:-ical coefficients for a }¡:~ea:- combJ;~atio:~ of 

tne indeoe:'lden~ \·a;-iab\e{s; t~J~ minimizes some ííleasure o: error (such as tfte 
square rov~ o~ the surr. o: tite sc¡ua:-es of the dd'Tere:t:::es) beh•;een the gi\·e;~ 
va!ues an-:1 CO::l?Uted \·alues of the dependent variable{s) S1milarly. b gua­
Óratlc resressJo:~ the goal is to discover a set of numerical coeftície:~:s for a 

quadí.;:ic e:..?~ess;on tf-.a: r:11nim1.!es error. h Foune:- "re.sress1on," the goJl Í.3 

to d!s.cover a se~ of nu:ne:-i..:al coehicients for va:-ious hJrmonics of the Sl:"'e a:~.d 

Cosine r~!lCi:Jons that ITll:i.i:-":1\Z€5 e:-ro:-. 

o; course. 1~ is !ef: tO ti-le researche~ to dt2C1de v:hethe:- to do a lmea: 
regreSSIO:L. 2 quadrahc reg¡-essio:--.. a higher·order polynom1al resre:5SJ0!"'., 07' 

\•:hetner to t;;.· to f.:: tne da:a poin:s to some non-polynom1al fam1\y o: 

hmctio:1s B..:: cf~en. l~l iss'..le is deci.Jms ,..,.ha~ type of function most 2iJ?íO?n­

a:cly f::s tne da~a. no~ me:-ely compt.:bng the numen.:a\ coefiicie:1:s afrer the 

type o: functlon for tite model has a\ready been chos.e:1 ln other ""'orck the 
real p:-oblem 1s often b::.~;: Úte disco\'ery o: the corred funchonal forrn that fits 
the ¿J~a a~C the O: seo·, e:-.- cf the a?::''"o?nJ:e numenc coefhc1ents tha: go ,..,·¡t{! 

th.:.: f:.::td!C'lí1.1l fo;¡-r¡. \\e ca!i tne pro~Je¡., o: hndm~ a f-u:-~ction. in symbol;c 
fo:-:-:-- :~.:!~ f-:t3 a f:l\·e:-, f-.:ti:::- SJ:-:l?le o: data syn:bo:'1.: rfs"es:;;:or:. 1: is ''d.:~a-to­

f-...::1cno:t' repesS10:-: Tr.e desir.1bdt~y o; do1n5 regression withou~ 5peci;yi:~,s 
1:--, a.:h·a:~ce tite fu:1C~to:~J: io:-r:-. o: tne e,·entUal solubon ,,·as recosruzed ~:: 
D.:~1!t=-:-~~.,l: {195S) \\:e~~e:-vel: 119&0;. a:t.:! Colit:t~ (19óf) 

Fo· e'\J:I,?Ie. sup?o;e \;·::- 2.;::- ~~·:e:1 a s2.-;--;?hns of the numerica1 \abes f:-o:-.~ 
a ta:-f:t>~ c:..::-\·e o-.·1?~ 2(' ::'0t:t:5 1:1 s0.-:ie do:"'"'.a;:-:. su.:h as t~e- rcai i;üe:-.-a!.1-10. 

-7- 1 o: Tfla: 15, v .. ·e a:e ¿::-.e:-. a s..1::1pl:? o~ da:J m t~e forr.1 o~ 20 pai:-s (:..,.!--;l. 

'" r.~··~ .:.. 15 a vJ)u~~ e: :~e 1:-·~.::~::-e:~d';.~r-: v,1;1.:ble i:1 th-:;- 1:1ten·ol [- 1.0. ~ 1 o: 
J;,,:! :-. 1s t~t> Jssoc:~:::-¿ val'..l~ o: t~,:· C:·::-cnd¿;--,7 \ ard::de Th:.:' 20 \JL:.es o:· 
.:.. ·o.:?:-·~ c~o~e:-: a: r.;-:.i::-:-. i;, :h~ ¡;·ó•:-\·~ 1 !- !.0 + 10: Fo· e:-:J~?L:. t~!:'~:2 

2·.:' pJ.t:s (~ .. :.' r.::;:-~ :.,:;uJ~· pai:s s'..lch JS (-O . .:.c. -c.z¡~..;). (+O::, 

;;.:.,:- ~ ...... 1: ~~:c. i-.:-.~..:: :·.::<.::L:--:-. 1:~ s:.-;.'='ob.: lo:~:· .. titJ: !'3 a ~ooC o: a pe::.cc 
f:· t.:• ~:-:-: .:\.--: ¡>J::;: e:· ~..::;~·:1~.!: ~.:.:e f.Ji:<:s Tite sch . .::1o:~ te th;;: ¡:-:c~k:-:: C': 
f-.::.i:~.; a !'...::-:.:;k'1:". 1:- 5:::-:-:~~..;!:.: io:-;-;~ ~:-.J: f::s a g¡•:e:~ 52.--:',['l~ o~ da:J e~:-. b-: 

·.¡::-· .. ~~.: 2.~.! ~¿>J:::-. iJ:.:: r:·.J~~.~·~o.l::.::a~ c~.?::?S~\0:"1 (5-exp~ess\0:1~ from a 5;:-'JO:e 

o: ?OSS~:_,:~· S.c·,~~··:sS.~'.~" ::u~ C.:!.;! be cor..~,05eJ iro:-:-1 J. se: of .1\'Jd:!.Sle hJ.IC· 
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Abstract - In th1S work, an effective technique for 
Jocahzmg the sources o[ seismic vibrations using the 
signa/s observed by the sensor array, is described 
E va!uation of the so urce Jocation is perfonned on the 
basis of the ca/culated time delays between the first 
an¡va/ of vibrations, detected by the referent sensor, 
and the fo/lowing anivals, detected by the remaining 
sensors i'n the active sensor unit. 1ñis technique is a 
based on a eire/e method for detennination of the 
source coordina tes, and pro vides unique solution for 
the actual so urce coordina tes in explicit fonn. 

l. INTRODUCTION 

This work deals with an original approach to 
the problem of open area protection, which is shifted 
into the seismology domain. An unwanted object 
(man, group of people, vehicle, animal), moving in 
the area covered by seismic transducers, generates 
vibrations that are propagated through the ground and 
can be detected by seismic transducers. Seismic 
transducer converts seismic vibrations into the 
electric s1gnals, which are processed using PC in 
arder to extract information about the actual origin of 
vibrations. The paper presents the simulation results, 
obtained Using the prescribed coordmates of the 
unknown source of vibrations, which are in clase 
agreement w1th the previously adopted initial values. 

2. SYSTEM DESCRIPTION 

A source of vibrations generates seismic 
waves that are propagated through the ground. In Fig. 
1, a basic unit of sensor array, consisting of three 
geophones placed at the apexes of equilatcral 
trianglc, is sh0\\11. The veloctty of seismic wave 
propagauon is assumed to be constant. Setsmic waves 
are supposed to propagate radially without d!Storlion. 
A ttme interval t., required for the seism1c wave to 
reach the sensors and to actívate them after the 
momcnt whcn vibrauons are generated, is calculated 
accordmg to the following expression. 

S 
t =-

1. 
(1) 
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In the given formula, parameter v is a group 
velocity of the seismic waves that represents an 
intrinsic property of the ground and can be calculated 
for a particular type of the ground, and S is the 
distance between the actual source of vibrations and 
the sensor. 

Figure l. Triangle conste/la/ion ofthe sensor unit 
with M(x,y) asan acú·ve point 

Figure 1 illustrates the sensor constellation. If 
the source of vibrations is located atan arbitrar)' point 
inside the triangle, propagation time intervals lo , 11 

and 11 are required for signals to reach the sensors S0 , 

S, and S,, respectively. Figure 2 shows the 
"avcforms of the real seismic signals obtained by the 
action of a man. The signals are detected by the 
sensors S0, -S., and S2, respectively, and digitized 
using the 14-bit AD con verter. 

In this paper, in order to determine the 
location of a source of vibrations, the relative time 
d!.!lays are used instead of the total propagation time 
imervals t0 , t1 and t1 . The only relevant infonnation, 
obtained by choosing the closest sensor to be the 
dominan! one, are the time delays between the first 



and second arrival of signals so and s,, !H1 , and the 

flrst and the third arrival of signals s0 and s1 , !H2 . 
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FtgUI"e 2. Wsvdorms of real seismic signals detected 
by sensors 5 0 • 5 1 and 51. Sampling &quenc Fs=/ 
kHz and N= 1024. 

For digital signals, cross<orrelation function 
can be calculated directly according to the following 
e.xpressions: 

N 

R,,(k) = "s0 (n)s,(n +k), r = 1,2 
L.. (~) 

k= 1,2, ... ,N 

where S, represent acquired sequences of the signals 
obtained by a single seismic exitacion. Slnce the 
g.round, which represents a transmission med1um for 
the seismic waves, is generally a nonlmear and 
d1spr;:rsive rnr:dJum, thc signals detected by the 
seismic sensors differ in their wavefonm In this 
paper, the cross-correlation function, which has its 
ma.ximum va!ue at the moment equal to the required 
time: del ay, 1s use d. fe: time del ay calculauons 

1100 

(3) 

In our example, cross-correlation functions 
R01(k} and R0;¡{k} are calculated according to the 
cross-correlation theorem for the discrete sequences 
using the inverse Fourier transfonn, which is given in 
the complex forrn: 

The spectra So( m }, 5 1( (L) ) and S:{ m ) 
are calcu.lated using the Fast Fourier Transforrn 
(FFT): 

Sim)=FFT[s)k)], J=0,!,2 (5) 

The location ofthe unknown source of seismic 
vibrations can be evaluated using the relative time 
delays obtained in this way. 

3. EVALUATION OF THE COORDINA TES OF 
UNKNOWN SO URCE OF VIBRA TIONS 

Figure 3. shows the local coordinate system 
and the basic sensor unit. A triangle constellation is 
represented using the normalized coordinates. In 
realiry, the distance between the sensors equals 50m . 

k,. {:t·O 5)1+{y·O 866) 1=(R.,+óS,) 1 

/~'-, 

....... ~- l'+y1:R.~.­
-~ 

\ ¡' 1 

\i ! 

' 

\ 
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\ 
\ 
' ! 

~·. - ----------~-~ 
lr., (,..¡)'+y1=(R.+.lS,)' 

¡ 
1 

/ 

Figure J. Gr.1phica/ reprcsentarion of the eire/es 
consrrocted around thc tn"angfe apcxcs WI.th the radii 
d<"!cmuned by the /ocation ofthc active point M(x,y) 
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The so urce of vibrations is located in the active point 
M(x,y), in the active deltoid (So, S1~ T, S,}, and 
relative to this point, the circles ko. k1, and k, are 
constructed around the triangle apexes so that, they 
include the active point M{x,y). The radii of the 
circles ko. k¡, and k2 are denoted by Ro. R1, and R1 , 

respectively. The values of D.S1 and D.S, can be 

calculated using the values of D.t1 and D.t2 • Since 

the value ofthe velocity v, which can be evaluated for 
a particular type of the ground, is known in advance, 

the difference distances D. 5 1 and D. 5 2 between the 

dominant sensor and the remaining enes, are 
calculated according to the relations: 

M, = !:J.t1 V, Í = 1,2 (6) 

In figure 2. the relative time delays between the 
responses of the sensors 50 - 51 and 50 - 51 are 

denoted by D.t1 and D.t2 , respectively. 

In the case in which the active point M(x,y) is 
outside the active deltoid, by applying the appropriate 
transformation to the co'ordinate system (rotation), it 
is possible to include the active point into the 
transformed active delta id. After determination of the 
act1ve point coordmates in the transfonned coordinate 
system, the coordinares of the active point M(x,y) in 
the original system can be easily calculated. The 
active deltoid is chosen with respect to the referent 
dominant sensor, i.e. the frrst exclted sensor in the 
sensor unir. 

An.al)1ical expressions for the circles ko. k 1, 

and k!, whose centers are placed at the tnangle 
apexes, and the radii are determined by the location 
of the actual so urce of seismic vibrations, M(x,y), are 
given by: 

K,: x' +y' = R~ (7) 

K,: (x -1)' +y'= (R0 +f>S,)' (8) 

K,: (x-~r +(y-~r =(Ro +D.S,)' (9) 

The given system of equations has been sol ved 
m arder to determine the values of the unknown 
rad1us R0 • and the coordmates of the actual source of 
vibrations, M(x,y) The solutions for R0 • x and y in 
the exphcit (closed) formare given by: 

Y • =-
1 [ 2(1-65')-(1-D.S')+ 

1,. 2.f3 2 1 

+ 2R,1,2D.51
2 

- 4R0 ,,,D.S, ] 

and the values ofRo 1•2, A, B, C is given by: 

-B±~B' -4AC 
Ro,,,= 

2A 

(10) 

( 1 1) 

(12) 

(13)---

B = 4[ ( 2 (1- 65;)- (1- c.s,'));:,.s,­

-2(2(1-65;)-(I-D.s.'))~s, -3(1-65.')M, ] (14) 

C=3(1-óS,')' -(2(1-65;)-(I-D.s.'))' (15) 

11 o 1 

The system of equations (7,8 and 9) is of the 
arder two, therefore there exist the pairs of the 
solutions. The solutions with the negative value of R0 

can be discarded. 

In general, the described method for 
determinat10n of the source Iocation can provide the 
solutions which are outside the deltoid (So. 51 ~ T, 
s,j. 

4. VERJFICA TION OF THE RESULTS BY 
SIMULATION 

A software module for sirnulation of the 
proposed method is designed in arder to test and to 
provide an efficient field control of a new system. 
The simulation presumes the choice of the active 
point M(x,y), i.e. the coordinares of the excitation are 
known in advance.' On the basis of these data, the 
following lengths are calculated: 

MS0 = ~ x' +y' ( 16) 

(17) 

MS, = h/2-x)' +(J3/2-x)' (18) 

The tune intervals required for the seismic wavefronts 
to propagare from the given exciration point M(x,y) 
to the sensors 50 , 51 and S1 , are given by: 

ló(, 



t, = MS' i = O, 1, 2 
V 

(19) 

Time delays of the seismic wavefronts with 
respect to the dominant sensor S0 are given by: 

Figure 4.a and 4.b show !he results of 
simulations obtained for the cases in much the 

ca!culated values of M 1 and !!.t 2 are the only input 

pararneters to the described algorithm. The obtained 
trajectory confums that the previously described 
solution is general and valid both inside and outside 
the active sensor unit By choosing the appropriate 
coordinate step, various traces of trajectory can be 
easily obtained. 
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Figure 5 Simu/ation ofthe straight-line trajectory 

The described software module is designed using the 
BORLAND C++ 3.1. 

S. CONCLUSION 

In this paper, an effective explicit technique for 
localization of the unknown sources of seismic 
vibrations using the observed signals only, is 
proposed. This technique is based on a circle method 
for determination of the source coordinates, and 
provides unique solution for the actual source 
coordinares in a closed form. 

Because of its simplicity, the proposed 
technique is appropriate for real-time applications 
and can be applied to an open_area protection. In the 
proposed method, the distances between the active 
point and the sensors in the active sensor un.it are 
calculated using the prescribed _ coordinates of the 
source of vibration · and the previously evaluated 
propagation velocity. 

The actual coordinates of the source of 
vibrations are calculated using the time delays 
determined with respect to the referent sensor. The 
calculated values of coordinates are in clase 
agreement .,.,;th the prescribed initial values for the 
program testmg. In other words, by choosing the 
arbitrary point inside the sensor unit, we can verify 
the accuracy ef both the determined location and the 
propagation velocity of seismic wavefront for the 
actual type of the ground. In general, the proposed 
method can be applied in the cases in .... tuch the 
location of the source of vibrations is outside the 
triangle. 

The described protection system, based on 
the seismic vibrations generated by the moving 
object, is eflicient and reliable for open area 
prolection. Since the sensors are dug in the soil. 

! 5 f-
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concrete, or asphalt, __ the sensors are invisible for 
eventual excitations above the ground. Figure 5 
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demonstrates the results of real data processing with 
man·made seismic signals. 
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Figure 5. Expenmenllll trajectory on real geologica/ medium. Moving seismic source is aman. 

SOS!= SOS2 = SIS21 =50 m, F,=l kHz, N=l024 
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Kalrnan F ilter T heory 
and Its Application 
to Adaptive Transversal 

Filters 

6.1 INTRODUCTION 

6 

.-\ limitJtÍL1í1 of thc L~tS algorithm is thJt 1l dc,t:s not m:tl':: fui\ use of al\ the 
mform:ttion :nail:tl"'~lc to it at the time 0f ~Hbpt:!lit'n. ,,¡¡h thc rcsult that its r~.ltc 
of Ll_mvcrgcncc is rc\atJ\'C!y slow. One mcthl'~J of O\l'r(l11Tl111g. this lim1tation is to 
u~c A:alnwnf:l:a :/¡fory. '' h1ch rro,·idcs tht: ::.~l]Utltlll hl a cla~5 t"'~f recursi\'c mmimum 
:llt.':¡:l-::.Liu:n-.: l·~tim:tl!l"'~il prot-kms (K:d:n:~n. JOt,U) Thc 1-\.;..:\man fdtcr ís formu­
b:cd us1ng ti::.: ,;,;:c·-~¡){;ce apfl"'·:ch. in ._,r;1::!1 a úyn:1mic .. d ::.y~!cm is Jc5Cr!bed by 
:t 't.'t lli ,-:nl:!:'k" c:dlc:d thc .lfalt'. Thc ::.i:iil' (llllt:nn~ :dl thc ncccssary information 
:!!~1 1 \:l :he\,:.\,.,._ ;,....r ('f !!;:._· ·:·tl'r.l "\ll.:h th;!!. ~i\'t'!l thc rrct.c:li :tnJ future \alues of 
che input. \\-: m.1y computt: thc futurc q;llc :tnd l)utput of thc systcm (KJJ!ath. 
llJSO). Thc ~:~nlftc:1ncc L1f K~t!man f!lter thcury \\ill [\e fully ;¡ppreClatcJ \\hcn \\'t.: 

:q'ply it 10 :·nrmul:l!c ;tLbpti,·c flltcrin~ :.:lfnrnh:1~"' :t.)r .st:Jtll):1:~ry or nonsta!Jonary 

t'n\'ifl'ntncrHs l::tt·r ta thc chaptcr 
Frl);n Ch~;J:t:r .~. \\C rcc~\1 th:1t \\'j~¡¡cr flltcr thc:ory rcqui:-cs the in\·ersion of 

thc cc,rrcl:tt!l.lil m:11ri\ nf the t:lp·input \CCtfH l)Í a tr:t!1S\Cí53l f!ltcr for tts solution. 
ün thc othcr h:1ihl. \\C ftnd th:tt the appltc:ttlon of 1\a\;nan flltcr thcory results in 
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270 Kalman Filler Theory Chap. 6 

a set of d1fference equations. the solutions of which'can be obtained recursfl·cly. 
In particular. we find that each updatcd estima te can be computed from the previous 
estimare and the ncw input data. so only the pre\'ious estimare must be ston~d. 
In addition to eliminating the necd for storing the entire past observed data, the 
Kalman filtering algorithm is computationally more efficient than computing the 
estimates directly from thc entire past observed data at each step. The Kalman 
filter is thus idea\Jy suited for ¡mplcmcntation on a digital computer. 

\Ve begin the study of recursive minimum mean-square estimation by con­
sidering the simple case of scalar random variables. For this development, we use 
the iwtOI-arions approach ( Kailath. 1968. !9i0), which utdizes the corre! a tion prop­
ertics of the lnno\·ations process. The idea of innovations was perhaps first used 
by Kolmogorov ( !939). 

6.2 RECURSIVE MINIMUM MEAN-SQUARE ESTIMATION 
FOR SCALAR RANDOM VARIABLES 

Lct us assume that. based on a complete set of obserwd random variables y(!), 
y(2). . . y(n - 1 ). starting with the first obsen·ation at time 1 and ~.:xtcnding 
up to 3nd including time 11 - 1, we h~l\'C found thc mínimum me3n-square estima te 
.i(11 - !101"_,) of a related random r·<Hiable r(11 - 1). Wc are assuming that the 
observation at (or befare) 11 = O 15 zero. The spacc spanncd by the observauons 
_~·(!) ...... '·(n - !) is denoted bv :Y,_ 1• Suppose we now have an additionol 
observation y(n) at timen. and thc requiremcnt is to compute an updared cstim_ate 
i(11I::Y") oí thc rel:lted random r·amble .1(11), 11herc '!J., denotes the space >p:~nned 
by y(!).. . y(11). We mav do this comput:~tion by stonng the post observations. 
y(l). y(2).. . _r(11 - 1). ond then rcdomg the 11hole problem 111th the :~r·ailable 
data_,·(!) .. r(2J ..... -'(11- 11. -''(11). including the new obsen·ation. Computo­
uon:dly. hO\\C\Cr. it is much ml'rc dírcJent to u~e a rccaún? cstrma!Ion ¡noccdwc. 
In th1s prt'~ccdurc we storc thc prt:\'!L1US c~l!m:Ite .\(n - 1)1/,_ 1) ~md C\ploit ¡t to 
compute thc updatcd csl!m.Jtc .\"(n/-JI,) 1n thc !Jght of thc ncw obser\'3tlon y(n). 
Thcrc ~nc ;,c\·cr<d wa~s of dC\l'k,pin~ t~ll' :dfOrrthm todo this rccursi\'e estim:nion. 
\\'e \\di u~c thc 11Ll!Íl'~.1L'f u:t:o:[:J:(!!:.' (f\.;u!:tt!l. !968. 1970). 

D.::int.: thc for\\';¡rd rrL'd!Ci!l . .'\!1 L'rror 

(,. 1(111 =.-.(ni- _,¡,¡-:v.,.,l n=l.~. (6 1) 

\\ht:re _\-·(ni-lin_ 1 ) is tht: onc-.\fcp fNt'(:'!ct:on 0f thc ob~Cf\"Cd random \'<triahlc _\(n) 
~!l time 11. us1ng r.fi p;1~t ob~cr\·:ni0n~ ;¡\·;-Hl:thk up tu anJ Jncluding t1mt.! 11 - l. 
Thc past Clbst:r\':llions uscd ¡n 1111s l'qlm:!tt("~n are _\(l). _\(2). . . y(n - 1). ~l) 

the ordcr uí thc prL'lÍJCtJon cqu:tb n-l. \\'e m:¡y \it:wf.,_ 1(n) as thc output t1f 

;1 fpn,:nJ ~.,rcdrction·L'rrt'r i1lt.:r t'f PrJcr '1 - l. Jnd \\lth the f!ltcr input fcd by 
thc lime ~t: ncs _\ ( 1 ) .. \ l2 ). . . y(n) :"u te th:lt t hr.: ¡n cd:cllutJ arder n - 1 in o t'.:i.\CS 

llflcarly 11·ith n . .-\ccorJing 1~1 iht: prmcrp!e uf ~•rthogonality. the prediction crrL1r 
f". ;(11) is ort ho~,,,,,¡ to .di post ob<c·n·otJons -''( 1 ). ·' (:'). . .r·(n - 1) and moY 

/bO 
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Sec. 6.2 Recursive Min1mum Mean-square Estimat1on 271 

therefore be regarded as a mcaswc of the nC\\.' mformation in the random variable 
y(n) obscned at t1mc n; hcnce, the namc "innovation.'' The fac1 is that thc 
observation y(n) does not itself convey completely new information, since the 
predictable part, j·(n['Y._ 1), is already completely determined by the past obser­
vations y(!), y(2), ... , y(n - !). Rather. the part of the observation y(n) that 
is really new is contained in the forward predictJon error f.- 1(11). We m ay thcrcfore 
refer to this prediction error as the inno\'ation. and for simplicity of notation write 

n=1,2,. (6.2) 

Thc innovation n(n) has severa! imponant propenies. as follows: 

Propcrty l. The inno\·arioll o.(n), associmcd h'ith the obsen·ed random \'Ur· 

wble y(11), is orthogo11al 10 1he past obsen·auons y( 1 ), ri2), . , y(11- /), as show11 

bv 

lsksn-1 (6.3) 

This is ~::-r.¡:;!y J re~tJtement of the principie of onhogonality. 

Property 2. The mno\·arions o.(J). cd2J. o(n) are orthogonalro cach 

orhcr. cu sl:oH·n by 

E[n(n)n.(k)[ = O. !Sk:5H- (6.~) 

Th1s is a restatemcnt of the fact that [see Eq. (~. 137)] 

l::Sk~n-1 

Property 3. Ti1erc is a onc-to-one corrC5flfl/1dcncc l)l'fl\ í.'t'll rhc obsen·cd data 
-~\(11. yl~l. . y(n)} ami rlzc innol'fztfCli!S {a(i). ct(2).. . o(n)} m rhutrhe onc 

~equcnce m ay be obraincd from rhc o:hcr 1\'ithout :!ny !oss of /l;format/011 \\'e nW_'.' 

rl:us \\ 1::c 

{.1(1 ) .. 1·(2). .. 1(11\} = \tdll. <•(2). . u{n)} (6 5) 

Tt, pru\t: ihl~ prl'rcrty. \\L U"t.: :t :·tit!:l t'f :i~L (ir:H<l-Schr.11dt nrth0!..:l11l,diz:ttion 
I1 TP.:cdurc (doctJbt.·J tn Ch;¡pt~..:r ..;¡_ Thc ¡•:~,~·t.·~..lurc :~-..~umc~ th:lt thc ubsenations 
_\ ~ 1 ) . .'·¡:l. . _\ {n) are llnc:trl~ ;o:Jt?pt.·n~k:~t 1n an :dsd'r:nc !->CI1St.' \\'e fnst put 

n( l) ~ 1 ( 11 (6.6) 

n(c) = .1(2)- ,;, :.lil\ (6. 7) 

Tht.: Cl'l':iiciclit el: : ¡~; chOSl'í1 ~u eh t~1.:H tht.' t:Hhl\ :iltons o( 1) 3nd ol2) :nc l'rthogonal. 

;_¡5 ~hown t·y 

i:lo(c)u'(llj = ll (6 S) 

! ¡ 
! 1 
¡ 
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This rcquirement is satisfied by choosing 

E[y(2)y"(l)] 
au = - E[y(l)y•(J)] 

Kalman F1lter Theory Chap. 6 

(6.9) 

Hence. except for a minus sign, au is a partial correlation cocfficient in that Jt 

equals the cross-correlation betwcen the observations y(2) and y(!). normalized 
with respect to the mean-square ,·a\ue of y(!). 

Next we put 

a(3) = y(3) + a,_,_, (2) + a,y(l) (6.10) 

where the coefficients a,_, anda,_, are chosen such that c(3) is orthogonal to both 
c(l) and c(2). and so on. Thus. in general. we may express the transformation 
of the observed data J (1), y(2), , y(n) into the Innovations a(l). n(2). 
C\(n) by wrning 

o:(!) 
o:( 2) 

a(n) 

o 
a,' 

a,_ 1.n-l .:1.,_ 1 ·~-~ 

o 
o 

y(!) 
.r(2) 

y(n) 

(6 1 1) 

The nonzero elements of row k of the !oH·cr trianglllar Jransforinmion mmrix on 
the right side of Eq. (6.11) cqua\ a,_,_,_,, a,_u-o· .. . l. whcrc k= l. 2. 

. n. Thesc elements reprcsent the coefficients of a back,\·ard prcdiction-error 
fdter of arder k - l. i\ote that "'- 0 = 1 for al! k. Accordingly, givcn thc 
observed data y(!). y(2).. . ·' (n). we may compute the mnovations c(l)." n(2), 

.. o(n). Therc is no Joss of information in the course of th1s transformation. 
sincc \\'C may rcCO\Cf thc onglll~:l obscn·cd datJ: y(l). _\(2).. . y(n) from thc 
Il1110\3tl011S o(!). n(2) .... ü(n). ThiS we do by rrcmultipJ,·ing both sidcs C'f 
Eq (6 11) by the in,·crsl.! of th.: IO\\Cr triangular transformation matrix. Thts 
matrix is nonswgular ~¡ncr.: ll~ tktcrmtn.lnt r.:quals 1 fnr :di 11. Thr.: trarisform:ltlOI1 
1s thcrdorc rcvers¡b\c. 

Lsing Eq. (6 5). \\'C m.1~ :~Hl'- \\rttc. 

:l(nF-11,,) = minn11tlii1 r:--.c:!lt·squ.:nc CS!tnlJIC of .\(nl 

)::1\'L'Il ¡be ,1:--s-.·n·cJ <.bt;-t _\(l) .. \(2). 

minma::-n :ilt:an-~quJrc cstim:ltc of .\(11) 

fi'l'll thc inno,·attons ü( 1 ). o(2). . ct(n) 

Dcfmc.: thc l'~tun:Jtc .\(nl.1J,,) :..:~a linc:~r combinawn 0f thc mnov:JtllHlS o(!). o(~) . 
. ü(n): 

i(n,·:Y.) " 2: h,t•(k) ( 6 1 el 
;. • 1 

iL:2 

Sec. 6.3 

where the b. 
orthogonal t. 
of the estim: 

\Ve rewrite 1 

whcre 

However. b: 
the prcvious· 

estimation e:. 

,," 
where b11 is · 
the prc,·iou~ 
no' ation o.( 

The si 
cstimation s 
to study the 

6.3 STATEMEN~ 

Lct an :\/·d 
line:u. dyna 
daw of the ~ 

consist of ' 
cquations rt 
as fol\ows. 

l. A pro 

whcrc 
Sl:IICS 

pro ce 



Sec. 6 3 Statement of the Kalman Filtering Problem 273 

\\hcre thc b, ;¡reto be determincd. With the innm·ations a(1). a(2). , a(n) 
orthogonal to cach other, and the b~.. choscn to minimize the mean·"squared value 

of the cstimation error x(n) - .f(n['Y"). we find that 

E[x(n)a•(k)J 

E[a(k)a.(k)J 
1 :S: k :S: ll (6.13) 

We re"ritc Eq. (6.12) in the form 

\\here 

n -1 

i(n['!l,) = 2: b,a(k) + b,o(n) 
<•O 

E[.1 (n )a • (n) 1 
0" = E[o(n)a"(n)] 

(6.14) 

(6.15) 

Ho,,·c,·cr. by definuion. thc summation term on the right side of Eq. tó.l-0 equals 
the prc\·Jous cst!matc .i(n - 1¡:y, ~ 1). \Ve m ay thu"i cxpre~s thc desired recursive 

C5tinntton Jigonthm as 

.i(n[:Y.,) = .i(n - 1[:Y,_ 1) + b,o(n) (6.16) 

'' hcrc h., 1S t.kfincd by Eq. (6.15). Thus. by add1ng a correcrion tcrm b,o(n) to 
the pre\lous estim2.te .\·(n - ll::!/,_ 1). with the correction proportionJI to the in­
noYation c.t(n). wc gct !he updJ.tcd estimate i(n)-'Y,). 

Thc ;tmplc formulos of Eqs. (6.12) and (6 16) are the basis of all rccursive 
l'~llr.l~ttJon schcmes. Equipped with the~e simple anJ ~ct basic iúeas. wc are reaúy 

tn stud) thc more gcn.eral KJ.lrn~m flltcring problcm 

6.3 STATEMENT OF THE KALMAN FILTERING PROBLEM 

Lct :;n .H- ... :1:t1cn<-:"1n~d p:~ramctcr \'CC!tlf \(n) Jcnotc thc !>!att' of a di~cretc-time. 
lllll.-'::r. Lh n:~mic:d 'Y"'il'i11. and kt ;\n .\'.j:;:-.cm:"r~a\ \ cctnr ~ (n) denote the ohscn·ed 
~.: .. :,: l'f th:.· '-\"!cm. I~Pt!l ml.':t~urcd :d t!r:~t· 1:. J¡¡ ~cnn:d. th..: vcCll1fS \(n) and ~(n) 
"'':>:,¡ 1'! \t'CIC'f r:nH1t"'rn \.:rt:d~k~. Ti~U'. thc ~~ql'm mo(id 1s dc~cnbcd by two 
l.'qu::tt¡'!lS rq~:-c~emnl !il thc ~~~rmtA :t q~n:d-t}LlW :;r:q'\1. :~s m Ftg. 6 J. Thcy are 
:1<. ¡,,j!{l\\'~" 

(6 17) 

\\ hcít' 1ll( n - l. 1: J :' :t \rwwn .\f·b\·-.\1 s1arc tramlfian ma:nx rc\ating the 
q~nco;;: \•f t!:c ~~...¡cm ::1 ::::1~.·~ 11 - 1 ~md n The .\/-b~·-1 \CCtor '':(n) reprcscnts 
¡nu.:o\ 1/LI:.\t' 1 he \¡_·~,.·¡l,r ':tnJ ts rmxklcd J~ zcro-mcan, whllc-nutsc proc-

1 (:) 3 
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Figure 6.1 Si&nal-Oow gr:1ph rcprcscn!ation of dts.crctc-tirne. llncar, dynamical 

5~S\Cm. 

esses ''hose correlation matrix is defined by 

ll - k 
11 ¿ k 

(6.18) 

1 r\ measwemenr cquatwn. descnl~ing the obsen·Jtion \'Cctor JS follows: 

y(n) = C(n)x(n) + v0(n) (6.19) 

where C(n) is a known :\'-by-.\f mcasuremcnt mrwi:r. The N-by-1 \'Cctor 

'':(n) is called measurcment noisl!. It is mode\ed as zcro-mean, white-noise 
processes whose corre!;:Hion m:Hrix is 

E[v:(!!)\~1 (k)] = { ~,(n). ll = k 
f1 = k 

(6.20) 

The n01sc ,-cctors ,- 1(n) Jnd ':(t:) ;_¡¡e ~tJtisttcJlly HHkpcndcnt. so we may 

'' ri te 

E[v,(n),;'(k)] = O. for ;\lln ond k ( 6.:1) 

~ote that the 5\:Jk tr~tll'.\ll(l!l m:!tri' '1)(!1 ..;.. l. n) :mJ the r:1ca~urcmcnt matnx 
C(n) :nc hoth :t<.;sumcd k.m'11 n Thc pwblcm 1s ID use thc obscr' cd data. cons1sting 
nf thc \CCiOrs ~(1). y(~). . ~(n). tu f1nd for c.H:h 11 :2: 1 iht.: !lllllllllllm mc:1n· 
s.quar!.! cst¡m¡Jtcs oi thc c0mroncnts l,f th<.: ~t:!lc \.{!). Thc prl>bkm !S calkJ thc 
frlrC!111g problem ¡f 1 = n, thc pu·,:':c:l(m probkm 1Í i > n. ·ami th~ smoorhing 
prob!cm 1f 1 ::; i < n. \\'e ,,j[¡ l\nl: ¡,~,; l'Oih.'t..'l!ll'J ''llh thc íi]¡cring and pred!ction 
probkms. '' h1ch arL clu:-l'ly rd:1iL'd 

:\" rcmad:t:d t::1r!it:r 111 thc lnir,,Jtl\..'l!l'll. ''L' ,,¡¡¡ suh·c the K:!lman filtcnng 
probkrn by u~ing tht.: lllllO\':!lJOns .,pprl,.tch (t..::,d:!lh, 196S. l<J-;u, l9Sl; Trcttcr. 
1976) 

6.4 
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6.4 THE INNOVATIONS PROCESS 

Let the ,·ector 5'(11['!1._ 1) denote the minimum mean·square estimate of the 
observed data y(11) at time 11, given all the past values of the observed data starting 
at time 11 = 1 and extending up to and including time 11 - l. These past values 
are represented by the vectors y(!), ¡(2), ... , y(n - !), which span the vector 
spacc cyr:-J· \Ve define the ¡,1110\'Gtions process associated with y(n) as 

11 :::: 1' 2 .... (6.22) 

The .ll·b\··1 vector n(n) represcnts the new information in the obserced data y(11). 
Generalizing the results of Eqs. (6.3). (6..1) and (6.5). we fmd that the in· 

novallons proccss n(n) has the follo\\ing propcrties: 

l. The innovations process n(n). associatcd with the observed data y(11) at time 
n. is onhogonal to all past observations y(1). y(2).. . , y(n - 1) as shown 

by 

E[et(n)y"(k)J = O. l::s:k:::;:n-1 (6 23) 

! Thc inno,·ations pr0CC$$ con!'Jqs of a ~equence of 'ector random variables 
th.::t are orthogonal to ca eh othcr. as sho'' n by 

E[n(n)o."(k)J = O. l~k::;;:n-1 (6.2~) 

3 Therc is .1 one-to·one corrc5pondcnce betwc.:cn the scquencc of ,·cctor r::mdorn 
,ui3blcs {y(l). ~(:n. . . . ~(n)} representing thc obserYed data and the 
scqu::-nce of \CCtor random ,-~riaQics {o:(l). o:(2). . o.(n)} represcnting 
thc i:ll10\ ations process. in th:tt thc (lflc sequence m ay bc obtJmeJ from the 
~_,!ht..·r hy mc11ns of linl.'ar ~t3bk op~.·r:tlt.HS '' tthout loss uf mformJIIOil. Thus. 

\\t.: m~ty ~t:tic th:1t 

. ~(nl} == (n(l). n(c) .. (6.25) 

To form thc ~cqucncc t•í ,·ccwr r:tndom ,·:tri~ll,lt.:s Jt:fining thc mtll)\·ations 

~ít.'ú'~S. \\C m::y u~c :t Cr:1m-S,:!::mdt P~:!ll'f::P:l:!lil:ttion pr(1 ccJurc ~imdar 
~1.' :!1:11 dt.:~Cíibcd in Scc:il•:l 6 . .-::. o,:\,:t.:¡'t th::r :h:: pwc,;Jurc is :1Ll\\ klrmu!Jtcd 

:!1 :~.·rms ~~f \C(tc•r~ ::rhlrn.!lncc" ('L'l' Pr11!~k::1 l) 

Correlalion Matrix of !he lnnovalions Process 

Tt.l d:::crmint.: tht.: corrcl:!linnm:drt\ 1': :he inno\·;¡;ions process u(n). \\t.: first soln: 
tht.: ~.t:Jtt.: ~.:qu:tttc•n (6 11) rt.:cur>t\l']~ ¡,1 Pi1l:tin 

.. ' 
\(k)= •1•(!:.11!\(1'1 . ,. •l•(k.l - l)\',(1) (6.26) 

•• i 

'' 

:! 

'1 '. 
¡! 

¡b5 



276 Kalman Filler Theory Chap. 6 

whcre we ha ve mnde use of the following :-tssumptions and properties: 

l. The initial va1ue of the state vector equa1s x(O). 

2. As previous1y assumed. the observed data [and therefore the noise vector 
v ¡(n)) are zero for n s O. 

3. Thc state trans1tion m3trix has the properties 

<P(k, k - I)<l>(k - l. k - 2) ... <l>(i + l. 1) = <!>(k. 1) 

and 

<ll(k. k) = 1 

where 1 is thc idcntity matrix. 
Equat10n (6 26) shows that x(k) 1s a linear combination of x(O) and v1(1). ,·,(2) . 

. . . , v1(k-l). 
By hypothesis. the measurement noise ,·ector v:(n) is uncorre1ated with both 

the 1niti.:J.I state \'ector x(O) and the process noise \'Cctor \' 1(n). Accordingly. pre­
multiplying both Sitks of Eq. (6 16) by v!1(n). ¡¡nd taking expc-ctations. we deduce 
that 

E[\(k),~1(n)J = O. k,n:c::O (6.27) 

Correspondingly, we deduce from the mcasurcmcnt equat10n (6.19) that 

E[l(k)vj'(n)) = O. Osksn-! (6.28) 

Moreon::r. we rnny write 

o :5 k ::; 11 (6.29) 

Gi\Cil thc past l'bser\'JtJon~ ~ll). . y(n-1) th;1t sp~lll the spJce 01,_ 1 • 

\\'C ::1\so f1nd frum the n11..:asurcmcnt L'qu::tJUn tb 19) that thc min1rnum mc~m-squ:l!e 
Lstimzttc of the prc~cnt \'aluc .\(n) l~Í th-= l'!'Sl'r,·.Jtlon \'CCtor cquals 

1 {nwc,·cr. ti: e c~Unl.:!C \:(ni~ .. -: l ,,¡ ¡i;~ llh..':t::-lnt.':nc-nt noisc \'CCtor is zcro smcc 

¡¡ is 0nhot:on:d ro thc p:1:-t L'hscr' .:: il'í1S ~ t 1 1. . . ~ (n ~ 1). se e Eq. (6.28). Hencc. 
'.\e ~~~~~y ~11nply \\ rllc 

(6.30) 

TlH:rL'f •. -'rc. u~ing Eqs. (6 22) ::nJ \('.~U). \\t: n'l:ly ~\prcss thc inno,·:nions procc~s 
111 thc fLnr:-~ 

(6. 0 1) 

n(n) = C(n)E(n. 11 - 1) + v0(n) 

', 

·' 
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\\h~re E(n. 11 - 1) is the prcdicred srme-error l'tctor at timen, using data up to 
timen - l. That is, E(n, 11 - 1) is thc diffcrcnce between the state'\'ector x(n) 

and the one-step prediction ,·ector x(n['!l., _ 1), as sho" n by 

E(ll. /l - J) = X(ll) - x(n['!/n-1) (6.33) 

i'ote that the predicted state-error ,·ector is orthogonal to both the process noise 
vector v1(11) and the measurement noise \'ector v,(11); see Problem 2. 

The correlation matrix of the inno\'ations process n(11) is defined by 

~(n) = E[n(n)a11(n)] (6. 3~) 

Therefore. substituting Eq. (6.32) in (6.3~). e'panding the pertinent terms. and 
then using the factthat thc \'Cctors E{ll.ll - l) and v,(11) are orthogonal. "e obtain 

the desired result: 

~(11) = C{11)K(11. 11 - l)C 11 (11) + Q,(11) (6.35) 

where Q,(11) 1s the correlation matrix of the noise 'ector v,(11). The .lf-by-M 
m3tnx K(n. n - 1) IS C3!led !he predicrcd \{Oit'-error conclarion matrix, defincd 

by 
K{11. 11- l) = E[E{II. 11- 1)< 11(11. 11- l)j 

\\hcr~ E(n. n - l) IS thc prcdictcd statc-error \'ector. 

6.5 ESTIMATION OF THE STA TE USING THE INNOVATIONS 
PROCESS 

(6.36) 

Cons¡Jcr nc\t thc prohlem of dcri\'ing. the mtnunum mcan-square eq¡mate of the 
st¡t!e '\(/) fwm thc tnno\·:11i0ns prL'ccss Fru1:1 thc J¡scussion prescntcJ in Scction 
6 :. \\C Jcdu..:-c th::r th1s estim:1tc rnay be L'\r'fl'~~cd as a linear cambmJ.tit.ln of thc 
:-cqucnL·t..• L'Í ¡nno,·;:tlon~ proccsscs oll). nt21. . n(n) [sec Eq. (6 1.2)]: 

., 
\li:"!.) ~ 2: B.l(!ntk) ( 6 3 7) . . ~ 

.,,;1c:L' ,B.(:.:; :s :1 ~1..'1 (lf .\f.:,y-S ::-::::ri,:L'' :11 ~~e d~.:tcr:111nnl :\cco~ding to tht: 
rí!!Kiph.: t,f tlílhPfl)!l:dity. iht..• prc ... liCtcd ~!;!>:·t.::rer \L'C:tlr i5 t.'rih0):_:011:tl lO the 

\THHl\::llt)!l !,fl.ICOS. dS ~hú\\tl by 

(6 3S) 

O. .'.'1 _.::: l. ~. .11 

Sul'~t!tu::i':~ Eq. (6.:.7) rn (6 .. ;;--¡ ::;lli ::~:n~ :h.: ''rlhl'l~tlnallly propeny oí th~.: in­
r::t•\·::t!tlnS 1':ocos. n::mcly Eq t(' ,:.;). \\t: _::d 

f:'[\(i)<>"(ml[ ~ B I,PJif:!"("l)n''(m)J 

H.{'':l~f.ll1) 

1 b] 

i i , . 

.. 
:, 

! 1 

'' 1 1 , 

! 



278 Kalman Filter Theory Chap. 6 

Hence. postmultiplying both sides of Eq. (6.39) by 1-'(m). we find that B,(m) is 
gi\'en by 

B,(m) = E[x(i)o:11(m)]1- 1(m) (6..10) 

Finally, substituting Eq. (6..10) in (6.37), \\'C get the desired value for the minimum 
mean-squares estimatc x(d".YJ as follows: 

" 
x(lj".Y") = 2: E[x(l)o: 11(k)]1-'(k) a(k) 

k•l 

"-1 

= L E[,(i)o:11(k)]1- '(k) o:(k) 
l • 1 

+ E[,(1)o: 11(11)]1- 1(11)a(11) 

For i n + l. we may thcrefore write 

n- 1 

i.(n + 1[".11.,) = 2: E[,(n + 1) <> 11(k)]1-'(k)a(k) 
l • l (6.-1 1) 
+E[,(n + 1) o. 11 (11)]1- 1(n)a(11) 

Howe:\er. .he state x(n + 1) at time 11 ""'!" 1 is rdatcd to the statc "(n) at timen 
by Eq. (6.1 i). Thereiore. using this relation. wc m ay writc forO:::: k .:::::: n: 

E(\(11 ~ !)a11(k)] = E{[<!>(11 + l. 11)\(11) + v1(11)jo:11(k)} 

= <l'(n + l. 11)E[,(n)a11(k)] 
( 6.-12) 

whcre ,,.e ha,·c made u~e of thc fact that o:( k) dcpcnds only on the ob5ern~d data 
y(!). . )(k). ;¡nd thcreforc from Eq. (6 c9) \\'C sce that ,·,(n) ;¡nd a(k) ;¡re 
nnhOfOn:Jl forO~ k~ n \\'e rn:1~· thus rcwritc 'thc ~umrnJ.tion tcrm on thc fi):;hl 

>id e of Eq. (6 -11) ;¡s follows: 
,, - 1 

2: E[\(11 ,. !)a11 (k)j1-'(l;)a('J 
¡ ·- 1 

., - 1 

<l>(n ' l. ni 2: E[,(n)<> 11(kl]::: · '(k)u(') (6.J_;) 
; ·•1 

Th~..·n. ~!5i:1g th1s ~,._Jc:~:nitinn and thc rc~ult t'f Eq. (6.-l:). \\t: rnay fL'\\r!IC Eq. (6 -ll) 
.!<; 1L'llll\\:, 

x(n ~ !jé.Y") = <l>(n - l. n) \(nj:Y.,.,) + G(n)<>(n) ( 6. _¡<) 
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Equation (6.45) shows that we may compute thc minimum me::m·squJre cstimate 
:\(11 + Jl'!l,) of thc state of a linear d) na nuca! system by adding to the previous 
estimate \(11['!1"_

1
) that is premultiplied by the state transition matrix 

<1>(11 + l. n) a correction term equal to G(11) o(11). The correction term equals 
the inno,ations process o(11) premultiplicd by the matrix G(11). Accordingly. and 
m rt.:COfnition of thc pion('ering work by Kalman, the matrix G(n) is called the 

Kalman gain. 
Thcre now remains only the problem of expressing the Kalman gain G(11) in 

a form convenient for computation. Todo this, we first use Eqs. (6.32) and (6.42) 
to exprcss :he cxpcctatlon of the product of x(11 + 1) and o 11(11) as follows: 

E[\(11 ~ J)a11(11)] ; <P(11 + l. 11)E[\(11)o11(11)] 

<!>(11 + l. 11)E[x(11) (C(11)E(11, 11 - J) + ':(11)) 11
] (6.-16) 

<!>(11 + l. 11)E[\(11)Eii(ll, 11 - !)]C11(11) 

\\hcrc we hJse used thc fact that the ~tate :\(n) 3nd noise \'CCtor Y:(n) are uncor­
rebteJ: see Eq. (6 27). \\'e fU!th('r ihl;c :h~: :~e prcdicted state-error \'ector 
r(n, n- 1) is orthogonal to thc cstim;He :\(n!~ .. - 1). Therefore. the e~pectatlon 
L~f the prL'duct of :\(n];y, _1) and EH(n. n - 1) is zcro. and so \\e m :.J. y r~'' rite 
Eq. (6 . .!6) by rcplacing. thc mu!tiplymg factor ~(n) by the predJcted ~;:t:-tte-error 
\'l'Ct0r r(n. n - 1) as fol\ows: 

E[,(n .;- l)a 11(11)] ; <!>(11 + l. 11)E[<(n. n - l)E 11(n, 11 - l)]C"(n) (6.47) 

Frorn Eq (6 'ü). we sce that thc c\pcctot!Oll C'll thc right sidc of Eq. (6.47) equals 
thc rrcdictcd st:!tC-CfTt1f Ct1rrt:l.:mon mJtrix. Hcnce. \\'~ lll~IY fC\\fl!C Eq. (6.47) 
a:-: f,)i\0\\S: 

( 6.4S) 

\\'L' ¡~,.::\' ;l(l\\ rcddine thc K:!lman ~::111. 

((,,.!..!). \\C ~L't 

In pottll"Uior. suh>tituttng Eq (6.4S) in 

(6 49) 

\\]:t·:~,.· :h.: Cl':rt·!.~tt~.)n rn:1tri\ ~(n) 1!'-t:f l'- l~L·!t!lL'd 111 Eq (6 _;)) 
.-\s ¡: c-l::nJs. the flnmul:1tlf Eq !(,_.!')¡ 1:-. :h't p:trtJct!larly usdul for c0mputmg 

tht: f\..dll1:1ll ~:till (;{n). ~lnCC ll ft.'qu:~t'~ th:~t l~lC rrcdtcteJ :-,t:dl."-('rfO_f CC'lrreJation 

m:tiri\ 1\.(n. n ~ 1) be knn,,n T,1 t"•·-·: •. :~_,::~l' :h1.;; dlfficul!y. \\C dai,·e a formula 

fl'f thc recur ... J\ e Cl..'mput:!t!Clll tJI t\.~''· n -- 1 J. 

The ~,:~.·L.illtL'd statc-crror \l'Cll'T t (n - \. n) c'iuJls thc J¡ffercncc bctwecn 
ih•_' '-i::!t: \(!1 -· 1) :nld tht' one-'-lt:p ríL'd!('!Hlll .\(n - li::Y.,) [Sl:t: Ey. {6.)))]: 

1 b9 

' '1 i 1 

1! 

• 1 

' 

'! 
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vations process o:(n). we gct 

E(11 + 1, 11) = <f>(11 + J. 11)(x(11) - x(nj~"- ;)j (6.51) 
- G(11) [l·(n) ~ C(n)x(11[~"_ 1 )] + v 1(n) 

~cxt. using the measurement equation (6.19) to eliminate y(11) in Eq. (6 51). we 
get thc following d1fference equation for recursi\'e computation of the predicted 
state-error vector: 

E(11 + l. 11) = [<1>(11 + 1, 11) - G(11) C(n)] E(ll, 11 - 1) 

+ ,.,{11) - G(11) ":(n) 
(6.52) 

The correlation matrix of the predicted state-error 'ector E(11 + l. n) equals [sec 
Eq. (6 36)] 

K(11 + l.n) = E[•(n+ 1, n) E11(n +l. n)] (6.5o) 

Substituting Eq. (6.52) in (6.53). and recognizing that the error \'Cctor 
E(n. n - 1) and the noise vectors ,.,(11) and v,(n) are mutually uncorrelatcd. we 
may express the predicted state-crror correlation matrix as follows: 

K(n+!,n) = [<!>(n+l,11)- G(n)C(11)]K(11,11-l) 

·[<l>(n ~ 1, 11) - G(n)C(11)] 11 

+ Q 1(11) ~ G(11) Q,(n) G 11(n) 

(6.5-l) 

where Q1(n) and Q,(n) are thc corrcl3tion matrices of' 1(11) and ,·,(n), respectl\·cly 
By expanding the nght s1de of Eq (6.~-l). and then using Eqs. (6.49) and (6.35) 
for the Kalman eain. we ~ct thc Utccan d¡f(crcnce cauarwn for the recursivc com· 
putat1on of thc Prcd1cted ~st:llc-crrL1f Ctlrr~l:nion lllJ~rh: 

K(n + l. n) = <l•(n - l. 11) K(n)<l> 11 (n - l. 11) Q,(n) (6.5~) 

K(n) = K(11. n - 11 - •!•('l. •1 - 11 (;(•:) U11l K(n. n - 1) (6 '6) 

Ht:rc "e hJ\'1.! u sed the fact th:d 

(6 57) 

\\hcrc I ~~ the id~.:ntny matri\. This píort.·rty fullu.,_; ;";...;;¡¡ ¡;-;e dcfinition of ¡be 
lran~Íl!Oil 111:11rix. The m:lthL:m:dic;d >Í~!lliic!nct: t)f tht: 1":1:\trix K(n) in Et.¡. (6 :'6) 
\\·J!l l,c cxplaincJ 1n St:ctlon 6.6 

Equations (6AY). (6 :1). (6 C'J. (6 '61. '"'J ((,.55). 1n that ordcr. dd111e 
Ka!m:1n's onc-stt:p prcdictÍ\lll .df.tlriilH~l 

!fú 
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Comments 

The process applied to the input of the Kalman fiiter consists of the observed data 
y(l), y(2), ... , y(11) that span the space 01.,. The resulting filter output equals 
the predicted state vector :\(11 + 1\'!1,). Given that the matrices <1'(11 + 1, 11), C(11), 
Q

1
(11). and Q:(11) are all known quantities. we find from Eqs. (6.4-l), (6.55) and 

(6.56) that the prcdicted state-error eorrclation matrix K(11 +l. 11) is actual! y in­
dependen! of the input y(11): see Problem 2. Therefore. no one set of measure· 
ments helps more than any other to eliminate sorne uncertainty about the state 
,·ector \(11) (.-'.nderson and ~!oore. 19i9). The Kalman gain G(11) is also inde­
rendent of the input ~(11). Consequently, thc predicted state-error correlation 
matm K(11 ~ l. 11) and the Kolman gain G(11) may be computed befare the Kalman 

filtcr is :lc:u;,¡J\y put into operation. 
:\s ;drcJdy mentioncJ. the Kalman fdtcr theory assumcs knowledge of the 

matnces <l'(n + l. 11), C(11). Q 1(11) cnd Q:(ll). Howewr, the theory may be 

gt'nCiali::cd to include a situJ.tion ''he re onc or more oí tht:~t: matnces m ay Jssumc 
\'.J.lues thJt dcpend on the input y(n). In ~uch a ::.ituation. we find that a\though 
:\(•1 -'- 1\'21..) ::nd K(11 + l. 11) are still gi,en by Eqs (t'.45) and (6.55), respec-
1!\'t:ly. thc KJ!mJn gJm G(n) and the prcdJCtcd state-crror corrclation matrix K(11 

...;... l. n) are 110t precomput:..~bk (.-\ndersvn :::1d :.k"~L"~re. 1Y79). R2thcr. thcy both 
no\\' Jcpcnd un th(: Input ~(n). Th1s mcans th:~t ~(11 - l. 11) is a condllion(l/ error 
corrc\ation :11~ttnx. conJ¡tion~d on thc input ~(n). 

lnitial Condifions 

To o;1erJ:c tht.: 0nc.-~tcp pn:d¡c:ton a\:;0n;hm dcscnl"1ed. \\C necd 10 know thc 
j'L'rtlncnt ~~..·t L'f l/:!fi,;/ conri!liO!iS \\'e fh)\\' :HJJrc~s th1s i~::.ue. 

\\·~..· :·:~q Iw!c th:tt thc ~t:t!c \(n) ~md ;he nüi"C \'l'Ctor \' 1(n) are inJcpcnJcnt 
t>! etc;, ,,:h.:r. fkncc. fr<'nl tht.· '::!le t.'LjtJ:dil'fl ((,_¡/) \\C find thJt thc minimum 
ii1t.".t:1·,qu:J::: :.:~ti::1:1tc uf thc ~!:de \(11 - 1 J :tt ¡¡me n - l: ~¡\·en the ob~cncJ data 
~;¡, to .:nd ;r:~..:ludin~ t!mC n [1 e. ~1\t.'rl ~(1\. . ~(nlj. cqu~ls 

\(11 '· 1)1..1 = •l•(n - l. ·:l \(•;·!J .. i- \·_(n:'!l .. ) (6 58) 

~i:;c'-· !~lt.' ::~·i~c -.~..·~.,·¡,,r \·_f11) •~ ::h~t.'t'~ih~:.:::: ,.:· :~:·..: ,1:'";.':-.L·d d::t:I ~(:).. . ~(11). 
it :·t"~!k"~\\5 ;:1::1 ;!::: .._·l'ffC~J'('!llll:l;; J';l!iiltitu::l ;:1ci:1-~.¡u:1;L' cq¡~¡-;:dc \·:(ni:Y,) is 

:· .. ::1"~ :\:..~:~..·rt.::r:fly. Eq tt•.~:--.) '-lrl1j'l!ilt.'' :1' 

\ (, 59 J 

13:l~L·J l'il 1hi~ rcbti("~Il. \\C .trt.· ;~::.J~ h."~ d:..·:·:nt.: t!;c r~..·qu1rcJ l!1iil:d CL'ndiuons. 

Puttlí-1~ n = {1 in Eq. {6.:'9}. \\'-' ::t·t 

,;-:-

1 71 
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Howcver. ;.(O['Y0 ) is the estimate of '(O) given no obsen·ed data. sincc the 
observed data are assumed to start at time 11 = l. Hcnce. • 

(6.60) 

Correspondin~ly. puttmg n = O in Eq. (6.53). we find that the initial value of the 
predicted st3te·error correlation matrix equals 

K( l. O) E[ E(!. O) E11 (1. O)] 

= E[(x(l) - x(li'.Yol) (x(l) - x(1[0!0)"] 

E[x(1) '"(!)] 

Equations (6.60) ;~nd (6.61) Jdine the requircd initial conditions. 

6.6 FlLTERING 

(6.61) 

The nc~t signJ!-pru~.:~o:~!'ling operat!on wc \\ish to consider 1S thJt of filtering. In 
r:HllCu]ar. \\'C \\ÍSh lO compute tht.: f¡Jtt:reJ estímate :\(ni~,) by USII1g the Olll>~tcp 
p:-ed!ction alg0nthm described prC\'Ít)us.ly. 

To fir.d this e5timatc. we rrcmultiplv both sidcs of Eq. (6.59) bv the lll\'Cr5C 

of thc transition matnx (l)(n + l. n). and thus wnte. 

\(ni'!!,) = <l>- 1(11 .,- l. 11) ;,(n + 1[0!,) 

L"sing the pr0rerty of tht.: stJ.tc transition matrix gi\'en 10 Eq. (6.57). \\C ha\'e 

<t•-'(n ~ l. 11) = <!>(11. 11 + 1) ( 6 (,)) 

\\ l' m.1y th~...·rcfort: rc\Hite Eq. (G (l~) 111 thc fürm 

\(n\'liJ = <!>(11. 11 ~ 1) \(11 ~ li'Y,) (6.6.\) 

Th1s 5-hc)\\s th:tt knO\\Jllg thc ~o!utiun tu thc unc·::-tt:p t"'rt:Jiction probkm. th;Jt i~. 

thc 111111JJ11l!!l1 mcJn·squarc c~tnnatc \.{n -:- ¡¡:.Y.,.\. wc may clctcnntnc thc conc· 
5pl)f1dtng Ítltt.:rcd l'qlTn:tll! \.(n¡:~ .. ) 'llllply l1 y muit1plying \(n ..:... lj'-''.YJ by thc ~t:Jtl' 
ir:tn~ltÍ~l!l lll:Jtrl\ (l)(n. n _... 1) 

Thu5. \\'t.: m ay rdormulatc Eq. (ó._; 1) tu ~\prl'5S thc lr.n~1\'JtJons proccss n(n) 
Hl iL'tms l1 i thc ldtcrcU c~t1m:nc uf thL' ~t:ltt..' \I..'Cil'f :11 tli:1c n - 1 ;ts follows: 

<>(11) = )(11)- C(11) <1•(11.11- 1) \(11- l;·.y,_-,) 

·Sitml:!!l~. \\\.' m:t~ rd0rmubtc Eq {(, . ..!)) to C\prc~<; thl' rccursion íor tJmc-upd:Jtlllg 
:ht: f!ltcrcJ t:..:.tim:!IC (1¡ thc st::tc WCH'r :1s Í<.'l!lH\": 

\(11;'.Y.I = •!•(11. 11- ll\(11 - l['l/_,_ 1) ~ 1!>(11. 11 ~ 1) G(11) n(11) 

Equ:HJons (6 ~lJ). (6.t,:'). {6 66). ((1.~6). :l!1Ll ({L:':') collccti,clv anJ Hl th;tt urJcr 
rq'rL's...:nt ;¡;¡oihcr \\·:1~ Pfl!cscr:b¡n~ th...: K.1\m:tn fdtt.:r. b:.~sed on ~he filtcrcd cstim:1tc 
of thc q:tlc vccwr 
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Filtered State·error Corre/ation Matrix 

Eorlier \\'e introduced the M·by-M matri\ K(11) in thc formulation of. thc R<ccoti 
difkrcncc equction (6.55). \\'e conclude our present discussion of the Kalman 
fdtcr thcory by showing that this matnx equals the corre latían matrix of the error 

iilherent m rhe filtered estimate X(n!01.,). 
Dcfme the jilfe1ed siate·elror \'Cctor E(n) as the dtfference between the state 

'(11) and thc íiltcred estimare :\(11!'!1,). os ;ho"n by 

E(ll) = \(11) - :\(111'!1..) (6.67) 

Sub>ti!uting Eqs. (6 . .l5) and (6.6-l) in (6.67). and rccognizing that the product of 
<Jl(n. 11 + 1) ::nd <ll(n + l. n) cquG.ls the identity matrix. \\C gct 

E (li) '(11)- :\(11:'!1,_,)- <t>(n. 11 + 1) G(11) o(11) 

<(11. 11 - 1) - <!>(11. 11 + 1) G(11) n(11) 

(6.68) 

\\hne E(n. 11. - 1) is thc prt:JJcted st:nc-crror \'CCiOr at tlme 11. usmg cl:1ta up to 

ttnlc n - l. ;JrH.J n:(n) is the JnllO\'ations process. 
By defmitio:1. the cnrrel:ttJOn m::trl\: 0f the flltcred ~tate-error \·ector E(n) 

cqu:ds thc e\pú·tation E[r(n)E..,(n)]. Hcncc. u:-1ng Eq. (6.6.5:). ''t! may cxpress 

th1s c-.;¡'cct::uon ~lS fol\ows: 

Clr(n)E 11(J1)j CIE(JI. JI- 1) E
11(n. JI- 1)] 

+ <l>(JI. n ~ 1) G(J1) E[o(J1)o 11(n)] C. 11 (J1) <1> 11(J1, JI + 1) 

- 2E[r(n. JI - l)tt 11(J1)J C 11 (n) <1> 11 (JI, JI ~ 1) 

(6.69) 

E\.:r.1::11n~ ¡h,: r i~ht si de of Eq (6.69). "L' fmJ th;n thc threc expcctations c_ontaincd 

1:1 :t ¡;1.1Y h: Jn:t.·rprctcd indi,idu=-tl!y a<:. :·L,lkl\\~-

K(JI.JI- ll ~ /'.[t1•1.:1- IIE 11(JI.JI- ll] 

i''lt: (.\¡"~..·ct:llw:l 111 1~1-.· '-t:CPn.l ::.·: ::1 L·q:J:ds thc n'rrcl;dlllll m:ttn\ t'f tht: 

:.o;-:(l\ ,•\l~>ll:- !'l•ll't.':-' or 1,1 

\\!1oc. m ;l;c !:1:-1 li:h:. \\C !1::\l' ~:'-CLI ¡;¡-;.· :':1ll ;h::t lht: ~,.·q¡m,J\c \.(n!:;_y,,_ 1) 
]<.; l'r!!lt'~l~;¡;:\ \{) ihl: iJH]I)\;dH.'i1'- r~\'I,_'L'''- nf_/11, ;.e::;;~;,, inpUI. :--\t::\1, frOffi 

Eq. (t' -1:¡ \\L' '-l..'l.'. :·-:· ;'u:t:n,:: ~ .: n :t'r:d ¡'rt';~•ulti¡"l~in~ blHh sidt.'<:. Pv the 
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inverse matrix <t>- 1 (11 + 1, 11) = <1>(11,11 + 1). that 

E[x(11) n 11(n)] = <!>(11, 11 + 1) E[x(11 + l)n11(11)] 

= <1>(11, 11 + 1) G(11) L(ll) 

whcrc, in the last line, we have made use of Eq. (6.44). Hencc, 

E[E(II, 11 - 1) a 11(11)] = <!>(11, 11 + 1) G(11)L(11) 

We may now use these results in Eq. (6.69), and so obtam 

E[E(11)E 11(11)] = K(11, 11 - 1) 

- <1>(11, 11 + 1) G(11) L(11)G 11(11) <!> 11(11. 11 + 1) 

\\'e may furthcr simplify th!S rcsult by noting that [see Eq. (6 ~9)] 

G(11) L(11) = <!>(11 + ], 11) K(11, 11 - 1) C11(11) 

Chap. 6 

(6.70) 

(6 71) 

Accordingly. using Eqs (6.70) and (6.71), and rccognizing that thc product of 
<!>(11. 11 ~ 1) ond <l>(n + l.11) equols thc identity matrix. we get the desired result 
for the filtcrcd state-error corrcbtion m~Hrix: 

E[E(n)Eif(n)] = K(n, 11 - 1) 

K(11. 11 - J)C 11(11) G"(11) <!> 11 (11. 11 + 1) (6. i2) 

Equi,alently. using the Hermitian property of E[E(II)E 11(11)] and that of 
K(n. n - 1). we may write 

E[E(11)E 11(11)] = K(11, 11 - 1) - <l>(n. 11 + 1) G(11) C(11) K(11, 11 - 1) 

Companng Eq. (6.73) with (6.56). wc scc that 

E[f(11) E11(11)] = K(n) 

(6 73) 

This' sh0\\5 that thc: m~1tri:-. 1\.(11) usc<.J in tht.: Ricc:ni J¡ffc:rc:nct: equ:JtJOn 15 1n f:Jct 
thc i!ltcrcd ~t:ilc-crrLH currL'lati0n m;¡trix 

lnitial Conditions 

F:,•:il Eq~. l()_6U) :n1J ((• 6J ). wc: Jc:ducc tk1t thc miti:d \':J]uc of thc !'iltcrL'd CSIJ:-:1:1\C 

\(1:, "ll .. t t:qu:d<:. 

•1•[0. 1) \( 1 i·li.,) 

o 

:\" :':..·:·0rc. for thl...' iriin.,\ cnrHJHion t•f :,":e prcdictL·J q;¡tc-crrur cnrrclation mJirJ\ 

u(n -· \. n). we u~c the \í:luc UL'fincd by Eq (6 61) 

IN 
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6. 7 SUMMARY ANO DISCUSSION 

The Kalman fllter is a linear, discrete·tJme, finire-dimensional sysrem. the imple­
mentation oi which is well suited for a digital computer. The input of the filter 
is the "ector process b·(n)}. represented by the \ector space 'Y", and the output is 
the fiitcred estima te X(nl'll .,) of the state vector. In Table 6.1, we prescnt a 
summary of the Kalman ftlter (including initJal conditions) based on the one-step 

predicuon algonthm. 
A kev propcrty of the Kalman ftlter is that it leads 10 minimization of the 

nace of the filtcred state-error corre!dtJon matrix K(n). This me:1ns that the 
Kalman fJ!ter is the linear minimum 1 ariancc esnmator of the state \'ector x(n) 
(Good\\tll a11J Si11. 19S.J: Andcrson and ~!o0rc. 1979) 

The mput-output relation of thc Kalman filter is depicted 111 Fig. 6.2(a), 
rcprc<c11ting J si~nal-flow graph interprctation of Eqs. (6.65) and (6.66) and the 
fc,ct that ;,(n - 11".!1,_ 1) is the dela,·cd ver5iOI1 of x(nl'll.,). In this modcl. y(n) is 
thc inp:ll and :\(ni 'Y.,) is the output 

\\'~.: I~lJY rearr~illgt: Eq. (6 65) in the form 

(6.7-1) 

...-\ccorJinfl~. \\t: mJy rcprcsent Eqs. (6.66) :1nd (6.74) by the si~:-1:!\-tlow graph 
~hO\\ n 1n F1~. 6.~(b). He re agam \\C h.1' ~ l!lcludcd a branch in the graph to 
rcprc>cnt Ihc fact that i.(n - 11'.!1 ... 1) is thc dcla)ed ,·ersion of ;,(ni'Y .. ). We mey 
,i.:w F1g. 6.2(b) as a moJel for g~nt:r~tlng thc process {y(n)} by dn,1ng it \\ith the 
¡;H~o,·:!tJcr.s ;-aKC55 {o.(n)}. Tht.: modcl of Fig. 6 ~(b) is kn0\\11 as the in1-etse 

TABLE 6.1 5UMMARY OF THE KAU·~.;:-.¡ FILTER EAS::D ON O~~E·STEP PREDICTION 

h;'t:1 \ l";:-:,; ¡·:,·:~··~ 

u~··t·o·.:·:w:-~ = ~~~11 ~1:1 

C<•::~· : .. '· :; ::::·:~1\ ,·f ¡•r,•,:·~ n,li•t: \l::,·r f,l t•:l 

{.',•::~~: ·-, ::· .. ::fl\ .. \ ~:tr.·•·.::c:r.c~t 11•"·'~ 'c~:.•r · f.J !"l 

nt•:l = '· 1 - l't•r;\[•: J. ,) 
\!•: • ·:<'.1 = •!•1•1 • l ··•\[•¡·;'!, .! • l:(•r'n(•:l 

\1'·.'.1 ~- •1•!•r n • \•\l•r • l.:Y.I 
h:t•.)'"" ~:n. ·: -- !1- •J•(•:. rr- J;C(·:)C(·.:f.\1·:. •r- ll 

Ktn • ~- •:1 = •1•(·: • ] ·:¡Kiu¡•lo''t·: - ¡ •:1 • <...•.:•1) 
l:1::~.d Cl':' . .::::,'::~ 

\' ! :< 1 "' o 
1\(i .. ¡"" r;,(:l\''(1·! 
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a{n) 

•Hn, n + 1) Gln) 

J~(n ~~~~ 4>(n, n- 1) 

lo) 

4•(n, n + l) Gln) 

~(n-11'Y"+ 1 l 
4>1n, n- 1) 

y(n) ; 

[b) 

f1gure 6.:! Stgnal-no" gr:~¡:-h representat1ons of (a) the Kalman filtt:r. and (b) thc mvcr~c: 

modcl 

modcf In this model. the innovations proccss {o:(n)} acts as the input. and the 
proccss {) (11)} 1s thc output of interest. 

We may de,elop a third model by viewing the observatwns proéess b(n)} as 
thc mput and the inno,·ations process {o:(n)} as the output. Thc signal-flow graph 
reprcscntatlon of this model is the same as that shown in F1g. 6.2(a). except thal 
OO\\ o:(n) represents the des~red output at timen. The resulung model is known 
as the "'hllemng flirer. 

\\'e concludc therdore that the Kalman filter. the inverse model, and 1he 
wh1temn~ fliter mcrcly rcpresent threC differcnt. and yet equiYalent, ways of yjew· 

ing the opt1mum linear f!ltcr 
The Kalman filter has been successfully applicd to solve many reaJ-world 

pwbkms. as cm be scen m the hterature on control S)stcms. Im·ariably. assump­
ti0nS are madc so as to m~mipulate the problcm of intercst into a form am..-n:tblc 
to thc Z~Pí)hcation of the Kalman fdtcr thcory. the Ji m hcing to produce a ncar· 
0p1imum and :ct ''orkahlc solutton. 

,. 
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Our interest in the Kalman fdter theory in this book is that it provides a 
general fr3mework for the de\'elopment of \·arious adaptive filtering algorithms 
with a fast rate of convergence. The application of Kalman filter theory to adaptive 
filtering was apparently first considered by Lawrence and Kaufman (1971). This 
was followed by Godard (1974), who used a different approach. In particular, 
Godard formulated the adaptive filtenng problem (using a transversal structure) 
as the estimation of a statc vector in Gaussian noise, a classical Kalman filtering 
problem. The importan\ feature of rhe adaptive filtering algorithm derived by 
Godard is that. when allrhe random variables pertaining to the problem have joint 
Gaussian distributions. the algorithm ~ ields the fas test possible rate of convergence. 
,\hhough these assumptions are not always satisficd. nevertheless, in the majority 
of en,·ironments encountered in practice, we find that the algorithm dcrived by 
Godard offers a much [aster rate of convergence than is attamable by the simple 
DIS algorithm. The price that has to be paid for this improvement, however, is 
1ncreased algorithm complcxity. 

In thc next l\\O sections ,,.e follow Godard's approach to deri,·e two adaptive 
tranS\ ersal fdtering algorithms as spec13l cases of Kalman filter rheory. The first 
algonthm. prcsented in Scction 6 S. assumes a stationary environment. The sccond 
algonthm. presented in Section 6.9. assumcs a nonstation::uy cn\·ironment. 

6.8 THE KALMAN ALGORITHM APPLIED TO ADAPTIVE 
TRANSVERSAL FILTERS WITH STATIONARY INPUTS 

Cons1der 3 linear trans\'cr~:d filter opcraung in a statlonary cn"ironmcnt. Suppose 
th~H the :\1-by-1 tap·\\'Cight \·cctor of the filtcr :..~t timen is set cqualto the optimum 
\\'iencr ,-3\ut.: w,;{n). dctcrmined in accord.:u1ce \\'ith the normal cquation (see 
Ch.:trtcr 2L In :1 ~tationary cn' ¡ronmcnt. thc crrnr-perk,rrnance surface of thc 
trar~s."cr:--::1 fi!ter has fi,cd 'h:q'c :lnJ fl\cd l'rit:nt:-~tlon. \\'ith thc rcsult that thc 
nrtímum t~qJ·\\'Clfhl \l'l...'k'f w,.(n) h:!S ;¡ (0!l~l:tl11 \';due ft)f a!l time. Undcr this 

cClndliJL'll. ''C m:1y writc 

(6.75) 

Lt:t u(1:) lh:nutc the .\/-by-1 w¡,-i .. :;·:.: t¡·c:ur :t;'¡'llcd !Ct th1s fdtcr at tune 11. Thc 

:-c~ulttn~ :-c>pun~c Ltf thc flitl'r cq~;::!s the in:IL'f pwduct u'(n) \\,~(11). Lct e,(n) 
dt-r.l1 il' thl.' ltpti;num ,·::luc nf thc CI!PT:a//(PI ,.,,(lr. mc:"J.<:.urt:d '' ith_ re~pect to the 
,.tl'.\l!t"d tt'5;'omt' d(n). \\"e m:ty tfli.!\ nwdt"l thc lk~lrt:d re~¡,o::sc ;!S 

(6.76) 

Equ:-:ttons (6 75) and (6 "7t,) tk~n1h:- :hc "'l'lil:lllnl \\.Jer11.·r C('fldlli0n of the trans­
'L.r::-.<Jl filler '~hen operatlll~ 111 :1 ~t;_¡tll'íl.try t.:ll\'IWnmcnt Tht: t:tp·\\Cl;ht \'CCtor 
on the n~ht ~iJcs of these twv cqu:tllun~ appt::Jrs 111 e:>.:tct!y 1hc ~:un~.: form: hcnce, 
the US~ r>f comr!t:\ CLmju~:llll'fl 111 (6.'/~ ). 

In ihl' n'nte:\t ~'f l\.:.d:11:tn filler thcory. '~e: may \Ít.:w E~ (6 /~) :1s thc proccss 
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Sta r t 
Sta rt 

... ~f---b e e 1 in e--~--.,r--.,. 
Goal 

-4•---b e e 1 in e-"T"""-------4~ r bubbl~ 
ubble radius-----::r 

beeline point 
Fic. la. An eu:npk \\'or~o:.p::~ce defined by the st.lrt and ~oa.l 

Pos1Uon. and the schedulmg bubblc: r.ldius 
F1g lb. The '\.loorksp:Jce. dt:fined by L1e scheduhng 

bubble at ume 8. In t.his eurr:.?ie L1e robot muH 
leave the St2 .. r1 at ume O and a.<. ... e j¡ L'le Gl.).!.] 

'1 ~- r: ; :, .. '1 ,,. -1: 
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robot 

at time lO. At ume 8 the robot mu~t be sor:u:whe~ 
\lolthin the bubble. 

~--.,_J~""IJI'irr ed point 

bject 
Goal 

point 
F1r 2. P:-1:7'.::-:g ~~e ~obot at col!islon. The robot IS relocated along the 

:2nger.t to L;...: O~JCC:t. at the col lisian pomL b th:s case 11 JS mo"ed along 
:..l;e :2.::;ent l-.:df the distance to the scheduhng bubble. 

The replanner. 
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1 IV th~ obj!'r"l ¡._ tl'·•·•11•~r tht• f,,lo,.,tnll ff';'l.~n lf tht> rohot rollalt>:' \A.tth vnh O!H' ohjt'<l tht•n :-pttt· :-. •lt111J.·n 1:::.1 tl'.n 
¡ h (Jflit'll 

r b tfl'", 1n¡;fnt I•J ,¡, .. oltJf'rl d tiH' rollt::.ton p0tllt 1f thr robot movf'o; tn .1 dtrecttun trttv thr 1l.t~l·f'i.1llt' ront.ttntt:.-: ttw 

• 11! ~,¡,tnr:. '
5 

t!H' on¡r• t tllttl Lih lf thr r.Jb...'t tr:nrl'> tnto tht' othn h.Lif-plan{· 1\ m:n f;, tf'¡\f•ltn¡;; tn lr•·r '¡'.t\t' ·i··rf'n<lllt!Z: .. n tt1•· 
1 11 , ut rr . . . 

'/' 
1 

thr c-thrr oll¡t•rt-- J :., rohot m:~v cvtltJe "'!!h 3l mo::.t L\~O ntl¡ects ::t:ntdt:tnr•)tt-.h ! h1., 1::. Utlt' 10 ::,,· t•t•:·pnt• ··1 • 1rrr 

.·• 111,~~ 1~ 01 ,. tnln 1""•-' < Ht ¡,.. .. r.tn :ntrr~"r! at f'\:l.C'tlv onr rc·mt lf thr t•>bOt rolltdt•..., 1•1th 1 ... 0 "hJ•'rt:- th•·n 1 r.tt•·l:no;: tnt., •'tttlt r 

- ' 1 '1 . 
1 

ne::o rr::uit:. 1:1 t'l:t•·r::o.: t:: ch.wrt 110\H'\fr tr:l\rltn.-:: m eHht>r ,~f th,. tvo~) rL;"' :tr•n" •t•·!tn1·d 1'~ :tt•·: til.:•·nt i" .:u.tr tl\11'•··! 
·lti·P ·' ·1· · b 1 . 11 1 .~~ ", . .,bu thf rohot rn lrt-t' "P:I.Ct' ~.~::. 1:::. ..,.11~· thP ~u ¡¡:;o.1 \t'Ctor IU O\\~ t te t..L110:('lll 

;:.111~ lv 1" 

. , 11110 .jt' •:·t :ht· rt·¡•i.tr::::no::: \rc:or t'> hJ.~e-d on thtPf' ,·.t!ruhtt•:•:l" Tht' t!:"t nkt:l.!lt•.:J 1" thr· !ll1:'11:!1l!t:t 
¡he m.t. 1 1·· · 
' . tnt' rc'bvt. ·:·! thr· rli"Ltnrt- tr•.·lll thr robot to tht' ctrcul.tr vfJ:,t~c r no1¡n,¡:¡r\ lit' rll"t:lnfl• 1~ .t tltrrt·:··,J 
~¡\h. \t'rtOf flt•' ..... ·rntHI t.tlrul.ttiOn t~ tht• dtstancr vf 1hr r"O••l tn tht• "IIH·Oulm.: t,ur¡t,l•· i,.,unri.tr: !"~:, .... 

:·l.tllllill'l. 
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\ .. r di r.b ¡••e :" ;¡ .. ¡ 

.:¡-.(,\1\('t' ti• '111: lli•• 
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~ •· ~~ vn¡r\1 
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,,:,····· 
- _, 

1 '·- '. 1 

-i7. -7 -,• 

:·••:r·• 1!¡¡1 t!:• ,,j¡,.¡,. ,,]p•)'lii!l'~ ].qJ¡I·!•· t•••·l!lil!l<·d 111 ::. 

··t '1' lt"'' f.l)..•· 1 ¡...-.~ 1.1 rh·· "' ··r ,¡¡ ... ¡ r.tl<'i.!l ··1 t ¡,,. 

.,¡ 1'•"111•·11 ¡:,, ... ¡ !llt' ,.,,¡¡, ... ¡,.¡¡ ,),·lo·nc-r 1• ,, ..... .¡ :. 
·.r- · ! .. · ,. ;•1 ,01:1• ~ :·:n<t:t< , .... , -qt•>::·--:11 TI:" 1·i ,::::· • 

¡.,,r,n.r ]'!,. ¡.; .. ¡>\.·rll 
'¡ 1' ,j 1 • nj lt •1• •ti J f ;¡" 1 ' 

·h,. :- 1,, ~.:• 1 1 ¡, ,. r· .¡,, .1 : r· ·1!1 .... •111<' -1 'rt 1•· .-¡¡¡, •ll r. 
\'1•<11" ,.¡rl)f :1¡,• l•f••ill<'l!l 1• ..,,-,¡;{'(j 11 1 1<•1)¡•¡ .. ¡1 

.. q : 11·· 1 1u• ... q 1>1'1' ·:·:t·::J· ~· n··ril , . .¡ ¡,, 1 !P ·•n·~··" 
•· .,, -qt·:·r•.t.k :n , ... 1.' ~· 1 1 r · •'11 1 il·· 111!l1 11 1" 110: 1': .. -·••'lid ·•:11·•·: l··r:r ,~ ,,, ~·: :r .. JH ''· 

point 

'-----bubble 

point 

minimum 

subgoal 

extent 

\..,.1-----------subgoal 1ield extent 

.. 

no 

F::; 3 F:r-,Cr:-.¡; ::-.:: :!-::d ::'.::"::::'.· .. :-:1 :-.:ew:o:-:s methcd ~~ u~ed 
:o f¡:·,d :~e to:..:JI f1::!d i..::-::~:.:~. ;md relocatc t.he robot. a.fter -­
pnm:n; T:oe \L.:~~0.J) :-:e:: :::-t.:: the o-eehne field are ;mractl\'C:. 
J.:-.c :.".e o::._::.;::·::::.:,..:.~::~~-;:- _:~:• e . 

Planner e start,goal 

.. Collis1on collisionl, 
Detector r Replanner 

•• • coll1sion? • start, subgoal, 

1 1 

subgoal goal 
return 

1 

F:_!: ~ c:-.,1.~ e:::-.: PJ:!.."'::::r A:f:or.:..;...:-:1. T:H: lnjJU! \0 the Planner IS a 
¡:¡~ ro:;-:-:se:-.~:-.g ::-.e e..::-::-.:~~ ;:oo~::1on. ;!..1d L1e c.,;rrer.t goJJ 
;:'V~:::on 
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¡O) 

,---<Jbject ( 1. 54) 

~4•---object motion 
goal 

11.54) 

~~~~~-----,o-b_o_t __ pa_t_hÍ~~-----r( 1 0) 
(2.04) 

~.! E,J:n¡Jle n:sults. An ob;ect o( c:,¡ze 1 !S movmg: d!rectly towJrds thc 
~ 1 ·~r-L Jt J t..:r:lfor:n rJ:e. sunmt: 3 un1ts J'.>>J;.' The robot mu\t rc:Jch thc 
·~c'Jl 10 : . .:nlls ;p ... ay, dtrcctly bch1nd thc ODJCCI The ~oolutJon \hown ¡<; 

:,r,.Cuct:d b~· ü·,e t.lngem method. Thc nuiT'.ber. ¡ndtCJtt.: thc u me: o! thc 
;-'<.1\lllOn 

(O) 

( 2.1 7) 

bject (1.54) 

ob¡ect motton 
goal 

(2.38) 
( 1 o ) 

robot path--~ 

F1g Sb· S.1me e:r..amt'!e 2s F1g 5J, c:x.Cet:J! th:n L"'e fic!d me:~cd v. JS u\d 10 
produce !he resul~. 

Concltl~lon. 

:· ; •• ;t :: .:.:.: :v .;::lt' . " ! 1 J • : •• : ... ,( -,\ l ' ::::t' .; :: ': ~ i !.·.· • ' l ·~ : • ~' 1 : : ·, 1 • \\ .1 ~ 1: ~ : ! ',. 
-•:,. :1 .. : :!:,· r··l··• 1:1 ltJ 

:,, , .. . 11 -. -:' ::1 1: ¡ ... r··'''l :- tl\•1 . 1· 1 •· r· 

·.• · :.~, r : ·~ .• : :-:·e.::""~ ·:.·· .. :~. \. ' : ,, 
' \ L ""! ,, '' 1:1 : tli '"··'1"11 

P··r-f '2.f t":~r.1 .. ~e~.\ a:~:-:-... ~.: 

. ·. ·~ ·~ :: ... •,,·· :.•.: .... 

:, r 1 • :. •..: :: .• t , •• ;¡ 

: . ~. ':.. .... ·. ~ 
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T._, :r•_·~~· ·~~~~ ;!:t·•.·:-":n ~~,. .l:>"urnt· tÍltt 

then 

\\ .. ~ :J•.· ,, :··!\.'':m:: Jnn¡u:J.!ItJt'" 

f\=0 

7',lt: \:¡0 Ol 
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1 ~~ \ 

L~:l:lC:-t't:-":. T:-::lls \~túc~;¡.:t: ~i:J.r.n1no: d :.•:,.r.¡¡..·~: .. t ... -r u . .r.~:·n ono\1.-.~; :s Rc~..::t \l:::c:: 1"-.· · ·. 1 ('·:~:~..-¡ ~~r:~.c!r \\ 
: .. ii=i.!':;;ln J '.; : .. J:.:::-:!-r:.·:~ ! L _..._ L-:·:3.:-..-i'•·:-•·c r .\. \;:..!>en \\ T T~t \liT P:ts.:. CJ.r.;Urto.:e \!:J.ssad:u~etts. t%·2. pp 
l:-9 - ·.~:; 

T:.• 1:: ?.c~e.i H 
'· .\.: :~:-il~:t:J.C:l 

.::'. 1 :.::-5 

i)~l:-:t.:r:~ :lt~ ~'~::''Jt1on of ~t::u~flt·hr.~ onar:tou:J.~Vr tra_t~CO:I!'S 
'.l .\.. Jc.:-.r-.!>e:~ T L .i.: L..:..::..:~c~f't:-n. T 1. \l:...son. \! T T~e 
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l\rlü\ ~z'··rl'l T -~- \!.t:.Vn \\ r Tht• \liT pr~ ...... (_',¡m[.;r¡tl¡:r, \\.¡;:,;,J.rhUSC'll:-o JY~.! pp 2".!1. '.!11 
1 ''· j 11• 

1" l. 

\ 1111<' r·. ~~ ...: : ";l 11·· n 
: ; .. :1 \ ·.:~) ;•¡> 1'' . 

l'hnn1n~ m .1 ,·onuouou:. doma1n · ·'" llllfOIILJt 11011 

\ ~t udy 
l'll 
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i Handling Reai-World Motion Planning: 

A Hospital Transport Robot 

J. Evans, B. Krishnamurthy, B. Barrows, T. Skewis, and V. Lumelsky 

The C'lt'.JCCIJ\'C of the hosonal trJ.nC)pon 
mobtk rpf..._>t. Hdp~1:He. de,·e!o[I~U ~~:::nt!y 

~y Tr:.msn10ns Re~e:m:n Curpor.mon t-. 10 
.::l!Ty out such t.:!sk.s as the delt' ery l'l olf­

~chcdule meal lr.!ys. lab and pn:lilT,J.C~ ~up­
¡-ile~. :.md pauent records L'nlt/..e m:::n\' 
..?\tSIIng dehvery "Ystems tn the tnaustry 
\,n¡ch operate '~llhin a r1g1d net\\OrK ot 

\\Hes buned or Jttached to the r'ioor. ~ 

-,csp:tJ! tr:msport robot ts e>..pected to be 
.:;ble to n:n¡gate much hke a num:::1 V..lluld . 
. :1cludn~f handlmg uncen:unty J:'ld unex­
"ec¡ed obstactes The navigauon S\ ~te m ut 
He!~~b.:e r.1:!.kes u::.e of the srect:'¡.: ~t:--uc­

. ..:re 01 a ;-;ospnal hal\way en' JfO:lr.1ent :1nd 
~;;i:es 0:1 rece:1t results on pro\'aole :;ensor­

j:J.Sed :-:iouon p!J.nning J.lgorlt.1ms that 

~~eC! fu;:!!ly aaare~s tnt: ~~~ut: o! n::.\ i§!3tion 

1n an w:U..no""n and unstructurea e:1vnon­
:~1c:n1 :\:5o ;;¡,:orpor.neo m tnc: ~~ ~tt"m .tre 

Jifonthm~ :cr nanahng unmoaeit"; fJ.¡;tors 

:~eh :::!5 ~C':'"N n01:;e and sensor ln:::!ccurac~-­

:::-rNS ::1 :'C'51110n e"umauon . .ir:.:: movmg. 

,>bslack5 1:: f. ;-::oplel 

The Help~late Project 

The hospnll u.msport mobde rC'Nt. Help­

\ tate. O e\ eiopeo by Trans1tions Res:':!!Ch Cor­

¡)Or.mon 1s e'\pected to become one .1nsv.er 10 

:;¡e cu:-rer:t shonage of he!p 1:1 nosruals 

S:leCJ:-JC:lll~. H addresses the neeo ior as~m­

:.J.:lce \~ 1Ln suó ta.S;.,.s as potnt 10 ?OJ:l: ael¡ver;­
E \arn;:-1e~ Q{ deUver;-· tasks mclude ::1e.l.! tr:l~ s. 
:"':13."";.:3C~ :!..IJ !:lb suppiles. paue:-a recorc.s. 
~:.e:-:-.:::! G1> en the unstruclured e.-\ ¡ronmen: 

~'i a :\;-:~...!.1 .":C'.-;r¡:aJ. ('l.'le techn:,:::: ,,b_lc:Ctl\~ 

.\ ;nc. :.-;.;.5: c.~510'1 of rhu panrr ~-.:11 ,"Jrcscr.:t':.: 

_;¡ l!:t' _: _:.-:.¡ l !:.E E /.'::rr r.atwrw[ Ct~·:·áfncc o-: 
,l\(!no::o ,.¡..-_: -'.utum..JJIIJ'I. .).J¡ r ... ~.c 'liu L- 1 

1_:'r:i ;- ,·:: .'99/ } E111r..s. B K•:5".>:i.lmltr.'l:-. 

.:•:.::) B. 8,;r r~n\ 5 u re w¡:f: Tr.;;r._\r::~,·- \ r:c_I¡'V.'t ': 

C .. Jr,">(::.;:;::e>r.. D.;r.tJUn', c'f Oó~_l~} T s;c--...·5 
'";5 wr:': L:!t· L t::1·cr.\:~\- Sc1\ rf.:·.c'1. C:! 
.1)_:::(1 \ L: .. -r:c;\;~ .,.;:;5 '':Ir. L::c i.. •::-.o~::·. 

\(H' r-f.::,c..-.. L-r 0'J5~0 h'c :s :.:, .. - ,,,_.;¡ :i:r 

Dr_..,.;r:r:c..-.: (; \frcnunlcal ¡_-~~·:nl·cnr:-.· 

,,( the He!o~1ate ¡:>rO_lect :s to ~uccessfu!!y 

h.:u1d!e the uncen:umy present 3.'1d to na\·¡gate 

t-ased only u pon as iittie pnor k.now!edge as 

¡"OSSible . .-\!so. the Help~iate should requne 

htt!e moddlcauon to a g.iven hosp¡ta! and 
:hus make a max.¡mum use of en-board ~ens· 

·n~ o( the natural en' 1ronment. A more com­

?lete requaements anal:-·sis oi thts pro_1eCl 

.:-J.n be found m \1 J A discussion of techn¡­

:-.:d pro'rdems 5-ucn .lS elevator control and 

:C'mmun¡cJ.uon. c:::rgo "ecunty. user lnter­
:·J.ce. etc. can t~e f0und ¡n ¡:1 In th1s an¡c\e. 

cln]~ the O J.\ l~auon S~ ~le m o( He!o~1ate !S 

~e' 1e"' ed 
The Help.\1ate 03\ 1puon s~·srem males 

.;'-e 0i the rece;,¡ '-"O~i-.. C';"l ::10!\0n planrung 

.\ lth mcomriete l!i.formauon!: ].\~ j -\n a.lf;O· 

:-::hm oeveloped ¡n ¡_:.¡_ ca.lled Bur2. :::.llo"'~ a 

;-vm: Jl!tcm:.tton ,....!Li ~c~tle se:1s:ng to tJ'2\'e[ 
:r0m '-0me o,:an p01m _.,,-_ :o ~ome t..:lf~et romt 

T \~ nn no pr.0r L""lov. teQ~·::- e: :.'1e :-~rsence o! 
, >r-:;t.Jcles tn L'le envl.fOnmenL 

\'er;-· one1lv. t'le a.l~onLI-::-:-: t'¡)er:J.I!:S 3~ fo!­

iL''J.S Flfst. the automawn attempts to 

:--roceed 10v. ara the ~a:get po:nt J.!ong a. 

¡n:scnhed :;a.th. Jf it contacts an ob!.tac!e. 

:noves :1lon~ !15 boundary untd it crosses t 

prescnbed path ata dtst.ance irom the tar~ 

~honer1h:m 111a1 between the contactpomta: 

the target l The dJStance Jscompu tedalonp 

~rescnbe d path. lt 1 s thereíore Euc \idean d 
1.:u1ce on!y ¡f the prescnbed path is a stra¡~ 

ltne se1=ment ) Then. the automaton resurr. 
its moti0n :J. long the prescnbed path tov.-;: 

:he tJ~~et and :he process repe:J.tS untd enl 

:he t:J.~~et ~~ re:.~cned ora e:: na m cond1tior 

"J!IS(teé \~ O!d1tndlcate~ thatthe targetcan: 
t-e re:J.c:1ec The pa.th pr0duced by the BL 
algonthm 1s relerred toas the Bug2 ?ath 

h has :J.h-.o been shown that wnh a pf('l 

:-noddica110n Bug2 c.:u1 be used for navigat 

J d1~c-<.haped fmi1e s1ze mobJie robot ln' 

..: :1se. :he al gon:hm 1s a.rpl!ed to 1he underh 

... onli~ur;:mo:1 !.pace. rJther t!1.:u1 to 1he \\ 
.. pa.ce. T:1e required 1nformauon incll! 
. ~lmt!l::!!IOO. ,1¡' IJCtl!e ~em.mg ¡n j,e l 

:-1~r.won ~NCe "'hich !S a..:comp!ished 

~m·enng the penme1er of the real robot' 

tJctJ\e ~ensors. Beneryet, the algonthm c::t 

funher ::n~roved by makmg u~ of n, 
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sensmg: med1a. such as range sensing or 

'iston. The result.mg scnsor-based plan:ting 

algorithm, called \7.\Bug ¡.;¡_ v.as shown 10 

dehver 3 qune re~onab!e performance m 

comple'< en' tronments. The m:lln tdea of the 

\'ersJOn of Vi~Bug used in thJ5 '~ork JS to 

conunuously Jdenuíy the iurthest p(ltnt of the 

Bug2 p:nh that has a clear p::nh to tt 3Ild lhen 

proceed d1rectly 10 th::il pomt. t For the proof 
of convergen ce !-.ee [-l}.) TillS tdentJfied poml 

ts reierred toas an mtermcdwre target polllr 
-\s the Bug2 path lies along e1thcr the 

prescnbed path N :J.I1 0h"l.:icle h0undary '-0 

\~di the Jntermed¡:;:e L1rf:l.'l pomLS 
In the versJOn oí the \'¡.;;Bu~ alf:Drilhm 

~dopted m the He!p~1ate na,tgauon :::.ystem. 
no prior miorm:ni0n about obstacles is J.$· 

-.umea. Ün·boara ~en sor miormatton JS used 
1or na,·¡gauon. T,, m;ü.e u-.e of onor mform.l­

uon about the roDvt en' 1ronment- '-pecJÍt­

c:Dl:-. oi the hmt:ll:..::d h:;llv.J: i:;yout - tr.e 

.:lfontnm oper:;te~ \~tt.hin J n1~her kn:l sur>­
'->Stem whtch fener:nes :J. pre~cnbed p:J.th e\­

C!':'lQI!lJed hy !r.r.arr.ark te:Hures. sucn :J.5 walb. 

tlf t:: .. nc:m;:u-~ oo.tt'(.'\5 aiung tne rooot p;,¡tn tn~l 

w~::' j_n(l',¡, n 10 f'e the~e.' 1:1 Ot:ier \~Onis. tr.e 

::!~-wmp:H:m ci tncomple!e lni.Cl;mJtiCln i..; U'-e..! 

o:-~1:- 10 maneu\'er ~ound obs.tJcles. !he rob0: 
.::iv..s: ~k nov. s 1lS pos1tion rebtt\'e 10 me nos,Q;­

:.::ll:!.)'OUL The nj\ ~~.HiL1n s:- ~le m conunuou-.-

1:- J.:icntincs 1nt~r.ned1J:~ tl:-~e: rotr.:s :!.lO:-!~ 

:.. .... e ¡J:es~;-¡Oed p.i.n v. ncn rosstt>ie cr :!.long a:1 

t)~~w.:le oouno:!.:: :i ne.:e!:.s:.::;. T0 ~:::.~~.:re 

fe:J.Stblli:~·- mter.nedJJte urfet pomt~ aJ...,. a'" 

!1e v.1th1n the r.L"'~e ni .. enSN" 
To O:J.te TRC ;...:s JO<;t.JJ!ed Hdp~l:Jte:::. m 

-e'~;:;! hos;J::..::!~ :nciuC:r.~ 0:;;-¡~ury HC'5rtt.:!! 

Danhury. CT. D~·-,. nt'~ H0spnal. Dov. ne~. 

C.:.... :.:nG .\11 S1:-.::!.l .\1eo1c.J C::mer. .'-'ev. York. 

'\Y. !n ~ome ho~;:lllals Helo~h!t: 1'> tn opera­

uon :.; hou:5- re: C:!.> and ~~ t>e::1g u sed f0r !he 

.Jc::it\'e;: Cli :-:1eaJ :f:!.ys. bb ~u:-p!le.;;. etc The 

:ll~S:'\Jt.:J.b ~= :e:'Ol.J:lf ;l."l ¡n-:r:::.:-.e 1n pr0c:.:: 
\1\\t\ :1.:10 eífK1c:::1::-:- duc 10 l.'1c Help~b:e an..: 

.:~:: (JnOin~ 11 :o x .:ll\1 die:::t\C The IO!tov.­

::1~ 'ec:t0n~ rre:-::nt1n m0re acta ti the reuu~rt:­

r:--.::n:~ (•n th:: H':--!'1 n;n t~:J.110n ':-·der.: 
-:::m:ru:1~ ·~C':o . .~ 1' :'1.:.:1 :lC'~í:t~l e:-., ¡wn­
:-:H:r:t. ..:::...: ::::: Ht·!:-.\1.::::: :-,..:\ ¡~_::::¡~ .~ 

The H<l"'pltal En\'ironmrnt 

Tne iie1f'\ 1..:::: ;·~·:.-e: 1::, t!'lc nu,o¡¡~j e:.· 

-. 1~0nmer.t ;.:, .. -~·: \'! :-;::ae:"tne:.: ':~:J{l:":, 

·.1nt~':l l.i::: •. -:~c::c:c::,; :- . .~ ~c:t'~~·rt. • 

::.:!Jv.:_¡: '· ::::.", .::(•r ir·~:-:-:, . .i:l.; dn :.:tl'~' f~>~ 

t'\,!:11['::!, :,"; ":• w:•:-:::..::1(•;-, p; ;-':\:.":.:] :::.:·, 

c::c::t:!.!':- .-~·:--:e~~-,; ':.:r~('\.:' n~i'-:n~ ~.::-.::~ ¡,. 
:::::,el w~ ~t"e.:- :~~-.; -t..::11.·:1 ::1e H::l¡¡.\l:Jte ;--:--. ..::-

beco simphfied by m5talhng an elevator comrol 

computer !.hat the Help~1:lle commumcates v.1th 
througn an mfr:ll'ed tr.msceJ\·er. Surubrly. robO! 

cono-olkd door openers .:u-e mstalled on doors 
th3tlhe Helo~b.te may encounu:r 

Ha\lw;,¡y_<; ;,¡re t\ ptc.dl~ 6to S íee1 u.·tde \\ tth 

many doors and .!k-Oves Jlong the wal!s. Sorne 

hallwa: s 3re Ir ce of obJCW> but h:l\ e :J. const:mt 

tlow 01 oeople 1fl hoth dJTeCtJon~. Other 
hallway5 are so cluttered wnh medic3l equ¡p­

menl and c:lfts that passage 15 impossible unid 

tne obstac!es hJ\'C been mo,·ed. Placmg oí 

\\ 1rcs or l.:lpe on the !loor 10 gutde the Help­

.\1a.te 1~ not ;.¡J]ou.c:d \\'¡¡hm tn1s em1ronment. 

the He lp~1ate ~~e\ pected tona\ tpte :.~long thc 

hallway~ at a ~p¡:ed of apprO.\.tmately 600 
mmis when the palh is free of obst.1cles :¡nd 

300 mm1' v. hile m;~neu\ erir.~ ;).round 

\1hsl.:lcles 

Help\late DriYe and Sensor 
Subsystems 

Tht: He!o~1..tte dn'e suos~qem has 1\~o 

,nJcpe:1oenu~ Cl'ntrollcJ u:-:., e\\ nec:i" \\ ho'e 

.:L':nmC'n :;\J~ ¡ ... ccntereJ Pn tne fl'l'1.>t Th'..!!'. 

::-1:: Hc~:>~lJte i" J ntmholon(lr:"JJ...' ':· '!er:1 

v.nhout J OOun..:ied s!eerinf :!.íl~le :.. spn:-1~ 

~uspen.<-;on ;..eep<:. the an'e v.neels 1n con::!.ct 

\\ ith lhe tloor e\en v. hen H<; rou~h or bumr> 

Jnd Ú'Ur CJq~~~ ::1 the (0f:1C~S r~O\ tde 

-tJhtln:- Ti-.e dn' e ~uh;:, ~:.::-:1 ;.: .:-ep:' 10rv. ar(] 

..::1J an~ui.:!.r \ eiOClt> comr:1Jn..:s l:0m v. r.tch :t 

~-;¡Jcu!ate<; r..~e co:Tesponcinf: !e:·¡ JnU n~l'.t 

wheel \el0Cllte~ lt ha~ a ma..\Jmum sroeed 0Í 
i lii:-..J mmt~ ..tnJ ..t m~\tmum .~.:..::eie:-Jilo:l , .... ¡' 
1 Oll() mffil:;· 

The He1o~late IS ect.np;'::-..! ',\ 11;, ultr.:t"CiunJ 

.inJ .~:rJ..:::u:-!:'d ltf:ht r:.Jnf'e .<.en.<.m~- This :;.::'r;:.-

1:'1~ contt:luou~\: pr{l\ tdes ;¡ :.et oi ¡;;_n~e 

\Jiue~. e:.:.::1 v.11n :m ,.~._~.-.o.:-:Jted onpn on t.ne 
;,,t>ot an.:l Gtrectnm ol •::;-¡~tn!; Tne u!u-asound 

-::;hC'í~ ::::: PP!:::(ltü :~~'11..:lu.:e:"" dri\'en n: 
1 e\~:. l~!-:.."'.lmen:~ '"n.~; mcXJuie\. The to.:-3-
:ton ,1f :::e ::-J..'l-.Ju~·c::, .:re tnOIL.Jted tn F1~ 

The t:-J.n~vuct::' l't"er:JI:: ,.n :he r'flnCI('il! 0f 

::':~ T:-.:: ¡,,c.~:J,':'. r·: ::-.~- ::::..--:1::~.! ::.nc >'f0tector' 

.:·:: t=:.:l.:;).:::J :n F!.:;- : ¡·,:: c.:.~erJ :"0tn: .. 

~.hl"" n"' Jr::: ;::.;,J :~~· ~;('lt'Cto:~ ..t:e r..1:.:i.ikl \{l 

::1e :ic,--¡r tn :J. :-.1~:t ~: • .: ,., .. -::.::-.~:::7lc;-,¡ Tr:· 

.:·:~u!J:l0'": 1' t:"t'J tn ,·.~icui:.:t:: :n:: r..tnfe J!On~ 
_;: ... .:;:::~· ..:::r:~·:10:1' t.• P:-':~·~· .... .,\ :tntn J 1ie!d ot 

. :n\ ~': ..,.,· lr:::--.!l'cJ :"1n~;~ ..!1:: u-.ed l'n !:'<'tn 

::\t::r:-. .:: ::~~~ '~'U~.:-c~ :::-,e; :0 ~e:'liJer t:-:~ 

:·~,·,c~·:e.; !~~nt ::--.\ ¡,tt>!e ltl ~~(,~·<e fpr ce:.:!.!b 

. •:'1 ::--.:: :na:..'1t:m:lt1C~ (•! ~tn.:.:::urc:J !tfnt r;.:."!~e 

'l':l\lr:_L ~ct ¡,:; ~ 

The use oí lhe~ sensors for both detectmg 

obstacles and tdentifying v.al\5 he!ps deter­

mine thetr location and onent31ion on the 

robot. Sens1ng obstac les dtrectly m tront of the 

robot is criucal and so b0th ultr~~ound anc. 

qructured hFhl ~en~JOF :m: lncJtc:d m thc 

front. ültrasound semors :J.re 31'-0 Jncated on 

the s1de of the robot. 10 pro' id e cm1ufh tnfClr­

mauon about ::!n ohqacle '~h1l~ ,J\(ltdtn~ 11. 

and 10 provide iniorm:Ulon 3hout walls whlle 

tr:J.veltng p:1r3llelto them .. --\s ultrasound sen­

sors are defeated by specular retkcuon. the 

orient.:J.tJOns of these scn.;;or~ .:!fe ~-hosen so a~ 

toCO\ er J \\ tde rangl.! lll ''D-.L.tc:k 11i1~nwtion. 
.-\lso. :.1nce some obq:J.cle <.un·acc~ ha\·e to be 

detected 3t o ni: p:mtcu!:::r netfht ~ (~.!._~ .. m c:J.Se 
of a tJ.blel. the sen.;;ors :l:"e locJted JI \'Jnous 

prespecdled hei~hts. 

To detect obsl.:lcle:-tr:.J: m1g.nt ~'l undetecl· 

!..'d hy the range ~ens0rs. tou~h ~c:nSlll\ e 
"bumpers" are moumeü 0n the twnt and bad. 

oí lhe Help~l.:J.te. (S:::e F:~ l.l Thcse sensors 
are tied dtrectly imo tne e,;i\ e suh.;;yste:Tl and 

\\¡JI s10p the robot v. hen tnf~ercd. thus O\ er­

ndtng 3:1\ current Cl-.;n:nand ~~'ued by the 

na\'lgauon :-:- ~te:n. -\n LCD .::nJ ~,-, pd oro· 

'id e J u 'er mten'.:t~c. T ~:-;¡ 'Ifn:d" .tnd J \~;).m­
tng il~ht u e u.;;ed ,,-. l:lt.:l.:::Jtc \\ nen the 

He!p~1a:e JS Oe\'iatJn~ rmm.:: ~lf3Jfht1Jne path 

~u eh a<; v. hen tuming J comer or 3\'0ldmg an 

ohstack Emcrfenc:· ~:"=' '-wnch:::::. and ~ 

m:J.nual contwl h:!.n!.!k .!~t: ~rO\ tJc:J lor Sllll 

ttons where the n.::ih\ ::.: mu~t h:: cle;).reo 

tjUtd.l~ The Help.\btt' t:J~ a lllC~ed nadoac~ 

for carrymg mealtr;J\" l..tb ~uppltt:s. etc. 

-\11 mol ton p1.1nn:~~ ~~'ih\ :~rt: run~ on ::1 

.\1otowla 6SOOO ha.,e.J ._~;-¡~le b0ard l'Omputcr 

acu ng as !he ~:'te m ma:::.:c:r Se' erJI ~ 1 otoro!J 
68HC1 1 ba.-;ed ~·0:-:-.;-:-...::c~ :!.'"e us~d 1n the 

Jn' e. uitrasound. :1..1d ot.ner ~ub~>·~tems A.n 

18~1 PC comrJuter .~r.J :.J \Jde0 dt~lltZtnf 

'noard are u'ed :n tne ':~10:1 :-Ufl'-~ ,¡cm A htgh 
:;peed ~e:¡;:¡\ ncl""P:J.. -.•1th :J m:.tqer/~l.:ne 

protoco! 41\lou." CC'I:-nr:ou~J.:~tl•lfl T'l"!\~ e en the 

ma:.tt:r ~nd all ~ut-~: '-i.::'r.:• 

Hallwa~ 'a' igation 

Geo.'TleL"1C ar.c t;':-'1':.·:.::;1r.te.:l l:"¡:f\~mJtton 

.1tx1utthe n~·~?t'.~l ~.JI:-.~J\~. ~iL\':.!tf\r 1'1r.hte~. 

de' awr.-. ~"'O q;:¡¡¡or.> :.:re ~enerJted b:- !he 

tn~lallauon enpne~r ':J J.n oil-!ine CAD":-~­

tt'm udo~ed IN Hd;:-:-.1..:1~ :!..pphcaHOn'-. Ar· 
plic3~lC:1 spc.:J:"'i .. : ::1:-o:-;-;-::!.UOn ~uch .l' tr3vel 

re!-:ncted hullv.2:- \, '?e-::a r~qrJCtc:d hall u. J>~· 
-.tatlon .::rrl\'21 :.::-:rllluncernent'- and any 

rre~pC'CIÚeQ '-l:JIJC.Ir'l il<'- for fllUnU~ :líe JI!'O 

:nrut v. ith :h:: C -\ D ·:- ,:e:-:1 Th1" C -\0 data t'­

!:-3Ilsiormeo tnto:! C:Jt.J ~:.n.Jcture ref:-rred to: 

the Topofr.lp~.:- J(n¡-.-.\ ¡~·..:f~ B:J.'t: cTKB l Th~ 

TKB t'> loaacJ tnto ;:--,e d::lt:~\\Jte ;.¡~ r:t."1 ot tnc 

tr:stJ..Ilauon p:occ~s 

:5 E C :;,-~:o: 5·,-ste."':"':S 
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The Hdp\b.te s~stem ..::::-~:!::c:ure t<. 

... hown m Ftg. ]. Help\t:ne oper:lllon ~gtns 
\\ hen a member of the hmpu.::d st:Jif enters '1:1 

:1 keypJd the mJSSton. a !-equence of ~tauom 
tli be , ¡,;¡ej. Ston::d 1nform:.:tion :J\"ICiut thc 

hospual. the TKB. i"' U'-~J in :.J une-u me pl:m­
mng orera110n 10 calcula te;,¡ wute. J ~cquenr~.-· 

~~f halJw;,¡~ <; to accomplish the gJ\·en mlS\JOn 

1,'-.:o nt:ed h.1S been found for "replanmnf."l 
The nang:n10n o! a hallwa~· ts Jccompl!~hed 
by '-\~ itching between the acoons 01' 1 1 lol­
¡,n, 1ng a pescribed p:Hh ::~long ¡he ha.llway 
.1nd 21 :J\ o1J1ng :m nbstacle The fc"~rffil'T u-.e ... 
.!n C!'>ttm:Jt\\.'10 ofthe robot'<; p-.1-.ltlnn JnU heJU­

tng '' tthm :l na.Jiway :md the latter u..,e.., a lo¡,: JI 
m:m 0f 0bstacies The algomhms I\'T r.om 
.h..'llOn'- NClduce torward and Jngui:Jr 'elocn;. 

't1mm:.~nu:- ¡,)f tne drive subs~'-lem 
Cun,er~e:-~ce ot nav1~ation ::~!gornr.mc; i~ 3 

~el:lli\ el~ ~1mo!e problem t'or the He!p~1ate. 

:n:!nk!' r:1::11ni~ to the J\'J!!abi!ny ot' the 

~J.J!v. a~ 1::!~ out .:md 10 the (Jet th:H ttle rooot 
::1n l:'e <;:.llc!: Jssumed 10 be !ocked mside the 

nospll:d. :-.:u:maily. the ro[l01 NOceeds b~ tol· 
:, 1v. tng tn.: prescnoed palh \\ "he:1 :!.1 onq::~.:le 

~~C'.CritS (C'i!O\.I.lOg this p::!th. p0101S :\Ion:_: tne 

~~[lst:lck t-~~~nJ3.0· are idenut'ted 10 order 10 

~:Jide :he ~~~Nlt arounJ it 
-\ hosr-:ui h:J.llv.:J~ v. im u[l~¡.,.._;o pte:-t"n:s 

~u.:n::;, ~¡;::;-k en,·tronment topc>ic•ft~·,:¡tJ~ t:i:lt 

:.!.::onl~ ;,:::13 51mpk rJ.ie m:;,¡ ore~cnbe~ the 

"C't'Ot :e• .:.~v.·::~yc; proceed wt:hm ~n Ji1~ubr 

:.:;;r.~e ot"=l?0" :ü:•0ut r.he d1rect!on ('\ 3 ~J!!•.>.'J\' 

nas v.o:!:. :! He!p\t:Jte conclud::c; :!';:H me l'~r­

:a:t ut-~:J.::e C~1rlOI t'oe :l\O!Od- t':;. :-.e 
h.!.llv. a: 1'· complete! y blod.cd- .: \\ dl '1í:".~­

·." '"":.tll "..;;::d 11 n.1.<; cie:lre!.l lt \\111 n~'t. :,•; 
t:\ample. lollov.· ::1 wall b:.tck J0wn tr.e 

:¡,:¡_j]\, 3~: -.:rdü .. e the general fT]Oilon planntng 

;--roolc:-:1 v.1L"l mcomplete tnionnauon. the:-e 1s 
.--:u nr::"J ::--. t.":ls applicat1on 10 e\plore other 
:-.al]·.>.::~~ ;,..,r a ;'13th to r.he dest1nauon. T:ie 

·•l!.l:~ ,•: 2 ::;"1Cal hall~o~.J~ rlus ::-:e: 1.'-l"C:" nl 
,~h:-::::~ ::-.Jt .:m: 1~ ¡:ncal!~ encoumen:d tn J 

:;C''!:::JI ~~~~e~! thJt the · ::"o3l.e~ · :he Help­

\lJ.tc: \\::1 :-.e :--re ... e~w::o '' Hh :.:.::: n.·.l::~¡¡\l'i> 

The rl'Ule ~ener:Jtcu \1' ::ccfl:-:--,:--tl"n ..1 ~1\en 

TO¡~o,¡pn 1"1:1 !flC l1.•l111 ''l.: ¡11"'!-'"'"' ••""''';"~':­

'!l';'~ tr:J: n::cc :o !">e ;:-::r;n;m::J r:::.'lt'r "t·:-:..:ih 
.-r 1:1 ;"1::.:-.!lk! T~e H~:-"~'1 ;, ~1\ e:1 ..1 ;·.!:..1 :u 

::J\er~e :!.lon~ m e:,¡.:h h:di·o.~.~: ..:nJ J ::1e:.:.n~ <•1 

;::n1~~ :·:Q;-n t'tH: r.:.:.d .... n :,• .. :-,,,::1c T:::­

:--~e"cr.r"c:C r:H.!1 :.-, :,¡ ::1..:::¡:.::·:.::.;_,!> .:~·:::-:t:.: 

.. :: .. · ~:::-. a•-.:-. 
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Fi~. , Hd[!.\fare ns:crr¡ aróurecCJ1re 

FL11lov.mg the presc:1Ded path amounts to 

more tn.;n ~1mpl: :-:":0\lng potnt·b~·powt 

. .dong tr.e pJth. Tne rooot need not be on the 

This i:Jct ts impor.am dueto the connnuous use 
,11 po51U0:1 e. ... üm::~tJ0:-1 ::smg nJtural landmarks 

\1 one tr.5~'11 the roNt s posmon m ay t-e on r.he 

:--rescnt>eJ :JJth anc. ::: :ne nex.t instam 11 wlil be 
,jgnliicJ.nlly oii 1;-¡e patn To lol\ow 1he 

;--rescn'coed pJJ.h. the f.:i\ t~anon algomhm c~cu­

::.J.tt:s a ¡:'>01:11 :!.long :he :-~sen roed t'JJth ZJ.t ~ome 

,;¡~unce :~Dm r.he r0~t and lhe ro(\ot 1~ t.hen 

..::rected ;,)v. ards :hts pom1 [6]. 1l11s techntque 

:-:ro' 1de." t.'1e desu-;1ble .. 5mooth" performance 

lf fol\owmg the p::~m \S prevented by an 

~Jbstacle then the robot wll\ be dtrected so as 

:o ma:1et.:' er :u-aune L":e obstacle. 

Ubsracic .-i.1 (llaancc 

Smce L'1e obsta.:-ies m the h:11lways are 

:on~tanth chan~n~. obstade geometry and 

:--osJIJOn' cannot oe :-:estored m the HelpMate 

memor;: Obstack :l\OHhnce must he an on· 
:1ne orc::-"3110n v.11:1 1:-1lormauon about Lf'te en­

, líOr.mer.t ~-unt:n!lou:.l~ ob1a1ned from 

''n-bo:J.rd :.emors \\-mle lr.:lveling a.long. the 

:--~:.cn~ed p:.tl11. sen~or mfonnatron about the 

HdD\1J.te s 1mmec:J.Ie surroundings JS con­

::nuou~l~ :l."IJ.l~zed lf J!l obs1acle ts detected 
.. :::o.,tru.:-:::1~ the pres.::-tr>ed path. the robO! v.dl 
1l.":.t\ e :1~ patn 1f lhat 1~ necessary 10 3\ 01d 11 A 

,:mole r.Jle ts use!.l <o r.::mdle tr:lO'-ilent obJects: 

:~e fll:"lo..ll U::ceierates !O v.nntn ,:¡ pn:speCttled 

O.::'>t.lfl.:e ol the obstacle and pauses ior sorne 

:::-:1e bc:fore 11 Jec1des to leave :he prc<;cnbed 

;::.t~ Ji L1e ob~tacle h:t.s moved du'lng üus 

~Ju"e L'len Help\1ate w1!l stmrl~ c0nonue 

.~ 
• '"'csootal Sta!! '. 
\ ' 

~ 

r~ah,...av 

~ .. avo;:au:m 

fo\10\.1. ing the prescnbed path a.s ii nom. 

happened. Jf t:le obstJ.cie lS su!! pn:sent 1~ 

:,enser mformauon ts u.sed to dec¡de o:-: 
r;;os:: p~Víí"oising .:!1rection for maneu' er :; 

:1round the obstacle. e1ther right or left. 
The na\ igauon algonr.hm does not use 

:"onnauon dtrectly from the plurality oi Ht 
\late sensors t'or the purpose oi obsta ¡. 

;.¡;.o¡dance lnste::~d. ::~JI sensor data is poc tt 
:moa !oc:l.! sensor m::~p 1,LS~n approx1ma1 ...... 

..! m~. The LS~1 JS añ occupancy gnd re:· 
,enlatton [/] ofthe robot"s local ennronrr .... 

m Cutes:JJl crordina1es Each ce JI repres{ 

~rnsor aenved knowledge man¡festmg 11 

JS a le\ e! 0f cenainry as 10 whether or not 

cell 1S occup¡ed. 11m LSM is a fonr 

memory. JS the robot moves the cells 
"scrolled" m arder to ~eep the robot ce 

wÚ.htn L"le cemer cel\ \.l.llhout deleting 

'1ously p.!hered data about the immec 

envtronmem. Detecuon of trans1ent ob~ 

Jnd no1sy sem:or dau are overcome by a 1 

jenved decay v. hich penodically decre 

:.he cen.amty leve! and evemually erases r 
:-:1ap res1dent k.nowledge. 

The robot"s obstac!e J\'O!dance is ( 

posed of three d1stinct modules· "path dt 

uon." "¡:lJth selecuon." :md "path lr.:lcl! 

P::~th detect10n analyses thts robcr-cemnc 

every i 50 ms 10 dec1de on areas that are 

uf cluner and prov1des the path selet 

module v.uh a ltst of posS1ble paths th:l. 

robot may uaverse through. L'smg TKB 

Jhout the ha!l\.l.ay bemg tr::~ver:.ed the se 
1S res meted to the boundanes oi the hal· 

J.!!owmg t'or poSJtJOn and onentat.Jon u· 

t:umy. To stmphfy the scanrung al! obst..: 
.1re "~own · and the robot ''shrunk'.to a r 
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F:p 3. f..¡_¡cai rnap- rr>hnt nQ\'!fGtln? a haiJ¡,o,·a\: 

~:;miar 10 :n~ confq;ur:H!On ~pace proposed 1n 
}l Th:: pJ.::ls L1us ~ene:-J.ted :!re ""el~hted f.y 
:~e patn seiecuon module 2.c::ordmf 10 !.he 
~utuOJiH\' :.onU dc-pe:ntiwg un lhe state of the 
:obot The fm:il p;:,ul ~.::!e.:::d 1s chosen for 
e:J.Se of m:meuverabihty of !he roOOt while it 
:s rr:-mg to ::lO' e to·.:..:-.;.:!.s ::s :~.:-.~ destir.:nion. 
The pa~n :r-ck.wg module di~e.cts :.he robot 
2.iong the ~eh:cted p.:nh by sendmg fof'.l.·a.rd 
:md ang:ular velocHy com:n;J..nds to tm: robot'5 
.Jíl\e suos~~t:::-n . ..\p¡:'ro\lmatei~. !5 to 25 r.:.s 
;:epena::1g on tne scene 1n íront of the robot. 
:m: spent m me oosuck J.\OldJJlCe a!~Onl!lm 

in l!le obstJ.::le avo¡QJ.nce al ~onthm. po1nt~ 
a long the accessJble 1\ 1~tble1 part of the 
obstacle boundary a:-e Jdent1i1e.d. In 1dent1fy. 
:nf the obstJcle bound.10· po1nts, only seno;or 
míormJ:Jon !rom 111e loe :.ti mao 1S u sed The 
¡Jem¡f¡ec pomts a:-e tnen u sed a.<.¡menned1ate 
:2.rget p01nt' "0 ::-.J.: tne H::olo~tate's path 
around Lie ob\IJ.:l: ;, smoother &.an 1f :: 
· hugeoa :..':eo ~m.:nc.:L-y. iollowm_g pomt·b~. 
pomt. FurJlermore. :~e obs.tade b0undar. 
.:rossmf t!"l:: pe~.:!'J;:le.J ¡:;am ne.eds not ::'le JOen­
:J:"ied ~:::C'~::o =-''~1:1:..<. ::!c-•:1.~ the :-~esc:1bed pa:..1 
."ire JOe~:::-:::oG .:.s Jn:e:-:-:-~eC1ate l2:~ets.. A~ ~oon 

.:'J. cieJ.: j"J:!1 :0 :..1::o :-~e~:l.~eQ paL'1 ha<. De en 
·~eonu!-JeJ :::t ~Ot'('~t .:eJ~t:~ tne (l:'l~ta.:-1: 

;-e:--lo:-:1'.3..'1.:;:- ::nc ~:1o:-:er path~ 
One lntereq:n~ ;-:(•bler:1 enc-ounteored ¡;-, 

0:.:r no~;-¡¡t.J] ::.;oplJc;::uon :~ t:J.:::t ot" CJ!-COurJpr:~ 
;'e0ple:·ro:n ;-!J.~1rg ',\;:hth(!H'lt-.0t TRCh::" 

!ound m::::.! nJ\ 1~;~:::-n oJ.!fo:-1::-:m L'"lat m:il.e~ 
::-:e ro('...>t ~J.u"c: t>e!~):e 11 <.tJ.!" .. .., m.meuvenr.~ 

.:rouna :L~. oo~:..J~Ic .:nJ lil::: ;r.;:.,,e~ me ~ot'IVt 1~1 

' J 

• 

~;\ely ummerestJnf 10 J b.~ ;::oe:--5-0:1 People 
'l-...,n become t~ored v. tu'l the robot ::.na mo' e 
on. allowing 11 to carry out ns usk 

Exampie of Obsracie 4~·oid.c.nce 

F1gs. J and -l are t\l.o ~n3p'i101' Oí :he LS~1 
~t..:r:r:f J typic,:d obstacle cetecncn and 
JVO!d3nce mane u' er The LS~t !S a tv.o 
d¡mension:ti 3..!T.l\' ot 35x35 cds c~ll ;-¡um­
o::rs c.J.n be !ound ::..long t!"l:: r:F.I ::na L1e 
t'lonom edge of the map Tnc robot !S .::entered 

~ :. 
',) '0 

' ' 

on cell coordmate tO.Q). The ~quare repre­
scntc:d by lfs is the Help~1ate robot onented 
facing the ha.llway. The robot's onentJuon 1:. 
not represemed in the LS.\1 anJ is only used 
when detecung. selecung. anJ track.mg along 
the path. E:.l.ch dot repre~em.s :m empty cell A 

ce\l represented by a numt'ler rJthc.:r than 3 dot 
mdlC:ltes that :m ohject ha' t'occ.:n dt:tected m 

that ce\ l. The htgher the numt->er the hi~her the 
cenaimy that an object is m that cell posiuon. 
Fig. 3 i.-. 3 snapshot 0f the wn0t along a 
hallway w1th no obstacles: note the sensed 
walls to the left and nght 0f the rohot. F1g. 4 
sho"" s the ob~taclt:s detecte.:l m !ro m ;J.nd to 
the right of the robot. Subsequentl~ t.he robot 
passes the oostacles to the left. the ob~tacle 1s 

stlll being detected on 1ts nght s1de by the 
robot's right facmg sen~or". \\"hen the robot IS 

well past the obstacle. the ,)rs1..1de q¡ll ap­
pears behmd the rohot :md wdl get etther 
scrolled out of the map or dec:.~yt':J away . 

Posmon an.d h'cad~r1r: Es:unawm 

Es.tJmatJOn of the Help~latc ~ po: . .JtWn and 
heading ~~ :.~ccomphshea ::l:l)U~n the '-emtng 
üf dn' e \\'heel ['IOSÍ\l(•n:- .lnJ en' 1ronment 
!andm:!rks and is penormea conunuousl~. 
Dead rect.:on:ng IS a reiatn ei~ ~1mpie and 
commonly used techmque. Incremental leñ 
and nght drive whed ::.n~ui.tf ü1:-placements 
:.:re used 1n J d1~crete :me_;:rJIJCin to calcul< 
the Help.\1ate's current p~~~n1on :ma headinl'.-­
Lnfor.unately. de::~d rech.CinJn§: 5-u!fers from 

· 'arious ¡naccurac¡es .:nJ ti:' errors a.::cumulate 
u\'er d1~t:mce. The m::.~:l!lUUe ot tne deao red..­
omng errors :ne ~u .. :n :hJ.t Help\1Jte cannot 
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n3\'tgale successfully by de:1d rec~omng 

:.done. 
As the obJCCll\C of Help\1atc t!- 10 l)per:ne 

m .ill envHonmem v.tth J mo~tly !l\ed byout. 
·:-:e errors due 10 dead rcc~onm~ :.JJe curre¡;ted 

by u~e o! n:nur::J.I Lmüm:.Jr~s. Thi~ pron:~-:. t~ 

r..:!erred 10 .:1.'1 rt'I;LIInmon. lnform:mon Jtxlut 

the n::nural b.ndmarks 1~ prended in the ho~pl· 
t.:tl Ja~out SlOTed m the Ht'lpM:lle memory. 
Currently. onl' one type oi nJtUr.ll b.ndm.:1rk 
¡~ us.ed· h:tlh\J~ v.alls. The w:::llls mdic::ne the 

/.11er:U po:-lli(1 n :.~nd headmg of 1he roJ:lN m J. 

:-u\!w::¡~. Doorv.:.JY'· Jlco\'e;-. ~,rject~ .mJ 
¡:'eople m::.:• iimttthe J.moum olwailtnt"onn:J­
¡¡on th::~t the Ht'lo.t..1ate has to refiSter \\tth. 

Ha\lv.::~y \\J.lls are tdenulied throu~h the 

u ... e \ll uiUJ':>O:.wd :md ':>tructured h.;;ht r2.n~e 

~t:n':>tn~ .-\~ ;ne roaot mon:s ::~lon;-the h: .. dlv.Jy. 
~;:.n~e '::!lues 3.I'e obcained :md u~ed to c.J.lcul:lle 
¡-'<Jint 0["1e>.:ts v. n1ch J.re stored in .1 li.~L The 
y:ntem rr:;;o~muon techntquc: of an ircram·e 
< ll't'm n :orJ:: !~u sed on ::J.Itst of p<Hms to e'\tr.J.Ct 

" !me ~e~mem i9] -\ llne :-e~mem of ~utiiC1ent 
~--:;~th CC'r:'-J:-Bng 0f J .;;uffictent numl'IC'r o! 
pomts :" :!.SsumeJ to ~ a v.a\1 Then. the 
Helo\1Jte s lateral posilion and heJdtng wnh 
reo;;pect to tne \\al\ !S ca\culated 

Furthcr Research 

T~e C'.l:-:e~·nl> J\ Jt!::J.ble re~uits t1(the Heip­

\1Jte tes::~-; :ndtcate tn:~t the chose:-~ ~3'1P,­
uon ~:- ~te:-n pro\ 10es :::1 pcn-orrr.:1~c:: ::-::!t i' 
,unat'ie :,~r :ne chosen en,·ironment. This 
.\ .. \~,..., ~:os a:"o Hkn11ticd JreJs m neeJ ,)f :·'..lí· 

<ner rese.1:.::1. For e:o..::unple, more ~tern:ltl\ e.;; 
··,,, ~e;·~:rJt10n would pro' ide more ret1:10k 

;'C'~it10n ano he:1dmg esum:mon \1Ne :r.td· 
llfence · •n obstac!e avo¡dance \\0u\J be 

Jl.'~tre:..:- 11 v.nuid hdp. ior eumole. 1f the 
r,)hot .=-.J:.:¡J at 3 01st.ance dtstingu1sh hetv.eer~ 
,:..:¡nor.J:> Jnd moqn~ C'bst.Jcies 
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A Modular AgentjDeliverable Modality ter Mobile Robot Development 

Roben W. Albrecht 
Depanment of Electrical Engineering 

Universitv of Washington 
Seattle. Washington 98195 USA 

Abstrae! 

An agent/dcliverable modality has been formulated for 
the purpose of cnabling the devclopment of mobile 
robots in an cnvironmc:nt where the personnel consists 
of a large number of neoph)1es ( undergraduate and 
beg:inning graduate students) together v.ith a small 
numbcr of dedicated but transient researchers (MS and 
PhD theSIS students} and a still smaller number of 
pcrmanent researchcrs (faculty). The objective is to 
create a strucwred work cmironment in which projccts 
that are implernented by nc ... '~;·¡y¡.c:) L:an be easily Jnd 
systcrnatically intcgrated into an ongoing bwader 
program of mobile robot dcvelopmcnt. In addition, the 
cmironment rnust pro.\ide a lcarning ex-perience for the 
neoph)tcs. 

1: :\lodularity 

If an educationaJ institution has thc ambition to 

educate students and to use student projccts to 
contribute to thc progre~ of a large d.Ild diversc 
researcb and development program. it is nccessary to 
pay careful attention to tbe organization of the work. 
Without systcmatic organiz.ation il is likely that thc 
studcnt work v..·ill be lost in archives and ncvcr 
contnbute to the project. \\"ith a carefullv dc,i;cd 
modular struclllre it is possible that the comhmcd goals 
of studcnt cduc.ation and progress in a complo. prop::ct 
G~n be accompiished. 

To rcach t!ll.s objcCli\C, a ~truciurc has b~::J 

formulatcd that is uscd 4.5 both a compLlncnt nf thc 
learnine. cn\ironment and as the ba.sis fN crcatinc. and 
modif~i-ng modules in ~uch a way tha.t ncoPh~1C 
generated projects are suitahle for inte!;Tation mto thc 
ongoing rc.search :--·"'gram. This m~'da.bt~ u:-.cs thc.: 
conccpts 0f ~agcnt~ :md ·dclivcrablc-. An a~c:ll 

períorm.s t~ks that result in spccdic dclJ\l'fJblc rc::.ua::. 
that ma:-·. in turn. be uscd hy othcr a.gcnts a.s 
componcnts of a hicrarchical r0hot control s~qcm. 

2: Agents 

An outline of the agents that are under development 
in this program [! 1 and the interacticns bctween agents 
are sbov.n in Fig. l. The discussion in this section refers 
to Fig. 1. 

lt is assumed that the entire robot task beg:ins v.ith 
thc specification of task descriptions. cnvironments, and 
certain limitation.s and con.straints. Thcse acti\ities are 
performed by human agents. 

The inputs from the human agcnts enter a 
specialized knowledge base eithcr directly or through 
the action of tbc computcriz.cd J;cnts knoYrn as 
surveyor [2! and cartographcr [3]. This specialir ' 
kno\l.ledge ts composcd for thc p~uliLu;..ti problcn 
hand and it i.s an instance of a more general knowledge 

base [4!. 
The speciaiized knowledge base contain.s the 

comput:rized agents kno\\n as planncr, na\igator, pilot 
and controller v.hich are shov.n in a hierarchical 
configuration [5!. These agents m ay be supplemented 
by simubtioo. 

Onlv the controller agent interacts direct.ly v.ith the 
actuators and sensors of the robot (or an emulated 
robot) c~rougb an appropriate interface. The robot 
opcratcs. \l.lthin an em-i.ronmcnt which m ay be enhanced 
\l.ith bcacons. reflcctors. scencs, cte. Of course Lhis 
could aiso be an emulated robot v.ithin a simulated 
en\ironmcnt. 

3: Deliverables 

Each ag~nt is responsible for dclivcring a certain 
itero that ts carefullv defincd. lt is C).1remelv important 
to be preetse \l.hc~ :-.p~.:~;;_,; .. 5- ;: ..... :-.:::;.:~~:t::J.itics of 
.J.gcots s.u that dc\·clopmcnt CJ.n procccd in a systcrnatic 
way 

Thc human agcnt is rcsponsiblc for dclivcring ta.sk.s 
or scttmg goals and schcdulcs for thc performance - r 

task.s. spccif:1ng the en\ironmcnt in whicb the ta.sk \ 
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take place, and defining limitations and constraints 
associated v.ith safery, specd. environmental 
modifications. etc. The human agent dc/il'crs these 
items to tbe autonomous robot systcm. \Ve assume that 
if these items are not delivered to the autonomous robot 
system then the systcm \A.ill not function. 

We do not assume that the robot is sufficiently 
autonomous lo invent iLS own goals and associated task 
descriptions. We do not assume that tbe robot is an 
explorcr that totally defines its o\lon environment 
through exploration. Of course, we do assume that in 
addition ro the dcfined emi.ronmem thcrc rnay be 
transient and temporal objccts to deal v.ith. We do not 
assurne that the robot can deri\'e its ov.n \·aluc system 
conccrning safety, CO\i.ronmcntal ímpact, cte. 

The sur.·e~·or agent produces dcliverablcs that are 
map-fcatures. connections. relations. and dimcnsion.al­
refercnces. .\.lap features are objects (in the classic 
sense of OOP). Connections and relations express 
interrelationsbips between objects. Dimensional­
rcfercnces are a special class of objects that refer to 
coordinare systerns and measured quantllies such as 
distances and ang.les. Thesc deliverables are currcnt!y 
produccd cithcr dlrectly by a human agem or by thc 
surveyor from CAD models. Plans are being 
implemented to produce these dcli,·erables from robot 
exploration and to use cxploration as a mcans to 
cnhance the knov.ledge of the cmironmcnt. 

The cartog:rapher agent produces a dclivcrable that is 
an atlas. An atlas consists of maps.. indices to maps. and 
useíul information about spaces. Thesc maps are in the 
form of iconized cartog:rams v.ith gcomctric and 
relational informatice contained in the . attributes 
(symbolic. nurneric. and g:raphical) of objccts that reside 
in a knowledge base suJtable for robot consumption. 

Tbe planner agent produces deliverables ulled 
plans. Plans are lists of symbols and quanlities that. 
specify a proccdu;-e to changc the statc of thc rl•hot and 
environmcnt from sorne ~ivcn condition tn sorne goal 
condilion. These plans are made on the basis 0f 
availablc information. Of coursc thc pb.ns may not 
account for mforrnation th.:lt is 1...!:13\aibbl:: tn the 
plannrr. 

Thc na,ig.:nor a~cnt ddivcrs ro~it1or.al ::.·~:1r:.:n:.: ... s m 
both quantitalivc ~nd quaiitall\C furm In :H.iditi.::1n tu:;. 
positional fL'<.. the na,igator agcnt dcJi,crs 3 :-afc doma1n 
and 3 h1eal ~ubgoal. That is. thc n:.l\i!;alor t.kli\'crs a 
boundcd domain in which thc riil'l C.iil \~j'CT:Ilc !0 rcach 
a suh~oal from the currcnt ros1twnal (:.x v.ahout 
rdcrcnce to m;.¡ps. plans. etc 

Thc piJot is the agcnt thJt rcccl\CS "l'mLlT d:.llJ from 
thc controllcr. rccciH:s a ~aic domain. a pm.1tion ti.x. a.nd 
J !oC-.J.l subgo.:d fr0rn thc ;;.:¡,,~Jtc1r .. 1nd J::li"crs 

commands for dri\ing, t ur~og. or executing various 
combinations of maneuvers and sensing to th 
controller. These deliverables are in the form of highe. 
k' el spccifications. 

Tbe controller agent rcceivcs higher lcvcl 
specifications for mancuvcring and scnsing from the 
pilot and com poses these into command strings that are 
delivered to the robot m ultitasking operating system 

The robot (or an emulatcd robot) is the agent that 
delivers actual motion and actual sense data. Motion 
and sensing are delivered by the multitasking operating 
system sche-duling these tasks, informing expert modules 
to carry out the tasks, monitoring for task completion or 
interruption.s, and reporting results to the pilot agent. 

4: .\lodality 

Tbe modality for carl')ing out mobile robot 
development consists of a curriculum for neophytes, MS 
and PhD research acti\.itics for transient researchers 
and integration by permanent rcscarchers. 

Curriculum: The curriculum that has been 
structured for neoph:1es to make c~ntributions to the 
overall mobile robot program co,·crs three academic 
quarters of ten weeks duration eacb. In the Ürst quarter 
tbe neophytes caneen trate on learning the programmi 
environment (object oriented.. real·time expert systeu 
leaming to interface this prograrnrning environment to a 
real robot. and learning the dcta.tis of the protocol that 
is reqmred to ultimately produce a module that can be 
imegrated into tbe ongoing program. The leaming 
enmonment is structured by_ pronding neophytes with a . 
proto-agent and a proto-deliverable which have the 
structure of useable agents and deliverables but have no 
content. Figure 2 shows the beirarchical structure for a 
tvpical proto·agent. 

In tbe process of prO\iding content to the proto­
agent and the proto-delivcrable the ncopbytes learn thc 
protocol and structure for all prescnt and future mobilc 
robot agents and delivcrables. All research projects 
that contribute to the development of an agent andjor a 
jeliverable must produce results that are in confonnity 
'"'ith the corr:::sponding proto-structures. Iotroducing 
thc proto-agcnt and proto-delivcrable and enforcing a 
research and development pattem 1hat produces results 
that correspond to this pattern are !he keys to obtaining 
rrojcct results that can ultimatcly tle mtegratea. Bmh 
the proto-agent o.1uu prow-Jcliverable provide 
h1::rarchies of objects, messages. conncctions., variables.. 
and parameters that are structurcd to be compatible 
v.ith any ulúmate applic.ations module. Emphasis 
placcd on l..ecping thesc structurcs organiz.ed so tl. 
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interfaces lo otber agents and deliverables are 
transparent. Note thal the proto-agent illustratcd in 
Fig. 2 only sbows the defrnitions of high leve! proto­
objects (defrnitions of mcssages, conncctions, and 
specialized gadgets are not shov.n). lnstances are not 
shown. An operating agcnt or dcliverable v.ill include 
many object defrnitions that inherit attributes from the 
superior objects. 

Figure 3 shows thc object hierarchy of delinitions for 
the cartog:rapher agent. Sincc the cartographcr agcnt 
has no lists and does not dcfrnc any new variables or 
scnsors. objects of these classes do not appear. The 
cartographer agent appears in tbc class hierarchy below 
agent. Otber agents will havc a similar s.tructure and 
their definitions \l.ill rnerge scamlessly v.ith the 
cartographer. Tbe delivcrable associated v.itb the 
c.artog:rapher is world. \Vorld has many lists anda rnuch 
ncher arrJy of object dcfinitions than cartographer: 
Tbis is tvpicallv tbe case. Deuverables consist of a large 
variety oí objects and a rninimurn of proccdurcs and 
rules. Agents consist of a large number of procedurcs 
and rules and a minimum of ot>ject classes. Thus the 
hicrarch.ical structure of object dcfinitions for world 
retains different ponions oí the proto-structure than 
does the hierarcby for cartographcr. Al! dcli,erabks 
v.i.ll rnerge scamlessly v.itb cach othcr and v.ith agems. 
By cnforcing this modularity, one can construct partial 
0r complete robot operating hierarchies (rorn the 
ind.i\idual cornponents at v.ill. Figure .t shows a mcrgc 
of the canog::rapher vmb a particular world namcd ce­
nrb. ~ote how tbe luerarchies are scparatcd. Th1s 
structure i.s maintained for any numbcr of agcnts and 
dcliverables that are merged. 

In the second quaner, the neoph~1es are introduccd 
lo the deta.tls of actual agents and de uve rabies Lhal ha ve 
been pre\iou.sly produced. Carcful attcntion is paid to 
the question of integrating modules into a cohcrent and 
cooperating system. During the sccond qu;Jrtcr the 
·ncoph~les de,clop a pwjcct dcscript1nn th..1t (v.hcn 
oppro,·eá) forms the basis for the rrojcct thJt is 
::xccutcd in the third quarrcr. 

In thc third quartcr, ncoph~lcs exccut:; prC'j::cts th.1t 
mu5il be dcrnonstratcd by tntq;r:Hing th:: j1r0j:.'Ct rou!ts 
into thc existing framework. for mc,bil:.: rc,but t>cha\i(lf 
;.¡nd ~hov.ing that thc proJCCt moduk t·;,.h~nc:.:s :J ~k.dl of 
thc rohot ve hieles. 

Tyrical project modules thJt h:.J\'C hccn imrlcrncntcd 
in the past are· 

The raw atlas for a lim!t:.:d \~Prlr.i (~ .. _ilvcrablc) 
consisti_ng of maps constructcd in th~· f0rm 0Í icoms·:d 
cartograms v.hose anributcs rcprc!-cnt :niL'rm~tilJn 

conccrning the interior cmironmcnts t\f t-.:.o buildings 
:md onc O;JtdL"I0r crniwnmcnt bctv.l'c:'lthc t'o~,;:ld!m:~. 

A cartographer (an agent) that uses the raw atlas 
information to produce a completcd atlas consisting of 
completed maps, indices, and other useful informaLion. 

Student research acthities: Studcnts who pursue 
researcb projecLs may entcr the rescarch prograrn 
tbrougb one of two patbs. The lirst path is lo enter as a 
neophyte and to complete Lhe ncoph)1e curriculum 
discussed above. The second patb is a shorter and more 
intense route. In this second path. researcb students 
must complete a self-paced instruction course that leads 
them througb the modular hierarcbics by syllabus and 
leads tbem througb curren! agents and deliverables by a 
combination of syllabus and prograrnmed instruction 
packages called robotutors. After studenls complete 
tbe prograrnmed instruction phase of tbe second path, 
they must participate in a course enlitled ~research and 
development in mobile robotics" which introduces them 
to current researcb progress and available tapies. 

Typical researcb projects that bave t>een completed 
or are in progress include: 

A surveyor agent tbat pro,idcs atLributes to tbe 
objects in the atlas (map-feature deliverables) 
lranslated from CAD modcls. 

A planner agent that pro,idcs plans (deliverables) 
based on information conccrning the robot"s current 
position and orientation, its goal position ar 
orientation. world information. and timi. 
requirements. 

A pilot agent tbat pro,idcs local reOcxive baba,ior (a 
deli,erable). Such beba,ior includes local obstacle 
avoidance, door traversal. local goal sceking. etc. 

A conLroller agent tbat pro\ides performance orders 
(deliverables) that are sent Ío tbc pbysical or emulated 
(an agent). 

Tbe pbysical robot is an agcnt that produces motion 
(a deliverable) and sensory data (a deliverable). Tbese 
deliverables are produced in the contex1 of an on-board 
mullitasking operaring systcrn namcd LL-\.MA that was 
developed as part of this program. LLAMA has a 
structure stmilar to FORTH. 

Facull): Althougb thc modubritv of agents and 
delJ\'Crables combincd v.i1h J.D 0rganization of 
neoph)1es and transient rescarchers leads to gradual 
progress in impkmenting an inte~ated autonomous 
mobile robo¡. there are s•gnificant burdens placed upon 
the faculty in maintaining this organiz.ation. One 
burden ts that the faculty rnus.t continuc lu ~ú:.a..::b ~:~.:.. 

gospcl of modularity as neoph:1cs and transient 
rescarchcrs come and go . .-\ sccond burden is that the 
fdculty must continually police thc work of neoph:1cs 
and transient rcscarchcrs to be sure that indi,idu 
modules do not \iolatc the pnnciplcs of modularity. 
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third burden is that much of the- onus of editing syllabi 
and computerized tutors ine,itably falls upon the 
faculty. 
lf the faculty does not assume the burdcns of preaching, 
policing, and editing then there is a great risk that the 
whole edifice that is meant to create a cohercnt 
approach to a mobile robot will fall like a house of 
c.ards. A chief reason for this is the lack of continuity 
that could be prO\ided in an industrial setting by 
intermediate level management personnel who could 
assume rnuch of the responsibiliry for maintaining 
continuity. The symptom of tbe beginning of the fall of 
the edifice is when it is discovercd tbat severa! modules 
are not capable of being interfaced seamlessly, the 
individuals responsible for t.he creation of eacb of the 
modules is no longer present, the current neophytes and 
transient researchers bave no stomach for investigating 
the reasons for this failure. and the faculty is both 
insufficiently familiar v.ith the details of tbe work and 
has insufficient llme to repair the rupture in the edifice. 
The offending modules tend to be ignored by the 
current neoph:-o1es and transient researchers. After 
being ignored for sorne time, the functionality of the 
modules is los t. Sometimes· the work is rcpeatcd. Often 
this situation leads to a kind of chaos that ~>•timately 
degenerates into the usual pattern of every person for 
himself and the bold ideas of crcating eoherenee are 
relegated to the trash can. 

S: Mobile Robot De.-elopment 

An autonomous mobile robot 1s a complcx 
engineered de\ice. Tbe kcy to tbe svstcmatic 
development of such a de\ice is an organization that 
facilitates t.he mtegration oí tbe contributions from a 
large nurnber oí participants. This kind of intcgration is 
especially difficulL in an academic emironment. 

A modality has been forrnulated that uses an 
agent/dcliverable paradigrn . for the developmcnt o[ 
autonomous rnoblle robots. The developrnent is hcing 
implemc:nted by a large group of students ovcr a 
prolonged penod o[ time. 

A principl:: objecti\ e of thc rnodality is to m~kc a 
possiblc for neoph~1cs to ~ccomplish ta.s~ v.ithin :i 

framework tbat allows the result of thcir work to bo 
integratc'd v.ith the overall goals of thc mobile robotics 
prograrn. This means that the work accomplished by 
ncoph~1es must be in a modular form v.ith transparcnt 
mteríaccs. 

To accomphsh this obJCCtive. nooph\lcs "'e 
introduccd to ;:,.n obJCCt·oricntcd. rc~l·tJmc cxpcrt 
systcm. Th::y j.TC Jircctcd tl) v.or~ through ;:;_ 
modcratch· pcdant1c :-yilabus that ¡-'r0duccs :1:1 

agent/deliverable module that is in the desired 
integratable form. They are introdueed to modules that 
have been created by pre,ious neophytes and/or 
pre\ious research students or faculty. With this 
background they create ncw modules (or parts of 
modules) that can be used to enhance the overall 
rnobile robots program. 

The central advantage o[ this organization is the 
capability to use neophyte contributions in a 
cummulative way to reach the goals of a long-term 
rnobile robots devclopmcntal program while al the 
same time· pro\iding a mcaningful educational 
experience for neoph)tes. 

The size of the group at any point in time is 
approximately 30. The time period for the devclopment 
is anticipated to be 10 years or more v.ith t.he potential 
for incremental irnprovements C)..1cnding for an 
indeterminate length of time. The students range from 
a majority of neoph~tes (seniors and beginning graduate 
students in a robots class) to a minority of transient 
researchers (MS and PhD studcnts) supervised by one 
or two faculty. 

The rnainteoancc of this moda\ity ~ithin an 
educ.ational institution is fra~rilc. Constant vigilance is 
required to detect and interccpt tcodencies toward 
incohereoce. Indi\iduaüty, transicnt participants and a 
lack of a strong reward/punishment structure for 
nonconformity rnay cause the modality to unravcl. 
Time willtell if this experimcnt succecds. 
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WHEREAM 1? 

ROBOT LOGICAL ORGANIZATION 

PLANNER 

NAVIGATOR· 

PILOT 

CONTROLLER 

Figure 1 : Relationship of Cooperativa Agents 

INOUIRY OIRECTEO TO CONTROLLER 

CONTROLLER: 

STATUS: 

PROPULSION MOTORS NOT TURNING 

STEERING MOTOR S NOT TURNING 

ORIVE MOTOR ENCOOER = O 

STEERING MOTOR ENCOOER = O 

ANGLE BETWEEN BASE ANO WHEELS = 45 OEG. (FIG. 1) 

SENSOR S NOT ACTIVATEO 

RESPONSE TO OUESTION: 

"NOTA PROPER OUESTION FOR THE CONTROLLER. ASK THE PILOT!" 
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PILOT: 

OPERATION INTERRUPTED (UNKNOWN CAUSE) 

NO CURRENT SENSOR DATA (EXCEPT WHEEL ENCODERS) 

RESPONSE TO OUESTION: 

"NOTA PROPER OUESTION FOR THE PILOT, ASK THE NAVIGATOR!" 

NAVIGATOR: 

OPERATION INTERRUPTED (UNKNOWN CAUSE) 

CURRENT MAP (DATA BASE) IS FOR REGION A, ROBOT PROVING GROUND (RPG) 

MOST RECENT MANEUVERS IN REGION A, RPG 

NO CURRENT SENSOR DATA 

ASK PLANNER FOR INFORMATION CONCERNING "WHERE AM 1" 

PLANNER: 

HISTORY OF PREVIOUS ~.W~EUVERS INDICA TES MOTION IN RPG FROM REGION G TO H TO 
A 

GOAL WAS TO OBSERVE BEAM TUBE IN REGION A 

NAVIGATOR WAS IN COMMAND WHEN ROBOT PASSED FROM H TOA 

?LANNER HAO PASSED RPG-A MAP TO NAVIGATOR 

PLANNER RECOGNIZES FOUR POSSIBIUTIES: 

(1) RPG 

(2) ROL 

(3) OTHER SPACES (1.2 ... N) 

(4) LOST 

?LANNER "BEUEVES" LOCATION IS REGION RPG-A 

PROBABIUTIES. 

(1) 0.8 

(2) o o 

(3) 0.0 

(4) o 2 

-. 
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TO MODIFY PROBABIUTIES, REOUEST NAVIGATOR TO IDENTIFY LOCATION WITH SENSORS 

NAVIGATOR: 

MAP OF REGION RPG-A SHOWS BEACONS #1, #2, PLUS REFLECTOR (FIG. 2) 

NAVIGATOR DIRECTS PILOT TO "LOCA TE" BEACONS ANO REFLECTOR 

PILOT: 

FINO BEARING TO BEACON #1, PASS TASK TO CONTROULER 

USE "SCAN 15 DEG, THEN 2 PI" 

CONTROLLER: 

TURN ON IR BEACON DETECTOR 

ROTATESTEERING MOTOR +15 DEG 

STOP IF BEACON SEN SED 

IF NO BEACON, ROTA TE STEERING MOTOR -30 DEG 

IF NO BEACON. MAKE 360 DEG ROTATION 

STOP IF BEACON SEN SED 

STEERING STOPS 

BEARING TO BEACON REPORT: 

ANGLE BETWEEN BASE ANO WHEELS = O DEG (FIG. 3) 

REPORTTO PILOT- ALL STOP 

PILOT: 

PASS BEARING TO NAVIGATOR 

FINO BEARING TO BEACON #2. PASS TASK TO CONTROULER 

CONTROLLER: 

REPEATS SEARCH SEOUENCE 

NAVIGATOR: 

DETERMINES CANDIDATE LOCATIONS ANO ORIENTATIONS OF ROBOT (FIG 4) 

PASSES LOCATION INFORMATION TO PLANNER 

PL.ANNER: 

o2D) 



UPGRADES P(RPG-A) = 0.9 

CONTROLLER: 

REPORTS ANGLE BETWEEN BASE AND WHEELS = 108.43 DEG (FIG 5) 

(ALL STOP) 

PILOT: 

PASS BEARING TO NAVIGATOR 

FIND BEARING TO REFLECTOR, PASS TASK TO CONTROLLER 

NAVIGATOR: 

DETERMINES CANDIDATE LOCATIONS AND ORIENTATION OF ROBOT (FIG. 6) 

INFORMATION SUMMARY: 

DISTANCE BETWEEN 1 AND 2 = 10.61 

ROBOT MUST UE ON ARC 

EOUATim< CF CIRCLE IS 

P(x, y¡ = (x-a¡' • (y-b)2 .,2 = o 

CONTROLLER: 

TURN ON LASER SCANNER 

SWEEP • AND - 60 DEG 

LOCA TE REFLECTOR 

BEARING TO REFLECTOR REPORT AT 36.86 DEG 

(ALLSTOP) 

PILOT: 

PASS BEARING TO NAVIGATOR 

WAIT FOR INSTRUCTIONS 

DETERMINE APPROXIMATE LOCATION AND ORIENTATION OF ROBOT (FIG. 7) 

PLANNER: 

UPGRADES PROBABIUTY TO P(RPG-A) = 1 O 

JO~ 



ARE YOU SURE? 
NAVIGATOR: (COMMUNICATING WITH PILOT AND CONTROLLER) 

CONSIDERS OTHER SENSOR INFORMATION TO VERIFY POSITION 

SONAR SCAN (FIG 8) 

USE OF BEACON #1 PLUS RANGE TO REFLECTOR (FIG 9) 

MOVING TO SELECTEO LOCATIONS FOR OIFFERENT ASPECT (FIG. 10) 

E. G. EOUIOISTANT FROM BEACONS ANO/OR AT INSCRIBEO CIRCLE OF BEACONS 

CAPTURE A SCENE ON TV 

WILL NEEO TO MANEUVER TO A POTENTIAL SCENE USING MOOEL OF REGION ANO 
CAPTURE A FRAME 

PILOT: 

GIVES COMMANO TO CONTROLLER TO MOVE FROM (7.5,2.5) TO (5,2.5) ALONG PATH ANO 
TRAJECTORY THAT IS SPECIFIEO BY PILOT IN THE FORM "MOVE FROM A GIVEN LOCATION 
AT A GIVEN ANGLE TO ANOTHER LOCATION AT ANOTHER ANGLE USING THE LEAST TIME 
TRAJECTORY" 

CONTROLLER: 

ACTUAlES ORIVE ANO STEERING MOTORS TO FOLLOW A TRAJECTORY THAT t.1EETS 
SPECIFICATIONS 

CONTROLLER MAY ACTIVA TE SONARS FOR OBSTACL.E AVOIOANCE ON THE WAY 
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CONCEPTUAL DEPENDENCY AND ITS DESCENDANTS 

STEVEN L. LYT!NEN 
Artificial lntelligeoce Laboratory 

The University of MichigAD. 

Ann Arbor, Ml48109, U.S.A. 

Abstract - This p.aper surv~ys representa.t.ioo AD.d processi.ng theories arising out of conceptual 
dependeocy theory. One oí the prima.ry ch.ar.acteristics of conceptual dependency was the notion of 
a canoniW form, built out of a small nmnber of prim.itive representations. Although the notion of 
prinlltives has largdy been lost in subsequt:nt worlc, rnany other of the basic notiom of CD have 
rcm-Uned. In particular, the idea of building representat.iom around inferential capabilities ha.a 
preva.iled in this family of reseArch. The result is a 5Ct of representat.ional stroctures, all o! whlch 
are h.ighly knowledge-intens.ive. Tbe use of these atructures in various proc:es.si.ng theories h..aa led 
to knowledge-baaed theories oí language underatanding, pl.a.nning, reasoni.ng and other ta&ks, which 
have contra.sted sharply with the tra.dJtiona.l &earch-oriented. .approa.ches Wled in other systerm . 

l. INTRODUCTION 

This paper will outline a family of representational tbeories wbicb bave developed from the 
common ancestor of conceptual dependency (CD) theory created by Roger Schank [1,2]. In 
J.ddition, we will discuss sorne of tbe programs that these representations ha ve been used in, as 
"eil as the reasons why these .epresentations have preven lo be useful for these programs . 

The original goal of conceptual dependency work was to develop a "representation of tbe 
conceptual base that underlies al] naturallanguages." [1, p. 554] Tbis rather lofty goal resulted 
in the proposal of a small set of primitive actions (lQ-12 or so), anda set of dependencies which 
connected the pnmitive actions with each other and with their a.ctors, objects, instrument.s, 
dc. The claim was that tbis small set oí representational elements could be used to produce a 

,canomcal fonn represefitatiOn for English sentences (and other natural __ languages). 

Alrnost twenty years later, no one spoems to take seriously tbe notion that such a small set 
of representational elements covers the conceotual base that underlies all natural languages. 
R.epresentation theories tbat ha ve descended f;om CD, such as scripts [3], ha ve had a virtual! y 
un!Imlted number of vocabulary items. Tbe notion of a "primitive'' seems to have disappeared. 
However, as we shall see, CD has certainly infiuenced these subsequent theories. Ooe of tbe 
questlons that this paper wtll address, then, is: \Vbat did we learn from conceptual dependency? 
\\'hat does conceptual dependency tbeory have in comrnon with the descendant theories? As we 
!:'Xanune tbese descendants and the tasks that they have been used for, we will try to discover 
~he common threads that connect this farnily of research . 

\Ve will begin the paper by briefly reviewing conceptual dependency theory. For a more 
thorough review, see [21 Then we will discuss subsequent tbeories, including scripts, plan/goal 
:epresemations, ~temory Organization Packets (~10Ps), and Thematic Organization Packets 
(TOPs). Fmally, we will examine sorne of the processmg theories tbat have accompanied these 
•~presemations. In particular, we will focus on the tasks of language understanding and rea.Soning. 
As we w1ll see, tbe basic assumptions behind tbe representation theories have a large effect on 
the processmg theories that use them. 
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2. CONCEPTUAL DEPENDENCY 

!2.1. A Brief Review of CD Notation 

Conceptual dependency theory was based on two assumptions: 

!'. lf two sentences have the same meaning, they should be represented the same, regardless 
of the particular words used. 

2. lnformation implicitly stated in the sentence should be represented explicitly. That is, any 
information whicb can he inferred from what is explicitly stated should be included in the 
representation. 

These assumptions have many implications for what a representation language should look like. 
The first a.ssumption implies that representations "must be general; tbat is, tbey must capture 
tbe similarities in meanings of synonyms: For example, since "get" and "'receive" can be used 
synonymously in many conte:cts, their conceptual representations in these contexts ought to 
refiect this fa.ct by consisting of similar, if not identical, predicates. 

The assumption that representations ought to explicitly represent implicit information means 
that inferences must be made in arder to produce complete representations. If a sentence irnplies 
information without explicitly stating it, tben in arder to include tbat info~mation in the repre-­
sentation. machinery must exist which can infer it from what is explicitly stated. This means that 
representations must support inference. In arder to do tbis effi.ciently, they must be canonicaL 
\\o·henever a particular inference can be made, it would be desirable if tbe same inference rule 
could always be used to make it. \\'ithollt a canonical representation, several rules would be 
required, one for each different possible representation form. 

Given these representational requirements, then, the vocabulary for conceptual dependency 
consisted of the following: 

• a set of pnmdtt'lS, used to represent a.ctions in the world 

• a set of states, used to represent preconditions and results of actions 

• a set of dlp,ndencres, or possible conceptual relationships wbich could exist between prim­
itives, states, and the objects icvolved. 

Representatiocs of Engli.sb sentences could be constructe<..i by piecing together these building 
blocks to form a conceptual dependency groph. ·· 

PTR..\.:"\5: Tbe transfer of location of an object 
ATRA:\'5. The transfer of ownership, possession, or control or' an object 
MTRA.l\'S: The transfer of mental information between agents 
1\!BUILD: Tbe construction of a thought or of new information by an agent 
ATTEKD: Tbe act of focusing attention of a sense organ toward an object 
GRASP: The ¡;rasping of an object by an actor so that it may be manipulated 
PRO PE L. The application of a physical force toan object 
~10\"E: The movement of a bodypart of an agent by that agent 
1:\GEST: The taking mofan object (food, air, water, etc.) by an animal 
EXPEL: The expulsion of an obJect by an animal 
SPEAK: The act of producing sound, including non-comrnunicative sounds 

Figure l. Tbe conceptuAl dependency prim..ilives. 

The set of primJt¡ves \aned somewhat during tbe course of conceptual dependency theory, 
but it consisted of approximately 10-12 predicates, eac.h of wbich represented a type of- :">D· 

The primitives are shown in Figure l. 
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Ea.ch primitive ba.d a set of s/ot• associa.ted with it, from tbe set of conceptual dependencies. 
Associated with each slot were re~trictions as to what sorts of objects could ·appear in that slot. 
for exa.mple;·tbe slots for PTRANS were tbe following: 

ACTOR: a HUMAN (or a.nimate object), that initiates the PTRANS 
OBJECT: a PHYSICAL OBJECT, that is PTRANSed (moved) 
FROM: a LOCATION, at which tbe PTRANS begins 
TO: a LOCATION, at wbicb tbe PTRANS ends . 

In arder to make expücit the information impücitly presented in tbe text, inference rules were 
written based on the prinútives. For example, from tbe primitive PTRANS, tbe inference could 
be made tbat tbe OBJECT wbicb was PTRANSed was initially in tbe FROM location, and after 
the PTRANS was in tbe TO location. 

The need to make inferences in order to explicitly represent implicit informatice suggested a 
criterion for what made a good primitive: it should suPport a cluster of reliable inferences. Thus, 
PTRANS constituted a good primitive because alJ PTRANS's sbared severa! common inferences: 
from tbe representation one could infer tbe prior location of an object being PTRANSed, tbe 
location subsequent to tbe PTR.-\NS, tbat tbe source and destination of tbe PTRANS must be 
locations, etc. Tbese same inferences could be made no matter wbat type of PTR.-\NS: flying, 
driving, walking, falling, and so on. 

Conceptual dependency representations were written grapbically as sbown in Figure 2. Tbe 
actor of a primiti\'e action was connected to tbe primitive using a double arrow; the object 
appeared to the right with a single arrow connection, and the source and destination (TO and 
FRO~I) appeared to tbe rigbt ofthe object. Tbus, tbe sentence, "John gave Mary a book" would 
be represented as sbown in Figure 3. Jobo was expücitly represented as both tbe ACTOR and 
FR0!\1 slots of tbis action, since it was assumed tbat Jobo had controlfpossession of tbe book 
ongtnally. 

Although indi\'idual primuives grouped together a set of similar actions, it wa.s inlportant 
that disunctions between these actions could also be captured in CD notation. For example, 
reading and talki.ng o.:e ~oth types of ~ITRANS's, but tbere are obvious differences between 
them: reading involves using one's eyes while talking invol\'eS using one's mouth and ears; the 
source of informatice in rea.ding is an inanimate object (su eh as a newspaper) while the source in 
talking is a human, etc. In order to express differences between similar actJons, severa! prnnitive 
acuons could be connected to each other, using ene or more of tbe conceptual depeudencies. For 
example. tbe CD grapb in Figure 4 represents tbe action of reading. Tbe "i" link ID tbis graph 
stands for an mstrumental connection between tbe MTRAI"S a.nd tbe MOVE. 

Talking, on the other hand, ffilght be represented as shown in Figure -5. Again, an instrumental 
connection expresses tbe relationship between tbe MTR.-\NS and Jobn's MOVEment of his moutb 
and ~lar(s ATTEI"Ding witb her ears. 

Sometirnes connections also involved explicit mention of one or more intermediate states or 
actwns. Consider thlS example, from [3]: 

Jobo cried because ~lary said she loved Bill. 

The causal connection between John crying and ~lary loving Bill1s not direct- most readers 
mier that John laves .\tary, realizes that :\1ary does not Jo\'e him back since she !oves Bill, and 
t!le:efore !S sad. This might be represented as shown m Figure 6. In this graph, "l" stands 
:or an mJtiat~ link. connecttng together an e\'ent and a mental state; and .. 1/R" stands for 
tr.¡t¡ate/reason, a complex connect10n between two mental events. 

Representat1ons could be arbitrarily complex, sorrietimes making explicit a wbole series of 
Jnferences tbat couid iJe made These complex sets of prirnitive actions, states, and conceptual 
dependenCJes were called causal charns . . For example, consider the following sentence: 

John went to Sears and found a TV for S lOO. 

•'. 

., 
¡•, 
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ACTOR<:::> PRIMITIVE ~ OBJECT f TO 
. ~ FROM 

Figure 2. Baa.ic formo! a conceptual d.ependency graph. 

JOHN <:;> ATRANS ~ BOOK r MARY 

~ JOHN 

Figure 3. Representation of "John gave Mory a book.., 

JOHN <:::> MTRANS ~ ??? 
.J" ~ JOHN 

~ BOOK 

JOHN <=> MOVE ~ EYES 

Figure 4. Representation of the 6Ct of reading. 

Most readers infer that John bought the TV and paid $100 for it. This implies a rather 
complex chain of events, consisting of John going into the store, looking around, seeing a TV on 
sale for SlOO, taking it to the cashier, and paying SlOO to the cashier. This causal chain might 
be represented as shown in Figure 7. 

2.2. Conceptual Dependency and Semantlc Nets 

A distinction has been made in the literature between content and structure tbeories. In sorne 
ways, it is irooic that conceptual dependency and its derivatives are often grouped into the \y 
of semantic net representations, because in general

1 
semantic nets are a structure theory, w~ ~as 

CD is a content theory. 
The distinction between these two types of theories lies in their emphasis. Semantic net 

theory is about how knowledge should be organized: there will be nodes, with ares connecting 
the nodes together. There is also sorne general (although, in the case of semantic nets, rarel)' 
formalized) notion of tbe structure's semantics; i.e., how to inte-rpreta particular semantic net 
structure. Finally, tbere i.s usually tbe general notion of inheritence, etc. Tbis is all structura.l 
information. Tba.t is, it says nothing about what will be represented, it simply says something 
about the (structural) form thal the representation will take. Putting this another way, semantic 
nets tell us to use nodes andares; but tbey don't tell us what labels to pul on the nodes, or what 
ares to use and wbere .. lt ts up to tbe user to decide these details. \Vithout tbe deta.ils, howe\'er, 
semantic nets do not ·represent anytbing. 

Conceptual dependency theory, on the other hand, was an attempt to enumerate the types 
of nodes and ares which could be used to build representations. Rather than specifying the 
structure of representations, CD tbeory specified the content. True, tbe conventions used in 
draw1ng conceptual dependency graphs also specified structure, but this was not really the essence 
of the tbeory The essence was tbe primitives, and the name.s of the dependencies ~:.icb could 
be used to hook primittves togetber. 

This distinction can be made clearer if one imagines trying to implement conceptual depen· 
den e tes and semanuc nets in first arder predi cate calculus. In the case of conceptual dependencies, 
it is not hard to imagine: the prunitive acts, dependencies, and states would specify a set of pred­
i cates to use when writing predicate calculus statements to represent sentences.1 We might bave 

1 Tbe ~rt cf in!ere:nces pr-oposed. by tb01e • ho hA'<' e wed CD are not typic.al.ly o( .a.n excll..l.S.ivdy deducúve na.t~. 
u would tx- true 1.:1 tbe pre:dlcat.e calculus, but thia r-ea.ll)' ha.a more todo with the v..ae o( tbe representaL.i~. 
r-ar.her tha.n t.he represent.aLions tbenuelves. 
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JOHN MTRANS +--- m 
JOHN 

Y'\i 

JOHN ~ MOVE +--- EYES MARY ~ ATIEND +--- EARS 

figure 5. Representation of the act of talking. 

JOHN BE MENT.ST(2) 

JOHN <:> MBUILD ~ MARY ~ LOVE ~ JOHN JOHN <:> LOVE ~ MAAY 

not 

t UR 

ti.ARY <:> MTRANS~ MARY~ LOVE ~ Btll. 
~Y JOHN 

~----------------~~ MARY 
Figure 6. R.epr~emation of "John cried bcc.ause Mary aaid she lov~ Bill." 

to adopt sorne translation conventicos in order to make all assertions fi.rst-order, but these would 
be quite straightforward. On the other hand, it does not make as much sense to "'irnP.lernent" 
semantic nets in predicate calculus. The two representations are in competition with each other: 
each provides a different syntax for distinguishing belween predicates, arguments, and relations. 
There would be nothing left of semantic nets if we trailSiated them to predicate calculus. Putting 
this another way, semantic nets would not add anything to first-order predicate calculus. This is 
10 contrast to conceptual dependency, which adds the CD primitives as recommended predicates 
to be used. 

:2.3. Conceptual D~pt.ndt.ncy and lnfert.nc~s 

As we stated earlier, one molivation for representing the meaning of a lext in a canonical 
form is lo facilitate inferencing. Canonical form allows us to write inference rules as generally 
as possible: if representations did nol always capture sirnilarit1es in mea.ning, then rules about 
"··hat can be inferred from a text would need to be duplicated, one rule required for every form 
of represenlation which had the same rneaning releva.nt lo the inference. 

To illustrate that infereonng ":as facilitated by c~nceptual dependency, Rieger wrote lhe 
~!E~!ORY program, whicb made iofereoces from text [4]. Infereoces were used to build a "causal 
cba.J.n., to connect events in a story. For example: 

John hit ~!ary. ~!ary's mother took ~lary to the hospital. Mary's mother called 
John's mother. John's lilother spanked Jobo. 

~!EMORY made several ioferences from this story, iocluding that John's mother spanked 
John because she was angry at him for hittiog ~!ary, and that Mary went to the hospital because 
sbe was hurt. 

Inferences were made in ~~E~IORY t.) a. s.tt of rules, which were organized around inference 
categories. There were a total of 16 of tbese categories, sorne of which were: 

l. Specification inferences, which filled m missing "slots" in a CD prirnitive, such as lhe 
ACTOR or !NSTRU~l E;';T of an actioo. 

·., . 
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JOHN ~ PTRANS ~ JOHN ~ 

JOHN BE LOC(STORE) 

JOHN ~ MBUILD ~ 1 JOHN ~ WANT ~ TV BE POSS·BY(JOHN) 

JOHN ~ ATRANS ~ $100 < STO RE 

JOHN 

1 VR 

< JOHN 

STORE~ ATRANS ~ TV 
. STORE 

Fi&UTe 7'. Represema.tion of .. John went to Se.ars and found .a. TV for SlDJ." 

2. Causative inferences, whicb hypothesized possible causes or preconditions of actions. 

3. Resultative inferences, wbich inferred likely results of actions. 

4. Function inferences, which inferred li.kely functions of objects. 

lnference rules were applied in an undirected fashion. That i.s, when ~IEMORY read a sen­
tencc, its inference rules were automatically applied, without any particular goal in rnind, such 
as building a causal cbain to connect events together. This bridging often bappened, but when 
it did it was fortUitous ln sorne sense: inferences were applied to a new representation in an 
undirected fashion, sometimes resulting in tbe conjirmat1on of anotber representation. 

The undirectedness of ~IE!.IORY"s inferences was meant to refiect the spontaneous nature of 
inferences that pe-ople make. Tbese inferences seem uncontrollable for people: one cannot learn 
a new fact w¡thout mferring things about it. However, this undirected beha\·ior led to problems: 
when processing a story; ~~E~IORY did not know which inferences were rnost likely to lead to 
building a coherent causal chain to represent tbe story. Thi.s led to a cornbinatorial explosion 
in the number of inferences that the system had to consider in arder to build causal chains. In 
sorne sense, R1eger's system was lacking common sense knowledge about what inferences were 
most li.ke!y to be relevant in a snuat10n. For exarnple: 

Jobn picked up the me~u. He decided on tbe fish. 

Tbe:-e are :nany conceivable mferences that can be made from someone picking up an object. 
?t:o~ie ¡;i(h. Vl.IJcCL::. up ior many rea.sons. as is illustrated by the íollowing examples: 

l'se-as-instrurnent: Jobn p1cked up tbe rnenu. He swatted a fly. 

Subgoal-to-move: John picked up the rnenu. He found hi.s fork. 

Subgoal-to-read: John p1cked up the menu. He read it. 
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Conceptual depend.ency a.nd it.s ciescendanta 

CUSTOMER ~ PTRANS ~ CUSTOMER < RESTAURANT 

~ 
CUSTQI.IER <::> ATIEND ~ EYES < TABLE 

~ 
CUSTOMER <::> t~BUILD ~ where to sit 

f TABLE 

CUSTOMER <=> PTRANS ~ CUSTOMER ~ 

2 sitting position 

CUSTOMER ~ MOVE ~ CUSTOMER ~ 

Fi¡;ure S. Et\TER sc~e oC the $RESTAURANT script. 

These are certainly not the only possible reasons why John m.ight pick up a menu. Yet, it is 
ob"ious what the most likely reason is why John picked up the menu. Usually people pick up a 
menu in arder toread it, so that they can arder food and eat. MEMORY, howe\'er, lacked this 
knov.:ledge: there v.:as no sense in which one inference was more common than otbers. 

3. SCRIPTS AJSD MOPS 

In arder lo salve the problems with undirected inferencing, larger knowledge structures, called 
scripts. were proposed [3]. Similar to frames [5] and schemas [6,i], scripts "precompiled" sets of 
ILkely inferences, packaged together so that they could be searched mor• efficiently than other, 
!rrele\ant inferences. Scripts represented stereotypical sequences of events, sucb as going to a 
restaurant. By using the script, the theory was tbat tbe understander had quick access to those 
events which always happen in a stereotypic~l event sequence, without haYing to think about 
other inferences which would most likely be irrelevant. 

.-\ script consisted of a set of rol~s. or participants involved in the script as well as com­
mon objects used: and sccnes, each of which described the typical events in one portian of the 
~cnpt. For exa.mple, in the SRESTAURA~T2 script, sorne oí the roles were tbe customer, tbe 
waner/waitress, the restaurant. and the food. Scenes included ENTER, ORDER, EAT, PAY, 
and LEA \"E. The details of each se ene were represented as a sequen ce oí conceptual dependency 
:epresentauons. For example. the E!\TER scene in SRESTAUR.ANT consisted of the causal 
(ha:.n t:1 Figure 8. 

In arder to account for the variability of stereotypical events, scripts often contained different 
tracks. Each track reflected one possible alternative sequence tbat could be íollowed in tbe script. 
For example. the scenes of SRESTAURANT do not always take place in the same order:· in a 
~~t-down restaurant, _usuaUy one sits al atable, orders, then eats, tben pays. However, in fast 
.ood restaurants, paymg precedes sitting, which is then foUowed by eating. Other va.riations ta.ke 
place m other specific restaurants or types of restaurants. Tbe complete $RESTAURANT, then, 
:s shown in Figure 9. 

"Sch.utX a..cd AbeU.On preceded •cript n.unes witb a S. 
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Again, one oí the poinlS of proposing scripts was to facilitate common inferences that took 
place in the events that they represented. Consider our earlier example: 

John picked up the menu. He decided on the fish. 

If $RESTAURANT is inferred from the first sentence, then it is not difficult te understand 
bow the second sentence connects to it. Making tbe connecting inferences is simply a matter 
of matching the second event te sorne other event in $RESTAURANT, and picking out the 
precompiled causal chain from the script which connects the two events. 

In addition te being a powerful processing structure, scripts were aJso proposed as a memory 
structure. Since a script contains al] of the standard inferences which are made about a stereo­
typical event sequence, the theory was that there should be no need to duplicate these inferences 

10 tbe record of a particular episode. This predicted that various confusions should occur: confu­
sions about which particular se enes in a scriptal episode were mentioned in a story should occur, 
and memories across episodes using the same script migbt also get confused. 

Bower, Black and Turner [8] conducted a study in which they found that recall confusions did 
in fact occur. Subjects were shown stories about trips to the doctor's and dentist's office. Scenes, 
such as waiting in the waiting room, being examined, and checking out, were eitber included in 
or orrutted from the stories. During subsequent testing, subjects had difficulties recalling which 
scenes were explicnly mentioned. They also could not recall which particular scenes went together 
ID the same episode. This seemed to provide evidence for scripts or sorne sort of schema-based 
memory of the stories. 

J.l. Scnpts and GeneralJty 

Charniak [9] observed that, for efficiency reasons, causal knowledge in scripts or frames should 
cot be duplicated \~o·hen that knowledge comes from more general causal laws. Thus, in his 
frame-style representational system, which represented mundane knowledge about painting, he 
distmguished between two types of fra.!T:es: srmple events, which corresponded to common sense 
causallaws; and complex et'ents, which referred to the simple events for tbeir causal explanations. 
The PAI:\TI;\G frarne wa.s a compkx e\·eo::.t, which consisted of sequen ces of actic:l.S su eh as "get 
paint on the painting in.strument, .. and .. bring instrument in contact witb object," a.long with 
pomters lo simple events.like S TICK (i.e, "sticks to"), wbicb provided the causal rules explaining 
• by events within the PAI:"'TI:>;G frarne proceeded in tbat order. STICK consisted of a causal 
rule. explaming why bringmg the painting instrument in contact witb tbe object to be painted 
would cause pamt lo stick on the object. Tbese simple events, like STICK, could be shared 
between many complex events, hke PAINTING, so that knowledge C0!)1IDOO to more than one 
situation would not have to be duplicated JO the frames used to represent tbose situations. 

For different reasons, a similar sharing of knowledge was proposed in [lO], as a modification of 
sc:ipt theory. Schanb: discussed the use of scripts for learning. This new task raised sorne problems 
with scnpts. In script theory, although similar scenes appeared in different scripts, the representa­
: ion of these scenes did not capture.these similarities. For instance, the scripts SRESTAURANT 
and :;oEPART~!E:>;T.STORE both contained a scene ba,;ng todo with ordering. In the case of 
;REST.H'R.A.:>;T. this scene was ORDER-FOOD, and in SDEPARTMENT-STORE, the scene 
•·as ORDER·~!ERCHA:>;DJSE. However, tbese two scenes were totally separate entities, with 
!lo representatJOn of the fact that t.hey were similar in very importa.nt ways. Tbere was no more 
general concept ORDER :o wh~eh tbey could refer wbich was an abstraction of the common 
~!1U~1es of both :;:cenes. Thl.S prcsented a problem for learning. If a program were to learn script.s 
':ke SRESTAl"RA:>;T and SDEPART~!E:>;T.STORE, knowledge common to tbe ordering in a 
iestaurant and the orderlng 1n a department store would. have to be stored in two different places, 
Stnce the corresponding ''~"~' i" <REST.\l'RA'\T and SDEPARTMENT-STOR.E did not share 
lnformation. This meant that knowledge learned in one domain could not be accessed in the 
other domain. So. for example. if one learned tbat one shou!d be polite in order to get good 
sen·ice In a restaurant. that :nformauon could not be accessed by SDEPARTMENT-STORE in 
o:-der to realize that one ~hould Se pol1te to the catalog clerks in arder to get good service at a 
department store, al so. 
:~ i'l:2·S·E 
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Script representatlon 

$DOCTOR: 
HAVE-MEDICAL-PROBLEM + MAKE-APPT + GO + 
DOCTOR-WAITING-ROOM + TREATMENT + PAY 

$LAWYER: 
HAVE-LEGAL-PROBLEM + MAKE-APPT + GO + 
LAWYER.WAITING-ROOM + LEGAL-CONSULTAT\ON + PAY 

$CAR-WASH: 
HAVE-DIRTY-CAR + GO + WAIT-IN-L\NE '+ 
GET-CAR-WASHED + PAY 

MOP representation 

M-GET-SERVICE 

/ " 
M-PROFESSIONAL-OFFICE-VISIT "'-. 

/ '-.,_ M-CAR-WASH 

M-DOCTOR M-LAWYER 

M-GET-SERVICE: 
(NEED-SERV\CE) + GO + (WAIT) + (GET-SERVICE) + PAY 

M-PRÓFESSIONAL-OFFICE-VISIT: 
HAVE-?ROBELM + MAKE-APPT + (GO) + WAIT\NG-ROOM + 

(GET-SERVICE) + (PAY) 

M-CAR-WASH: 
HAVE-DIRTY-CAR + (GO) + WAIT-\N-L\NE + GET-CAR-WASHED + (PAY) 

M-DOCTOR: 
HAVE-II.EDICAL-PROBLEM + (MAKE-APPT) + (GO) ~ 
DOCTOR-WAITING-ROOM + TREATMENT + (PAY) 

M-LAWYER: 
HAVE-LEG.!,L-PROSLEI.1 + (MAKE-APPT) + (GO) + 
LAI'.'Ycn·'.'.'AIT!~<G-ROO~.I. LEGAL-CONSULTATION ~ (PAY) 

F1gur-e 10. Script ,.,, :.10P representa.uon of va.riow evi!Dtl. 
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There, was anotber problem wíth scrípts, etc., wbich beca.me e,;dent from the Bower d al. 
experiment. In addition to the within-script memory Confusions discussed earlier, recognition 
confusions were also found to occur between stories about visits to the dentist and visits to 
the doctor. Intuitively, this result was not surprising, since most people have experienced such 
confusions. But how could they be explained by scripts? Should we posit a "visit to a hea.lth 
care professional" script to explain it? Clearly, this would be beyond the initial conception of 
what a script was. 

To accommodate solutions to these problems, a modification of script theory was proposed 
in [lO] that introduced a new processing structure, called a MOP (Memory Organization Packet). 
The general idea behind MOPs was to store knowledge which is common to many different 
situations in only ene processing structure, and then to make this processing structure available 
in all the different situations in whicb it applies. 

To see how MOPs díffer from scrípts, let us compare the script and MOP representations of 
severa! events as presented in Figure 10. In script tbeory,.all tbe scenes of the doctor, lawyer, or 
car wash episode were provided by ene structure, $DOCTOR, SLAWYER, or $CAR-WASH. How­
ever, althougb similar scrípts had many similar scenes, such as HAVE-MEDICAL-PROBLEM 
and HAVE-LEGAL-PROBLEM in SDOCTOR and SLAWYER, there was no connection between 
such scenes. In MOP theory, however, all the commoo elements shared a.moog specific scenes of 
dlf1erent contexts are abstracted together into a more general scene. Thus, the common features of 
doctor visits and lawyer ,·isits are abstracted into a more general structure, M-PROFESSIONAL­
OFFICE-VISIT (or M-POV for short). ~1-POV has scenes, WAITING-ROOM, GET-SERVICE, 
etc., wbicb are abstractions of the scenes DOCTOR-WAITING-ROOM, LAWYER-WAITING­
ROO~I. and GET-TRL\DIE1'T, LEGAL-CONSULTATION. Then, features unique to doctors' 
oflices are provided by the more specific scene DOCTOR-WAITING-ROOM, but fea.tures shared 
by other professional oflice visits exist in the generalized scene WAITING-ROO~I. Similarly, tbe 
sequemial information shared by these scripts is abstracted together also into ~1-POV. Thus, a 
¡;reat de al of information tbat was in SDOCTOR in script theory is not in M-DOCTOR in MOP 
theory. Rather. much of this information comes from :nore general MOPs. 

Simuarly, information wh¡ch is sbared between professiooal office visits aod otber types of get­
'ing sen·ice, such as getting your car washed, is abstracted even higber, into ~1-GET-SERVICE . 
. .\11 get-sernce actions have things in corrunon, sucb as first having a problem, waiting for the 
sernce, and paying. This common information is abstracted toas general a structure as possible, 
tnto even more general scenes such as :\EED-SERVICE and WAIT. 

~!OPs and scenes, tben. are arranged hierarchically. M-POV is a generalization of the common 
elements in .\!-DOCTOR and .\1-LAWYER, ~1-GET-SERVICE is a generalizatioo of M-POV 
and other types of sen·ice ~!OPs. WAITI!\G ROOM is a generalization of.DOCTOR-WAITING­
ROm! and LAWYER- WAITI:\G-ROO~!. WAIT is a generalization of WAITING-ROOM aod 
\I'AIT-E\-LI.'\E. etc. Knowlecige is stored atas general a leve! as is possible. 

4. PL\:\5. GOALS, AND TOPS 

.\nother !me of work which proceeded from conceptual dependency was tbe ootion of high­
:e\ei. goal-ba.sed representatioos. Since CD primitives were mainly about phys1cal actions, tbey 
~!J not seemto capn:re wd! the concepts useful to express knowiedge about goal-based behavior. 
fc:r example: 

Willa wa.s hungry She picked up the \!1tbeiin guide. 

T_he causal chain which connects these events is shown in Figure 11. Given the complexity 
of ~!11s causal cbain, a.gaic 1t seems necessary for a program to have sorne beuristics about how 
to ~earch the space of poss¡ble mferences in arder to construct it. However, this time, it does 
~ot >een: likel.y th~t a_script would be avatlable to guide the process. Somebow, SLOOKUP-

ESTAü IL\!';T-1:>-GllDE seerns to be too uncommon ao eveot to warraot a script. 
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WILLA <::> GRASP -E-- MICH GUIDE 

-f te 

f MICHGUIDE 

WILLA <:>ATIEND-E-- EYES ~ 

-t VR 

WILLA <:> MBUILD ~ l_WIUA<:> PTRANS ~ 

-t VR 

~ ~ RESTAURANT 

WIUA~ 

-------· 

i 
WILLA <::> MBUILD -E-- : WILLA BE HUNGRY 

•' 

Figure 11. Repre~enla.tion o! "Wi.!.!a w~ hunt;TY. She pic:ked up the Michelin gu.ide." 

To account for tbe ability to i.nfer complex causal chains which represented plans constructed 
by an agent in arder to salve a problem, Schank and Abelson proposed representations for goals 
and plans. Severa! categories of goals were proposed, including: 

5-goals: Saiisfaciion goals which recur regularly, such as 5-HUNGER, S-5EX, and 
5-SLEEP 

E-goals: En;oymcni goals. su eh as E-TRAVEL, E-EXERCI5E 

A-goals: Ach~et·cmeni goals, such as A-SKILL or A-POS5ESSIONS 

1-goals: Insinmcnial goals, or subgoals which ar.ise during pursuit of other goals 

D-goals: Delia goals, simliar to 1-goals, hut with standard plans associated with them. 

Justas with CD ;nimiuves. goals were categorized because of inferences that could be ma.de 
based on the category. for example. D-goals, which included D-KNOW (the goal to know a 
partrcular fact). D-CO:\T (the goal of getting control of an object), and D-PROX (the goal of 
moving toa locatton). were a.ssoctated with a common planbox, or set of plans tbat could be used 
lo achieve lhem. The O-goal planbox contained plans such as ASK, THREATEN, and 1!\VOKE­
THE\!E (persuading someone to help because of a thematic relationship, such as parent-child). 
Each plan could be used lo satisfy any D-goal in the right circumstances. 

Schank and Abe~n also proposed uamtd plans, which were schematic structures. but at a 
much more general level tban scnpts. ~amed plans consisted of sequences of planning event.s 
which led to the salisfaction of a goal. An example is the narned plan USE, which consisted of 
tbe following steps· 

USE(x) = D-h:N0\1. + D-PROX + D-CONT + 1-PREP +DO 
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For eXample, tbe goal of using a book would be realized by fust knowing wbere il is, moving 
lO il, acbieviog control of it (by GRASPing it, for example), prepa.ring lo use it in sorne way (for 
exa.mple, ooe migbt bave to put on rea.ding gla.sses), a.nd finally rea.ding tbe book. 

Just as with scripts, tbis knowledge of common sequential a<:tions could be used to fa<:ilitate 
slory understa.nding. In our earlier exa.rnple: 

Willa was hungry. She picked up the Michelin guide. 

The connection between the events is ma.de as follows: Willa has the goal 5-HUNGER. 
S be selects the $RESTAURANT script to satisfy this goal, but befare she can execute 
USE(RESTAURANT), she must KNOW(LOC(RESTAURANT)) (from tbe na.rned plan). Tbis 
generates the_ steps of the plan as subgoals, including the subgoal D-KNOW, whicb in this case 
wiU be achieved by an MTRANS from lhe Michelin guide. Agaio, to USE(Micbelin-guide), the 
named plan suggests several steps, ene of wbich is D-CONT, wbich Willa achieves lhrough a 
GRASP ("picked up"). · 

.{.l. More Compler Reasonmg about Goals 

Schank and Abelson's work pro,·ided the vocabulary oeeded todo elementary reasoning about 
sUlgle-goal situations. Wilensky extended lhis work to more complex goal situatioos, iovolviog 
goal interactioos and competitions (11]. Wileosky proposed rules for plan recognitioo based on 
goal configurations, as well as key characteristics such as resource limitations, recurrence of goals, 
etc. For example: 

Jobo wa.nted to watch the football game. Mary wa.nted to watch the Bolshoi ballet. 
Jobo got the old black-and-white TV out of the attic. 

Wilensky proposed the following rule for understaodiog this slory: 

If a set of characters ha ve goals tbat compete dueto a shortage of a non-consumable 
functional object tbat the characters need to use simultaneously, and one character 
tries to acquire additional functional objects of tbe sarne kind, then tbat action is 
part of a plan to e ase the goal competitioo. (11, p. 204] 

In both Schank and Abelson 's work and \\'ilensky 1s extensions, goalplevel representations were 
quite separate from tbe content leve!, sucb as CD primitives or scripts. However, it seems that 
often it is lb e case that conlenl can bave an effect on the goal/plan leve!.-- Particular facts about 
the context in which a goal arises can play a key role in determining tbe particular plan to'select 
!:::l arder to achieve tbe goal. 

Evidence for rather speclfic structures which combine goalsfplans and contextua! information 
can also be seen in remindings which people bave about these situations. Schank (10] presents a 
~arge number of tbese remindrngs. For example: 

X was talking about how tbere wa.s no marijuana around for a month or two. Then, 
all of a sudden, everyone was able to gel as much as they waoted. But the price had 
gane up 25 perceot. Th!S reminded X of tbe oil situation that cleared up as sooo as 
the price had nsen a Slgnilicant amouot. [10. p. 120] 

. The two situations in tbe examp!e have many things in common. First, tbey are about 
D-CO:-iT goals (possession of marijuana and gasolioe). The D-CONT goals are recurrent, sioce 
't>oth desired objects are ~e C. :;p regular!y and must be boug~t r-ver ?.nd over Tbey also involve a 
51lUalion in which the selected plan is BARGAIN-OBJECT (i.e., excbaoge mooey for the desired 
object), but the object is in short supplv. Also, perbaps a commoo feature is that the desired 
object is controlled by unelhical people (.drug pusbers, and the OPEC cartel). lf we view this as 
• plaoning structure, tbe structure provides a rule sometbing like, ."lf you wanl to D-CONT a.n 
ob;ect using money, the goal recurs regularly, the object is in short supply, a.nd you're dealing 
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with unethical people, tben try waiting a little whi!e, and you'll be able to buy it then, but ata 
higher price." 

Note tbe difference between tbiS thematic structure (or TOP, as Schank called them) and the 
goalfplanning structures we discussed earlier, The TOP has goal features, such as D-CONT and 
BARGAIN-OBJECT. There are also very specific contextua! features, such as the object being 
a usable commodity and in sbort supply; and a very specific suggested plan, to wait a while and 
bu y at a higher price. 

Schank gives many exarnples of TOPs, based on evidence of cross-contextual reminding such 
as the example above. All of tbem suggest a combination of goal/plan information and arbitrary 
sets of conditions, specifying tbe context in. whicb the structure applies. Each TOP can then 
provide a specific prediction or set of predictions about wbat is likely to occur in the situation, 
or what tbe planner can doto achie,•e hisfher goal. 

Setfert and her colleagues faund evidence for tbematic remindings in human subjects, provid­
ing psycbological evidence for thematic structures such as TOPs. In [12], subjects were presented 
with sets of stories wbich included TOP-like sirnilarities. Adages were selected as thematic pat­
terns tbat would be familiar to subjects and culturally sbared, minimizing variability in tbe 
structures used for encoding by subjects. For example, tbe adage "closing tbe barn door after 
tbe horse is gane" can be characterized a.s a planning failure where X knows a plan to prevent 
goal failure, but delays execution to avoid tbe cost until the goal is failing; then, tbe plan is 
executed, but fails because it is not a recovery plan but a prevention plan [13]. Here are two 
stories used in tbe experiments that represent this thematic pattern: 

Story 1: Academia 

Dr. Popoff knew that his graduate student ~ike was unhappy with the research 
facilities available m bis department. Mike had requested new equipment on several 
occasions, but Dr. Popoff alway~ denied ~iike's requests. One day, Dr. Popoff found 
out that ?\.1ike had been accepted to study ata rival university. Not wanting to lose a 
good student, Dr. Popoff hurriedly offered ~!ike lots of new research equipment. But 
by tben, ~!ike had airead¡- decided to transfer. 

Story 2. \\'edding Beils 

Phil was in .lave with his secretary and was well aware that she wanted to marry 
bim However, Phtl was afraid of responSlbility, so he kept dating otbers and made up 
excuses to post pone the wedding. Finally, bis secretary got fed up_J began dating, and 
fell in lave with an accountant. When Phil found out, he went to her and proposed 
marriage, showlilg her the rlilg he had bought. But by that time. bis secretary was 
already planning her honeymoon wtth tbe ac~ountant. 

Two stories were presented in sequen ce, that eitber shared the same theme or did not, followed 
by a test list of items to respond to. Since both stories sbould be encoded wtth tbe same tbeme 
(Tbematic Abstract Unit. from [13]), understanding the same-tbeme stories was predicted to 
result in a connected me mor y represent:1tion. lf su eh a characteristic reminding structure is set 
up Curmg tbe understanding process. will reference to the academia story result in activation of 
the weddmg-bells story? To measure acuvation. subjects responded toa series of test sentences 
about the two storie3. including negauves ( "\1lke dectded to buy bis own research equipment") 
and the two items of interest· 

by then. \!ike had already dectded to transfer 

bis secretary tell m lO\ e w¡th an accounLant 

lf the two stories are connected in memory, responding toan item from one should speed tbe 
time to respond to an 1tem from the other. Tbis same-theme response ume was compared to 
one wbere the preceding item refers to a story tbat did not share tbe same theme, and tberefore 

1 

sbould have no connect1on in memory between the two stories. For example, if one story was -+ 
based on the "?ot calltng the kettle black" theme, and the otber on tbe barn door tbeme, no 
pnmmg of t he response would be expected. ~ 
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The results showed that the expected same theme result did not significantly aífect response 
time to the test items. The shared knowledge structure did not affect the ease of access of the 
episodes in memory, so. the strong hypothesis that connectio~ alone would _result in auto~atic 
activation of related ep!Sodes was not supported. However, if the process 1s not automat1c, 1l 
may still occur under strategic conditions, when subjects attempt to utilize effort or take cues 
from the task specifications. 

In a. second experiment, subjects were instructed to think about the theme as they read, 
and to rate the similarity of the story pair after the test list. Otherwise, this experiment was 
identical to the first. However, the results were different: this time, there was a significant effect 
of thematic similarity: mean response time for stories sharing the same theme was significan ti)· 
raster thao for differeot themes. This iodicates that responses were faster for test items when the 
story pair sbared tbe sarne thematic organizing structure. 

The only difference between the two experiments was the instruction to atterid to sirnilarity. 
It seems, then, tbat accessing tbe same scbema does nQt automatically connect two episodes in 

·memory; instead, sorne strategic purp.ose is necessary to promete activation of prior episodes. 
:\ate that the comparison alone is not tbe cause of the effect, since both conditions required 
comparing story similarity. \\.hen tbe task includes a strategic purpose for tbe reminding, such 
a.s in a straightforward memory test for access to prior thematically-related exemplars, robust 
evidence for tbematic reminding has been found. 

5. PROCESSING THEORIES 

\\"e ha ve examined many types of representations that ha ve grown out of conceptual depen­
dency, includmg scripts. plans. goals, MOPs, aod TOPs. Tbe point of all these representations 
:s to factlitate inierencing. Conceptual dependencies captured many inferences that can be made 
about physical actions. Since not all events are tbougbt of in terms of pbysical features, otber 
represemations seemed to be necessary. Scripts captured knowledge about tbe most likely in­
ferences to make in stereotypical situauons. Plan and goal representations provided inferential 
capabilities at this level of understanding. TOPs combined goal/plan koowledge with co=textu¡ 
features, to provtde more specific predictions useful in planning or plan understanding. 

The mierential capab1lities provided by these representations has led toa general approach to 
processing wh1ch emphasizes the use of knowledge to guide processing as muchas possible. This 
has been true in many types of processing, such as language understanding, learning, planning, 
and reasoning. In tbis section, we w¡U discuss sorne of tbe processing theories which bave been 
de\eloped around these representations. In particular, we will focus-on two areas: language 
understanding and reasoning. 

S l. Langua{le Cndlrstanding 

Conceptual dependency was originally de\'eloped as a representation theory for language un­
cerstanding. The procesSin~ theory wh1ch accompaoied it was highly koowledge-based. One of 
the ce~tral points of this theory was tbat (Iputahons could be generated from representations, 
which would then ;:day a key role in guiding the processtng of subsequent input. 

This general ap?roach to language understanding was radically different from most other work 
sf !:S time which fvcuseJ lar¡;e!y on syntactic processing (e.g., [14,15]). Because ofthe differeoce 
!;¡ focus, seHra! tSSUt!S a.rose First, 10 the expectation-based approach, a key component of 
tbe !anguage understancier is a conceptual knowledge base. In addition, the system must have 
linguistic or syntactic knowledge. How should these two types of knowledge be integrated, if at 
2.!~? Should syntactic know!edge and ccnce~tual knowledge be completely separa te. or completely 
lntegrateci. or somewhere in between? And in processmg, sbould syntactic and semantic analysis 
proceed ID tandem, or should the process be modularized? 

Another issue also arase frorn the different goal of a conceptual analyzer. Since the final 
product of the parser lS not syntactic in nature, what should the role of synta..x be in conceptual 
analystS? ls 1t necessary to build a syntactic representation of an input text duríng parsing. 
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this representation is simply going to be thrown away afterward, leaving the conceptual repre­
sentation? Or can a conceptual analyzer get away with less syntactic analysis, sin ce this analysis 
is not the final goal of the parser? 

5.1.1. Request-Based Parsmg 

One approach that has been taken lo conceptual analysis has involved the use of requests, 
or test-action pairs, lo encocle parsing knowledge. Requests were first used in Riesbeck's ana-
lyzer [16]. The requests in this parser were rnainly stored in the lexicon. . 

A request could be in one of two states: active or ina.ctive. A request was activated When the 
parser encountered a word whose dictionary entry contained that request. Once active, a request 
stayed active until it fired, or was executed; or until it wa.s explicitly deactivated by another 
request. A request fired if it was in the active state and t"b.e conditions of active memory satisfied 
the test portian of the request'~ test-action pair. 

Requests were largely responsible for building conceptual representations. Thus, cornrnon 
actions performed by requests were building an instantiation of a particular concept, or filling 
a slot in an already-built concept. For example, the dictionary entry of verb "ate" contained 
a request to build an instantiation of the concept !NGEST (the Conceptual Dependency [1] 
primitive underlying eating and drinking); and a request to look for a noun group after the verb 
which referred toa food ítem, which, if found, was placed in the OBJECT slot of the INGEST. 

Sorne requests in R.iesbeck's. parser were not stored in the lex.icon. For example, at the 
beginning of a sentence a request wa.s activated which looked for a noun group. \Vhen one was 
found, it was placed in a variable called #SUBJ. Later, when a request from a verb took the 
noun group from #SUBJ and placed it in the appropriate slot (usually the ACTOR slot);of the 
verb 's representation. However, the number of requests like this wa.s quite small, and thus most 
of the requests in the srstem were lexically-based. 

The request-based method of parsing has been used in many other parsers since Riesbeck's 
parser. In the Conceptual Analyzer (CA) [1 iJ, requests were used in much the same way as.·. 
in Riesbeck's analyzer, bu~ with the elimination of many non-lexically-based requests. Thus,· 
instead of a request activated at the beginning of a sentence which looked for a noun group, CA 
had requests in tbe dicllonary entries of verbs, looking back in the sentence for a noun group 
wh1ch could function as' tbe subject. F~r instance, the verb "'ate"' had a request looking for a 
noun group to its left, which was an ANIMA TE: lf su eh a noun group was found, it was placed 
in the ACTOR slot of the !~GEST. Other parsers using request-based knowledge include the 
lntegrated Partial Parser (IPP) [18], the Word Expert Parser (WEP) [19], and BORIS (13) 3 

5.1.2. /ntegrat:on and Rcquest-Based Parsmg 
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1 
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One of toe :nain tenets behind request-based conceptual analysis has been that the traditional 
separation of text analyslS into morphological, syntactic, semantic, and pragrnatic pbases sbould 
be elirn.inated. Th1s is for two reasons: first, given tbat the goal of conceptual parsing is to 
blllld a meanmg :epresentation, and not a syntactic analysis, tbere is no a pnon reason for a 
separate symacuc analysis phase to exist. Second, since semantic and pragmatic lnformation can 
sometimes help to eliminate syntacuc, or even morphological, arnbigunies, semantics should be 
brought loto tbe parsmg process as quickly as poss1ble. An example gn·en in (20] involved the 
foi;owmg sentence: l 

Hunung dogs can be dangerous. 

Out of context, this sentence is syntactically (and semantically) ambiguous. However, in tbe 
foUowmg contexts, tbe arnbigu¡ty 1s eliminated: 

Do you want to try shootmg those dogs that have been pillaging the village 7-No, 
hunung dogs can be dangerous. 
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Let 's take sorne dogs with us wben we go to hunt moase.-No, hunting dogs can be 
dangerous. 

In the context of shooting dogs, in the first example, the words "hunting dogs" make more 
sense as a gerund and its object, since tbe semantic interpretation of this syntactic sense fits 
tolO tbe semantic context. However, in the second sentence, since the context is bunt~g moose, 
and since we know that dogs are often used to assist in tbe hunting of other animals, the better 
JDterpretation of "hunting dogs" is that "bunting" is an adjective, modifying "dogs." 

The des ir e todo away with tbe separation of syntax and semantics has been articulated further 
in [21] in terms of the Jntegrated Processing Hypothesis. Schank and Birnbaum suggest that the 
iotegration of syntax and semantics in a parser can be .measured in terms of three aspects of 
tbe parser: its control strncture, or the processes which occur during parsing¡ its representational 
struciurts, or tbe representations which it builds during the parsing process; and its J:nowledge 
base, or the set of rules which the parser draws on and which drive the parse of a text. A parser 
with an integrated control structure would have no se¡}arate syntactic or semantic processes or 
phases; one with integrated representational structures would not build any separate syntactic 
structure during the parsing process, but instead only semantic representations of its text¡ and 
a parser with an integrated knowledge base would ha ve no rules whicb contained only syntactic 
knowledge. 

The lntegrated Processing Hypothesis states tbat syntax and semantics should be completely 
integrated in tbe control structure and representational structures, and that much of the knowl­
edge base should also be integrated, although sorne separate syntax will exist in the knowledge 
base. Thus, it advocates that no separate phases of parsing should exist, that no purely syntactic 
mformation should be contained in the representations built during the parsing process, and that 
only sorne rules will exist in the parser 's knowledge base which are purely syntactic. 

In light of the goal of bringing semantic and conceptual information to bear as early as 
possible in the parsing process, at least sorne of the motivation behind the lntegrated Processing 
Hypothesis is clear. Since semantics can aid even the earliest stages of the parsing process, it 
1s tJnportant tbat a parser's control structure be highly integrated. One way to ensure that tbe 
control structure is integrated is to integrate the semantic and syntactic knowledge in a parser as 
much as possible. Thus, its knowledge base should also be highly integrated. Finally, with regard 
to representational structure, the goal of conceptual parsers is to build a conceptual representation 
of tbe meaning of a text. not to produce a syntactic parse tree for the text. Therefore, syntactic 
representat10ns sbould not be built during parsing unless it is clear that they aid in the process of 
bHdding the conceptual representation. Given these motivations, then, the lntegrated Processing 
Hypothesis takes almost as strong a stand on the integration of syntax _?-nd semantics as can be 
taken 

The result of these principies has been the use of lexically-based requests to encocle syntac­
tic knowledge. Lexically-based requests meet, more or less, with tbe criteria of the Integrated 
Processing Hypothesis. Certainly syntax and semantics are completely integrated in terms of 
¡orocess. Requests carry on lD parallel any syntactic processing witb tbe building of conceptual 
structures. Requests are also as integrated as possible Wlth respect to tbe knowledge base, since 
~bey usually contain both syntactic and semantic knowledge. For exarnple, the requests discussed 
ea.rlier for the word .. ate" contained the conceptual knowledge tbat "'ate" refers to the concept 
l:"GEST. and tbat the ACTOR of I:"GEST sbould be an ANIMA TE and the OBJECT of IN­
GEST should be a food Jtem. These same requests also contained tbe syntactic information that 
lhe .\CTOR of -ate- occurs befare tbe verb in an &ti ve sen ten ce, and the OBJ ECT after the 
\erb In representational structures, also, tbe integration is high using requests, sin ce no synta.ctic 
representations are exp!icitly built by the requests . 

.5.1.3. SemantJ.cs-FJrst Parsang 

. Another system wbicb utilized a more explicit grammar, yet was highly infiuenced by semantic 
•nformation was the ~!OPTR.A='S system [22.23]. ~IOPTR.ANS translated short (1-3 sentences) 
newspaper stories about terrorism and crime. Source la.D.guage included English, Spanish, Ger-
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man, and Chinese; target languages were Englisb and German. In this system, although knowl­
edge was modulari.zed into relatively separate syntactic and semantic romponents, the application 
of knowledge was integrated at processing time. 

AB MOPTRANS parsed a piece of text, the semantic and syntactic representations that it 
built were kept in its active memory. During parsing, new constituents were added to active 
memory as eacb new word was read. As new constituents were added, semantics was asked if 
anything in active memory 'iit together" well; that is, if there were any semantic attachments 
that could be made between tbe elements in active memory. lf so, MOPTRANS' syntactic 
rules were consulted to see if any of these semantic attachments were syntactically legal. lf 
so, tbe appropriate syntactic rule was run, making syntactic and semantic atta.c.hments, and 
possihly removing sorne constituents from active memory. In other words, semantics proposed 
various attachments, and syntax: acted as a filter, eh casing whic.h of these attachments made 
sense according to tbe syntax of the input. 

To make this more dear, consider how the following si~ple sentence was processed by MOP­
TRANS: 

John gave Mary a book. 

MOPTRANS' dictionary definitions contained informatice about what semantic representa­
tion the parser should build when it encountered a particular word. Thus, "John" caused the 
representation PERSON to appear in tbe parser 1s active ~emory. At the same time, sin ce "'John" 
is a proper noun, the syntactic class NP was also activated. 

When the word "gave" was processed, ~!OPTRANS' definition of this word caused the CD 
representation ATR.I1.NS lo be placed in active memory. Al this P.oint, tben, active memory 
contained tbe following: 

11 John" 
I!P 
(?ERSON H1ME JOSB) 

"gave" 
V 
(ATRANS) 

'·" 

MOPTRA!\S considered the two semant¡c representations in active memory, PERSON and 
ATRANS. The semantic analyzer tried to comDine these representatioos in wbatever way it Could. 
lt conduded that tbe PERSO!\ could be either the ACTOR or the RECIPIE!\"T of tbe ATRANS, 
since the constraints on tbese :oles are that they must be AKniATE. It a.lso concluded th'at the 
PERSON could be the OBJECT of the ATRA!\S (that is, the tbing whose control or possession 
15 being transferred). However. since this role was expected to be a PHYSICAI.rOBJECT, a 
more general category than ..\!\"!~lATE, the match was not as good as with tbe ACTOR or 
RECIPIE:\T roles' 

This is the point at which the ~IOPTRANS parser utilized its syntactic rules. Semantics 
determined tbat two possible atta.chments were prefered. ·:-.:ow the parser examined its syntactic 
rules to see if any of tbem could yield either of these attachments. Indeed, the parser's Subject 
Rule would assign tbe PERSO:\ to be the ACTOR of the ATRANS. The Subject Rule is sbown 
in Figure 12. This rule applied when an !\P was followed by a V, and wben the !\"P could fill tbe 
ACTOR slot of tbe semantic representation of the V. Tbe 1\P would be marked as tbe SUBJECT 
of t he V, and the \' would be marked as having a subject (S). As dictated by the RESULT of 
tbe rule, tbe S would remalD in active memory, but tbe !\P would be removed, since its role as 
subject would prevent many subsequent attachments to it. such as PP attachments. In additioo 
to tbese syntactic assignments. tbe semantic representalion of the ~p ""John" would be placed 
in the ACTOR slot of the .-\TRA\S representing the verb. 

After the execuuon of this rule. tben, active memory contained tbe following: 

"gave" 
S 

(ATR!HS ACTOR (PEP50H NAME JOBi)) 
4 For det&l. About bow tbe !oerna.nuc anAlyz.er re:&ehed these conclusiona, aee {22]. 
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Subject Rule 

Syntactic pattern: 
!dditional restrictiona: 
Syntactic aseignment: 
Semantic action: 

Result: 

Dativa Kovement Rule 

Syntactic pattern: 
Additional restrictions: 
Syntactic assignment: 
Sesantic action: 

Result: 

Dlrec~ ObJeCt Rule 

Syntactic pattern: 
Syntactic aasignment: 
Semantlc a.ction: 

Result: 

IP. V (active) 
!lP ia not already attached ayntactica.lly 
NP is SUBJECT ot V. V ia indicativa (S) 
NP ia ACTOR of V (or another slot, if specified 

by V) 
S 

S, NP 
S allova dativa movesent 
NP is (syntactic) INDIRECT OBJECT of S 
HP 1s (semantic) RECIPIEHT o1 S (or another 

slot, i1 speci:fied by S) 
S, RP 

S, HP 

NP 10 (oyntactic) D!RECT OBJECT of S 
NP ia (semantlc) OBJECT o1 S (or another 

slot, i1 spec1fied by S) 
S, NP 

Figure 12. Some gra.mrnar rules \aed in MOPTRANS. 

The rest of the sentence was parsed in a similar fasbion. After the word ""~iary" was read 
active memory contained twa nades: the nade above representing ""gave," and a nade for "~lar~' 
"·hich was an :\P whose semantic representation was (PERSON NAME ~1ARY). To determine 
how tbese nades should be attacbed, semantics was asked for its preference. lt determined that 
the RECIPIE:\T slot of the ATRA!\S was the best attachment.5 Syntax was consulted to see 
1f any syntactic rules could make this attacbment. This time, tbe Dative Movement Rule in 
Figure !2 was found. When applied. this rule assigned ":\lary" as the indirect object of "gave," 
and placed the PERSO:> concept representing "~lary" into the RECIPIENT slot of the ATRANS, 
leaving active mer"?ory containi.ng tbe following: 

"gave" "Mary" 
S hl' 
(lTRHS .1CTOR (PEP.SOH UJ!E JOH5) (PERSOH H!I!E !URY) 

REC!P (PEP.SOH !i!.ME ~.ARY)) 

The final :\P in the se".tence. "the book.- was attached to "gave" in a similar way. Semantics 
was asked to determtne the best attachment of ''book," which was represented as a PHYSICAL­
OBJECT, to other concepts in active memory, whic.b at this point contained the nades for "gave" 
and -~lary.- Semant1cs determined that the best attachment was to the OBJ ECT role of the 
X1R.A!>S. since a book is a type of PHYS-OBJ, which is what ATRA!\S expects to fill its 
ÜBJECT slot. The syntactic rule which could perform this attachment was the Direct Object 
Rule, also shown in Figure 12. This rule was apphed, yielding tbe final semantic representation: 

~ Just aa ea.rl.ier, w!\1a.ry" could e.ither b-e the ACTOR or RECn>IENT o! the ATRA!'oo'S, but "John" ha.a alre· . 
b~ aaaigned .u the ACTOR. 
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Di.rect.ed predjction 

l. Predict a c:oncept. 

2. Ret.rieve u..ocia.ted pa.tterru whkh will reccgniu t.hAt concept. 

3. Predict pa.tterm' "leadlng edges" (conceph or lerica.l items). 

Opportunin.ic recognition 

l. Activa.te a. concept. 

2. Find a.ll referenced pre&ctioD.II. 

3. Refine to more apecific predktions. 

4. lf tbe pred.ictions' pattern is complete then activa.te the predicted concept.; d.e pred.ict tbe 
pa.ttern's next element. 

Figw-e 13. Component~ of DMAP. 

(I.TRAIIS ACTOR (PERSOH H!IIE JOHH) 
OBJECT (PHYS-OBJ TYPE BOOK) 
RECIP (PERSOH H!IIE l!.I.RY)) 

Note that although the Direct Object Rule could have applied syntactically (and even seman­
tically) when "Mary" was found after the verb, it was never even coosidered. This is because 
the semantic analyzer prefered to place "Mary" in the RECIPIENT slot of the ATRANS rather 
than the OBJECT slot. Since a syntactic rule was found which accomodated this attachment, 
namely the Dative Movement Rule, the parser never tried to apply the Direct Object Rule. 

5.1.4. D1r<ct M<mD'1J Access Parsmg 

One of tbe comrnon themes of many of tbe processing structures in tbe conceptual depen­
dency family is tbat tbese structures also serve as memory structures. However, many of the 
language understanding programs have not utilized this fact. Martin has integrated processing 
and memory further in tbe Direct ~lemory Access Parser (DMAP) [24]. In DMAP, there is no 
distinction between representa.tions built during parsing and episodic memory. Representations 
sunply consist of activated memory nades. This enables the system to make inferences based on 
all informatice in tbe memory. 

DMAP allows any concept in rnemor)'t al any level of generality, to post expectations for other 
concepts or lexical items. The posting and venfication of expectations is broken clown into two 
components: dírect<d predíctíon and opportunístJc recogníhon [24, p. 476], shown in Figure 13. 

Patterns occur at all levels in meinory, and can refer to lexical items or j)brases, or schemas 
such as scripts or ~IOPs. Thus. inferences and lexical expectations are handled with the same 
mechamsm. Due to tbis complete i.ntegration, changes in DMAP's memory result in automatic 
changes in pattern-driven expectations. 

5.:!. Plannmg and R~ason¡ng 

~lany of tbe conceptual structures discussed in this paper suggest a paradigm for planni.ng, 
problem-solvmg, and otber types of reasoning task.s. The main message is that memory conta.ins 
many different types of structures. which can make ver y specific predictions that can be useful in 
tbese tasks. Thus. tbe general app:oach taken using tbese structures is that, ratber than viewing 
tbese tasks as a searcb problem. much of planning and reasoDLng is a memory retrieva.l task. 

Reftecting tbis general approach, the casc-ba.s~d r~asonmg paradigm has developed. We 
can contrast case-based reasoning w1tb more traditional pla.ñ.ning systems. ln trad.itional plan­
DIDg, a goal IS pursued by constructing sc:quen..:es ~: .:,~(;:::.:.::~ (2. ;:olan) whicb will satisfy it' 
(e.g., [2E>-29]). Operators have precondJtJons which must be satisfied before they can be applied. 
Thus. if an opera.tor is selected whost- preconditions are not true, then subgoals are generated. 
lf several goals are lo be pursued at once. then plans are found to satisfy each goal individually, 
and tben interactions between the plans are cbecked, to make sure that the side-effects from ene 
plan does not destroy tbe preconditions necessary for otber plans. 

1 
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Th.is approach to planning is very seaxch-intensive. Operators must be selected, from a set of 
poesibly many operators which could apply, then preconditions must be planned for by selecting 
more operators. lf a precondition cannot be satisfied, then the planner must bac.ktrack, selectmg 
another possible operator to satisfy the original goal. 

In contras! to this approach, case-based planners search their memory for "the closest pla... 
previously constructed, based on a set ofpossible índices including the goal or goals to be satisfied, 
and other features of the context which may be relevant. Tbis is very similar in spirit to the 
notion of TOPs, which are also organized according to a goal configuration as well as specific 
features of the context. Once a previous plan is selected, it may have to be modified to meet 
the specifics of the curren! planning situation. This involves applying plan transformation rules 
which dictate, according to the differences in the former and current situations, how the plan 
must change. 

The case-based approach was used in the CHEF program [30], which planned Szechuan recipes­
given a set of constraints, such as ingredients to be u.sed, style, and desired fiavor. CHEF found 
previous recipes in its memory, indexed according to these features, as well as the interactions 
between features. Then the previous recipe was modified, if it differed from the ~nstraints of the 
current case. Modification of recipes could involve further goal interaction, which either resulted 
in further modifications, and/or possible abandonment of one or more goals. 

An example of CHEF in operation was its planning of a stir-fry dish with beef and broccoli . 
In this case, CHEF's goal was to build a recipe satisfying three constraints: the goal to have a 
stir-fried dish, the goal to include beef, and the goal to include broccoli. lnitially, CHEF found 
a previously constructed plan (recipe) in its memory for beef with green beans, another stir-fry 
dish. The initial modification was to simply substitute the broccoli for the green beans. A set of 
object cntics was responsible for making this substitution, and for identifying differences in the 
recipe required by the change, such as chopping the broccoli, etc. 

The simple substitution created a goal interaction problem, however: tbe brocolli would 
become soggy if cooked in the same way as tbe green beans. Given tbis failure, CHEF bad 
to construct an explanation of why this bappened. After analysis of tbe failure, CHEF furtber 
mod~'íed tbe new plan by suggesting that the broccoli sbould be added later in the cookir 
process than the green beans. 

The 1mportant thing to note in tbis exarnple is tbe marked difference in tbe plan construction 
process: ratber tban reasoning from first princtples, CHEF created plans by recalling previous 
plans, tben modifying tbem accordingly. Sometimes tbis would lead to planning failures, which 
would tben have lo be explained, leading to further plan modifications . 

Severa! otber case-based systerns have been written to perform other planning a.nd reasoning 
tasks. Simpson's PERSUADER [31] played the role of a mediator to resoh·e advers,;.ial confiicts . 
J U DG E [32] reasoned about crirninaltnals in arder to decided u pon appropriate sentences. More 
recent systems ha ve iovestigated tbe combination of case-based and rule-based reasoning. These 
mclude ~IEDIATOR [33], whicb investigated Simpson's domain further using a bybrid approach; 
and CABARET [34] wbich operated in tbe domain of legal reasoning. . 

Similar work has also been done in an explanation-generating program called ABE (Adapta­
tion-Based Explanation) [35]. ABE tried lo explain events in terms of erplanation patterns [36], 
or pre-packaged explanations. These patterns were explanations of previously encountered ex­
planation failures. Tbe same basic parad1gm was followed: an explanation pattern was retrieved 
from memory, a.ccording te the features of the e\'ents being explained. In tbe case that n.o exact 
match was f.:>und. the retrie\'ed explanation was moddied according to a set of rules so as to fit 
the current s¡tuation. The result was a system which produced explanations witbout having to 
generate causal chains from scratch for each explanation. 

6. CO~CLVSION 

The representational structures tbat have descended from conceptual dependencies are many 
and varied. Tbey range from low-level descriptions of pbysical actions, sucb as CD's tbemselvF 
to compilatJons of sequen ces of these descriptions such as scripts, abstractions of tbese sequenc 
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such as MOPs, and goal-oriented representations such as planbaxes, named plans, goal categories, 
and TOPs. 

Given the wide range of structures, it might seem that they do not share much in common. 
However, the motivation behind all of them is the same: to facilitate inferences. As people, we 
can make inferences at all sorts of level.s of generality; the range of proposed structures refiects 
this. 

As tbese theories have developed, another common theme has been that processing structures 
and memory structures are the same. That is, not only are these structures useful in processing 
tasks such as language understancling, planning, and reasoning, but they are also used to store 
and retrieve episodes. As a result, much of the processing done using these structures is memory 
storage and retrieval. For example, in planning, rather than constructing a plan from first. 
principies every time a goal arises, the case-based approach suggests that much of what is going 
on is finding the appropriate previously-built plan in memory, and then adapting it to thé curren! 
situation. 

One might feel that the notion of building structures around inferential capability is a painfully 
obvious one. However, if we examine related work in language understanding, problem solving, 
reasoning, and other tasks, we tind that this does not seem to be the case. For example, in 
naturallanguage processing, semantic theories that existed befare conceptual dependencies (and 
even afterward) clid not address this issue. Representations such as Katz and Fodor's [37] and 
Fillmore's case grammar [38] made sorne attempt to categorize dependencies between constituents 
in sentences (although many of these dependencies were still highly syntactic in nature), but 
lexical items ( or word senses) were used as the fundamental pieces out ofwhich the representations 
were built. There wa.s no attempt to capture the similarities in meaning across di.fferent lexical 
Ítems; hence these representations would not have easily facilitated inferential capabilities. E;ven 
now, many natural language semantic representations such as SNePS [39] and HPSG [40] do .not 
attempt to capture these meaning sirnilarities in the representational predicates used. .., 

., 

The same can be said of many planning representations. Although operators are usually 
written so asto be general and facilitate the planning process (a form of inference), in constructive I'J 

planners no attempt is made to represent k.nowledge about wbat sequences of operators are best 
for particular situations. This information has to be re-derived over and over again. This: is a 
fault of tbe representation: operators are too general, and do not capture this leve! of inferentia.l 
capability. 

Thus, perhaps tbe most important cornmon thread tbat connects the CD farnily of research is 
the as.sumption tbat intelligence is knowledge-intensive, rather than processing-intensive. lf the 
representations used to perform a task are rich enough, then processing sirategies traditionally 
associated Wlth Al programs. sucb as search, become mucb less importan t. The result is simpler 
processing tbeories which are h1gbly dependen! on a very rich, and highly organized, knowledge 
base. 
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Articles 

New Approaches to Robotics 

RODNEY A. BROOKS 

In arder to build autonomous robots that can carrv out 
useful work in nnstructured environmcnts new appr~ach­
cs havc been developcd to building intclligent systems. 
Thc: rc:lationship to trad.itional acadcm..ic robotics and 
uad.itional artificial intdligcnce is cxamined. In the ncw 
opproaches a tight coupling of sensing to action produces 
architectures for intelligence that are ncrworks of simple 
computarional clcmcnts which are quite bread, but not 
very decp. Recent work within this approach has demon­
srratcd thc use of reprcscntarions, cxpectations, plans, 
goals, and lcan1ing, but without resorring ro the ttadi­
tional uses of central, abstractly ma.nlpulablc or s~mbolic 
reprcscntations. Pcrccption Y.;thin thesc sysrcms is oftc:n 
::m active proccss, and the dynamics of the intcractions 
with the world are cxtrcmcly importan t. Thc qucstion of 
how to evaluare and compare thc: ncw to traditional work 
-till provokcs ,;gorous discussion. 

T HE F"IELD OF ARTIFIClA.L f!'.'TELLIGESCE (:\1) TR.lE..5 TO 

ma.ke compute::; do dungs thar, when done by pcop!e, are 
dc.scribcd as h;ning: lndjcatcd tnrclLg.cncc. The goal of Al has 

bccn characrenu:d as bm.h t.hc corunucnon of uscful mtclligenr 
S\"Stcms and L'lc unde;-sra.ndmg of humln imcUig:cnce ( 1) S mee Al's 
cJ.Il.Jc.st days (2) Lf.¡cre havc be-en t.houghts of buddmg rruly inrciL· 
gcnr aurono:nous robots In ac.adcmtc rc.scarch ctrcks, work in 
robarles has mfiucnccd work in Al and vice versa (J) 

Ü\"Cr thc !asr 7 ~ ears a ncw approach to rot>oncs has !xcn 
Jcvdop:ng: ;n a n·J...--nxr o! !.aboratonc.s Rn.her óan moJu!J.rtU: 
rc:-cc?t¡on. \\ orld r:~oCcl:ng:, p!:mrung, a.'"ld C\comon. ¡;-¡e ncw 
.;~proach budds tn:cUJf:Cnt conrro! S\"Stcms \~hcrc r.l.:tnv 1.'1-il\1du.a.l 
~adules ocn d:rc..:-t.lv generare sorne pan of the bc:-tJ\1or of óc 
robar In L'-lc puro: for;n of th:s modc! cach module mwrporate5 1t.s 

( l\\ n rcrceprua.l. r:lode!lng:. and p!ann.mg reqwrcmcnts :\:1 .;.:b~::ra­

:·on or mcc.taaon s.:ncmc. budr v. 1th1n rhc ira."iiC\~ork o:· thc 
modules. conaoh \\ hlch bchA\"JOr·proJucm~ rr.oJt.:k· :-:~~ wn-:ro! o: 
\\ htch pJ:1: o! <he ro~Jt ;;.r lnv t:l\·en nmc. 

Thc \~ork drau.s t:s msptran~oru írom ncurobtokH .. "''. c-:..1olocv, 
;'wchoph,-.<>tu. J.;tü \C>etnlot_"' T:-1~ J;p:-Clach grc\\ m~r nf l!tssa~J-S· 
;".;cuons \\ té.1 tr:i8.t:;.o:-:a.l ro~ncs md :\1. \\ !":tch ~rc:med u:-:abl::- ro 
l!c!t,·c::r rcal-umc:: pr:i·a~J.;t(e tn a d' nJ..mtc: \\ mlJ Thc: ~e\ t.ic:i o:" 
óc ncw J.?P:"OJch :s ::o Jd\ an;:c bo-:..'1 ro~o::cs a;~J .-1.! t'' ((l:~~idcn~~ 
::!-le problcrr.s o( e:...:tlumg .an auronomous a.scnt L'":lt p.¡\ SKJ.il\· ts .a; 
.1u:onomous mobdc ro~H and L'-l.at c.o:-nc:s O'..Jt ~o;-nc t:sc::f"..Jl tJJ.i-...s 1:1 

:L'l cnnro:1IT".C::r:t !:-::a h.lS not bcen spcci.a.llv s:oucrurc:d CJr c:::~_s:r;ecrcd 
for it 

,n~ auUK>r 1\ 1n tl'IC /\r~:~Jin,¡J ln:c-11o::c-ncc ¡_.~nto~. "luHU'I:..Irt:.1 !:""J~I'"..::c oi 
Te~~olo~. C4.-r.t.:-~c~c. -"~-" 0:!139 -
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Thc:rc JIC: rwo subtly differcm cc:nrra.l idcJ.S thar are crucial and 
have kd ro so!ut\ons thar .use bchavJOr·producing modules: 

• Siruaccdness: Thc:: robots are situatcd m thc:: wor!d-thcv do not 
deal v.:it.h abstract dcscriprions. but \Vith the "here" and "no..j> ofthc 
cm-ironmem t.hat dJrectly influencc.s t.hc: bcha\10r of thc sysrcm. 

• Embodtmcnr. Thc robots ha ve bodic.s and c::xpcriencc t.hc world 
direct..!y-thcir acnons are part of a dynamic \\ith the world, and thc 
acnons ha ve Immed.Jatc feedback on t.hc robots' ov.n s.cnsarions. 

.A..n airline r~c:rvaoon svsrc:m is snuarcd but n 1s not c:mbodted-it 
dc:a.ls wtth thous~ds of r~quc.st pcr sc:cond, and 1ts responses vary as 
its databa>c: chmgcs, but it imc:racrs v.1th thc wor!d only through 
scnd.mg and rcceJvmg mc.ssagc.s. A currc::nt ~cncrarion mdu.strial 
spray-painong robar is cmbod.tcd but ir IS nor sinured-it has a 
ph:-sicaJ cxtcm a.nd 1ts sc:rYo rouanc:s musr correa for its mtcracnons 
wtt.h gra\ltV a.nd n01sc pr~ent m thc: sysrem. but n does not pcrccrvc 
any a.spc:crs of t.hc: shapc: of a.n ob¡c:ct presenrcd to it foq<amring and 
Slmply goes through J. prc:·progranuncd sc:nes of acrions. 

This ncw approach to rabones makc.s cl.llms on how mrcllig~ncc 
should be orgaruz.cd t.hat are radically dJffercm from thc appr=s~ach 
assumcd by rradirional AL 

Tradicional Approaches 

:\Jt.hough óe fic!ds of compurcr vtston. ratones. and Al all havc 
the1r fairiv sc:oararc confcrcnc~ and SDCCIJ.irv joum:ús, an unplicit 
lntcllc:cru:U p;a bcrv.·cc:n t.hcm has dc::,:c!opcd over thc years. None 
of t.hesc fic!ds is experimental scicncc: m t.he sense t.hat chc:rmstry, for 
examp!c. can be: an c.nx:rimcnraJ sciencc:. R.otilcr, therc are rv.·o wavs 
m whtch d1c ñclds p;occ::ed. One 1s ti-..ro;Jgh the dc:vcloprncnt ~d 
wnthc.sJS of modds of aspero of pcrccpnon. 1ntclligcncc, or acrion, 
lnd thc oilicr ts L>-.rough thc corurrucnon of dcmonsrnnon sysrcms 
(.:) Ir ts rc!aove!v rare for an cxpbcit c::,_;:--c;,mcm ro be done. R.lthcr, 
Lf.¡e demonsrraoon sysrcms are uscd to Jilusrratc a parncular modd in 
uperaoon Tncre ts no conrro! cxpcnmcm ro compare against, and 
\'cr.· !trtle auanmam·c dJ.ta extracrion or a.,¡J..lvsJs The mrellectu:U 
!""'ll..l 1:--cn\ c'en cumputcr nsion. ro::.O:Jcs .. 1nd Al concems thc 
.;..s<>LL'T::-:'~Jons üur ca..'l. b~ madc 1n buU6r:c dcmonsrranon SYsrcms. It 
ora b!J.Ócs con\ ennons for \\ hat thc CO:Tl-f'Oncms of an C\'e~rual fully 
5:ruared and cmbc>.J¡cd S\"stem ca.n asst.L·:-¡::~ Jbout cac.h ot.her. Thcse 
(Onvc:nnons m.Jtch Ll-¡ose. used m rwo cnncJ..! NOJCctS from 1969 to 
1972 \\ htch ~ct óc tone for rhc nnt 20. \'ears of rcsearch m 

~ompu:er \'!~ton. robooncs. and Al. 
:\~ L~e Srm!ord Rc.scarch Insurutc 1 now SR! lntemaoonJ..!) a 

mobde robot r.l..'Tled Shake\' was dC\ eiof'<'d (5). Shakey inhabitc::d a 
~ct of srx-cia.llv preparcd rooms Ir nJ\lptc:d from room ro room, 
rr:-·mg w samh· a goal gtvcn ron on a rc:lcnp:. lt would.. depcnrung 
on the goal and c~rcumsta.nccs na viga re around obsracles constsnng 
of !arg; pamrcd b!ock.s and w~dgc..s: push thc:m out of t.hc way, o~ 
push thcm ro sorne dcsrrcd !oc.J.non ShakcY hJd an onl:>oud b!ack­
J.nd·whnc: tc!C\1Sion camera as 1ts pn.marv sensor. An oifboJrd 
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cÓmpmer anaJyz.ed the imagcs and mergc:d dcsc.ripcions ofwhac wa.s 
seen into_an exisnng s~mbolic log¡c modd ofthe world m the fonn 
of firsr ordcr prcdiarc calculus. A planning progrun, STRlPS, 
opera red on thosc S)mboüc dcscripnons of thc world to generare a 
scaucnce of acrions for Shakcv. Thcsc plans wc:rc rnrulated through 
a ;crics of rc:fi.nc:menr inro ~a.lls to atomic acoons in fa.irly oght 
feedback loops with awmic sc:nsing opcrations using Shakc:y's othc:r 
sc:nsors, such as a bump bar and odomc:try. 

Shakcy onJy work.c:d bccausc of vcry can:ful cnginc:cring of r.hc 
c:m·1ronmc:m. Twc:nrv \'Ca.rs Jarc:r, no mobilc robot has bcc:n dcmon· 
srrarcd matching all, ~peas of Shakcy's pcri'orma.ncc in a more 
ocncraJ cnvJronmem, such as a.n officc cnvirorunent. The rooms in a . . 
which Shakey opera red wc:re bare excc:pt for the large colorcd blocks 
md wc:dgcs. This made thc class of objc:ru thar had to be rcprcsem· 
cd n:rv simple::. The wills were of a uniform color and carcfuUy 
lighrcd, with da.rk rubbcr bascboards, mak.tng cicar boundancs w1th 
L:..,c Ughter colored floor. This mcam thJt vcry s1mplc: and robust 
vis10n of trihcdraJ comers bcr"vc:en rwo walls and the floor could be 
uscd for rcloca.liz.ing thc robot in arder ro correct for drift in the 
odomcoic measuremcm:s. The blocks and wedgcs werc: pa.inted 
d.iñúenr eolors on differenr pla.nar surfaccs. This ensured d"'Jt ir was 
rclauvdy casy, cspccially in thc good lighti.ng provided, ro ñnd edgcs 
m the imagcs separaring thc surfaecs and thus to idcntify thc: shapc 

·of thc pol~·hedron._Bioc.ks and wcdg¡:s werc relati\·cly rare in thc: 
c:-nvironment, chminaring probkms duc: to parrial obscuraoons. 

:\t ¡\1IT, a amen system and a robot marUpuhror J.rm werc: 
programmcd ro pcrccive an arrangcmcm of whue wooden blcx :-.s 
agamsr a black background and to build J copy of thc s-=--wcrurc: from 
adcLrionaJ blocks. Ths was ca.Ued thc: copy-dnno (6). The programs 
:o do this wcrc: very specific ro the world of block.s v.ith rc:cra.ngular 
Sldc:.s and would not ha ve workcd in the prcsencc: of Simple: curved 
objccr:s, rough tc.xrurc on thc block.s, or '~ithout carc:fulJy cono-oUed 
!Jg.hcint:. ?'-:everthdcss ir rc:inforced thc: idea that a complete thrce­
dlmcnsJOnaJ dcscripoon of thc: world could be exuactcd from a 
v1sual unagc. Ir lcgiti.nuz.cd the work of others, such as \\'mograd 
.:;), whose progr.uns worked in a makc·bcÜc\'c world of block.s-if 
O!'lC program could be: builr which undcrstood such a world 
complc:tely and could also ma.nlpularc thar world, thc:n 1t seemed 
L'1Jt programs whjch as.sumed that abso-acnon couJJ m f.act be 
conneacd to the real world Wlthout grc.t dlfficulry. 

Thc: role of co~p~u~r \is10n W.:l.S "given a rv.·o-dunc:ruiomJ imagc:, 
1.afcr thc ob¡ect:s.thJ·t_producc:d lt, includ.Jng thc:1r shapcs, posinoru, 
colors, and sizo"' (8). This an::irude Jcad toan emphasis on rccovery 
of threc-d!meru10nal shapc ( 9), from monocuh.r and sterc:o imagcs 
:\ numbc:r of demonsrrarion rc:cocninon and loca non S\-stcms wcrc: 
ll: . .ult, such as those of Brools ( 10) and Grimso!'l 1 11 ), a.Jthough thcv 
¡cndcd not to re!:-· on' using threc:-duncns10m.J shapc recave~. 

Tnc role of Al w¡s ro takc dcscripoons oí the world (thou,¡::h 
L:SI.!ally nor as gromcuic as \1SIOn scemc:d dc.snned to dclJ\'C::r, or as 
ro~ocs sct:med to nct:d) and manipula te them bJSed on a d1uba..sc:: 
of k.nowlc::d~e about .how thc:: world works in arder w sohc 
:~o:-k:7:s. ma.kc p!.:t.":.S., :o..."'d produce:: cxpla.naoo:'.S. Tnc.!oc: h1gh·k\'el 
;;\?:ranons hl\'C: \'cry :-J.re!y bc:c:; crnbod.icd by Cür'~"'CCUO;'! to e1thcr 
-=~1.-:-:?:..::cr \l~Íon <:.y>~cm~ o,r roDOtic.s. Cene~. 

T;,c role l•l rohonc.s. Wl\ to de-al v.ith the phv:.ic.l.l m:~ncnom 
w1:n tne worl!.l. :\..s robooc. •aoptcd t."le idcJ. ¿f ha\~nF- a com!11ctc 
órcc·dJmeru¡onaJ world moJel, l numbcr of suho:oble:-n~ bc:c.:t.rnc 
s:mdardiz.cd. One WJ..S to pl.o...1 a eoUision·ircc ~a~h :...h.rouc.!'t Lh.c 
\\ orld model for . .a m¿rupul:aor arm, or ior a mo~·dc :-o:-x•r-~cc óc 
:.:-:.~el: by Yap (1.?) for J. survey of the lucrarurc. :\.norncr \\as w 

l!nl!:::r"StJ.;'Id forv.·ard k.incmulcs l..."ld dvna.rmCS-CI\'Cn a sct <ll 101nt 
nr whccl to~auc.s l.5 funcnons over ti . .,·::. whJ: pJ't_o, would the r~)t>ot 
ha."ld 0: r.od~· follow. A more useful, bur hua~r. t"robkm 1<:. 1m·er..c 
~.::1:::ma~1D .1~0 d~nmua..--gJ\'Cn a dc;¡rcd tn)ectl;ry ¿_<,.o; ... :;..:-:._;~,;' l.:' 

omc:, for instance one gc::nerJted by J collision-frcc: path planrung 
aJgorithm, compute the sc:t of joint or whecl torques lhat should be 
applied ro foUow that pJth within sorne prcscribcd accuracy (13). 

1 r bccamc clear after a wtule thar pcrfcct modcls of the world 
could nor be obta.ined from scnsors, or even CAD databascs. Sorne r-'\ 
arrcmpred to modcl thc unccrra.inry explicitly (H. 15) and found ¡ J 
strategJcS that worked in its prcsence, while others moved awJy 
from pos¡Qon-based tcduUques to force-based phnning, ::n lc:a.sr in 
the manipulator world (16). Ambirious plans wcre la.id for combin-
mg many of the pieces of rcscarch over thc: ycars 1nto a unific:d 
planning and execunon sysrc:m for robot m.anipubtors ( 17), but 
after ycars of thcorcoca..l progress and Jong-rerm imprc:ssive engi-
neering, the most adva.nced sysrems are still far from thc 1dcaJ qB). 

Thesc: approaches, a..long \\ith those in the mobile robot domain 
( 19, 20), shared thc: serue-rnodel~plaTHJCt framework, where an itcra­
r.ion through thc cycle could often tak.e 15 minutes or more ( 18, 19). 

The New Approach 

Driven by a d.issacisfacrion \\lth the performance of robots in 
dealmg with the real world, a.nd concc:rncd that thc complcx.iry of 
run-time modc:hng of thc world wa.s gen:ing our of hand.. a numbcr 
of people somewhat indepcndenrJy bcgan around 1984 rethinking 
thc general problem of organizing intelligcncc:. Ir sccmed a rc:ason~ 
ablc requirc:menr that mtclltgenee be reaCO\'c: ro ciynamiC as peas of 
thc em1ronmcm, that a mobilc: robot operare on rime' scalcs sim1la.r 
to those of anima..ls and humans, and that Jntc:lli~cncc be ablc to 
gcncrJte robust beha\ior in u'lc facc: of uncc;:>.Hl sensors, a.n 
unprc:d.íctable emironmem, and a chant,..-jng world. Sorne of thc: key 
rcahz.arions abour thc organiz.Jrion of imdllgcncc wcrc as foUoY.-s; 

• Agrc and Chapman ar l\UT cl:umed that most of what pcoplc 
do m their day-ro-day livcs is not problcm-soh1ng or plliUl.ing, bm 
rJthcr it ¡s rourinc acrinry in J rclan"ciy bcnign, bm certunly 
d~ilarruC, world. Funhermore thc: rcpresenraoons an agenr uses of 
objeCtS m thc: world need not rely on naming t.hose objecr:s v.ith 
s:mbols that the agenr posscsses. bm rather can be defincd through 
lnteracrions ofthe agcnt w1lh the world (21, 22). 

• Roscn.schcin and KaclbU.ng at SR1 lnrc:mational ( and larer ar 
Tclc:os Rcsca.rch) pomtc:d Out that an obscrver can lcgirimJtcly ta.Jk 
about an agcnr's bcl..Jcfs and g:oals. even though thc agc:m necd nor 
marupulatc s~mbol..Jc data smJcrurcs ar run rime. /\formal s:-mbolic 
spcct.ficanon of thc: agcnr's dcs1gn can be compilc:d away, )ic:lding 
c:Eiocnt robot prograrns (23, 2.:) · 

• Brook.s at .\tiT a.rgued that 1n arder to rc:alJy test 1dcas of 
1ntcl1l~cnre n 1s unportam to bu1ld complete agc:nl5 which opcratc: 
1:1 d~11;un1c em1ronmenrs us~ng: real sc:-nsors. Imcrnal world modds 
L"l.H lrc complete reprc.scnt:atJons of Ü'lc n1:ema.l envJronment, 
txsidcs bcmg unpossiblc m obu.m. are not ;H all necc:ssary for Jgcms 
w aet m a eompctcnr manner. .\ianv of thc acoons of an agem are 
qmt~ scpuablc--cohcrent imelligence c.a.n e;ncr~c from indepcn· 
Cmt $ubcom;xmems JntC:rJcnng m L:..,c \\Or]d L25-27) 

:\11 thrce t-'TOU?S produccd lm?lemcnranons of ó::::sc ideas, us1ng 
as thc1r medlwn of cxprc:.ss1on a nerwork oi s¡;nple compwanonaJ 
clcmcnc. ha.rdwired wgctncr, connccnng scr.sors tO ¡cru.awrs, wit.1 
a ~ma!J amounr of statc mamra.mc:d O\'cr Ljv-,:;._ ~1.:;.._., 

:\pe and Chapman dcmorur:rated thc1r ideas by bu¡JdJng pro· 
p4..rns for pla~1r.g \ideo tamcs Th~ first such progra.m "•'lS cal.kd 
Pcr.g1 and pla:cd a concurrcmly runntn; \'Jcico gamc prog:ram, with 
o:1c protagonm a.nd many o?poncms v. hich ca.n la:mch dangerous 
pro¡erulcs ( Fic.. 1) Thcrc are rwo componem.s ;:o thc archirec­
~:-c:-d ,.tsu4.1 ;ounnc procc.ssor 1 VRP), wh_jch pr0\1dCS input to thc 
S\'";tcm. and a nerv.:ork. of su.nd.ard log1c p:cs, which c.an be 
,_·Jtegoriz.cd mm threc componen~. c..spcn dc~c:.:t .. •r$, .:;:ion suggc .. Hors, 
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Fig. 1. Thc Pcngt systcm (21) p!aycd a \'Ideo gamc cillcd Pcngo. Thc control 
S\'stcm constsrcd of 2 nc:rwork of Jogic g:nc:s. organu.cd mto a visual sysrcm, 
.1 .:cnrrJ.! svstcm. :md a motor S\'stcm. Thc onlv sute w~ w1rhin thc Vtsual 
·nrcm Tñc ncrwork within :nc ccr.tnJ svsu:ffi \\a5 ore;aniz.ed JotO Unce 
• 0."71poncn:s: :m asrcct dctcc:or subncrwOrk... a.!l acuon -su!:!gcstor subnc::t· 
\\orK.. andan arbttcr ~ubncmo:-K.. 

.t.:.d arb!lcrs. Thc sysrcrn pb.ys thc: game irom thc: samc: pomt ofvicw 

.LS a hum:J. .. :1 pla~·ing a \1dco gamc. not from t.h~: poim of vic:w of d1c 
p:-oraf:onist \\ 1thin óc t:L'Tle. Howc\"c:r. rathcr thm analyz.c a visuaJ 
t-.ir map. thc Pcr.~i pro~ra."":1 is prc:scmcd with an iconic YCTSIOn. Thc 
\'RP implcmcnrs a \'Crsion of L;llman's visual rouoncs rheory (28), 
whcre markcrs from a ser of six are pbccd on ccrtJ..in JCOns and 
!ollow rhcm. Opcrators can place a markcr on thc ncarrsr opponcnr, 

t"or cxlmplc, 1nd it wlll rrack th1r opponcm cvcn "hcn 1t is no 

C'~cr rhc ncarcst. Thc placcmcm of d-Iese markc:rs was thc only 
:. in rhc sysrcm. Pro¡ccnon opcrarors lcr thc playcr predict the 

..:onscqucncc.s of acrions. for insrancc. !JundUng. a pro¡ca.ile. Thc 
rc:sults of the VRP a:-c a.:1alyud by thc ñrsr pa.n: of thc ccnrral 
ncrwork and dc..scnbc ccfUill aspect5 of thc v. orld. In thc r:-und ofthe 
.;lcs¡g.ncr, ourrur signals dc..sJgnate such thi.ñgs a5 ''thc prougorusr is 
rr.ov1ng," "J pro¡ccrilc f:-o:n thc north ts about ro hit the prorago· 
msr~·· .l!ld so on. Tnc next pJTr of thc ncrwork t~c.s Boolem 
.. :o:nbinJcions of such sienili to sugecsr acrions, and L'1c dtird srac.e 
uses a ñxcd priori~· sche~c ! dut 1s: ;t never ka.m.s "1 ro sclcet rhc nc-xr 
J ... c.JOn. The use of thc..sc !"'1-pc:s of dcicric rcpresenr:arians wa.s a kcy 
mov~:: awav from thc uad.!oonal _:\1 approach of dcalmg only w1th 
Ol.!":1Cd l:ldl\'iduJis m t.~c wor!d (for msrance, oppe>nrnt-27 rathcr 
~~a.n t.'lC CCICt!C !l:C·C'J'J':Or:~r.I•H'f:iJ"I!-LI-d,,$CJl·IO-tiJr-pt<'IOJ:<'ntS!, \\ ho<.c 
objcc~\·c Jdcmir:· may c::.L'lgc O\"er t::ne 1 a.'ld \cad ro vcry dJ5"ercnt 
:-equ-':-emt:"l:$ on t. '-le so:-r oi rcasonmg. ü·.Jt wa.s necc:ssuy ro pcrform 
.... dl m rhc \\ orJj 

R.o<.c:nsóc:J:l J:ld Kaci':lhng tu.cd a roben r.llned Flü.n·. whJCh 
• 1!'Cra:cd 1:1 t:lc: rq .. "t:l:u :>.:Jd unaltcrcd o:Sce JrelS o( SRI 1:1 t;,e 
.. ~c:n:rv ot· :he ~~~CJal c:--:.·:ron:nen: (or Shlkcv LJ."Ilt hlj hccn b:.llit 
rwo dc-cJdc~ cJritcr. Ti::::~ a:..::hitc~:.:- \\'JS sp!..!t iruo J pc:rcc:?:¡o;¡ 
\Ubn.:-0' or;.. J.:hi l:"l a..::oo:1 subncrwon:. The nc"' or)-.5 He :-e ui:.i:-:la:e­
h cons:ruc:cd oi stJ;'"' . .:.:;.rd !OClC cJ:cs J.:'ld dda\' ckmc:ms ( with 
:·ccdhJc\... lo():~~ :.:-t::~c pro\·¡ded ~e:~'"' o~k wíth st;tc 1. alÜlOUf:h thc 
¡1~ü!..:~.:L"'":'l::v:r \\ rtl:C .1: a :-:-:uch hichc:r le\'cl oi a'o~rrac:oon-1n tcrrm 
~~ ~-oals ÓJ: thc wbo: ~~ould r0· tO ~amt~·- Ry forrr:liiy ~pcctfY1:'1~ 
:;¡e r.:!J:io~1s:,:?~ ~cr,,·ecn sen-.ors a::-1 c:Tc:c:ors and t..l-:c \\Ork. J::d 
b\· m1r.~ o::·-hnc ~\:7'::X'l!;..:: ..:0:7~PU:Jno."1. Ro.,en,.:hc:n J:ld Kael· 
~---mr:·s ;;H::h-Jc,cl b.~t:""..tJ<:es were.e5cd to cencTJtc NO''abh coaect 
;,.:J..I.·mnc ·p~Of:fJ...":1S l;r F-bJ ... ev. Thc tc-ch.nJ~lUC mav ~ br.1Jtcd bv t.h~­

..:ompu:Juonal cornplo . ..:~y o( rhc: S\"~boh~ comPLiarion procc~s as 
Óc p~üS,:-J.:':~~ t-et \ar~er J:ld hv the \"lildJtY 0! the\r moJcls OÍ sensors 
J.nd J.CnlJ!O~S. 

R:-oo~-.. <. dcvciopcd thc submmprio:-~ arc.h.Hecrwc. wh.ich de:Ubcr-

atcly chang~ thc modulariry from thc tmiirional Al >ppro>ch. 
Figure 2 shows a vcrrical dccomposicion imo task achiC\ing bchav­
iors rathcr ilian information proccssing modules. This -architccrure 
wa.s used on robots which explore, build m1ps, have an onbo:ird 
manipub.ror, walk.. interacr w1rh people, na\igate Yisually, and leam 
ro coordinare ma.ny confticting inrcmal bc:hav10rs. The implcmen­
tJtion subsuarc consists of nerworks of mcssJgc-passing augmemed 
tinitc sratc machines (:\FS.\1s). The mcssagcs are scnt O\'er pre­
ddi.ncd '"\\"!res" from a spcculc ua.nsnutring~ to a spc:clfic rccciving 
AFSM. Thc mcssagcs are s1mple numbcrs (ryp1caliy 8 bits) whosc 
meaning dcpends on thc dcsigns of both thc transmirrcr and the 
rcceiver. An AFSM has add.itional regisrers wh1ch hold thc most 
recent in~oming mcssagc on any parcicular w1re. The regisrcrs can . 
have their va!ucs fcd into a local comblnJWrial circuir to produce 
ncw valucs for rcg¡stcrs or w provide an omput mcssage. The 
nel\\'Ork of AFS.Ms is roraliv as\nchronous, but mdivJdu.a.l AFSMs 
c:m ha ve fu..cd duracion monost~blcs which pro\'Jdc for dealing w1th 
thc ftow of u me in the oucsJdc wor!d. Thc bchJ.\'Íora.l competence of 
ÜiC sysrcm is improvcd by addmg more bchavíor-spcclfiC ncrwork to 
thc c:osting ncrwor~. Thís proccss is cJ.llcd byering. This is a 
s1mphsric and crude analog:y ro evoluoonary dcvclopmcnt. A5 ·w1th 
evolurion, at cvcry stage o( thc developmcm thc sysrcms are tcstcd. 
Ea eh of thc la\·e~ is a bchavior-producing p1ece: of- ncrwork in m 
own nght., although it may unplicirly rcly on the prc:sencc: of carl.ter 
pieccs of nerv.·ork. For insrance, an explore bycr doc:s·not nccd to 
cxplicit!y avoid obstaclcs. as the dcs¡gncr k.nO\\ s that rhe eXJsring 
at•oid !ayer \\'Jil r:tkc carc o( it. /\ fi.xed priontY J:-birrarion se heme is 
uscd to hJndic conrl1cts · · 

The.sc archltccrurcs wc:rc: radJcall\' ditrcrcnt írom those· m use. in 
thc: roborics communirv at rhc u me·. Thcrc wa5 no cc.nrra.l:modcl of 
_thc world expllcitly rc:prc:scnred within rhc sysrcms. 'Dlcrc. was no 
impbcit scpa.ration of data and co:nputanon-rhcv wc.re bot.h d.i_s; 
tnbuted ovcr Li,e slffic nerwork of dcmcr.ts. Thcrc wcrc. no poimers', 
and no easy way to lmplcmcm thcm. as thcrc ts in, s~mbolic 
programs Any scarch space had ro be a. bounded 10 sizc ~ pnori, as 
search nodcs cou!d nor b<: dvna.rmcallv crea red and dc.srroycd dunng 
a scarch procc..ss. Thcre \\'J.S. no ccm~ lo..."'l...ls o( conrrol. In general, 
r.l,e scp:rJrion mro pcrcepruJ..! sysrcm. ccr.rra.l syste:m, and acruarion 
sysrcm wa.s much lcss d.Jstinct than _jn prenous approachcs, and_ · 
índccd m t.hesc sntcms therc \\asan mnr:lJtc ::1terrwining of a.spccrs 
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Fig. 2. Tne t~.lj:aon.l..! ¿ccomrxmrion ior J:"l t'"lteUt~cnt conrrol systcm 
\' 1thtn -~ ts to Nc..k prcx:e:sst~g JOto ;a chJ.m oi tr.Íorm;aoon procoswg 
mooulc..s \top¡ rro.:ccatng. írom sem¡ng to actton In the ncw appro;ach 
¡bonom¡ the dc.:L•mpo~!tlon 1 ~ m 1crm~ of bchJ\':or-~encr;anng modules 
c;ach of ..,htch c:onncm scnsmc ro .lC"'.JOn. Lnc=-'> are ;~.dded tncrcmentally, 
;and ncwer l;a\·er.; m;av depcnd o""n e:uilcr b~·crs Ú¡x:-:1~r1,?. suceosfullv. but do 
not o1.J them li n.plicit subroucinc..s. 
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of al1 thrcc ofd1c:sc capabiliric.s. Thcre was no nonon of onc proc~s 
calling on anothcr as a subrourine. Rathcr, thc: ncrworks \vcrc 
Jc:.si,g:ncd so that rcsulr.s of cO~putations would simply be availablc 
at thc: appropriatc Jocarion whcn nccdcd. Thc boundary bcnvccn 
comput~tion and thc: world was hardcr to draw as thc: sysrcms rc:bcd 
hcavik on thc dvnJ.rmcs of thc1r imcracrions w1th thc world ro 
produce thcir rcsulr.s For 1m:ancc, sornen mes a physical acrion by 
thc robot would mgf!,cr a .:ha.ngc in. thc world thar would he 
pcrccivcd and cause thc ncxt :ocuon, in conrrasr ro dirccdy cxccuong 

thc rwo acnons m scgucnce. 
.\1ost of thc bchavior·bJ.Scd robotics work has becn done with 

tmplcmemed physical robots Sorne has been done purc:ly m soft­
ware {.?1), notas a S1mub::10n of a physicaJ rob()[, bur rather as a 
computanonal cxpcnmenr !:1 a:1 ennrely makc-belicvc domain ro 
explore certam crnical a~¡'cl·:s of thc prob!cm. This comrasts with 
rradtriona..l rabones\\ he re r. . .:....'ly demonstrauons are pcrformed only 
on software stmubtiom or· robots. 

Arcas of\Vork 

Pcrhaps inspired by thts early work and a!so by Mtnsky's (29) 

rather more theorcucaJ Soc1cry• of :-..1ind tde.as on how r.he human 
mtnd is organtz.ed,.vanous ~roups around the world have pursucd 
hehavior-based arproachcs tO roborics ovcr ilie iast few years. Thc 

·toiiowmg. !S a survev or· som: of that \\'Ork a..'ld relates 1t to óc k.cy 
1sc;ues and prob!cms for r..".: ñeld. 

üne of r...i-)c shoncom1np 1:-. car!1cr approachc:s m roboncs a.nd Al 
\\as th:n rcasoning was so slow that sysrems Uur were bullt could 
not rcspond to a dynamJC real world. A key fearure of the ncw 
appruachcs w ro~:;.:s :s :.:...:a d1e programs are builr w1th short 
connecnoru bcrwecn semo:-s md acruarors, making: ir plausible, m 
pnnc¡ple at lc.a.>:. :o :-:sr:-:-: q•JickJ~· ro chmges 1n the world 

Thc ñrsr dcmonsrrauon e: the subsumpnon a:-chirccrure was on 
the robot Allen (.?5) Tnc rC'I:x>t wa.s almosr enrirelv rc:acove. using 
~o;1ar reaciings to kecp 3\\ ;;~ :·rom mo..-ing peopie ~d ot.l-tcr movmg 
obstJ.clc.s. while nor co\~6..-:g wiü1 s:auc obs:ades h a.!so had J. 
non-reacnvc highcr lc\·cl b.-;er th:.t would sc\en a goal w head 
row.aod. and thcn FOCccC ::; thar dtrccoon \\ h1\c the lowcr lc..-cl 
rcacn\·e \J.yer took o:-e o:· J\'O!dmg obsradc.s. It thus combtnc.s 
non·reacnvc apabÜJDCS ...,,:..~ rucn,·e onc..s . .\1orc L'11porur:Uy, it 
uc.cd nactly the sam:: sor..s o:· computuional mecha.rusm to du both. 
in lwk.mg ar thc: ncrwo:-k of thc combincd L;.yers thcre was no 
()~\'JOUS p:orrirlon tmo iO\\ cr llld hit!her leve\ compo:1ems ba.scd on 
tilc r:r-e of tníorrr:ano:l f.o·.>.·¡ng on L"lc connectJons. m :.he ñnitc 
!>:a:e machmcs üur \\CfC t.:...:: computJ.oom.l clcmem.~. To !:x- surc. 
::-:ere\\ as J ditfe:-cn;:-c 1:1 r.:.~.:<10:1 bcrv•ecr: L:,:: rwo !avc:-s. bt.:! rhcrc 
·.~a.\ no nccd to 1ntro.:iu:c ;;..~.y ccmr¿j:z.anon o~ np!Jcn rcp:-c..c;em.a· 
:1om 10 :och1cve J l;;:c~. :-.:~:-,er kvcl prcx:ess hJ\'tn; u<.ciul and 
c:::cct¡\e Jr . ."luen(c mcr a:¡ c...:her. lO\\er k\'Cl 

Thc ~ubsump:1on J~.:r:.:::.7J:c was ~cncr.ah:r.cJ 13ú~ ~o thl: \om:: 
t>f t~e co:mccnom b-e:-.\ ce:-. ;':OCC..\\Jrlf. dcme~:.s couiJ I:TI!'icmc::t a 
;:.::n-:a D'..!.'>, a cabi::: L...._Jt ::.;.:s:-r,tr::ca pa:--::tllly p:-cxe~scd mu~n fwr.1 

< •:1:: s::c to .ano::hcr \~o&:::-. :_:-:e systcm. Ir apphed stmplc J¡ffcrencc 
_. ... : -:-~"""·"·:=·,~·\~.-~ tcchr.tqucs. to !>C!!ment th:: \'¡c.u.1l 

:i::iJ 1:-:to mm·¡;-:~ .1:1d r,o~_"710\ tng pa:-..s. and m:o rloor anc! non· 
:lLXJf par..s l<X'"a::1on. b:..:: :-.:-: ¡dcntJtY oi t.f-,e sc~r.~cmed rcpom. WJ\ 

~:.\e¿ ::u u:~;--1:::-:v:-:-.: :=-=-:~;:<00~C.:~u:c-t'a.scJ OJ.\'1!=-;¡no~ :\JI thc 
-.::.:..:a! :~·:i~:-::q~:c\ \\Crc t...--:uwn to f.c '''0 u:-.re::Jbl:: u:; s::1!=-l:: 

::;a\·!C\ci ::-:lJ~C\. r":.:r h ;;.;\-:,'1~ rcdu.'l~atH :ech:ug'.Jcs o~rJ:m~ 1n 
:':nalJd anJ rJ?h.ih S'~::.::-.:nj! ocrv:ccn ócm. roous::1c~~ \\J._\ 

J::11c·.cJ T:1c rot>O: wJ.S ~::-.::o lollow co:-ncior., J.:'l..i r.10\ 1:1s. tl:liCCU 

:.-: :-:-.:! ~:::::-. w:::, \C'f'\' L:-_:: cor.'lputd:JO:-.a! rcsourccs m· r.:cxk:-:1 
co:-n¡.,:..::cr v:!'>h>:l s~.l;;.;a: ~ 

l: _: 

This 1•\ca ofusml! redundancv over manv lmages ts m conrrast to 

the appt'•:tch in rr;d,tional co~puter Ytsion r~carch of trymg: ro 

exmct tl•c max.imal amounr of inforrnarion from a stnglc tmage, or 
pair of 1111.\g:cs. This lead ro n·ying ro ger complete depth maps over 
a fuU ridd of view from a single pair of stereo 1magcs. Bill:ud (31) o 
pomrs IHLt that humans do nor do this, but ra.rhcr servo thcir rwo 
c\·cs to vnt:e on a pamcular poinr and thcn nrracr rcbm·e dcpth 
mform.11um about th:H pomt. \Vtth th1s and ma.ny ot.l-¡cr cnmplc.s he 
point.<; IJLH Uur an acm·e vision s\'Stcm. rhat is, one with conrrol o\·cr 
1ts c::uncra!>, can work narura.Úv in objeC[·centered coordinares. 
whercas a passivc vis ton sysrem,. that is, one which ha.s no conrrol 
ovcr its camr.:ras, 1s doomcd ro work in viewer-ccmcred coordmarcs. 
A largc cfrorr 1s undcr way ar Rochc:srcr ro c:Aploit bchavior-based or 
animare \'1\lon. Dickma.nns and Graefc (3.7) in ,\1unich ha.ve used 
rcdundancv from mu.ltiple imagcs, and mulriplc fcJrurc wtndows 
thar tr.lck rdcva.m fearurcs bcrwcen ¡maces, whtlc virrua.lh· ignonng 
thc rcsr of thc 1mage r"o comrol a truck Ónving on a :·rcC\~'J.\~ ar ovc~r 
100 kllomctcrs pe; hour. - . 

. .AJthou~h predaong rhc cmpha.sis on bch:.,·¡or-b.1Scd robots, 
Raibcrr's hopping robots (33) fir thcir sptrir. T raCiciona.l walking 
robors o.rc !;.1\'Cn a dcsired tra¡ecrory for thcir body and then 
appropriJ.tc k:g mmions are computcd. In Ra~bcrr's onc-, rwo-. and 
four-kggcd machines, he dccomposcd the prob!cm mro indepcn· 
dem.ly conrrolling thc hopptng he1ghr of a kg, il5 íorward \'c\OClry', 
and the body arnrudc. The mooon ofthe robor's r.ody cmcrgc:s from 
thc imcr:o~..-rions of thcsc loops and the world. L1si..'1S suhsumption, 
Brooks pro~ramm~:d a si...x-lcgged robot, Gcnghts 1 Fig. 3), ro walk 
O\er rough tern.m iJ~). In th1s case, 1:1\'ers of bchanors ¡mplcment-
ed ñrsr r.he abilay to stand up, rhen to walk wilhom 1l·cdb~ck., r.hen 
to adJust for rough terrain and obstaclcs bv mca.ns of force feedback.., 
then to modulat~e for this accommodano~ ba.s::::d on p1rch and roll 
indinom"ers. Thc rrajectory for r.hc body is nm spcclfled cxplicitly, · 
nor is L1e~ any h1crarchicaJ eomroJ. The robot succcssfulJy navi-o 
g:arcs roug:h rerram with vny lmk computa non hfUre 4 shows the 
wiring. d.Jagra.m of thc 57 augmemcd finlrc sra~e machines 'rhar 
conrroUcd 1L 

Tncrc: bve b.:cn a numbcr of behavior·ba.sed npenmems v.,th 
robo! r,¡a.~.:pularors. Conndl (35) uscd a coUccnO:'l of 17 AFSMs to 

conrrol :;.:: arm w1th rwo dcgrees of freedom moumed on a mob!le 
b~e \q1c~ parked m front of a soda can, wheth::r at floor Jcvcl or 
on • tabk to?, LI-te arm was ablc ro rcliably t1nd n and pick a up, 
dc.spnc o:..'-lcr clur::cr 1:1 fronr of and undcr thc c.m. using 1ts loca.l 

Fig. 3 G-:.-.Fhl~ ~~.a~~\· 

h:c:cd. ~o:·:•: r.IC:l5u."'1nl: 

.:;S Ccn:-~""·~-=:-!> m lcnl:".h 
b..::h nf"..: .:-~ )~ ;~m¿ncd 
.1: ;~ ~no-..::..::r JOI:lt w1~1 
:-.\ n acr:: =-· n( ro:;¡ nona] 
f~c-cJ0:-:-, c:~."' Cn\~:1 h· 
J r.-u.~~. ;..~:-:;~n:: r-o•\1· 
:H>:1 e~·:::: .·.':.o':-J::: ~::no 
i.1ow:- T:- :- ~-=:-:\o:~ a~:: 

f'l:~n L":.: : .·:! m..::b:1o~t::· 
1crs. f""o ::<ils1on-!>::n~~: 
t:\c .1:-.:c:-_-.J::. !>:.J:. !0:-· 
-.. :;¡¡J.Jt•.lo..--.,:. p.U\1\C 

í'\ nw:k(";:-: ::1fr:or::d ~en· 
~t•:-\. -.-. .: .:-:-udc íorcc 
r:-,c¡~:J:~::-.::-.:!> l;o;n thc 
~::r->o iv.::< u:· cJ,:, rnt,. 
:ur T:-.:::= J.:c four on· 
~":l~riJ : .:-.:·t'it :nlOO· 

r~o..:c~!>V:~ th~c::c (,:· 

\\ hKh ~.:.: . .:...:- mmor a:od 
\Ci"I~W 1:;:-.~\ wJ onc of 
.... i"I!Ch r.;_;~ Ulc sub~umpnon ¡¡,rchnc.crurc. 
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Flg. 4. Thc subru.mprion ncrwork. to conrrol Gcnghis conmts of 57 
augmcmed fin.lre snre machmc.s . ...,;m "v.irc:s" connccti.ng thcm tlur pass 
~mili imcgc:rs as me.ss:~.gcs. Thc: clcmcnG wu.hom bmds on rop :uc ~pared 
six rimes, once for each !cg. Thc nc:t"''Or):; w;¡s b\.lllt tncrcmcnra.lly sumng m 
:.."'le: lowe:r ngiu comer. and ncw bycrs wcn:: :~ddcd.. roughJy row;ud thc uppcr 
kft comer, incn::umg thc: bcha,-iora.l rcpcnoirc :u cac.h stagc. 

scnsors ro din:ct its scarch .• AJJ. thc AFS!-.i.s had sensor n.lues as rhcir 
onJy mputs and, J.S ourput, acruamr comrm.nds thar thc.Il wcnr 
through a ti.xcd pnoriry arbitrarion ncrn·ork ro conrro! thc arm md 
hand. In L:...is C;llC, Ü1cre was no commurucuion bccv.·ccn thc 
.-\.FS:\1s. and thc sysrcm was completdv reactive ro lts cn,1roruncnr. 
,\Lllcohn and SmJthcrs í36) at Edinburgh repon J. hybnd asso:mbly 
sysrcm. A rracLrional Al planncr produces plans for a robot ma.rup· 
ularor co asscmb!c thc componenr:s of sorne artifact., anda bcha\ior· 

Cucd sysrcm cxcrutcs thc plan stcps. Thc kcy idea is w gwe thc 
Jkhcr leve! pla.nner robust: primitivcs wh:ch C:l.."1 do more than carry 

our simple morions, óus miling L'1e planrung problcm easier. 
Reprcsem:ation is a comerst:one top1c in tradltional :\l. :'-.1atl.ric at 

. \liT has recentJv inrroduccd active represcnracions mto thc sub· 
sumpoon archirecrure (37). Idenoc.a..l subnenvorks of A.FS~1s are the 
rcprcsenrarional unir:s. In CX?Crimenr:s "';th a sonar·bascd officc· 
cnvuonmc:nr na\1garing robot n.&mc:d Toro.lard.;narks wcre bro:~d­
..:asr to óc rcprcs~ma;ona.l substrJ.:c as thc:y ,~·ere cncounrc:rcd .. A. 
prC\iously unalloc:~ted subnerwork would bccomc thc rcpreseno.­
:JOn for that landmark and thcn u.ke carc of nori.ng topologic:a.l 
ncig.hborhood rclationships, saring up cxpc:co.tion as the robot 
moved tJvough prc:\1ously encoÚ.mcred spJ.cc:. sprc:admg :~crintion 
encrgy ior paó pla.n.ning ro multipie goili. and dirccring the robor's 
monon dur.ng go.1.1-scck..ing bchn1or whcn in lhc \lCuury of the 
!J.ndrm..rk In r.his approJch r.he reprc::scnr;¡ooru and rhc WJ~"S in 
whkh L~cv a:c used :uc t.'1Scpanbk-it al1 happcns in rhe same 
compuurio:u.l urue> \\1t.h..in L~e ncrv.·ork. !\:ehrru.ow and S:nnhcn 
!38) at Edmburgh hJ\'C Jiso cxDCruncntcd ,,;th including rco~cscn­
'J:::iom of la.."1d.'TI~a..-k.s. bur ócir ;obots o:--cr.ncd m :a simpl;r \\.orld of 
('11~-v.·oOd cnclosurcs They used sc!i-organillng: nct"'A·o·rks 10 reprc· 
<.enr k.. 'lO\\ iedge of thc \loor Id, and :arpropn:a:c t:-_..:.uencc on the 
cur:ent Jcnon of rhe robar :\dJiuo~ali~·. L'le Edinbur~h g:-oup h.u 
~:one J n' .. l.::~ber oí cx:pef'lF.lc:ncs v.:t~h rcar.'-·:r:; nf ~C":..Ots. and \l.;th 
früup C'-na.::1:CS J...710:1f: robots u.sing :a Lc~o-bJ..Scd rapid f':'"O~Ot\?· 
mg system óat they hJ.\'C dc\'clopcd. 

.\1anY o:' (.1-:c c:Jrl~· be!1J.\10r-bl.ScJ a?pro•chcs l.!Scd :a f.:t:d p:-:onry 
schcme to deClcJ<: which beiu\lOr couJd co:-~rrol a p.l.Itlcular J.IT.J:ator 
r which c.::~e At Hut:hc..s. a.'l al:emJiJ\C votir:g ~chcme wJ..S 

t).'"oduccd f39) to cr.Jble; robot to tale :advan::Jge o{thc ouro'JLS of 
mam·!xhJ.\lOrs !.t:nult.ancou.s!v. :\t Brusscls a !.chcme for scl~CO\'c]v 
Jcr;,:a::ing. and de·Jcrinnng c~mf!lc:e l:>chJ\iOf'i WJ..S dc\'elorocd b~­
.\iacs t40\, bJ.S.eJ on !.pro~tng ;¡~vation v.¡thm thc ncf\4·ork. itsclf. 
This schcme WJ..S further dcvcloped Jt .".1IT a."'ld wed to program 

Tato .&mongst: othc:r robots. In particular, ir wa.s used ro prO\ide a 
kaming mechanism on thc: six·lcgged robot Genghls. so that it · 
could le:un ro coordinare its leg lifring bcha..,ion:, ba.sc:d on ncganve 
feedback from falling down (41). 

V crv recemlv there has bct:n work ar lB M ( 42) md T dros Res =eh 
(43) U:Smg Q·l~g (44) ro modifv the beha,ior of robo<S. There 
sccm to be drawback.s with the convcrgcncc nme for thcse aigorithms, 
but more cxpc:rimenr:a.tion on real sysrcms is nccdcd. 

:\ numbcr of rc.scarchers from rnd.Jrional roborics (45) and Al 
(46, 47) havo adoprcd rhe philosophies of the behl\ÍOr·based 
approachcs as the bonom of m·o-levcl sysrcms as sho\\-11 in Fig. 5. 
The idc:a is ro Jet a rcacriv~ bcha,ior·bascd svsrem take care of thc: 
real rime issucs involved \\-1th imcracting v.~th lhe world while a ( 
more cradmo;,aJ ¡\J sysrcm si u; on rop, making longcr rcrm c.xerutivc 
decisioru that affe!;t the policic:s ex~rured by thc low~r leve!. Others 
(48) argue that purcly bchavior-bascd sysrems are all thar are 
needed. 

Evaluation 

!t has bcen d..ifficult ro evaluare work done undcr thc: banncr of the 
ncw approaches to robotics. lts proponcnr:s hJve ofu:n argued on 
r...,_e bas1s of performance of sysrcms budr wn.hin its St:"-'ie. But 
performance is hard ro evaluare, and thcrc has bcen much critiasm 
t."'llt.ÜJc approach is both unpnnc1pled and wiU nor saJe well. Thc: 
unprinciplcd argumenr comes from compansons to rnd..itionaJ 
Jcadcrmc rabones, and the sca.ling argumcnr comes frorñ traclioonaJ 
:\l. Bor.h thcse dlsciplinc.s have c:sr.abhshcd bur informaLcrircria for 
what makcs a good and rc.spcctable p1c:ce of rescarch. 

T radmona.J :~cademic roborics has workcd in a somewhat pc:rfect 
doma.in. Therc are C.W-hl:.e modeJs of objecr:s and roOOr:s, a.rid a 
modded physics of how things imcract ( 16) ,\ 1uch of the work is in 
devcloping algomhms that guar.a.ntce ccrrain cllsscs of n::su.lr:s in thc 
modelcd world. Verific..auoru are occ..a.sJonallv done \\-1dl.:-ca..l roOOts 
(18), bur typically those nials are nowhcrc ~carly as complic..ated as 
rhc cxur •les thar can be hand.Jed in simulaoon. Thc soding point 
sec:ms to be in how wcll thc expcnmentcrs are able to coax lhc 
physica..l robots to match the phys¡c.s· of thc stmulatcd robots. 

For the new approaches ro rabones, howcvcr. whcrc: the cmphaslS 
1s on nndersund..ing and c:xploiting the d~1131TllC.S of intcracrions 
w1th r...1e world. ir makcs scrue ro measure a:1d analyz.c ú,_C syst:ems as 
thcy are siruatcd in the world. ln the sa.mc way modero ethology has 
prospcred by srudylng animals m the1r nJtl\'c habitor:s. nor just in 
Skinncr boxcs For msrancc, a pa.rricular scruur, under 1dc:al cxpcr· 
¡mental cond.mom, may· ha ve a pa.mcular rcsolurion. Suppose thc 
~enser 1S a sor.•r. Thcn ro mcasurc lts rcsoluuon an expcnmc:nr "-1U 
!x ser u o whc:re a reru.:TJ s¡gna.J from thc test arriclc: !S scrued.. and the 
rcsoluo~n w1U be compar;d agairur mc:J.Su;crnenr:s of cllinncc: made 
\~ ith J. ruicr or sorne such de\ ice. Thc cxpen:ncnt m1ght be done for 
a nur.tbcr o:· ó5úcnt surfJcc r:-pcs Rut ~' hcn thJt se;.sor 15 lnst:a..l.Jcd 
un a mobdc robot. struatcd tn a clurrercd. d~namicalJy changmg 
world. óe rer..::-n S1gna.!.s that reach L~c: sensor may come from ma..'ly 
possiblc sourccs. The ob¡ecr ncarc.st thc sensor m:ay not be made of 
onc of :.he tesrcd marerials. h mav be ar su eh JO anglc th:ar t.hc sonar 
pulse actS :as though it wcre J. m:rror. and so the sonar secs a 
~econdarv rc:!1ernon. Thc: scconda.rv Jobc.s of rhc sonar m:ghr dcrcct 
~ometiung in a cluncrcd struJcion. wherc ~ . .hc..-e was no such inrcr­
fc:rencc 1:1k the ckm expcrimenta..l s1ruaoon. Onc of thc maJn po1nts 
of thc: ncw approachc:s ro rabones is thar thcsc: ctfero are: c:xt:rcmd:-o· 
importam on thc O\'eralJ beha\-1or ui a robot. Thcy are a.lso 
c:xtrcmd\' dJfficuJr to model. So the rradmonaJ roboncs appro1ch of 
rro\1ng ~orrecmcss m an absrnct modcl mJy be somcwhJr mean­
ingicss 1n r.hc new approachcs. \\'e nced to tínd ways offormaliz.mg 
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. S. A number of 
•ea::s involve combi.n· 
' a reactive · .sysran, 
.ing scnson, and ac· 
:en v.-ith a cn.diciona.l 

., ...... 
ynem that docs S) m· . ' · ,., . . 

·C rea.soning m arder to runc thc pa;amcten of thc mw.tcd componcnt. 

r undcn:unding thc d)n~cs of imcncrions \\ith thc world so 
t wc: can build thcorccical tools that: will lct us makc: prcd.Jcrions 
)Ut the pcñonnancc: of our nc:w robots. 
[n mdiéonal Al there are many classcs of rcs~arch conoibutions 
disrinct from application deploymenr). Two of the most popular 
dcscribc.d herc. Onc is ro provide a formallim that is consistcm 

· sorne lcvel o.f dcsaiption of sorne aspcct of thc world, for 
unplc, qw.litnivc physics, srercorypcd imcracrions berwccn 
:.akcrs, or c.au:gori.z.anons or uxonomics of animaJ.s. TIUs cb.ss of 
;rk doc.s nor neccssa.rily require any particular rcsults, thcorems, or 
;rking prognms to be JUdged adc.qwrc; thc formalism is thc 
. porum comribution. A second class of rc.sc.arch ukcs sorne input 
?rc.scntlrion of sorne aspero of a si~rion U'l thc \':orld and makc.s 
)redicrion. For ::x.amplc, 1t mighr be in the fonn of a plan ro c:ffcct 
·me chmgc in thc world, in thc form of thc dnwing of >.n >n.Jo¡;y 
:rn.some schc.ma in a libn.ry in arder ro deduce sorne non"b'ious 
:t., or it might be in the fonn of providing sorne cxpert:lcvd 
. \ice. Thc.se rc:s.carch comriburions do nm have ro be tcsrc:d in 
:uatcd S)'Stern.s.--thcre is a.n implicit underst:1.nding among re· 
-:trchers .:~.OOut wh.:~.t is rcasonablc ro "teU" t.hc. sysrer.'..s in thc \nput 
lt.a. 

In the new approachcs thcre is a much srrongcr fcding that thc 
lbo::S must fi.nd c:vcryth.ing out about their pliricular world by 
:cmsdvc.s. 1bis is nor ro say thac .;¡ priori k.nowlcdge onnot be: 
· . .:orpon.ted :.nto a robot, but thlt ir must be non-spccific to the 
l11:icuW locarior:t in· wh.ich the robot ""ill be tes red. Givcn thc · 
..uTCnt capabilirics of computc:r percc:pcion, this forccs bc:ha\10r· 
~d robo::s ro opcn.tc in much more uncc:ruin .and rnuch more 
Jar"Sc!y dcsaibed wodds than tradirional Al s:-stcms opcraring in 
Jnularc:~ ima.ginc:d worlds. Thc new s:-stcms can thercfore scem ro 
·ave much more iJ.rnlrcd a.bilitic:.s. 1 wou1d ari;uc (48), howcvcr, that 
1e tn.clicona.l sync.ms opénre in a way thlt \\.;u nc:vcr be tnru~xm· 
':l!c ro the rcl worlds thac the siruarcd bcha\1or-ba.s.ed rot.oa 
[rc:;¡dy inhabit. 
The ncw .:~.pprolchc:s ro roOOtics ha ve: g.;¡mcrcd .:~. lot of lnrcrcst, 

;¡d mwy pcoplc uc stuting to work. on their various a.spccu. Sorne 
:e o:ing ro build s;.~rcms using only thc ncw .:~.pproachc.s, othcn a.r:: 
=-:i.ng ro intcgn.tc thc:m v.1th cxuring work.., and of co~c thcre u 
:-;uch work continuing in t.~e trad.JtionaJ sr:·lc. Thc communiry i~ 

:.!'idcd on thc appropriltc .:~.pproach, wd more work nc::cds ro be 
ionc in miling compa.nsoru in arder to undcnta.nd the 1ssuc.s 
--.c:rer. 
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Capítulo 1 

Modelos de IA aplicados a 
robots móviles 

Un robot obtiene datos a través de sus sensores, los interpreta, toma decisiones 
y envía órdenes a sus actuadores. La ''inteligencia" del robot depende de los 
algoritmos que le permiten interpretar los datos y tomar decisiones, por ésto el 
controlador del robot debe basarse en técnicas de inteligencia artificial. Desde 
que nació el campo de la inteligencia artificial ha existido la intención de reali­
zar robots autónomos verdaderamente inteligentes, ésto es, robots que realizen 
tareas de manera similar a como las realizaría un ser humano. 

Un problema que se debe enfrentar es el de la velocidad de los programas que 
controlan al robot. Contar con algoritmos eficientes y rápidos es prioritario, ya 
que por el momento, un robot no podría cargar consigo una supercomputadora. 

En este capítulo se tratan algunas técnicas de inteligencia artificial que se 
pueden aplicar a la solución de algunos de los problemas de los robots móviles 
de manera eficaz. 

1.1 La arquitectura de control 

El controlador es el encargado de interpretar los datos que un robot recibe 
mediante sus sensores y de tomar decisiones para que realize los movimientos 
adecuados con el fin de cumplir con su tarea. La manera en que se distribuyen 
los componentes del controlador determina el comportamiento que tiene el robot 
y la velocidad a la que se pueden ejecutar las órdenes. 

En los primeros días de la Inteligencia Artificial se propuso una arquitec­
tura de controlador en la que se dividía la carga de trabajo en varios sistemas 
dispuestos uno tras otro: percepción, modelado del mundo, planeación y ejecu­
ción. A fines de los 80's se propuso una nueva arquitectura con varios módulos 
de comportamiento, cada uno de los cuales tendría sus- propios mecanismos 
de percepción modelado y planeación, y un árbitro que decide qué módulo de 
comportamiento controla a qué parte del robot en un momento determinado. 

¡¡ 
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1.1.1 El enfoque tradicional 

Los primeros robots ¡'inteligentes, que fueron construidos a fines de los 60's y 
principios de los 70's, marcaron la pauta del desarrollo en robótica al menos 
por los siguientes 15 años. Shakey, un robot desarrollado en el Instituto de 
Investigaciones de Stanford (Stanford Research Institute) contaba con un me­
dio ambiente preparado especialmente para él, una cámara de televisión como 
sensor primario, una computadora externa para analizar las imágenes en base a 
descripciones hechas en la forma de cálculo de predicados de primer orden, que 
servían para generar una secuencia de acciones con un planeador que a su vez 
enviaba comandos a los actuadores que contaban con realimentación en base a 
otros sensores como el odómetro y una barra sensor de contacto. 

En la mayoría de estos sistemas existía la tendencia a utilizar la visión por 
computadora solamente para reconstruir un mundo tridimensional a partir de 
imágenes bidimensionales. La inteligencia artificial era utilizada para realizar 
descripciones del mundo y manipularlas~ que casi nunca se convertían en ma­
nipulaciones reales de los objetos reales. La robótica sólo tenía como misión la 
interacción física con el mundo, los problemas principales eran: la planeación de 
una ruta libre de colisiones; la cinemática y dinámica directa; y la cinemática 
y dinámica inversa. Como se puede ver en la figura 1.1 la interacción entre los 
componentes en el enfoque tradicional era: 

l. Obtener datos de los sensores. 

2. Interpretar esos datos. 

3. Realizar un modelo del mundo en función de la respuesta de los sensores. 

4. Planear los movimientos necesarios en función de la meta y del modelo 
del mundo. 

5. Enviar instrucciones a los actuadores. 

seusores 
•nterpretacioh - - plaueac•6u - ejecuctÓÍJ ctuadores modelado 

Figura 1.1: Enfoque tradicional 

Este enfoque fue aplicado con relativo éxito en muchos casos, pero desgra­
ciadamente en el momento en que se han sacado de los- ambientes fabricados 
expresamente para la operación de esos sistemas 1 han fallado. Ahora es claro 
que es muy difícil obtener suficientes datos de los sensores que permitan realizar 
un modelo exacto del mundo. Además el ciclo sensado, modelado, planeación 1 
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actuación es muy lento y puede hacer que un robot tarde varios minutos en 
tomar una decisión simple. 

1.1.2 El enfoque de comportamientos 

Alrededor de 1984, de manera independiente, varias personas comenzaron a 
reestructurar la organización de la inteligencia en los robots basados en los 
siguientes argumentos: 

l. La mayor parte de las cosas que realiza la gente en su vida cotidiana no 
es resolver problemas o planear, sino que realizan actividades rutinarias 
en un mundo dinámico. 

2. La representación que un agente tiene del mundo, no necesariamente debe 
descansar en nombrar esos objetos con símbolos que posee el agente, sino 
que puede estar definido en términos de las interacciones del agente con 
el mundo. 

3. Un observador puede hablar legítimamente de las creencias y las metas 
de un agente, e incluso un agente no necesita manipular estructuras de 
datos simbólicas en el momento de actuar. Dado ésto se puede compilar 
una especificación simbólica del agente antes de ser usado, llevando a 
programas eficientes. 

4. Modelos internos del mundo que sean representaciones completas de am­
bientes externos son imposibles de obtener y no son totalmente necesarias 
para que un agente actúe competentemente. 

5. Para poder evaluar la inteligencia de un robot, es necesario construir agen­
tes completos que operen en un mundo dinámico usando sensores reales. 

6. La inteligencia puede emerger de componentes independientes que inte­
ractúan con el mundo. 

Uno de los resultados más importantes de estas apreciaciones fue la arqui­
tectura subsumida (subsumption architecture) que propuso Rodney Brooks J3]. 
Esta arquitectura está compuesta por una red de máquinas de estado finito 
aumentadas (AFSM's por sus siglas en inglés) generadoras de comportamien­
tos, cada una de las AFSM's envía y recibe mensajes y almacena información 
respecto a Jos mensajes que se recibieron más recientemente. Dependiendo de 
los datos que cada AFSM recibe, puede enviar mensajes de salida o mensajes a 
otros AFSM's. Aunque la red es asíncrona, puede existir un AFSM que tenga un 
reloj interno para poder trabajar en el tiempo en que el mundo real se desplaza. 
Los mensajes de salida generados por las diversas AFSM's son arbitreados para 
poder manejar los conflictos que se pueden producir. En la figura 1.2 se puede 
ver la distribución de los módulos generadores de comportamientos. 

En el enfoque de comportamientos, se aprovecha la capacidad de generación 
de comportamientos de cada módulo, de manera que cuando se cuenta con 
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varios de éstos surgen comportamientos complejos a partir de otros que son 
muy simples. logrando así que los sistemas aparenten inteligencia. 

A partir de que fue propuesto este modelo se han realizado muchos sistemas 
que demuestran que es viable construir inteligencia de esta manera. Por otro 
lado, se ha considerado· como una alternativa utilizar una mezcla de los dos 
enfoques aquí descritos, en éste se contaría con un sistema de alto nivel para 
planear secuencias de actividades de bajo nivel que a su vez son realizadas por 
una arquitectura de comportamientos. 

r- comportamiento A '--

~ r- comportamiento B 1--- o 

" ~ :0 
~ " 

1--- componanuemo Z -
- -

Figura 1.2: Arquitectura de comportamientos 

1.2 Búsqueda de soluciones para encontrar un ca­
mino al objetivo 

Para lograr que un robot móvil se coloque en una configuración predeterminada, 
es necesario planear la secuencia de configuraciones que debe adquirir con el fin 
de llegar al objetivo. Si se cuenta con un modelo adecuado del entorno en donde 
trabaja el robot, esto es posible. El principal componente del planeador es un 
mecanismo de búsqueda para encontrar un buen camino que el robot pueda 
seguir. 

El camino óptimo es aquel que permite minimizar o maximizar algún factor 
que se considere importante, aunque no siempre es necesario encontrar el mejor 
camino, ya que puede ser suficiente encontrar un camino satisfactorio o incluso 
puede bastar con encontrar al menos uno. 

El problema básico consiste en que dado un punto inicial y un punto final, 
así como un mapa de nodos y conexiones, se debe encontrar algún camino o el 
mejor camino (quizá el más corto) para llegar del punto inicial al punto final. 

Realizar un mapa, como se verá más adelante, es un prpblema fundamental 
de la planeación de rutas. En este mapa todos los nodos son puntos en los cuales 
puede estar el robot sin estar superpuesto con algún objeto de su área de trabajo. 
Además, tanto el punto inicial como el punto final son considerados nodos del 
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mapa (si el punto final cumple con la condición de no superponerse con algún 
objeto), o de lo contrario la búsqueda no se puede realizar. Sólo existe conexión 
entre dos nodos si no hay ningún objeto que cruze la linea recta que los une, y 
el peso asociado a la conexión es igual a la distancia entre ellos. Debido a esta 
característica, a éste mapa se le conoce como mapa de caminos o de carreteras, 
y de manera más formal se puede decir que es un grafo de visibilidad. En la 
figura 1.3 se observa un ejemplo de grafo de visibilidad. 

Figura 1.3: Mapa de caminos 

El camino encontrado en la búsqueda es una secuencia de nodos a los cuales 
se puede llegar sin riesgo de tener una colisión con los objetos que se consideraron 
para determinar los nodos y las conexiones entre ellos. Además se pretende que 
éste camino sea el camino más corto o al menos uno de los más cortos. 

Una forma eficiente de resolver este problema es utilizando un árbol de bús­
queda, que es una colección de nodos (que podrían repetirse incluso) y ramas. 
Los nodos representan trayectorias y las ramas conectan trayectorias a exten­
siones de trayectorias logradas en un solo paso. Además tiene mecanismos para 
producir una descripción de trayectoria y para conectar la trayectoria con su 
correspondiente descripción [4]. 

Los árboles de búsqueda se utilizan en problemas de naturaleza diversa, en 
el caso de la generación de rutas para un robot se puede utilizar un árbol para 
representar al mapa de caminos y proceder a una búsqueda en el mismo, como 
en la figura 1.4 en la que se vé el árbol generado a partir del grafo de la figura 
1.3 

Existen diversos métodos para realizar búsqueda en un árbol. Se puede 
hacer una clasificación de éstos en dos tipos generales: los métodos ciegos y 
los métodos heurísticos. Los primeros realizan una búsqueda sin tener ninguna 
clase de información acerca del problema y se conforman con llegar al nodo 
meta, en tanto que los métodos informados aprovechan las características del 
problema para hacer eficiente la solución y la búsqueda. 

Además de que se debe tratar de encontrar una solución eficiente al problema 
que se plantea, también se debe cuidar la eficiencia de la búsqueda, ya que si 
consideramos que si cada nodo del árbol tiene en promedio b ramas y que la 
profundidad del árbol es d, entonces el número total de trayectorias en él será 
bd. El número de trayectorias se incrementa exponencialmente a medida que la 
profundidad del árbol aumenta, y por lo tanto la potencia de cómputo necesaria 
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para resolver el problema también crece. 

13 12 

Figura 1.4: Representación del mapa de caminos de la figura 1.3 en un árbol 

1.2.1 Métodos ciegos 

Existen dos métodos ciegos: el de búsqueda en profundidad y el de búsqueda 
en amplitud. El problema principal de éstos es que si no existe solución al 
problema, se tiene que recorrer todo el árbol para darse cuenta, además que 
aún cuando haya solución la búsqueda es muy ineficiente. 

El método de búsqueda en profundidad consiste en partir del nodo origen y 
crear todas las trayectorias que se puedan generar a partir de él, revisar si una de 
éstas trayectorias lleva al nodo destino, si nó tomar a uno de los hijos generados 
y repetir la búsqueda de la trayectoria a partir de él, las demás alternativas 
clel mismo nivel se ignoran a menos que se hayan agotado las posibilidades de 
llegar al nodo destino a partir de la primera elección. En la figura 1.5 se puede 
observar un ejemplo de búsqueda en profundidad. 

El método de búsqueda en amplitud, como se puede ver en la figura amplitud 
consiste en obtener todos los hijos de todos los nodos del mismo nivel, si ninguno 
de ellos es el nodo destino, se incrementa el nivel y se repite el proceso hasta 
llegar a la solución. 

., 
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Figura 1.5: Búsqueda en profundidad 

Figura 1.6: Búsqueda en amplitud 
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1.2.2 Métodos heurísticos 

El objetivo primordial de los métodos heurísticos es aumentar la calidad de la 
búsqueda, utilizando una regla heurística (o de "sentido común") para reducir el 
número de nodos a través de los cuales ésta se tiene que realizar. Dependiendo 
de la naturaleza del problema la regla heurística puede variar, en el caso de 
planeación de rutas de robots se puede considerar la distancia en línea recta del 
nodo a evaluar al nodo destino. En la figura l. 7 se observa la distancia en línea 
recta al nodo meta M desde todos Jos demás. 

7.8 

10. 

2.7 D 

A 

Figura l. 7: Distancias desde el nodo meta a todos Jos demás 

Ya que la regla heurística mide qué tan bueno es un camino, estos métodos 
dan como resultado un buen o el mejor camino. En primer lugar se muestran 
los métodos de ascenso de colina, de búsqueda en haz y de búsqueda primero el 
mejor, los cuales son mas eficientes que los métodos ciegos y localizan un buen 
camino, probablemente el mejor. En segundo Jugar se describe el método de la 
fuerza bruta, el de ramificación y cota, de ramificación y cota con estimación del 
límite inferior, de ramificación y cota con programación dinámica y el método 
A*, que permiten encontrar la mejor solución con alta eficiencia. 

El método de ascenso de colina es similar al de búsqueda en profundidad, 
con la diferencia que para decidir cuál es el nodo que se debe expandir, se extrae 
de Jos nodos una medida heurística de la distancia que queda por recorrer hasta 
la meta y se expande el que proporciona la menor distancia. 

El método de búsqueda en haz o búsqueda rayo, es similar a la búsqueda en 
amplitud, pero en lugar de expandir todos los nodos de ua nivel sólo expande 
los w rt:J.ejores. Si bien ésto puede reducir el número de nodos no ofrece aún un 
criterio adecuado que permita suponer que la búsqueda es muy eficiente. En la 
figura 1.9 se puede ver un ejemplo con w = 3. 

ID 
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---- 1 

312. 
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Figura 1.8: Búsqueda en ascenso de colina 

3/2. A 217.8 D 
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3/2. A 217. D 

sn. o 51 B 
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9 

Figura 1.9: Búsqueda en haz con w = 3 

JI 
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La búsqueda primero el mejor solo expande el nodo que ofrece la menor 
distancia sin importar en que nivel se encuentre, ésto mejora enormemente la 
eficiencia de la búsqueda, e incluso es probable que la ruta hayada sea la mejor, 
como en el ejemplo de la figura 1.10 

~ 
,¡ / ~ 

"J..{]) m.(ji) d) 

b) 

sn. o 

2!7. D 3/'A 
snG{ s~ 

2f7 D 

o) 

Jn. A 2!7. D 

9/1 8 
sn. o 

Figura 1.10: Búsqueda primero el mejor 

El método de la fuerza bruta consiste en usar búsqueda en amplitud o en 
profundidad para encontrar todas las posibles soluciones al problema, y selec­
cionar la mejor de entre todas ellas, pero a un alto costo de velocidad, sobre 
todo en problemas que tienen una gran cantidad de nodos y alta conectividad 
entre ellos. 

La búsqueda de ramificación y cota realiza una búsqueda similar a primero 
el mejor, pero no se detiene en cuanto encuentra la primera solución. A partir 
de encontrar la primera solución continúa expandiendo nodos con· el mismo 
método pero jamás expande un nodo cuya distancia sea mayor o igual a la 
menor distancia de las soluciones ya encontradas. En la figura 1.11 se observan 
los primeros pasos de la búsqueda (incisos a al g) y el árbol después de haber 
finalizado (inciso h). 

La búsqueda de ramificación y cota con estimación del límite inferior la 
fórmula heurística hace una estimación de la distancia total a recorrer de la 
siguiente manera: 

. __ e(lan.gitudtotal) = d(recarrida) +e( distancia-restante) 

Aquí el problema sería que la estimación de la distancia restante fuera mayor 
a la distancia restante real, por lo que se corre el riesgo de prohibir la expansión a 

)2 
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Figura 1.11: Búsqueda de ramificación y cota 
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nodos que lleven a la distancia óptima. Pero si en vez de hacer una estimación se 
hace una subestimación que garantize ser menor o igual a la distancia restante, 
no se corre el riesgo mencionado y sí se aumenta la eficiencia de la búsqueda. 
En el caso de robots una subestimación confiable es la distancia en línea recta 
desde el nodo en cuestión al nodo destino. 

El método de ramificación y cota con programación dinámica es similar al de 
ramificación y cota, pero parte del principio que dice que si existen dos formas 
de llegar al mismo lugar y una de ellas es menos costosa que la otra , no tiene 
sentido seguir evaluando opciones en la mas costosa. En éste método si un nodo 
se repite en alguna parte del árbol, no se debe seguir expandiendo aquel que 
implique un costo mayor. Ésto elimina búsquedas inutiles. 

El método de búsqueda A• es una combinación de los métodos de ramifica­
ción y cota con estimación de límite inferior y con programación dinámica. Este 
método es el más eficiente de todos los que aqui se han visto, como se puede ver 
en la figura 1.12 en la que en sólo cuatro pasos encuentra el mejor camino. 

9.8 D 

d) 

9.8 D 

9.8 D 

Figura 1.12: Busqueda A* 

1.3 Sistemas Expertos 

Un sistema experto es "un programa de computadora que utiliza conocimientos y 
procedimientos de inferencia para resolver problemas que oon lo suficientemente 
difíciles para· requerir capacidad experta humana para su solución" 15]. Se han 
propuesto varias maneras para representar el conocimiento y para implantar los 
procedimientos de inferencia sobre el mismo, pero el más popular es el modelo 
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basado en reglas, que aqui se detalla. En este modelo el sistema trata de emular 
la capacidad de toma de decisiones de los seres humanos utilizando reglas, que 
forman el conocimiento y están almacenadas en una base de conocimientos. 

1.3.1 Modelo y componentes 

A partir de que Newell y Simon realizaron su "solucionador general de problema­
s", se pudo ver que el conocimiento necesario para resolver problemas se puede 
expresar en gran medida en forma de reglas de producción, del tipo si-entonces 
como en: 

si 
antecedente 1 y 
antecedente 2 y 

antecedente n 
entonces 

consecuente 1 
consecuente 2 

consecuente m 

donde n > O y m ?_ O. 
La idea esencial es que las entradas sensoriales que recibimos, provocan es­

timulas que activan las reglas apropiadas en nuestra memoria de largo plazo y 
a partir de ahi se produce la respuesta adecuada a la situación. 

Un sistema experto trabaja con hechos que pueden considerarse como parte 
de una memoria de corto plazo y que se almacenan en la memoria de trabajo. 
Los antecedentes de las reglas son, generalmente, cuestionamientos acerca de 
la existencia o la inexistencia de hechos que coinciden con algún patrón prede­
finido. Los consecuentes son acciones, que pueden ser llamadas a funciones o 
instrucciones para aseverar o negar hechos. En la figura 1.13 se pueden ver los 
componentes de un sistema experto. 

BASE MAQUINA MEMORIA 

DE ~ DE ~ DE 

CONOCIMIENTOS INFERENCIAS TRABAJO 

Figura 1.13: Esquema general de un sistemá experto 

Además de los hechos y las reglas, los sistemas expertos cuentan con un me­
canismo para hacer inferencias, que es conocido como máquina de inferencias. 
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A través de ésta el sistema realiza inferencias tratando de emular el razonamien­
to que sólo es propio de los seres humanos. El proceso de inferencia consiste 
básicamente en encontrar las reglas válidas en cierto momento y ejecutar las 
acciones correspondientes a alguna de ellas. 

La máquina de inferencias puede actuar de dos maneras: en la primera busca 
los hechos que hay en la memoria de trabajo y después verifica qué reglas de la 
base de conocimientos cumplen con ellos; en la segunda, busca los antecedentes 
de las reglas y los coteja con los hechos que hay en la memoria de trabajo. 
Todas las reglas que resultan del proceso anterior, se consideran reglas activas 
y susceptibles de ser ejecutadas, pero la máquina de inferencias tiene que elegir 
sólo una de ellas para ejecutarla. La elección se puede realizar tomando en 
cuenta cualquier criterio y al proceso de ejecución se le llama disparo. 

Aunque las maneras de hacer un sistema experto pueden ser diversas, típi­
camente sus componentes, como se aprecia en la figura 1.14 son los siguientes 
1~: . 

( 
Interfaz con el usuario 

~ subsistema de 
subsistema de 

adqmsici6n de explicaciones 

~ V conocimientos 

Máquina de inferencias 

Base de Memoria de 
Conocimientos ~ Agenda ~ TrabaJO 

(reglas) (hechos) 

Figura 1.14: Estructura de un sistema experto basado en reglas 

Interfaz con el usuario Mecanismo de comunicación entre el usuario y el sis­
tema experto. 

Subsistema de explicaciones Le explica al usuario el proceso de inferencias 
realizado para llegar a una conclusión. 

Subsistema de adquisición de conocimientos Permite que el usuario in­
troduzca conocimientos al sistema. 

Base de conocimientos Base de datos global que almacena las reglas. 

) ¡, 
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Memoria de trabajo Base de datos global que almacena los hechos usados 
para activar las reglas. 

Máquina de inferencias Realiza inferencias para determinar qué reglas son 
satisfechas por hechos u objetos, de éstas ejecuta la que tiene mayor prio­
ridad. 

Agenda Es una lista priorizada de reglas creada en el proceso de inferencias, 
cuyos patrones son satisfechos por hechos u objetos en la memoria de 
trabajo y que por lo tanto son susceptibles de ejecutarse. 

1.3.2 Entornos de desarrollo 

Existen lenguajes de programación que permiten resolver problemas basados en 
la programación procedural y otros que facilitan el desarrollo de aplicaciones 
para inteligencia artificial, pero niguno de ellos proporciona maneras flexibles 
y robustas para representar el conocimiemto. Debido a ésto, se hace necesario 
contar con un lenguaje de programación orientado a los sistemas expertos que 
permita dos niveles de abstracción: la abstracción de datos y la abstracción de 
conocimiento. 

Por otro lado, en los lenguajes procedurales existe una estrecha relación entre 
los datos y los métodos para manipularlos por lo cual, el programador debe ser 
muy cuidadoso al describir la secuencia de ejecución, en un lenguaje de sistema 
experto se requiere un control de ejecución mucho menos rígido debido a que los 
datos (hechos) y el conocimiento (reglas) están separados explícitamente. Para 
aplicar los conocimientos a los datos se utiliza una pieza de código totalmente 
distinto: el motor de inferencias. Esta separación permite un altísimo grado de 
paralelismo y modularidad. 

A partir de los años 70's el crecimiento explosivo en el área de los sistemas 
expertos, condujo a la existecia de un sinnúmero de herramientas enfocadas a 
su desarrollo. Desde lenguajes como PROLOG que solo permiten alimentar 
instruccipnes simples, hasta herramientas que incluso le permiten al usuario 
introducir el conocimiento a través de ejemplos almacenados en tablas u hojas 
de cálculo y que generan el código por sí mismos. Por otro lado, también se han 
desarrollado shells que son aplicaciones específicas a las cuales se les extrajo el 
conocimiento para poder darle una aplicación diferente. 

Una herramienta muy útil para el desarrollo de sistemas expertos es CLIPS 
(C language Integrated Production System) [8[. Esta herramienta fué desarrolla­
da en el Centro Espacial Johnson de la NASA a partir de 1984 para profundizar 
en el conocimiento de la construcción de herramientas para sistemas expertos. 
La primera versión que fué puesta a disposición de usuarios fuera de la NASA 
fué la 3.0 que apareció en el verano de 1986. Actualmente se usa la versión 6.0 
que apareció en 1993. 

CLIPS es una herramienta que cuenta con su base ae conocimientos en la 
que se introducen los conocimientos en forma de reglas de producción. También 
tiene una memoria de trabajo en la que se almacenan los hechos. La máqui­
na de inferencias que utiliza utiliza el algoritmo de Rete que hace eficiente la 
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búsqueda de las reglas activas. Permite introducir segmentos procedurales y de 
programación orientada a objetos. Cuenta con una interfaz que permite cargar 
reglas, hechos, funciones, objetos, monitorear el desempeño de los programas, 
etc. U na ventaja adicional de CLIPS es que es de muy bajo costo. 

1.4 Redes Neuronales Artificiales 

El principal objetivo de la Inteligencia Artificial es construir máquinas que emu­
len al ser humano en actividades que requieren inteligencia. Se sabe que el origen 
de la inteligencia humana es el cerebro y que está compuesto por millones de 
neuronas que están interconectadas formando una inmensa red, de ahí que re­
sulte natural tratar de reproducirlas para producir inteligencia. 

Las redes neuronales artificiales se inspiran en este modelo formando un siste­
ma de cómputo compuesto por un grán número de elementos de proceso simples 
(neuronas) que están altamente interconectados. Las neuronas se organizan en 
capas jerárquicas y operan en forma paralela procesando información alimen­
tada mediante entradas externas. En la mayoría de los casos los elementos de 
proceso son adaptables, o sea que permiten alterar su comportamiento. 

Y, 
w,. 

Y, ~ 
E, F f, Y, 

w 

Y, 

Figura 1.15: Neurona U1 

En la figura 1.15 se observa la estructura de una neurona. Del lado izquierdo 
se observan las entradas yi, que pueden provenir del exterior de la red o de otra 
neurona o incluso de su propia salida, cada entrada es ponderada por un peso 
Wj 1 que representa la ponderación entre la entrada i (proveniente quizá de la 
neurona i) a la neurona j. Para producir un resultado, lo primero que hace la 
neurona es sumar sus entradas ponderadas de acuerdo a 

E)= LYtWt) 

después se aplica la función de activación a1 (t + 1) = F1 (a1 (t).E1 ) para de­
terminar el nuevo estado de activación de la neurona a1 (t + 1). Finalmente la 
salida de la neurona la determina la función J;(a,(t) que suele ser la misma para 
todas las neuronas de la red. Típicamente la función de salida o de transferencia 
puede ser cualquiera de las siguientes: 

/~ 
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Función escalón cuya salida es 1 si la suma de las entradas es mayor o igual 
al umbral de la neurona, y O o -1 si la suma es menor al umbral. 

Función lineal y mixta en la que la salida es igual a una función lineal de la 
suma de las entradas si esta se encuentra entre dos límites predefinidos, es 
O o -1 si la suma es menor queel límite inferior y es 1 si la suma es mayor 
que el límite superior. 

Función continua que puede ser cualquier función definida para todo el inter­
valo de posibles valores de entrada, con incremento monotónico y límites 
superior e inferiores. La función continua mas usada es la sigmoidal 

1 
f(x) = 1+e oz 

que tiene la ventaja de que su derivada es siempre positiva y cercana a 
cero en valores grandes, ya sean positivos o negativos. 

Función gaussiana que es una campana gaussiana típica con centro y ancho 
adaptables. 

La principal similitud de las redes neuronales artificiales con las neuronas 
biológicas, es la estructura de conectividad, ya que las neuronas naturales se 
interconectan mediante sus axones (ramas de salida) que producen un numero 
variable de conexiones (sinápsis) con otras neuronas o con otros componentes 
del organismo. Las neuronas biológicas no tienen una distribución aleatoria de 
conexiones, todo indica que los genes determinan que las ramas de las neuronas 
se dirijan hacia donde serán necesitadas posteriormente. Las redes neuronales 
artificiales se organizan de manera jerárquica, agrupandose en capas, como se 
puede ver en el ejemplo de la figura 1.16. 

Capa de entrada 

Capas ocultas 

Capa de salida 

Figura 1.16: Red Neuronal 

La programación de las neuronas biológicas está Iígada inicialmente a los 
genes. Conforme se desarrollan, el peso asociado a cada una de las entradas 
de una neurona puede cambiar al recibi~ estímulos positivos o negativos cuan­
do genera una respuesta adecuada o inadecuada ante cierta situación. En las 
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neuronas artificiales se simula este proceso de aprendizaje de manera similar, 
cambiando los pesos W 1J entre la salida de la neurona i y la entrada de la neu­
rona j, siguiendo un algoritmo que deja de hacer cambios cuando la red entrega 
las respuestas esperadas ante estímulos predefinidos. 

Las principales ventajas de las redes neuronales artificiales son: 

• Capacidad de aprendizaje adaptable .. 

• Autoorganización. 

• Tolerancia a fallas. 

• Operación en tiempo real. 

Las redes neuronales aprenden a realizar una tarea en base a ejemplos, ésta 
tarea puede ir desde identificar una figura hasta pronosticar un dato. En éste 
proceso, los pesos de los enlaces entre las neuronas se ajustan hasta que se 
obtienen los resultados deseados. De esta manera no es necesario encontrar la 
solución algorítmica del problema, ya que es la neurona la que genera su propia 
distribución de pesos para resolverlo. 

Las redes neuronales organizan ellas mismas la información que reciben du­
rante el aprendizaje y jo la operación. Ésto lo hacen utilizando su capacidad de 
aprendizaje adaptable que les permite proporcionar resultados aceptables, aún 
cuando se les expone a situaciones a las que nunca antes se les había someti­
do. Por eso, las redes neuronales se desempeñan de manera muy favorable en 
problemas que no permiten realizar un modelo preciso. 

La autoorganización de las redes neuronales también hace que éstas sean 
tolerantes a fallas. Aún cuando un grupo de neuronas sufra algún daño (error en 
la memoria cuando están hechas a base de software, o destrucción física cuando 
lo están en base a hardware), la red sigue siendo funcional, aunque con cierta 
degradación en sus respuestas. Por otro lado, si la información que reciben está 
contaminada con ruido, su desempeño también se degrada, pero siguen dando 
respuestas confiables (en la medida en que el ruido afecte las entradas). 

La naturaleza paralela de las redes neuronales hace que presenten resulta­
dos con un retardo de tiempo muy pequeño, por lo que se pueden utilizar en 
aplicaciones que requieren resultados en tiempo real. 

Como ya se mencionó, las redes neuronales se pueden implantar utilizan­
do circuitos electrónicos y simulaciones de software. Para contar con una red 
neuronal que sea verdaderamente paralela, se tiene que implantar en circuitos 
electrónicos, ya que si se hace con software, está sujeta a la naturaleza secuencial 
de los microprocesadores. 

1.5 Agentes 

El concepto de Agente Inteligente Autónomo es muy reciente y da respuesta a 
un conjunto de problemas planteados por la Inteligencia Artificial Distribuida. 

?Q· 
~ 
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Se puede decir que un agente es un dispositivo, o un programa que cuenta con 
las siguientes características: 

Autonomía No requieren de la intervención directa de una persona o programa 
externo, controlan sus propias acciones y su estado interno. 

Capacidad social Interactúan con otros agentes a través un protocolo de co­
municación. 

Reactividad Perciben su entorno y responden oportunamente a los cambios 
que éste presente. 

Pro-actividad Tienen un comportamiento dirigido a metas en el que toman 
la iniciativa para cumplir con ellas. 

Existen otras características que algunos autores asocian al concepto de agen­
te, dependiendo del contexto en que sean utilizados. Por ejemplo, la Inteligencia 
Artificial hace énfasis en conceptos mentales, como el conocimiento o las creen­
cias. Las principales ventajas de los agentes son que pueden planear y ejecutar 
acciones en base a su estado interno, a sus metas, a sus hipótesis y a sus cono­
cimientos sobre otros agentes, pueden colaborar con otros agentes para tomar 
decisiones en consenso y en ocasiones permiten crear otros agentes. 

El desarrollo de sistemas inteligentes que realizan un modelo del mundo en 
base a la información que obtienen de sus sensores, hacen planes y los ejecutan, 
es insuficiente cuando se enfrenta al enorme conjunto de incertidumbres que 
presenta el mundo real. Es por ésto que se han propuesto soluciones distribuidas 
que trabajen en forma cooperativa, principalmente en aplicaciones que están 
separadas geográficamente. 

Para apoyar la toma de decisiones en sistemas distribuidos, se necesita un 
mecanismo de comunicación que permita que todos los componentes cumplan 
con su trabajo de manera eficiente. Hay dos clases de estructuras de comunica­
ción: 

Sistemas de pizarrón La comunicación se facilita aprovechando una estruc­
tura de conocimiento llamada pizarrón, en la que todos pueden colocar y 
leer información. 

Sistemas de transferencia de mensajes Cuando un módulo requiere que 
otro realize o se entere de algo, le manda un mensaje. Todos los mó­
dulos tienen previo conocimiento de los nombres de los demás para poder 
mandar los mensajes al destinatario. 

Los sistemas de pizarrón están compuestos por módulos independientes que 
generan conocimientos, un pizarrón que les sirve para comunicarse y un sistema 
de control del pizarrón, que determina la secuencia en- que los generadores de 
conocimientos operan en el pizarrón. Este método apoya la estructura modular, 
pero al centralizar la comunicación con el pizarrón, propicia que el sistema se 
embotelle. 
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Los sistemas de transferencia de mensajes pueden basarse en actores o en 
agentes. Un actor es un objeto activo que procesa mensajes, crea nuevos actores 
o los activa. Las acciones del actor están definidas por un repertorio que des­
cribe su comportamiento, este puede ser: modificación de estado, actualización 
de lista de destinatarios, envío de mensajes o creación de nuevos actores. La 
comunicación entre los actores es asíncrona, por lo cual una vez que es enviado 
un mensaje, se pasa a procesar el siguiente sin esperar respuesta. 



Capítulo 2 

Planeación de movimientos y . , 
navegac1on 

Un robot es un dispositivo que opera en el mundo físico el cual está poblado por 
objetos que limitan sus posibilidades de movimiento. La secuencia de acciones 
necesaria para concluir una tarea está determinada por la naturaleza de la misma 
y por los objetos que "estorban" para realizarla. Este problema es enfrentado 
con técnicas de planeación movimientos y de navegación. El robot puede tener 
la organización lógica mostrada en la figura 2.1, en la que cada componente se 
puede implantar mediante agentes autónomos. La misión de cada componente 
se lista a continuación. 

Planeador 

Navegador 

Pdoto 

Controlador 

Figura 2.1: Organización lógica de un robot móvil 

··--

Planeador Determina la ruta óptima global para que el robot alcanze su con­
figuración meta, utilizando conociuüento a priori del entorno del robot y 

xxii 
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de las restricciones a las que está sujeto. También puede definir un tiempo 
máximo para concluir la misión. 

Navegador Divide la ruta seleccionada por el planeador en segmentos inde­
pendientes y encuentra un movimiento continuo para seguirlas. También 
se encarga de evitar obstáculos detectados con sus sensores. 

Piloto Sigue la ruta definida por el navegador, ligando la variable tiempo a la 
misma. La combinación de una ruta y "marcas de tiempo sobre la misma 
da como resultado una trayectoria. Para generar la trayectoria se debe 
considerar la dinámica del robot. 

Controlador Obedece al piloto para que los motores cumplan con los movi­
mientos esperados y manipula a los sensores. 

Se puede ver que este esquema cumple con las características del enfoque 
tradicional del que se habló en el capítulo anterior, pero se puede adaptar para 
operar en un esquema que aproveche las ventajas del enfoque tradicional y del de 
comportamientos, como se muestra en este trabajo. En éste capítulo se tratará 
el problema del planeador y del navegador. 

2.1 El problema básico de planeación de movi­
mientos 

En el problema básico de la planeación de movimientos de robots se conside­
ra que el robot es el único objeto en movimiento y se ignoran sus propiedades 
dinámicas, con el fin de evitar consideraciones temporales. Se considera que 
los movimientos que se realizan están libres de contacto, evitando así modelar 
la interacción mecánica que se podría dar. En resumen, el problema de pla­
near movimientos físicos se transforma en un problema de planeación de rutas 
puramente geométrico conformado por los siguientes elementos: 

• El robot A que se mueve en un espacio Euclidiano W, llamado espacio de 
trabajo, representado como RN, donde N = 2o3. 

• Los obstáculos-E,, ... ,B, que son objetos rígidos fijos en W. 

• La geometría de A, B1, ... , Bq y la posición de los B:s en W se conocen 
con precisión 

• No existen restricciones cinemáticas que limiten los movimientos de A (el 
robot es un objeto libre). 

El problema, como dice Jean-Claude Latombe [6], es: Dada un posición y 
orientación inicial y una posición y orientación meta del robot A en el espacio W, 
se debe generar una ruta T que especifique una secuencia continua de posiciones y 
orientaciones del robot A que eviten el contacto con los obstáculos B;s, partiendo 
de la posición y orientación iniciales y terminando en la posición y orientación 
metas. Si no existe ruta se reporta la imposibilidad de resolver el problema 
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2.2 Espacio de configuraciones 

El espacio de configuraciones es un concepto introducido por Lozano Pérez como 
una herramienta de representación. En ésta el robot es tratado como un punto 
en un espacio llamado el espacio de configuraciones del robot. Los elementos 
geométricos y conceptos físicos se mapean como construcciones geométricas. 
Ésto permite formular el problema de planeación de movimientos con precisión 
y transformarlo en el problema más sencillo de planear los 'movimientos de un 
punto y no de un objeto dimensionado. 

Tanto el robot A como los obstáculos B1 , ... , B, son subconjuntos cerrados 
del espacio W. FA y Fw son planos cartesianos ligados al robot A y a W, FA 
es un plano cartesiano que se mueve junto con A 1 y aunque todos los puntos 
pertenecientes al robot están fijos con respecto a FA, su posición en W depende 
de la posición de FA con respecto a Fw. Por su parte los B:s se consideran 
rígidos y fijos en el espacio W, por lo que tienen una posición fija con respecto 
aFw. 

La configuración de un objeto es una especificación de la posición de todos 
sus puntos con respecto a un marco de referencia fijo. De aquí se deduce que una 
configuración q del robot A es la posición T y la orientación fJ de FA (el plano 
ligado al robot) con respecto a F w (el plano ligado al espacio W). El espacio 
de configuraciones de A es el espacio e de todas las configuraciones que puede 
adquirir A. Al subconjunto de W ocupado por el robot A en la configuración q 
se le denota A(q), y al punto a de A en la configuración q se le denota a(q) en 
el espacio W. 

Hay varias maneras de representar una configuración. Por ejemplo, para la 
posición se puede utilizar el vector de N coordenadas que representa al origen 
de FA en F w y la orientación se puede describir como una matriz de N x N 
cuyas columnas son las proyecciones de los vectores unitarios de los ejes de FA 
en FW. La descripción aquí ejemplificada es redundante y se puede minimizar, 
pero ésto no siempre es conveniente, ya que aunque el espacio de configuraciones 
e se parece a un espacio de ~m 1 formalmente no lo es, dado que se descompone 
en una unión de copias ligeramente diferentes de Rm, entre las cuales se va 
desplazando el robot, dependiendo del tipo de movimiento que realice. 

Para establecer los movimientos que debe realizar un robot para trasladarse 
de una configuración determinada a otra, se necesita seguir una ruta. Una ruta 
para el robot A desde Qm1cwi hasta Qmeta es una función contínua 

T : ¡o, 11 --+ e 

con r(O) == Qm,cial Y r(l) = Qmeta· Qimc1al y Qmeta son, respectivamente, las 
configuraciones inicial y meta del la ruta. Para que se pueda mover al robot, es 
necesario que exista una conexión entre al menos dos configuraciones. 

En esta representación las fuerzas que ejercen los objetos no juegan ningún 
papel, ya que el problema es puramente geométrico, aunque un método que se 
discutirá mas adelante utiliza fuerzas artificiales para guiar la planeación. 
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2.3 Representación de los obstáculos 

Los obstáculos B¡, i = 1, 2, . .. , q que están en W, se representan como regiones 
cerradas, aunque no necesariamente limitadas, de 3?.N. Estos B~s denotan tanto 
a los objetos físicos como a las áreas que los representan. Al mapeo de los 
obstáculos B, en el espacio de configuraciones C se le llama obstáculo-O, y se 
define como la región en C que cumples con 

CB, = {q E C 1 A(q) n B, #O} 

Por ejemplo, si se tiene un robot cilíndrico que se mueve en un espacio de 2 
dimensiones, y un obstáculo poligonal B,, C B, se obtiene haciendo que el área 
del obstáculo crezca isotrópicamente por el radio de A, como se ejemplific'! en 
la figura 2.2. 

Esta representación permite establecer rutas solamente en las partes del 
espacio W cuya intersección con los obstáculos-e es vacía. De la definición de 
C B; S Se observa que para construirlos se debe considerar la forma tanto del 
robot A como de los obstáculos B,. 

Figura 2. 2: Expansión de un obstáculo poligonal para un robot cilíndrico 

Primero se considera el caso en que el robot y los obstáculos son poligonales, 
y que el desplazamiento se realiza en un espacio de dos dimensiones, además 
el robot solo se puede trasladar, no girar. En este caso, las es; S se forman a 
partir del área de contacto que se forma entre la superficie del robot y la de los 
polígonos, si se le pone a éste a desplazarse libremente sobre toda la superficie de 
trabajo sin que se presente alguno de los contactos que se listan a continuación: 

Contacto tipo A que se dá cuando los interiores de A -y B no se sobreponen. 

Contacto tipo B que se dá cuando un vértice del robot está en el borde de 
de B sin sobreponerse a su interior. 
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Si se le permite girar al robot, se forma un espacio de tres dimensiones 
formado por planos. Cada plano se forma con una orientación del robot fija, 
por lo que entre plano y plano solo hay un diferencial de orientación. 

Cuando el robot se desplaza en un espacio de tres dimensiones, se representan 
los obstáculos mediante polihedros. Las regiones CB~s son de seis dimensiones 
que están limitadas por superficies de cinco dimensiones generadas por el con­
tacto que se dá entre la superficie del robot. En este caso los contactos pueden 
ser: 

Contacto tipo A que se dá entre una cara del robot y un vértice de B. 

Contacto tipo B entre un vértice de A y una cara de B. 

Contacto tipo C entre un borde de A y un borde de B. 

El mecanismo que se sigue para formar las CB;s es similar al que se sigue 
en los espacios de dos dimensiones. 

Los casos anteriores son casos particulares que se pueden generalizar si se 
representan los obstáculos y los objetos como subconjuntos semialgebraicos de 
W = !RN. Un conjunto semialgebraico se define mediante sentencias de lógica de 
primer orden cuyos predicados son=, -::j:., >,<,~y ::;, las variables son números 
reales y los términos son polinomios multivariables con coeficientes reales [6]. 

Si el robot y el conjunto finito de obstáculos se representan como subcon­
juntos semialgebraicos de !RN, todos los obstáculos-e, las áreas libres, las áreas 
de contacto y las áreas válidas son subconjuntos semialgebraicos de !RN(N+l). 

Esta representación es en si misma una herramienta adecuada para operar con 
los objetos y determinar los caminos viables para un robot de manera eficiente. 
En la figura 2.3 se observan los elementos del espacio de configuraciones cre­
ado para un robot cilíndrico en un entorno poblado por polígonos y que solo 
puede tener desplazamientos y rotaciones en un plano. Ahí se puede ver como 
se obtuvieron los obstáculos-e, por lo que el robot A ya se puede considerar 
solamente un punto que se mueve en el espacio C que es el área que está dentro 
del rectángulo y fuera de los obstáculos- C. 

Figura 2.3: Espacio de configuraciones para un robot cilíndrico y obstáculos 
poligonales 
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2.4 Métodos de solución del problema básico de 
planeación 

U na vez que se cuenta con una representación confiable del entorno en el que se 
desempeña el robot, se puede pasar al problema de planeación en si. Como ya se 
dijo se trata de encontrar una secuencia de rutas libres de colisión para alcanzar 
la meta. El planeador recibe las configuraciones inicial y meta y el tiempo 
para ejecutar el traslado, se conocen las restricciones del robot, aceleración 
y velocidad, se determinan las restricciones de posición y se planea la ruta 
respetando algún principio de optimización. 

Existen varias técnicas para resolver este problema, a continuación se des­
criben los enfoques mas estudiados que son el de mapas de caminos, el de des­
composición de celdas y el de campos potenciales. 

2.4.1 Mapas de caminos 

La idea subyacente en el método de mapa de caminos es capturar la conectividad 
del espacio libre para el robot en forma de una red de curvas de una dimensión, 
a esta red se le llama también R. Una vez construido, se utiliza como un 
conjunto de rutas estandarizadas. La planeación de rutas se reduce a conectar 
las configuraciones inicial y meta al mapa, y buscar en él un camino. 

Una forma de construir el mapa de caminos es mediante el grafo de visibi­
lidad. Este método se aplica a espacios de configuraciones de dos dimensiones 
con obstáculos poligonales. El grafo de visib11idad es el mapa de caminos, se 
construye conectando todos los vértices de los límites del área libre mediante un 
segmento de recta, siempre que ésta no pase por el interior de algún obstáculo 
C. En la figura 2.4 se observa un ejemplo del uso del grafo de visibilidad. 

Figura 2.4: Grafo de visibilidad 

Otra forma es definir una función continua de el espacio libre para formar 
R. Cuando el espacio es de dos dimensiones y con obstáculos-e poligonales, la 
función resultante se puede representar, por ejemplo, con el diagrama de Voronoi 
del espacio libre. 

El diagrama de Voronoi (figura 2.5) es un subconjunto unidimensional del 
espacio libre que maximiza el espacio que queda entre el robot y los obstáculos. 
Usándolo se logra retraer el área libre hasta obtener solo una pequeña parte de 
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la misma. Dado ésto, un nombre que se le puede dar a este enfoque es el de 
enfoque de retracción. 

Figura 2.5: Diagrama de Voronoi 

Otro método es el de vía rápida o freeway, que es similar al de retracción. 
Se usa en robots poligonales que se trasladan y giran entre obstáculos también 
poligonales. Se restringe al punto de referencia del robot a estar sobre una red 
de segmentos de recta que es similar al diagrama de Voronoi. 

Un método más, conocido como algoritmo de mapa de carreteras resuelve el 
problema de planeación en un tiempo exponencial con respecto a la dimensión 
del espacio de configu~aciones, se basa en construir la silueta del espacio libre 
del robot, añadirle segmentos curvos que ligan "puntos críticos" de la misma 
con otros segmentos curvos. El mapa de carreteras se forma por la silueta y los 
segmentos curvos. 

2.4.2 Descomposición de celdas 

Los métodos de descomposicion de celdas se basan en descomponer el área libre 
del espacio de configuraciones en regiones. Hay dos formas de obtener la descom­
posición: la descomposición exacta de celdas y la descomposición aproximada 
de celdas. 

Descomposición exacta de celdas 

El enfoque de descomposición exacta de celdas se basa en descomponer el es­
pacio libre en una colección de regiones cuya intersección es vacía y su unión 
es exactamente el área libre. Para encontrar un camino entre dos puntos se 
construye el grafo de conectividad que representa la adyacencia entre regiones, 
y a partir de ahí se realiza la búsqueda. 

Si la búsqueda es exitosa, produce un canal formado por una serie de celdas 
adyacentes que contienen en sus extremos a las celdas con la configuración inicial 
y final. De esta serie se extrae la ruta que el robot debe seguir. 

Un aspecto muy importante de este enfoque es la realización de las celdas, 
ya que se puede dar el caso de que al definirlas no sean lo mas adecuado para 
encontrar un camino. Por ejemplo si se decide hacer que el espacio entero 
del área libre se "descomponga" en una celda simple, no es sencillo realizar la 
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planeación. Por esto se considera que las celdas generadas deben cumplir al 
menos con las siguientes características: 

o La geometría de cada celda debe ser lo suficientemente simple como para 
que sea sencillo encontrar una ruta entre dos configuraciones en la misma 
celda. 

o Debe ser fácil evaluar la adyacencia entre cualesquiera par de celdas y 
encontrar una ruta que cruce la frontera entre dos celdas adyacentes. 

Cuando el espacio de configuraciones es bidimensional y los obstáculos son 
poligonales, se puede descomponer el espacio libre en trapezoides. Otra forma 
es modelar al robot como un segmento de línea que se traslada y gira entre 
obstáculos poligonales. En este caso el espacio de configuraciones es de tres 
dimensiones y los obstáculos son regiones de tres dimensiones. 

Un ejemplo de descomposición exacta de celdas se puede ver en la figura 2.6, 
en el cual el espacio libre se descompone en espacios de los cuales se puede hacer 
un grafo de adyacencias, y la búsqueda de un camino se reduce a una búsqueda 
de adyacencias. 

F 

Figura 2.6: Descomposición exacta de celdas 

Descomposición aproximada de celdas 

La descomposición aproximada de celdas representa el espacio libre en celdas de 
una geometría rectangular que pueden no representar con exactitud el espacio 
libre, se realiza una aproximación conservativa del espacio libre. De la misma 
manera que en la descomposición exacta de celdas se realiza un grafo de conec­
tividad para representar la adyacencia entre regiones y se realiza la planeación 
de movimientos a partir del grafo. 

Las ventajas de este enfoque sobre el de descomposición exacta son: se sim­
plifica la descomposición, ya que se obtiene de iteraciones sobre el mismo algo­
ritmo; y los resultados no son sensibles a aproximaciones numéricas de cómputo. 
Como consecuencia, la descomposición aproximada es máS sencilla de implantar 
que los métodos exactos. Además, se puede controlar la cantidad de espacio 
libre alrededor de los objetos fijando la dimensión mínima de las celdas. 

30 
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Las principales desventajas de no obtener una caracterización exacta del es­
pacio libre son: se puede fallar para encontrar un camino, aún cuando exista; se 
pierde la caracterización de discontinuidades en las restricciones de movimientos. 

El desempeño de este método es muy bueno cuando la dimensión es pequeña, 
por ejemplo, en el caso de un robot que se mueve sonbre un plano con obstáculos 
poligonales, pero el grado de complejidad de las búsquedas crece exponencial­
mente conforme la dimensión del espacio de configuraciones aumenta. 

La descomposición se realiza, como se aprecia en la figura 2. 7 iterativamente 
partiendo de una celda cuya área es igual a la del espacio de configuraciones, 
ésta se divide en partes iguales. Se verifica si las áreas resultantes quedan com­
pletamente libres de obstáculos, si no es así, se les aplica el mismo mecanismo. 
Este proceso se repite hasta que se llege a áreas de una dimensión previamente 
determinada. Las áreas que quedaron totalmente libres de obstáculos se usan 
para hacer el grafo de conectividad. 

Figura 2. 7: Descomposición aproximada de celdas 

2.4.3 Métodos de campos potenciales 

A diferencia de los métodos descritos con anterioridad, los métodos de campos 
potenciales no tratan de obtener la conectividad que hay en el espacio libre del 
robot. La idea es representar al robot como una partícula que sufre la influencia 
de un campo potencial U cuyas variaciones locales reflejan la estructura del 
espacio libre. 

Típicamente, la función potencial sobre el espacio libre se define como la 
suma de un potencial de atracción que empuja al robot hacia la configuración 
meta y de un potencial repulsivo que aleja al robot de los obstáculos. La plane­
ación de movimientos se hace a través de iteraciones, en cada una de las cuales 
se induce una fuerza artificial 

F(q) = -V(q) 

que se considera como la dirección de movimiento más- conveniente, de manera 
que se genera una ruta en esa dirección con un incremento. 

Originalmente, el método de campos potenciales se utilizó con fines de na­
vegación, para evitar obstáculos cuando no se tiene un modelo previo de los 
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mismos, tratando de generar movimientos de manera eficiente más que llegar 
a la meta. De hecho y debido al mecanismo de optimización que tienen, es 
probable caer en un mínimo local distinto a la configuración meta. De cual­
quier modo, se puede combinar la técnica de campos potenciales con técnicas 
de búsqueda en grafos para realizar planeación de movimientos. 

Para tratar con los mínimos locales se debe intentar definir una función 
potencial que no Jos tenga o que tenga muy pocos, además se puede agregar al 
método técnicas para escapar de ellos. 

La función potencial se define de manera que su valor en determinada confi­
guración no dependa de la forma o de la distribución de los obstáculos mas allá 
de una distancia alrededor de la configuración, por ésto también se les conoce 
como métodos locales, a pesar de que se considera información que puede ser 
global, como la configuración meta, para su definición. 

La principal desventaja de Jos métodos de campos potenciales es que pueden 
fallar y no encontrar una ruta, aún cuando ésta exista, pero por otro lado, son 
muy rápidos para llegar a una solución. De esta forma es posible construir 
planeadores eficientes y razonablemente confiables. 

2.5 Restricciones cinemáticas 

En las secciones anteriores se han descrito métodos de planeación de rutas con­
siderando al robot como un objeto que se puede mover libremente, sin embargo 
en la realidad los robots están sujetos a restricciones cinemáticas que les impi­
den trasladarse y rotar con libertad. Por ejemplo, si un robot está compuesto 
por eslabones articulados, éstos le impiden realizar con libertad algunos movi­
mientos. Otro caso es el de un robot móvil con estructura similar a la de un 
carro, aunque se puede desplazar y girar, no se puede mover hacia los lados, y 
Jos giros que realiza están limitados por el rango de su volante. 

Las restricciones que afectan a un robot articulado se pueden representar 
mediante ecuaciones que relacionan los parámetros de configuración y que se 
pueden usar para eliminar algunos parámetros y reducir la dimensión del espacio 
de configuraciones. A estas ecuaciones se les llama restricciones holonómicas. 

La planeación de rutas cuando el robot está sujeto a restricciones holonómi­
cas es prácticamente igual que la que se realiza en un robot "libre". El efecto de 
estas restricciones afecta la construcción del espacio de configuraciones, e incluso 
en ocasiones Jo simplifica. Por ejemplo, si se sabe que un robot tendrá orienta­
ción constante, no es necesario incluir en el espacio de configuraciones todas las 
posibles orientaciones para él y el espacio reduce su dimensión en uno. La ma­
yoría de las veces las restricciones holonómicas que se expresan en una ecuación 
reducen la dimensión del espacio, y las inecuaciones eliminan parámetros. 

Las restricciones que afectan los movimientos de un robot tipo coche se pue­
den convertir en una ecuación y una desigualdad que invol1.1cran los parámetros 
de velocidad del robot, reduciendo la dimensión del espacio de velocidades del 
mismo. A éstas se les llama restricciones no holonómicas. 

Una técnica de planeación de movimientos en robots sujetos a restricciones 
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no holonómicas construye primero un camino libre sin considerarlas y lo trans­
forma en un camino libre factible topológicamente, en la que se incluyen los 
movimientos necesarios para poder ir adquiriendo las configuraciones parciales. 
El problema es que se pueden generar demasiados movimientos. Existen otras 
técnicas que han sido diseñadas específicamente para algún tipo de robot. 

2.6 Incertidumbres 

En las secciones anteriores se presentaron métodos que se basan en considera­
ciones que en entornos reales son difíciles de encontrar. Por ejemplo, la mayoría 
de los objetos con los que interactuamos diariamente no son polihedros, además 
que identificar las características de un objeto a través de sensores no es sencillo. 

Por otro lado se tiene al control del robot. Un robot móvil rara vez se 
desplaza en pisos lisos y perfectamente planos, por el contrario, sus movimientos 
se realizan en la mayoría de las veces en pisos rugosos. Para tener información 
acerca de la posición en la que se encuentra el robot, generalmente se confía en 
encoders que informan a un sistema sobre el número de veces que ha girado el eje 
de un motor. Esta información se utiliza para estimar la distancia que el robot 
se ha desplazado y la dimensión de sus giros, pero si los planes de movimientos 
se realizan asumiendo un piso liso, la información de los encoders no pasa de 
ser un referencia insuficiente para determinar en todo momento la posición del 
robot. Si además se fijan en la planeación las velocidades y aceleraciones de los 
motores como un aspecto crucial, el control se vuelve aún más complejo. 

El problema básico de planeación tampoco involucra la posible presencia de 
objetos en movimiento. Si éstos son otros robots, se pueden involucrar en la 
planeación todos los robots que se piense estarán y considerarlos a todos un solo 
robot articulado, de esta manera los movimientos de todos los robots estarán 
coordinados. Pero muchas veces no es posible hacer ésto y se deben establecer 
mecanismos de comunicación. Si los objetos en movimiento no son controlables 
el problema se complica aún más, por ejemplo si de pronto se cruza enfrente del 
robot una persona, o se encuentra un objeto que no se había considerado en la 
planeación. Incluso si se hace una nueva planeación, el sistema se puede volver 
tan lento al grado de que no interese que un robot realize la tarea. 

Dada la gran cantidad de incertidumbres con que tiene que lidiar un robot 
y el tiempo de procesamiento que se consume en la planeación, se piensa que 
distribuirla daría mejores resultados que centralizada. 

2. 7 Navegación 

Como se dijo al principio del capítulo, el navegador se encarga de encontrar 
un movimiento continuo que lleve al robot de una posición a otra a través de 
una ruta geométrica localmente definida, y de evitar los obstáculos localizados 
con los sensores y que no fueron previstos por el planeador. Además se debe 
considerar el tiempo necesario para realizar los movimientos y utilizar el menor 
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posible. Debido a ésto es frecuente que el navegador genere rotaciones angulares 
para los giros y lineas rectas para las rutas. 

2. 7.1 Modelo matemático 

La forma mas simple de realizar la navegación es dividir la ruta en una secuencia 
de lineas rectas. Si se piensa en que el robot está fijo con respecto al plano 
FA, y que éste a su vez tiene una configuración Qmi y se le quiere mover a la 
configuración Qmeta, ambas con respecto al espacio W, siguiendo una línea recta, 
es necesario encontrar la configuración Qmeta con respecto a Qmt para determinar 
los movimientos necesarios para alcanzar Qmeta. 

Las q' s están formadas por una posición y una orientación. Una posición se 
puede describir mediante el vector que se forma entre el origen del sistema de 
referencia y el punto del que se quiere describir su orientación: 

(2.1) 

donde w P, es la proyección del punto P sobre el eje i del sistema de referencia 
W. 

Como las q' s representan un sistema de referencia del robot, que está ligado 
al mismo, su orientación cambia conforme el robot gira. Así que la orientación 
de q; con respecto a W se representa de la siguiente manera: 

w R = ( wx wf¡q, w· l q, q, Zq, (2.2) 
o como: 

[ x0,xw i;q,Xw Zq,Xw 

J 
WR= Xq,iJw iJq, ifw Zq,iJw q, 

Xq,Zw Yq;Zw Zq,Zw 
(2.3) 

;:: R debe ser una matriz ortonormal, por lo que: 

Det(w R) = 1 q, 

y 

Para tener la descripción completa de q, con respecto a W se necesita la 
posición del origen de q, y su orientación con respecto a W: 

w{q,)={ ~R wporg(q,)} (2.4) 

Si se conocen las coordenadas de un punto con respecto a una referencia 
dada y se quieren obtener las coordenadas del mismo punto pero con respecto 
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a otra referencia, se necesitan transformaciones. Una matriz de transformación 
se define como una matriz ~T tal que 

Si la transformación se quiere invertir, se hace 

Por otro lado: 

Aplicando la transformación: 

Ap_ARBp Ap 
-B + org(B) 

además: 

y como ~ R es ortonormal 

Bp ARTAp 
org(A) == - B org(B) 

si por otro lado 

sustituyendo 2.5 en 2.6 

Bp_B RAP A RTAp A RTAp A RTAp -A -B org(B) =s -B org(B) 

de lo cual 

BT A RT A RT Ap 
A = B - B org(B) = 

BT _B R Bp A -A - org(A) 

. BT A T 
·.A =a 

ARTAp ] - B l org(B) 

(2.5) 

(2.6) 

-Aplicando transformaciones, si se conoce Qmtclal y -qmeta con respecto a W 
y se quiere conocer Qmeta con respecto a Qimcwl: 
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9•n•T::::::: q,n, 
( 

w RT 
w o 

_w RTwp ) q;,; 

1 
org(q,.,) 

W T::::::: Qmela 
(

w R 
Qrnrla Q 

Quedando como caso general: 

Si se resuelve el caso de un robot que se mueve en un espacio de dos dimen­
siones: 

-sinO, o~ ] 
cos (}¡ 

o 
e, es el ángulo de rotación alrededor del eje z, ésta es la única rotación 

posible en dos dimensiones. 
En este caso: 

sinO mi 

cosBmi 
o 

O][[Xm,ta] [x'"']] Ü Ymeta Ym1 

1 o o 
Por otro lado la orientación se obtiene mediante: 

[ COSO mi sinO mi 

q; .. R= -sin 8ini cosBini Qmela 

o o 

O ] [ COS Om,ta -sinO meta 

O sin Bmeta COS Bmeta 

1 o o 

- sin(Om,ta -O,.,) 
0
0

1 

] 
cos(Bmeta - B,m) 

o 
que representa una rotación de (8meta - Oind alrededor del eje z. 

n 
(2.8) 

(2.9) 

2.8 y 2.9 se pueden simplificar en una sola ecuación de la siguiente manera: 

[ :::::i;::: ] = [ ~~:{o::. ~~~i::: ~ ] [ [ i::;~ ] [ i::: ]] 
(2.10) 

Para calcular los movimientos necesarios para llegar de una configuración a 
otra, se puede asumir que el robot sólo se puede mover en la dirección del eje 
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x+ y que el planeador se asegura de entregar una secuencia de movimientos en 
la que la orientación es la necesaria para llegar a la posición en cuestión con lo 
que los movimientos necesarios se pueden calcular con: 

(2.11) 

y una vez hecho el giro: 

desplazamiento; = (x; - x,_,) cosO; + (y; -y,_,) sin O; (2.12) 

Por ejemplo, si se quiere seguir la secuencia de la figura 2.8, se hace lo 
siguiente: 

y 

i=4 

1.7071 

0.7071 

1.7071 2.7071 
i=l 

Figura 2.8: Ejemplo de navegación 

Si i = 1, Xo =O, Yo =O, Bo =O, X¡ = 1, y 1 =O, 81 =O, entonces: 

giro1 = O- O = O 

desplazamiento¡ = (1- O) cosO+ (O- O) sin O= 1 

Si i = 2, x, = 1 + _},, Y2 = 7,, O,= 45, entonces: 

giro2 = 45 - O = 45 

desplazamiento,= (1 + ~ -1)cos45+ ( ~- O)sin45 = 1 
\/2 \/2-

Si i = 3, X3 = 2 + :j;, Y3 = -.j;, e3 =O, entonces: 

giro3 =O - 45 = -45 
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1 1 1 1 . 
desplazamiento,= (2+ ../2-1- ...ti) cosO+ (../2- ../2)sm0 = 1 

Si i = 4, x 4 = 2 + :;);, y4 = 1 + 1;. 04 = 90, entonces: 

giro, = 90 - O = 90 

1 1 1 1 
desplazamiento,= (2+ ../2- 2- ../2)cos90+ (1 + ../2- ../2)sin90 = 1 

Si i = 5, Xs = 2 + 1;. Ys = 1 + 1;. Os = 45, entonces: 

giro5 = 45 - 90 = -45 

. 1 1 1 1 . 
desplazamzentos = (2 + ../2- 2- ../2)cos45 + (1 + ../2- 1- ../2)sm45 =O 

y se llegó a la meta. 
Existen dos modelos básicos de navegación, aquellos que cuentan con infor­

mación completa y aquellos que no. Las ecuaciones descritas se pueden aplicar 
en ambos casos, pero cuando no se cuenta con información completa suelen 
ser insuficientes, así que es necesario realizar la navegación utilizando sensores, 
aunque esta tarea se puede encomendar al piloto. 

2.8 Pilotaje 

El piloto es el encargado de seguir las trayectorias que le indica el navegador, 
en un tiempo previamente establecido. También es el encargado de evadir los 
objetos que se puedan encontrar y que el planeador no previó para generar la 
ruta. 

Para evadir los obstáculos el piloto requiere de sensores, los má.s utilizados 
son los sensores de proximidad y los de tacto. Dependiendo del tipo de sensores 
es la manera en que se realiza el pilotaje como se puede ver a continuación. 

2.8.1 Navegación con sensores de tacto 

La forma mas sencilla de sensado en un robot móvil es mediante sensores de 
tacto. El robot hace el recorrido de su posición inicial S a su posición objetivo 
T a través de una linea recta hasta que llega a T o interactúa con el i-esimo 
obstáculo en el punto de contacto H;. Si se dió el contacto el robot sigue el 
perímetro del obstáculo hasta que llega al punto de salilla L; y continua en 
línea recta hacia T, como se puede ver en la figura 2.9. Dado que no se conocen 
las características del objeto con el que se hizo contacto, la dirección en que se le 
rodea se establece de manera arbitraria, por ejemplo a la izquierda. El problema 
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de seguir este algoritmo es que es probable que por la forma del obstáculo o por 
la distribución de éstos en el entorno del robot, nunca se llegue al objetivo a 
pesar de haber un camino. 

Para resolver este problema se han propuesto los algoritmos Bugl y Bug2 [9] 
que asumen que el robot puede conocer en cualquier momento sus coordenadas 
y las de su objetivo. 

S 
(mlClo) 

-.. 
T 

(meta) 

Figura 2.9: Navegación con sensores de tacto 

El algoritmo Bugl 

El algoritmo Bugl consta de los siguientes pasos: 

l. Del punto L,_ 1 {con Lo= S, mueve al robot hacia Talo largo de la recta 
(S, T) hasta que ocurra alguna de las siguientes opciones: 

{a) T es alcanzado, el proceso termina. 

{b) Se encuentra un obstáculo en el punto de contacto H,; ve al paso 2. 

2. Usando la dirección de movimiento predefinida, sigue la orilla del obstácu­
lo. Si se llega a T, para. Mientras se avanza, se almacenan las coordenadas 
del punto actual en el registro R1 , el punto visitado mas cercano a T se 
almacena en Qm, la distancia recorrida desde H; en el registro R2 y la 
distancia recorrida desde Qm se guardan en el registro R3 . Después de 
haber rodeado completamente al obstáculo (se llegó de nuevo a H,) se 
define el punto de salida L, = Qm y se pasa al paso 3. 

3. Si hay un segmento de recta entre L; y T que cruze el obstáculo en el 
punto L;, termina el proceso, porque el objetivo no es alcanzable. En otro 
caso utiliza R2 y R3 para determinar el camino más corto a Li, se sigue 
el camino elegido y se establece i = i + .1 y se regresa a l. 

En la figura 2.10 se observa un ejemplo de seguir este algoritmo. 

• 
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S 
(micio) 

Figura 2.10: Ejemplo del algoritmo Bugl 

2.8.2 El algoritmo Bug2 

El algoritmo Bug2 consiste en: 

l. Del punto L1 _ 1 (con Lo = S), mueve al robot hacia T a lo largo de la 
recta (S, T) hasta que ocurra una de las siguientes opciones: 

(a) T es alcanzado; termina el proceso. 

(b) Se encuentra un obstáculo en el punto de contacto H;; se sigue en el 
paso 2. 

2. Usando la dirección de movimiento predefinida, se sigue el contorno del 
obstáculo hasta que: 

(a) T es alcanzado; termina el proceso. 

(b) La recta (S, T) se encuentra en un punto Q tal que la distancia 
D(Q,T) < D(H"T) y la recta (Q,T) no cruza al obstáculo en el 
punto Q. Se define el punto de salida L1 = Qm, se establece j = j + 1 
y se va al paso l. 

(e) El robot recorre totalmente el contorno del obstáculo y regresa a H1 
sin haber definido el siguiente punto de contacto H;+ 1 , en este caso 
termina el proceso, ya que el objetivo está "atrapado" y es inalcan­
zable. 

En la figura 2.11 se observa un ejemplo de la aplicación del algoritmo Bug2. 
En la práctica la eficiencia de estos dos algoritmos es variable. Bugl es más 

conservador, ya que garantiza que el punto de salida es el más cercano a la meta. 
Bug2 es más agresivo y muchas veces más eficiente, ya que no requiere rodear 
todo el obstáculo. 

'1 o 
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CAPÍTULO 2. PLANEACION DE MOVIMIENTOS Y NAVEGACION xl 
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(inicio) 

Figura 2.11: Ejemplo del algoritmo Bug2 

2.8.3 Navegación con sensores de proximidad 

Cuando se cuenta con sensores de proximidad, tales como el sonar, el sensor 
infrarrojo, sensores capacitivos, inductivos, de laser o visión, se puede mejorar 
el desempeño del robot aprovechando sus características. Por ejemplo se pueden 
modificar los algoritmos Bugl y Bug2 para no necesitar regresar al punto de 
salida L; definido, en lugar de ésto se puede "cortar" el camino y dirigirse a la 
meta en cuanto no haya obstáculo cercano "visible". 

También se pueden utilizar otros mecanismos que ya entran en el terreno 
del pilotaje [10]. Cuando sólo se cuenta con información local y las decisiones 
de pilotaje se deben realizar dinámicamente, el robot debe ser capaz de tomar 
decisiones con rapidez. El algoritmo para resolver este problema se puede dividir 
en dos partes: un algoritmo de selección de submeta (SSA por sus siglas en 
inglés) y un algoritmo de decisión de dirección (SDA por sus siglas en inglés). 
En el SSA se genera una submeta que indica una dirección temporal a seguir 
cuando la meta final no es visible y en el SDA se genera una trayectoria de 
referencia que dirige al robot hasta que se genera la siguiente submeta. 

En el SSA se pueden buscar las esquinas de los objetos que se tienen al 
alcanze de la vista y elegir como submeta aquella que esté más cerca de la 
meta. El SDA por su parte solamente genera las instrucciones necesarias para 
que el robot alcanze la submeta planteada, para esto puede utilizar el modelo 
matemático anteriormente tratado. 
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rH KotNIG ANI! .SIM,\ION~ 

r~"· Frequ .. ncy lime Srud 
JH " (,(},(, ~ 2R.9 cm/~ 

JI cr:1 'JI 5 S 25.7 cmfs 

JI·GIICrr 1 ](,Os 2l.7 cmls 

JF<:J'GF! 133.0 S 22.2 cm/s 

Condusions 

Thi~ ch;¡prer h.t~ prc~rnted ;1 navig:1tion ;¡rdmccturc th:1t mes parti,¡lly nb~ervahlc 

Marknv dcci~ion proce~~ nwdd~ (l'tiMDI'~) for ;¡uronomom inJoor n.wibation. The 

n.l\'i¡;.111on :Jrt:hm~crurc, wh1ch is une byer in a brger autonomou~ mobile robot 

S;.'\tcrn, prov1Je~ for rdi~blc anJ d1i.c1cnt n:Jvig:uion in oflice cnvironment~. 

Thc implememcd I'O~mr-hascd n;¡vig.nion archirccrurc h~~ Jcrnonstrated irs 

rdwbil1ty, evcn in thc prc\cttce of unreli,lhlc actu~tor' ~nd ~cmors, ~~ wcl[ a~ un­

Cl'l t:unty in che rnctric rn;¡p inform:nion Rohor control i~ f.1~t ~mi reactive dur­

mg n~vigar1on (X:1vier ~vcragc~ fifty cenrimetcn pcr second), ami robust, as 

• tlcmon~tratcd by expcriments d1:1t rc¡¡uired rhe rohor m navig:1ce over 60 kilo~ 

mt·tcr' in total. 
\Y./c hclicvc rhat ~uch proh~hil1mc n.tvig:ltion tcchnit¡uc~ ho!d grc:H prnmi~c 

fnr m.tking rohm~ rcli:lhle cnough to operare unartcndcJ l(n long pcrrnd~ of 
rime in complcx and unccrrain envtronmems. Applying I'OMDI'S ro robot navi~ 

gatinn .tl~o open\ up new applicauon :trc:H for morc rheoreric~[ rc~uhs in thc 
~re:'l of pl.uming :1nJ k·arning with M~rkov modek 

Aclmowlcdgemcnts 

'[ h.wh tn Lonn1e Chri~m:ln, Rich~rd Coodwin, Karcn ll,tigh, ami Jmcph O'Sul­

!i\':'111 for hdping ro implemem p:lrt~ of thc robot sy~tem :'lnd for m:~ny valuahle 
diKm~iom. Sw:~ntk \Villm~ hclped to perfi1rm ~omc of thc expenmcncs Wlth thc 

sunul.uor. Thi~ rc~t·arch w;¡~ supported in p~rt by NASA under contraer NAGW-

1175 ,md by rhe \~'righr L1homtory ~mi ARPA under gr~nt numher F33615-93-

l-13~0. The vicws .mJ condu~ions conr:tincd in this dt~prcr :1re thmc of rhc au­
thor\ and shouiJ IUlt he inrcrpreted a~ rcprescnting rhc offici~[ policic~, eirhcr 

cxprt·~~cJ or implicd, of rlw sponsoring org.mi1-1tiom ;¡nJ .1gencícs. 

AphcacJtm a cart<'< en la lflduJ/tiB 11rkrurgtea 

Ut1ilando esta idea y aplidndola a la opt<mizaciOn de cor1es de t~pas do 1 
rectángulo, es decir. mln<ITUzar el crespcrd<CIO en la ul<litaciOn de calles, como s~ 

lrculos) dft un 
~en la r.gura 2. 

La pregunta es ¿cOmo so deben hecer los cor1es de los circulas de 1~1 m~nc1n que el área cor1ada sea 
máxima? (desperd•CIO mlnlmo) Para obtener más fácilmente una melodologla, anollcemos las posibilidades 

[',\RI'1WO 

Vision for Mobile Robots 

V
~mn i~ rhc smglc mon powcrful sen~c in the human rcpt·rtoire, yet for 

most o( rhe history of mobile roboric~. vi~ion h:1~ avoidcd in almmr 
phobic proponions. In rhe early ycars of ihc AAAI compcririom, rhc 

rules committecs couldn'r ofTcr enough honm points 10 gct ream~ ro for~ake ul· 
trasonic ba~ed solut1ons ro navig~tion~l ~~~ks. Ccrrainly. therc wcrc good re;¡mns 

for a rohoticist ro defer on incorporating vi~ion into the rohor's ~emor ~uitc. 
The hardware was prohihitive: vision proces~ing requircJ cxpemive speci~li1cd 
(~nd difliculr ro maim:lin) hardware ;¡nd cameras which wcre ofccn fOO brge to 

phy~ically reside o~ a mobilc robot. Thc rr~dirional ~ofrw:tre procc~~ing 
paradigm w;¡s wor~e yet: visual ~cene~ werc complerely ~n~lpcd ro recomrruct 

thc ourside world. The mo~r funJ~mental token of inforrn~rion for navig~cion, 

whcrher ~ rcgion of sp;¡ce in frunt of the robot was occupicd or cmpty, could 

cake hours to extraer from srereo Vision wa~ so dcmanding rhar researchen 
could justify puniog m~n-month~ of efforr inro fu~inr, J~ra from cheap Pobroid 

ulrrasonic~ or infr.t-red sensor~. 
But now .tlmo~r evcry mohdc rohot ha~ :'1 C:HIH'ra or ~mnc ~ort n( imagc pro· 

ccs~ing. ·Evo competitiOm, Mmo~nr and RobnCup, wluch rcquirc significanr 

visu:1l proccssing !uve recenrly begun, a!Hl thc AAAI compcririon i~ hmtin¡; 
evcnts which ~imply cannot be done wirhour vi~ion. \Vhat h:~ppcned~ Ccrrainly 
rhc cmt~ of the h:mlwarc h:~ve drnppcd ~~gnific:mrly. In rhc t·arly 1990~ llor~will 
pub!r~hed an inexpcnsivc framcgr:thber th~t cnuld he bui!t frnm p~rt~ for under 
U.S $1000.00. Shorrly thcre alter commercial fr:unep;rahher\ droppcd to rhc 
same pricc, whilc Sp~rc lo~ bccame a common bmlget irem in gr.liH prnpmak 

Rm anothcr more fumhmcmal rc~~on i~ hcc:'IU~e rhc paradigm ~hift in lwh~v· 
ioral organi1~1tion rowarJ~ reactiviry prop~g.11cJ to vi~ion.ln rhc nmi-19HO~, re­
searchcr~ ~uch a~ Arhib (19HI) hcgan cxamining anim:1l modd~ fnr horh mot(¡f 

control nndpcrccption Thcy fnund that a frog me~ prim~rily u~cd simple vi~ual 
morion detcction to carch flying prey. Bec~ kcy nn ~pec1fic a~pect~ nf thc color 
spenrum for foragmg. lnde~d, p~ychophpic1l ~tudie~ ~howcd rhat thc lnunan 
visu:1l ~ysre.m supponed s'umbr ~-1111p!e hchavinr~. Thc lowcr·rcsolut~on pcrJph­

eral vi~ion i~ u~eJ to w~tch for indic~cions of nwrion k¡;, colli~ion~ with Ioom· 

ing objects), while the higher re~olurion fovc:l i~ u~cd ro gad1er inform;¡tion for 
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rca~onrng ahour an rrhjrct. Human~ don't t,tke in evcrything :lt once in :1.1! its 

color, rnntion, .md temporal dimemrom, hm r:1.ther direct :lttcntion ro a vcry 
n:1.rrow prrrtron of dH'ir visual fleld ha~ed on the rask rhey'rr: performing. 

A~ a rr:~ult of rhc~e inwmgariom, du~ paradtgm 111 vtsion ~hifrcd ro a philoso­
phy wherc perceptirrn ni~r~ ro mpport rhc hchaviors of a robot Furthermore, 
rhe vi~ton proce~sing f(lr c.tch beh:wior mrght ncce~~it.ue radic.tlly diffcrent rcp­

rc~ent,ttinm and .tlgorithrns "]'he divt~ion and t'ncap~ulation of vis ion processing 
rmo cornpact, well-ddlned romines w:1.s also extended ro pan-tilt control of am~ 
er.1~ {~t:e Comh~ ami Brown, 1991, Huher and Kortenkarnp, 1995, and Krok­
tknv, 1 9R9) flchavior.tl-ha~ed vi~ion ha~ arrivedt 

Howewr, urulerq:mdmg a p:tr.u!rgrn ~hifr and impkmcnting a ncw nrgani·'~1-
riona! ~rylt: ;trc rwo di!Tert:nt heasts, Tite chaprer~ in thi~ scction address how be­
h:tvinr-ha~cd vi~ion i~ being incorpomted imo progr:tmrnrng robots. They con­
centr.ne on rhe archirccrural i\mc~ nf inrcgraung vi~ion into hehavioral-ha~ed 
rnhog, providing a rnint-tutori:t! on how to impk·mcnt vt~tort in behaviomlly­

ha~cd nwbrle roh01s. The chaptcr hy Horswill dc~crihes :1 rninimalisr ~ystem in 
which ~nnple vi~u:rl pnlCcsse~ produce very ~ophrqic:-rted behavinr Thc ch:tptcr 
by Murphy dc~cribt·~ how mohile robot~ c;¡n control mu!tiplc ~cnsors in hoth 
indoor :tnd ourdrror cnvironmenl\. Fin~lly, dtt: clt:lpter by .Schiller :1.nd col­
lc.tgue\ provtdc~ a look at how vision can he med on an omdoor mobile robot. 

Robin Murphy nnrl Dnv;d Kortmknmp 

Ut1hzando c5ta rdea y optic:lndola a ta oplrmlzacr6n de cortes do t~pas do motores (cfrcufos) de un 
rectángula, es decrr, minmvzar el desperdrCIO en la ut•izar:16n de cortes. como se descobc en la figura 2 

la pr~unta es ¿cOmo se deben hacer los cortes de los drculos de tal manera que el ~rn cortad~ sea 
máxrma7 (dcsrerdroo mlnlmo) P~ra obtener m3s racllmente una metodok>gla analicemos ras posrbrhlade! 

C11Al'I'ER rlVf. 

TI1e Polly System 
lnn Horswi/1 

Thrs ch.tprer de~crihes the design :1.nd rationale of the Poli y sy~tem. Al­
though now decomrni~~ioned, Poli y wa~ unique 111 rhc following ways: lt 
performed a complic.ued t:t~k involving n:~vig:mon in an l111tnodif1cd 

cnvironment for extended pcriods; rt u~ed real-time vi~ion a~ ncarly its only 
seming m~daliry; and all compmarion wa~ performcd on bo;~rd by :J low-coH 
o!T-the-shclf vis ion sysrem. 

Polly wa~ a simple, low-co~t robot dc~igned and huilt hetwccn 1992 and 
1993 ar the MIT Artificial lntcl!rgence L1horatory Ir w:t~ de~igned to parro! rhe 
scvcnrh Aoor of rhe lahor.nory, find visitor~. ami give dtem tour~. Poli y rm.med 

rhe hallway~ of rhe lahorntory looking for vi~imrs. \X'hen ~omeone :1.pproached 
the robot, rt stopped, introduced Jtsclf, and offered vi~iror~ a tour, a\king thcm 
ro amwer by waving rheir fnot ;¡round (rhc robot could only ~ce dte permn's leg~ 
and feet). lf rhe pcrson agreed, thc rohot lcd rhem :tround thc lah, deKrihing 

places as it rccogn11ed tltem. 
Although primnivc in rnany w:tys, Polly wa~ U!Hlmal for it~ time in that ir 

performed :1. relattvcly complrcatcd ta~k ovcr :111 extended period nfrimc (up to :1 

period of hmm), ir only used rcal~rime vi~inn, and ir only re(]llired on-hoard 

power and proce~~ing. Thc robot w:t~ lmilt ming oiT-the-~helf commcrcial hard­

ware for bs than $20,000 00, :1.nd wa~ capahle of running apprnxim:1.tely six 

hour~ oiT b:ttterie~ 

Polly W:l~ in tended to C'<plore :1 numbcr of rdc:t~ that were pn·valent ar the 

rime. f:im, operation in :1. re:1.l envtronment. Polly wa~ built for :1.ml tested in :t 

real environmenr wirh real people goinr, about their daily lmsine~~ . .Second, ir 

explored tlw u~e of minrnulr~rn. The :ti m of rhe dc~r¡\ner~ W:l~ ro huild the ~irn­
pk~t po~~ihl(· ~}'\tCrn th:tt \olvul .1 ¡;ivctt IJ~k am\u~e it~ pnforrn.mce 10 dl'lt'r­
minc wh:tt :trchitectural t:XIl'!lWJm w,·re nccc:~s:uy. Thinl, Polly mcd ar.:rivc, pur­

poseful, and ra~k-ba~cd vi~ion (Crb~on r 9GG; Rallan! 1991. lkeudti .md llerhen 

1990; Alnimonm 1990). Rather than computtng a t:t~k-indepemlent rnodcl of 
tlw cnvironment, vrsion ~hould compute rhc speciflc informar ion necdcd trr 

~olve rhe a¡;ent'~ ra~k~. Founh, Polly e'<plored the me of environmental ~peCtal· 
l!:tdnn (Gilr~on 19Cí6). Thc robot cxplortcd prt:-C'<Í~rrng erwirop· · Hructttre 
lo \lrnplify agcrll de~rgn l:rrtal!y, l'rrlty tt·~tn! thc lirnit~ of a·.t· lt rr.rtkd 
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~rccd of dcci~inn nwking fin ~ophi~ucation of deci~ion makrng. Alchnugh many 

of the~e idea~ :1re now widdy acccprcd, Pnlly was an t·:trly test of how [¡r rhcy 
conld he scalcd. 

Poi! y wa~ vcry Ct~t and ~implc. hs scnsmg and control sysrcm~ ran ar 15 hertt, 

so all pcrceprs and mowr cornmand~ wcre npdared cvery 66 milli~cconds h also 
uwd wry link hardw.trc (an equivalerH robot could he hnilt for approximately 

$10,000.00 rod.ty) .md con\'1m·d of le\~ rh.u1 a rhou\,11\d linc~ of scheme codc 

(nnt indmling dcvicc driver~ and data ~trucrurc~). All computation wa~ done 
on-hoanl on a low-cmt d1¡.:ital ~1gnal proce~mr (a TI C30 w1th 64K 0 ( RAM). 

l'olly w.1~ .unong d1c hc~t rc\!t'd mohilc rohor~ to d.nc, h.\\'ing ~et·n lurndrnh of 
hottr~ of scrvicc, :1nd Mili has onc of rhc br~cr hchavior rcpenoire~. 

Dcsign Mcthodology 

Civcn thc dc~irc tn hnild :1 minimal1~t ~rqcm amltn u~t· ra~k-h.1~cd v 1 ~ 1011 , the 
dc~i~n mctlwdology nccdcd for Pollr i~ ~trai~htfOrward· 

• Clwmt· rhe ra\k> ro he pt·rf(mm·d. 

l'or l',lch ra~k. lind ~ ser nf .Kimn~ ~~dTicicnt to pcrl(lfln rhc ta~k. 

For l":lCh .Ktmn, find .! condirion under wluch cach :u.:tion ~hould he rakcn. 

For c.1ch conthtion, find a ~ct of pcrccpru:1/ mc.lmrt·mcm~ rh.u :1rc ~ufficicrn 
w determine rhe rrmh of rhc condnicm. 

l"or t·ach mca~urcrnrnt, dc~i~n a custorn vi~tul prnce~~ to compute ir 

lf thc JHocr~\ l\ ton cxpcmiw nr unrcliahlc, find a ~ero( environrncmal (dn­
rn.1in) comrr.1int~ rh.n can he medro ~irnplif}· 1t. 

Aplrcacr6n a cotf<'S en IJ rnduslna srdcrurgrca 

Ulr~zaodo esta 1dea y apfrcándola a la op1imzac10n da cortes de tapas d"' r 
rectángulo, os dear, ITllnlmzar el desperdiCIO en la lrtlizaciOn de cortes, como se. 

rculos) da un 
, ~tn la figura 2. 

La Pfegunla es ¿cOmo se deblln hac~tr los eorles de los c!rculos de lal manera que el ~ren cariada sea 
m~xlma? (desperdrclo mlnlmo) Para obtPner más l;lcllmenle unametodoloofa. aMfic~tmos !as posil>ihdades 
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The difficulty in building tlw ~y~tem come~ from rhe f.1ct rhar ea.ch ~tcp un­
derdetcrmines rhe ncxt; for cxamplc, rhcre are manr pm~ihk· ~ct~ of cnmlirion 
:md :1crion pair~ that can implcmcnt :1 given t:1~k. f-inding a dccompmitinn that 
bottoms out in a tract:1ble ser of vi~ion primitivc~ i~ difficult. 

Anorhcr problem is to find domnin consrrnints that are sufficiently true in 
prnctice ro yield a robu~t ~y~tem. ldcaliz:~rion~ mch a~ ~urf:1ec ~rnoothnc~~ or rhe 
:mumption of a slowly changing world are we/1 known ro he only apprnxunntely 
true. Oftcntimes, they may dep:u t from re:~lity when they are most needed. 

Havin¡; found a workablc dccomposirion inro action~. Hi¡;gers, :1nd pcrceptu­
al mensurements, we can htuld a working control prugram a~ a nc-rwork nf (sim­
ubted) parallel procc~~es in rhc ~tandnrd "reactive" or "hchavinr-lr;Hcd" ~ryle 
(Mataric 1997; Brook~ 1986; Roscnschctn and Kaclblmg 1986). On c-ach dock 
tick, cvcry pcrccpwal computation recompme~ its output, evcry actinn uigger 
recomputes ir~ trmh value ha~cd on rhe new perceptual (lata, and any actions ro 
be taken nre fired in parallel. In pmctice, of course, thc ~r~rcrn i~ more cornpli­
cated rhan a raw stimulus-rcspon~c en¡;ine: perccpmal compll!ation~. tri¡mering 
decisions, ami action performance may all require the maintenance nf ~tate in­
formarían. Tfiggerin¡; decisions oftcn ~hare percepru:~l rne.l~urcments, and pcr­
ccptual mea~uremcnt~ often share proccssing steps, so visu:1l processe~ are only 

partly specific ro acuons or ta~ks. 

Computational Properties of Office Environments 

Officc buil<ling~ are nctivcly muctnrcd w make navigation ea~ier (Pa~~in1 1984). 

The fact rhat they are structurcd a~ open space~ conncctcd hy ncrwotk~ nf corri­
dors mcam that much of rhe navig:uion problcm can he soiVl'd hy corridor fnllow­
ing. In particular, we can reduce thc prohlem nf finding path~ in ~pace ro lindmg 
path~ in the graph of corridor~. The MIT Al !ah i~ even ~impler becamc rhc cnrri­
dor graph ha~ a grid ~trucmrc, so wc can attach coordmates to the vcrticie~ of thc 
gr:~ph and me diffcrence reduction to get from onc pair of coordinare~ to annther. 

Ocrermining onc'~ po~ition in rhe gnd ~~ n!\O madc ca~icr hy ~pecialprnper­
tie~ of office cnvironrncnt~. rhc lightin~ of office\ 1~ genera!! y contrnllcd·, rhc 
vcry narrowne~~ ofrhc1r corridon constr.1ins rhc pm~1blc vicwpoint~ frmn which 
an agent can ~ce a bndmark within rhe corridor~. 1 will rcfer 10 thl~ bta·r prop­
crty as thc mmtant vitwpoint rnmtmint: th:u the confi~uration ~pace nf rhe 
rohot 1~ re\tT.ICted so rl1:1t a landrn':1rk can only he viewcd from a ~m.1!1 nurnber 
of directln!l~. 'J'he~c propertics makc thl· rl"COf;tlltÍnn of/.1ntlmark~ in :1 tc,rridor 
an easier problem rl1an rhe fully genera! reco~nition prohlcrn. Thu~ vcry ~implc 
mcchani~m~ oftt:n ~ufficc. 

Anothcr meful properry of nffice hui!din~~ i~ rhat rhq· are gencr:11ly c:1rpcted. 
ami rheH carpets rend to he eithcr rcgubtly texturcd or not tcxrur<·<l at all. Thc 



Uttltzando esta tdea y aplor;;lndola a la opltrrOzaetón de tortes de tapas do motores (circules) de un 
rectángulo, es deetr, mtnlmlzar el desperdreto en la ultizaculn de eones, como se descnbo en la r¡gura 2. 

La pregunta ~s· ¿cómo se deben hacer lo~ cortes de los circulas de tal manera que el área cortada sea 
mhlma? (despcrdltJO mlnlmo) Para obtener m~ s lk1lmente una melod olo¡¡l a, an~~ cernes las pos1b1hdades 
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c.uuert 

mnwr~ 

l·igmr 2. (),.,.,,,// rm /,,,,.,flirt' of¡J,r rrmtwl >y<lrm 

p.n·.din.th:liry of thc r.cxtunng of the c.trpcr mc.\lls rh:u :tny rcgton 
0

( rhe ¡ 01 ~1 e 

,,fttcl~ t~nt tcxturcd ltkc rhe cupct i\ ltkdy :tn nh¡ccr n:qmp; 011 the ground (~r 
an oh¡cct n:Hmg on an ohjcct n:~tin,. on the ~'round) TI'''' ·b•t • ' 1 J 1 ¡ ~" t> • ">flCtencrettOliC:tll 
><
1
· re< ucc.< to mrpn dnrrtton, which may he a ~implcr prohlem ndrnirring ~im-

1' cr \o!unom. In the c.t~t' of rhc MIT Al]· J 1 . 1 
• , , .t t, t te carper t.t~ no rcxntre and so :1 

flXtttrc detector MtOILc~ f!tr lmdmg ohst:~clc\, 1 wtl! rcfcr 10 thi~ a~ rhe back­

grm!."d-tt:~.:turr comtmim (~ce 1-lonwill 1995b /(,r a more dctailed di~cus~ion). 

1 r·.m:~!ly. o~cc ~utldmgs ha\'C.a meful propcrt}' in rh:tt rhcy h:tvc fbr /loor~. ~o 
0 ~¡ccr~ dur .~re l.m!Jc~ .a~v,ty wdl .lppe.tr highcr in the image, provided rhc ob­

¡ect~ resr on thc floor. 1 lm prov1dc~ a very simple w:~y of dcrermining thc rou •h 
deprh of ~u eh an ohjecr. l wifl rcfer ro rhis as d1e ground-pltmr comrmint. th:tt ~~~ 
ohq,¡cfc~ re~r on a llar floor (~ce Homvilll995h). 

Architecture 

:.rhc con.lpont'tH~ o: Polly's control ~ystcm are secn grouped in figure 2. The 
corc \'l~J(lll wqem ' cvs r . . . • or . , tomputc~ a ~t't o pero:pt~ rhar are u~td to guide 

:tnd tngger vanou~ hch.1vinr~ m thc ~¡·qcm The low 1"'"'1 n ' 
(11 N · · - ....... avtg.uton svnern 

· · ) con~Jst~ nf a ser of reacdve behaviors th;tt collccrivcly anempt ro 'm . 

forw.a~d wl~r~e a\·~iding oh~rades :tnd following ;¡ny corndor~ or wall~ rhat ::; 

he ~tsrhlc. I he !ugh-levd navig:uion sysrem (HLN) kecp~ rrack of rhe robot'~ 
de~t.ltlatton :tr.HI l.tsr-recngni7ed locauon and periodte:tl!y ovcrridc~ rhe LLN by 
ts~mng balhurc turm ro rcdirect rhc rohor from one corrido,'", 1 . r' .. .notlnortore-
vcr~c < trectton~ tf rt determines rh:tr ir has ovenhot. The w.mder ~yHem irr 
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F~r,urr 3 T/, Corr I'ISÍon syrtnn. 

mcnt~ a parro! p.Htcrn by nlrernare!y pmting oppo~ite corncr~ nf the bh a~ go:tl 

locatiom. Fina!ly, a ser of scquenccr~ implemenrs thc cxecutinn of prcspccified 

action scqucnccs (Le. pbns) rhar coordinare thc ovcrall proccs~ of givin~ a tour 

or offcring a tour. 

Thc actual trnplcmcnt:ttion is a ~er of schemc prncedurc~. rou¡;h!y onc per 

parallel proccss, with v:~riahb med ro ~imulate wircs. On c:~ch dock tick {66 
milli~econds), rhc robot grab~ a new irnage :tnd runs each proce~~ in ~e,¡uence to 

compute a new motor command thar ~~ !Cd to rhc h:t~e cornputer. 

Physically, rhc Polly comim of :tn RWI B12 rohnr b:t~e. which l10me~ the 

motor~ :~nd motor control logic, wirh an added enclmure rh:tt l10uses :tn extra 

hattery, a VMEhm DSP ho.ud {ba~cd on the TI TMS320C30 running at 30 

MH7), an 8-hit mcmory mappcd VMEbus frarne grabhcr, a 6811 microcon­

troller for servicing low-speed pcripheral~. ::1 voitc-synrhe~i7er, :tflll :tn I.CD di~­
pl:~y. All comput.uion is done on board. 

Visual System 

The vim:tl systcm proces~es a rí4 x 48 imnge evcrr (j(j mil!tseconds arHI gcner:tte~ 

a l:trge numbcr of~perccpt~~ from it (figure 4). Mmt of thc~e are rel.ued to navi­

gatiort, although so me arc dcvnred m per~on derection or ~.mtty chetking of rhc 

image. 

The central pipeline in figure 3 (~srnoothing" ... "compre~~ map") cornputc~-

depth information. The major represern:uion med i~ a mdia/ rlrptl -that 
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o¡wn-lcf{l 

opcn-right? 
hlockcd' 
lt·ft-tttrn' 
ri¡.;hr-wrn> 

opcn-rcgion? 
hlind> 

ltghr-lloor? 
J.nk-floor? 
per~on-.Jilc.HI? 

pcrson-dirccrion 
w;¡JI-.lhc:l(l> 
w·.tll-1.\r-allc.J<P 

vani~hing-point 
f.1rthc~t -d irect in r1 

Fr,f?,nn 4. /\non/ lw ofporrpu K''llrmtrrllry thr 1'/J/llll sptrm 

i~. :1 m.1p liom dircuion to dm:mcc, ~in11br to thc omput of :l sonar ring. Com­
putin¡.; deprl1 is a ll<Horinmlr dif1iu1lt prohkrn. ~~~ prcvious!y discu~~cd, l'olly 
wnpltficd 1he problcrn mmg knowlcdge of the prc-exi~ting strucmrc ofit~ envi­
ronnH'Ill. The f.1ct 1ha1 ob~t:tdl'~ re~t on the ground, :md s.¡m(v cerrain techmcal 
comrr.ttlH~ on their gt'omcrry (thc "ground-plane constr:~im"), :tltow~ Polly m 

tt~t· tlw Hn:tgc-planc hcight of thc lm\'C~t ptxel of :m ohjcct as ;¡ mc.1~ure of Jt~ 
di~r:~mc. The f.JCt th:n 1he flonr h.t~ littk· or no rcxturc (du~ "b.tckground-texture 
cormr.1inr") nllow~ it to pcrlimn figure :md ground ~cgmcntntinn u~ing :ln cdge 
detector. Thc conjunction tnc:lm rh.n a r:zdial dcprh map can he coniputed, 

modulo mnnotone dcform:ttmn~. 6y finding rhc Jmage pbnc heiglu of rhc low­
est textured pixd in cach im.1ge column (sct• figure 5). 

The vi~u.tl ~ystem thcn comprc~~e~ rhc dcpth map into duce value~. lrfi-dis­
tanrr, ri,r,hr-dmawr, :zm! rrma-distm1rr, which gives thc dmest di~tancc on rhe 

left ~id e nf rhc inugc, righr si de, ami rhe ccmcr rhird, rc~pccrively. Orhcr v:~!ucs 
ue cllt'n dcrived from rhese For example, open-/rfi) and opm-rigln) are true 
when d1e correspondmg Ji~r:znce is over a thre~huld. !.ift-tum) :tnd right-turn? 
are tnre whcn the deprh map i~ opcn on rhc corrcct si de and rhe robot i~ :~!igncd 
Wtth the corndor. The dl'pth map ~~ aho mcd a~ mput to ;¡simple heurinic w:~ll 
tktector. lf .di u>lmntl lt\·i¡;ln~ .trl' :tppto,tm.ncly l'ljll.d in .t wtdc r.1ngc of thc 
dt•pth m.tp, thc sys1cm :l~~umes rhcrc tS ;¡ w:tll dirccdy ahe:td 

Tht· vi~ual ~r~tcm :tl\o cnrnputt·~ rhe vani\hing poinr ofthc corridor for u~e in 
srecrmg. 1\d!un;¡, Cnllim, Van, and Torre (19R9) deKrihc :t ~ysrcm tlt:lt cx­
tr.Kt~ vani\hing poinr~ hy running an edge findcr, curacting straigln !ine scg­

nwnt~. :md Jlt'rlorming two-Jimemion;¡J dustcnng on rhc p:tirwi~c intN~ccrion~ 
of dtt' l't!gt· ~l·gment~ l'nlfy mt·~ a ~implifit·d :~lgnnduu h.l\t•d on dmn.tin cm¡­
nr.util~ ~rrch .t~ knnwlcdgt· of dtt' lnc.Hion of dll' hon1on and tite knowlt·dgc 
dt,H •he corndnr cdgt·s .ue thc prcdornin:znt cdgc~ in r!JC 1m:1gc (for dernil~. ~ce 
Honwil! [ 1993)); howevcr in practice, rhe vani~hmg point algoruhm :zdd~ lirrle 
0\Tr :znd allOvc rhe colli~inn avoidance algorirhm 

In ;¡Jdiuon ro the dcpth and vanidling point compurations, rhe CVS imple­
mcnr~ :t gr~y-lcvd symmt·try oper.nor u~cd to find pairs of !egs m the innge and 
• 1 very ~tmpk· rnorion opt·ratnr to dCiccr fom geHurc~ 

. ' .. _ 

Apl>eerr~n o cortes en la mdus/fla srdcturg•ca 

UlllrzandCI csla Idea y aplrcándola a la opl•mizacr6n do cor1cs de l~pas do n 
recl~ngvlo, es decir, monrmrzar el dcspetdrclo en !a ololrzacr6n de r:o11cs. como se 

lrcvlos) de un 
1 en la figura 2. 

6 d ben hace/los ccrtes de lo'! clrcvlo'l de 1al mane re que el Are o cor1Pd8 sea má~~m':~~;!~,~~~~ ,;;~~~:).ePara obtener m.1s /.1almenle UM melodotogta, anaDeemos las poslbolidadcs 

1 

1 

1 

1 

Tlll'l'<l!IYSY.'\10·1 !JI 

, ¡({. fi <lllfiW flf Ú1dwirfurlf l'i~urr r, 7J1r vmJtJ/!111.( pomr mmpltlntron . gr m, d l. l. 
;;,/¡ (ihou•nm nn-ln) arr n:undrrl (dml,rd linrs) anrlmrrrsrrtr 11'1/J/1( 

pr 1 . ' finrlthr /mrivmlrlllnrrllmn ofrhrn il/lrnrrunm (armmlrrarli) 
/nfii.J(I(IIIlrlf?,f'fJ / 'j

11 
mflf 

·¡¡,, m·r,., ofthr /mriumttT!!oratJom 11 "''" ffl f rr !'1/JIJ 11 ,f./' · 

Low-Levcl Navigation 

Polly'~ mm ion i~ controllcd hy thr~e para lid ~y~tcm~. Tdhe sp)ccdhcontdrol ~~stc,¡m,. 
. f ( 1' _ ~~~r , w ere ''"f r~ ~ drives forward wnh a velocny o a c~ntcr-l.t~taoce er :J'hi~ mean~ it h.!cb 

thre~hold dt~t:zncc for hr:tking and a~~ :l r,.un p:tr:zmct . 

i 
1• 
i 
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1/gutr 7 1 ¡,. l.ow·lrt't'llltll'lgot/0!1 svstrm 

11p rf !l 0\'Cf\hont~ or ¡, IJcrJcd hy :m <l~l!,rt\\IVC gr.H[li,HC ~tudrnt 

]'he corndor followcr (hiVL'' rhc tumm¡.; mOior ro kccp tlw vnnr,hing pnint rn 

dw middlr nf tht· Krrcn ,1nd kn·p !eji-diwmrr .uu\ r¿f!,IJI-dútrmrr rqunl. An ar­

hilcr \WÍtchrs from corridor-follnwing w w.tll-filllowing mode (keepinh the w:~.ll 

:lt .1 tonqnnr diq,mce) whcn only one w,¡l! is \'Í~ible Fin.tl!y. the rurn unit drivr~ 

thc h,i\C in open-loop tiJf!l\ when instnJCtcd lll hy highn-lcvd \)'~lt'!ll\, The ar­

hiter p\'crmk' lmth cormlor .tnd w,¡[[f(JI!owtng durin¡; open-lnop lllfti\.IJunng 

large utrm, d!t' ~pt·cd conunl \y,qem aho mhihih f(JrW.Ifl[ motinn, which could 

'othnwi~c le.1d Pollv w ~uddenlv turn into .1 wall. For a more detniled tltKms10n 

of tlu: low-kwl n;vig.1tion ~y,;ern, \ec 1 lnr~will (!993). Polly'~ Lm linc of dc­

ferJ\t' .1g.1imt cnHr~ton ;~ :1 \l't of hump ~wrtchc~ th.n immt·dt.ncly limp dit' mo­

tor\ on cotJ!,Jtt. Thc hurnp \WÍtches C'<ll'llll .lppm'<Jlli:Hdy 10 etmirncTcf\ lf1 

frnnt of the rohot, ~o nt 1 meter per sccond, they can prnlict a co!li~ion only 

100 tllilli~econJ, tn advancc-nn rmuflictcnt time fnr rhe rohot l<l .lctivcly 

hr.lkt·. Tlm, the mmt thc hump ~witchc~ c.m do r~ preven! Polly frnrn conrinu­

ing 10 pu~h ag.1imt rhe w.111 once ir collidc~. To in\urc that thc mntors nrc 

lirnpl·d ,¡, quickly :1~ rm~ihlc. thcy are polled not by rhc DSP (which nrn~ nt 1 S 

JJ,). hut hv thc rront-end proce~'or (FEP}. which rum a 1 KH' ~erm··.!Ction 

loop The FEP ;, 110rmallv rc\pnmihle for l1nkmg the DSI' ro rhc h.t~t·, control 

p.ltwl. .1nd utht·r lnw-~pcetl¡wriphcr:JI~ 

Place Recognition 

Poli y krep~ rrack of ~~~ position by recogni7ing bndrnark~ :~nd brgcr-scnle '\lis­

tricts," wlm.h nrc givcn to it 111 .1dvancc. The l.th and somc of ir~ landm.1•h :~re 

Kitchen 

Pomion (50, ~O) 
Direction weq 

Ven 

lmage 

o 

Elevator Lobby 

l'mttJoll (óO, 40) 

DircCIÍon c.1~1 

Vecr 

Featurr:~ 

Frgurr 8. l~~:,tmplr pf,zrr {r11mn 

os 
ri¡;ht, wall 

shown in ~gurc 1. Sincc Poli y patrol~ corridor~. mo~t bndmark~ .He corndor in­

rcrsections. 

Thc comdor~ of rhe bb providc a gre:Jt dc.t! of n:~tur,tl cnmtr.Jint on rhe 

recognition of l.mdmark~ The corridor~ form a gnd, wid1 cach corridor rttn­

ning cithcr nonh-~ottth (NS) or e:J~t-we~t (E\'V'). Tht• rnhor\ b.1\e providc~ 

rough rot:ttionnl odomcrry whtch i~ good cnough fi,r rhc rohot ro diqingui~h 

wh'tch of four direct10m tt t~ moving 111 ami rhc type of tnrridor ir i~ tiL 

L.mdm.uks nrc represcnted minga topnlogic.Jl tn.lp ttl whid1 nodc~ .m.· l.md­
rn.ub :md are~ nre cnrridor~ (Kuipers :~nd Byun 1 'JRH; M:tt:nic 1 <)<J2). An un­
u~unl fcnlllre of rhe map 1~ thnt ir doe~ not comain e'(plitit rcpre~entntion~ nf 

edge~ bccause rhc environmrnr t~ known a-prinri ro h:~vc n grid topnln!.'Y· ln­

stc.ld, l.mdm.uk\ .\fC idemi~ed hy a patr of "<[U.tli!aliw cnordrn.m·~" (ligmc 1) 

thar, .tltlwugh not merrically accurare, pre,ervc thc nrdt·r'mg nf plalc~ alon~ each 

of tht· axe~. Sincc the coordin:Hc~ do not ncctnntdy cncndc real di~t:mu·~. t·ven 

ro wirhin an arder of rn:~gnittak tl1n' effecrivcly con u in only topological infor­

m~tion· landm~rk~ are joined hy a corridor if thcy ,bare a tootdtn:He value. 

Kecprng ~ccural(· mclrtcnl infnnn:nion t~ unnece~~.1ry for thi, ra~k ami wortld 

ha ve rt·qwred more odnmt·tnc tnfimn.nion dt~n w.1~ av.1ibblc. 

l..amlmarb nre qorcd in nn n~~octativc rncmory rh.n i~ exhamttvdy ~carthed 

on cwry dock tick ((l(i millt\CCO!Hh). Thc mcmory con~t\t\ of .1 wt of fr.undikc 

structurcs, onc ror e;~ch poss1h!e view of cnch l:mdm.uk (fi¡;mc H). A rr.tmc ~pcc­

ifie~ rhc expectcd nppearance of a pantctdnr landmnrk vtnv. Fr:unc~ cnntain :1 

pl.Jcc name, qualitarrve coordtn.ue~. n campas~ Jirection rrom thc viewpomt 

from whtth the [.¡m\rnnrk wa\ vtewed, :md \Otile ~pecifitatinn of the vicw'~ ap­

pe.lr.ltlCc. t'tther .1 ]()X 12 ~r-.ly-\e.l!e tm.1ge nr :1 ~et ofqu.tlit.HÍvr fc.uurc\ {lcfr­

mrn, rigln-turn. wall. dark-flonr, ltgln-floor). Fr.une~ c:~n al~n he t:1r,ged with :1 

wrn (or "vcer") to make once n landmark hnd het·n reac!Jt'tl. Thi~ 1~ uwful wht·n 

:1 cnrridor )Og~ to onc ~ide or the othcr The repre~cnt:nion t~ quite tomp.ltt: 

Thc wmp!ete wr nf frarne~ for thc ~cvr:nth flnor rcquirc apprn'<irn.lH'I)' 1 kilo­

byte of ~tor:~ge. 

Mntching i~ pcrformed hy finding thr l:mdm:~rk view clo~l"it ffl thc mmr rc­

cently rccogni7cd bndmnrk that J\ comi~rcnt with 1he cmrerlt dm·c•: ·l rravcl 



Api/Cato6n a corrrs en la JlldUJ/roa JOderurrJ.ca 

U~fiiaJJdo esta Idea y ap6dr.dota a !a ophmrzacrón de cor1es do tapas de n 
rectángulo, es decir, mmm•zar el despcrdrClo en la ull~zac¡On da cor1es. como se 

lrculo$) de un 
, en la frgura 2, 

Lo pregunta es ¿cOmo se deben hacer los cor1es de lo! clrculos de tal manera que el área cor1ada sea 
m~•lma? (dcsperdrclo mlnlmo) Para obtener más láC!Imente una metodotogla. anaHcemos las posrbrhdades 

---="========================#""====================== .... "=== 

11.¡ ¡¡, Jl(\\~'11 1 

:tnd the oh~erwJ visual fcamr~~. For example, a landmark east of rhe b~t recog­
niJcd landrnark c:ttÚ be m:nched if thc rohor ~~ JHC~t·ntly rra\'('lin¡.; we~r. nor can 
:1 llllrtlr-l:tun¡: vicw of'.t l.mdnurk. 

The '>}''>fl'l!l can .tho recogni7C brge-KJ!e "diHricts" ami correcr irs pmitmn 
e~ttmare e\'en tf ir can't (lerenmne cxacrly wlu:rc it i~. For examplc. when thc 
rohor i' .lrivin¡; we~t and ~l'l'\ a k·fr mrn. ir can only he in the somhern E\V cor­

ridor, m tt~ .Y coordinare h.t~ ro he 1 O, regardle~s of ir~ x po~i t ion. Di~tnct rccog­
nttion hdp~ thc robot recover more quickly from n:tvtgarion.ll error~ 

High-Level Navigation 

Hy def.mh, dll· corridor filllower i~ in control of rhe robot ar all rime~. The corri­

Jnr fo!Jower .tl\\':l.Y~ attcm¡m ro go forward and avoid obst::tde~ unril it ~~ overrid­
den. 1-ligher-levcl navig:ninn t\ tmplenH'nted hy a set of mdepcndent proce~~c~ 
rh.u Jrc pua~itic upon thc rorridor follmwr. The~c processc~ conrrolrhc rohot by 
en:tbling or Ji~ablmg motion and hy forcing opcn-loop turns. 

Tite n;wig.Hnr chome~ corridor~ by pcrforming differencc redunion bctwecn 

rhe (qualirative) coordinarn of rhc go.tl and the l:t~r recognin·d locatmn. \Vhen 

dtcrc ¡, a pmittvt• error in rhe J' coordinare, tr arrt·mpts 10 Jrive ~nuth, or norrh 

for a ncg:uivc error, and so nn Thts tcchnt<JUC ~~ \'ery rolcranr of place recogni­
llon error~ hccame it effcctively rcplans at cvcry timc-step. lf a bndmark j~ 
rnisse~l. tht· \}'\tern automatically compem:tted when JI rclocali7e~ it~clf 

lkc:tu~c tite I.LN mtplcmcnt~ a porcnti::tl ficldlikc :t!gorithrn, ir~~ Pmsible f~~t 
ir ro get ~mck in local minirn.1. The "unwcdgcr" unit dctecrs rhi~ condiuon :md 

fi1rct·s opcn-loop turns to gct it our of stuck starc~. Thc unwcdgcr fircs whencvcr 

(ddlne-sequencer (ofTcr-tour 'ttnport ( ... )) 
(fim c~et! glohal-modc 3) 

(ser! inhihir-all-motion? truc)) 
(when donc~talking' 

Ttll PoLLY5Y\"II'M IJS 

{new-say "Helio. 1 am Potly. Would yo u like a tour? 
Ifm, w.tve ynur foot around.")) 

(slccp 9) 

(rhcn (tfhlocked? 
;; The per~on's ~till rhcre. 
(if (> hmotion 30) 

(do! give-tottt) 

(begin 
(new-~ay ''O K. l-lave a ni ce Jay.") 

(sct! ~lobal-mode 1) 
(set! inhibir-all-motion? fal~e))) 

;; The pcr~on'~ gone. 
(hq~in (~ct 1 ~loh.tl-rnode 1) 

{set! inhibit-a!l-motton> f.1lsc))))) 

f<igr1rr JO Srr¡urnrrr rodr for offrring 11 tour 

rhe corridor followcr is hlocked for a long pcnod of lime (2 ~ctnnd~). One me­

fu! fearure of rhc unwcdgcr i~ 11~ :thi!tty to force a turn in thc directton of thc 

goal. rarhcr rhan in a randorn direction. Thi~ help~ kecp tt nn tr.tck. 

Fina!ly, a ~cr of action-~equcnccr~ (roughly pbn exccutivc~ for h:tnd-wriuen 

pbm) is u~ed ro irnplemcnr tour-givmg ami operatiom such a~ docking. Thc se­

quenccrs execmed a language of high-lcvcl command~ such :t~ "go to place," 

whtch are imp!emented hy ~cnding comm:tnd~ ro lowcr-levcl modules such a~ 

rhc navigator. 

Performance 

Polly ran at 1 meter pcr second. IT~ ~peed w:t~ generally ltrnited hy rnechauical 

f.1cwrs rarher rhan by cornputing power The robot ran :1~ faH a~ 1.5 meren pt·r 

sccond, hut the hase bad drfllculry acccler:tting p.1st th:H point. Even at th:tt 

spccd, thc robot bec:tme mcchanically umrablc. lf. when running at 1.5 rnett·r~ 

per sccond, it rried ro stop in lc~s than a meter or m, ir ripped ovcr The updarc 
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(dcfinc-sequcnccr (givc-tour :impon(. .. )) 

(fim (ncw-say "OK l'!t·:t~c stand tn onc sidc. ") 
(if (= b~r-y 40) 

(bcgin (~ct 1 tour-cnd-x SO) 
(~ct! tour-end-y 10)) 

(hq~in (\et 1 rour-t·nd-x l:m-x) 
(~ct! rour-cnd-y la~t-y)))) 

(wht·n (not hlotkcd?) 

(ncw-~ay "Thank you Plca~e follow me") 
(~ct 1 inhihir-all-morion 1 f.1hc) 
(~cr 1 global-nwde 2)) 

(w.lit framc-~rrnhe)) 

{w.1ir (ar-place? tom-end-x tour-end-y)) 
{~kep 1.0) 

(rhen 
(ncw·':l}' "Tl1,1t\ rhc cnd ofrhc tour. 

Th:~nk yo u and h:~1•c :1 nicc d.1y. ") 
(~ct 1 g!obal-modc 1))) 

l·igtrff' 11. Srr¡urnrrr rodr for gil'ill,'( tt tour 

ratc uf the control ~ysrcm wa~ !irnned by thc 1/0 pcrform:lnct' of thc fr:une 

i;r:1bher, not by compming power. More recenr implcmenratron~ of rhe algo­
rirhm run at video rate. 

I\y dw \tand.ml of rcsearch rohotrcs, l'ol!y was vcry robmr, having scen hun­

drcd~ of lmur~ of scrvicc in mulrrple cnvironrnent~. Polly'~ ~uccc~mn ha,•e becn 

run in many cnvir<lnrncnrs, including confcrcnces and dcmentary ~chook 

Low-Level Navigation 

J\fost locomorron prohlem~ ll't'rc obsr:lde dctcctron prohlcms Thc corndor fol­

lowcr pcrf;mncd wcl! on .tll /loor1 of thc MIT Al bb huildrng on whrc!J ·tl w.1~ 
te~rcd (floors 3-9) cxccpt for 1hc 9th !loor, which J¡,¡~ wry ~hiny f!oor~. there rhc 

system br.~ked for rdlection~ of the owrhc~d lighr~ in the !loor 
Thc ~r~rcm's m;1jor f.1ilurc nwdes werc due ro vrobunns of the background­

texmre cnnsrrainr. lf the environmem conraincd strong illumrnation gr:l,!Jents, 
mrf.1ce marking~ on the !loor, or floor ~urf.1ccs with high ~recular reflecuviry. 
d1e sy~tcm hallucin:ued obnades Thus, for example, suflicieruly ~trong shad­

ows triggcrcd (.--¡[~e pmitive~ This i~ les~ nf a prnhlcm than one would expccr, 

hecame office building~ typically have arca light source~ titar g('rtcratc (Fcr: •e 

Uti&zanda esla idea y apbt!>dala a la aphmlzaaón de cortes de lapas de motores (clrculos) de un 
reclángulo, es decir. mmnnllar el desperdocio en 13 U!o.ización do cortes, como so descnbc en la f.gura 2 

tn pregunla cs. ¿clima se deben hacer tos cortes de los elrculos de tal mancr~ que el área cortada seB 
máxima? (dcsperdoclo mlntmo) Pera obtener mh 1ac1lmente una melodologla, ano~cemos las posobolldades 
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shadows. Another example wa~ rhc boundary berwcen rwo di~tincr carpeu, each 
with a difTcrenr color. which could be mi~takcn for olmacles Pol!y dealt widt 

this problem mtng a hand-crafted recogni7er t:~ilored to the parricubr carpet 
boundaries of the lab. A bemr apprmch would be ro vcrify rhc prcscnce of thc 
obsracle minga difTcrcm a!gomhm or semor with ~tari~rically independent f.1il­

ure moJes. 
Poli y\ othcr locomotion problcnn wcre mcch:~oic:~l. Became of thc relativdy 

small suppon polygon of its base :md it~ rcl:trivc rop-he:1viness, it wa~ necc~~ary 
ro !imit rhe maximal acce!eratrrm ofrhc ba~e t11 prevent ir from tipping. That, in 
turn, mcant limiting rhe maximum vdocity of rhe robot ro insmc th:H it could 
stop qtuckly if somconc w·alked in front of ir. Thus, :~lthough Polly was capable 
of running :J.t hettcr rhan 1.5 meter~ pcr sccond, it wa~ neccs~ary ro limit ir rn 1 
meter pcr sccond to ensure safery. 

Place Recognition 

Place rccognition was thc weakc~t part of rhc systcm. Whilc rccognition by 
m:1rching imagcs i~ quite general, 1t JS :tlso fr.~gile, ami pamcubrly ~ensitive to 
changes in the world. lf a chair is in vicw when a !andm:~rk templare i~ pho­
tographcd, then 1t musr contttme ro be rn view, ami in rhe ~ame pl.itC ami orien­
tation forcvcr. lf the ch:~ir m oves, rhen the landm:1rk become~ unrecogni1.able 

unril ;¡ ncw vrew i~ raken. An01hcr problcm was th:n rhc robot'~ camera wa~ 
pointed at thc floor, and therc isn't much of intcrcst to ~ce there. For these rea­

sons, place recognirion wa~ rc~trictcd ro corridor intcrsccriom rcpresented hy 

feature fr:~mes, beca use rhey are more srablc ovcr time. The one cxception was 
the kirchen, which w:t~ recogni1cd using image~. In ten tri:tls, thc rohor recog­
nin~d rhc kitchen cight rime~ whilc going we~r. and ten rimes while going ca~t. 

Wcnward recognition of rhe kirchen f.--¡i[ed complete! y whcn thc water bottlc~ in 

rhe kitchcn doorway were moved, however. 
Both mcrhods con~i~tcndy mi~scd landrnarks when rhcrc W:lS a person ~tand~ 

rng rn rhe way Thi~ nften lcd the robor ro mi~~ a bndrnark immcdiarely :1ftcr 
pickmg up a vi~itor. The methnd~ al m f.tibl if thc robot was in rhc proce~s nf 
readjmting ir~ coursc after driving around an ob~tade or if the corridor wa~ very 

wide and hada brge amount ofjunk rn ir. Hodt conditiom camcd. thc comtatH­

vicwpoitll constraint to f:~il. Thc formcr mmctimcs camcd rhe rolmt to ll.llluci­
nate a turn becau~e one of rhc w.1!1~ was rnvi~ih!c, although tht~ wa~ rare 

Rccognirion of districls w:1~ vcl)' rcliablc, altftough it could somctimcs hecomc 
confu~cd 1( rhe robot wa~ drrvrn in a clurtered open ~pace r.nhrr than a corridnr. 

High-Level Navigation 

High-lcvclnav'rgatinn performance w.1~ limired hy the accuracy of place recngni­
tion In genera!, rhc syHem workcd flawlc~~!y unlc~~ thc robot gnr ¡, ''f ('X· 



Ap/ICBCI6n IJ cotfrt en la ond!l~/n.J siderúrgiCa .·,: ::: ::~.~)fftA.:;: 
Utobando esta 1dea y apidndola a ra op1L1111zaoOn de cortes de ttpn d~ m .ulos) de un •P.-!<~r:.~y., · 

recl~nguto, es dec1r, mon•mlrar eldespcrdocoo en la ullbz~ciOn de cortes. como se o ""la ~OUII 2.~;.,~ "¡'.;;~~11/" 
.. ¡:('~ ~ ·''·"~'·~· 

La pregunta es ¿cómo se deben hacer los cortes de los d1culos de tal manera que el,, .. co~~d• 1·.¡. ~~.~f 't."iJ.~f:'~~ 
máxima? (desperdoc1o mlnlmo) Para obtener m<ls láei!mente una metodologla. analcamos r., potlblld1dn júJ~:. \.~,¿'f. 
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.unplc, l'olly oftcn ran bp~ (implcmcntcd hy .tlrcrn:ncly g1ving oppo~itc corncr~ 
a~ go;t[~ w d1e n:tvigator) f(¡r ovcr an hour wrdwut :my nav1garion f:mh~. When 
thc l'olly got lost, thc navig:uor ~enerally ovcr~hot and mrncd around lf the 

robot ~nt ~cvcrely hm, thc n:wig.uor fbilcd .uound until thc pbce recognition 
~}'~tcm reoricnted. Thc wor~t f.1ilurc rnodc occurred when rhc pbcc rccognirion 

~y~t('lll thought th:u ir \\"a~ e:m of n~ go:tl whcn tt w:ts ::tctually :u the wc~tern 

edgc nf the htnldmg In rlm c:t~e, rhe navig:ttor unir and thc unwedgcr fought 

e.tch othcr, making opposttc com\c corrcctinns. The place recognttion ~y~tem 
~hould prob<Jhly lwvc hecn rnodifit·d to nmicc dt<Jt ir wa~ lost in ~uch simarions 

so rh:H rhc navtg:ttor would Hnp making conr~e cnrrecrinn~ urnd thc pbce 

rccognition ~y~tem rclockcd. Thi~ has not yet hcen implementcd, howevcr. 
Cetting lmr i~ .1 more ~eriom prohkrn fi1r the :~crion ~cqttenccrs, sincc they ::tre 

cqui\•,tlcnr m pl.tm but rhere i~ no mech:tnimt fnr repl.mning when :1 pbn ~tep 

f.tih Tlm ah~cncc can he nmir,.tted hy ming rhc navig:nor tn execute individual 

pl.tn \tl'p~. which :unnuru~ to \hifting rc~ponsihJ!ity frorn pbn-flmc ro run-ttme. 

Polly's Successors 

ltt thc l.t~t fcw ye:~r~. we h:~ve huilt a nurnher of ~y~u·m~ h:t\cd on V:lrt0\1~ a~pccts 

of l'o!ly, p.uricubr!y 11~ collt~to11 ,\VOid:tncc ~y~tcm. Thc Fr.mlcic, Wi!t, ami Co­

phcr ~y~rcnt\ hmh at MIT focu~eJ on nptirni?ing the h::trdwarc de~ign~ of thc vi­

~inn sy~tcrn. Thcy :trc h:t~ed cm :1 cmwm-built cornpmer, c:~mer:~, :~nd :~cuve­

he.ul sy~tcm th.lt co~r le~~ than $1,000.00 (Homvill and Y.tm:unoro 199-1). 

Bec:~u~c the~e sysrcm~ :~re hi~hly port:~hlc. rhcy havc bcen tcstcd tn a wtde r:rnge 

of environment~. including corpor::ttc rt·st·.nch bh~. hotel~. ¡;r:tmmar school 
cb~~ronm~. allll cvt·n :tn ~mlitorium :11 Wcq Poun. 

.'l'hc !'thh[c, (l.o1igo 19'J{¡) .md Elvi~ ~y\tem~. al\o huilt at Ml'l: ¡un on thc 

Chc:~p Vi~ion M.tclttne, J!ow-cost, high-pcrformance vt~ton comptm·r dc\igned 

by Rtrnh.m :tnd Horswill. l.origo (1996) h~s extended tbe collt~ton avnid:~nce 

~r~rem to novel cnvirnnmcnt~, mcluding outdoor environment~. Th:~u (1997) 

h:~~ extended ir to fu~e mulfiple vicws imo cohere!H gcometric m.lp~ in real­

time. 1 imegrated dement~ of Polly widt :111 tmplemt·nration of the Ullman vtm­
:~1 rowim• procc~o;or thcory (Ullm:tn 19H~) to huild :1 ~~·qcnl tlwt cou!d \C,trch 

for .wd .tpproach oh¡ect~ 1n ~pcciflcd configurations on dcm:~nd (Hor~will 

1995). Thi~ ~rHcm :~l~o ran nn rhe Elvi~ hardware. At NorthweHern, my col­

lc:tguc~ :tnd 1 are devclo¡mtg highly programm:thlc sy~tems that extend rhis 

work Kluge is :1 rohot b:t~cd on rhe Chc:tp Vismn M:~chtne rhat combines 

~c:trch amlnavtgation, :tnd manipubtion capabiliries tn perform relarively high­
le\•elta,b such a\ delivenng ami pbying fetch Une of Nordtwe~rcrn"~ prim.i¡l.ll 

go:ds i~ 10 build :1 very robu~t pbce recognitton sy~tcm for officc environmem~. 
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Conclusions 

Many vision-b:tsed mohile robot~ have hcen developcd in che pa~t (~ce for exam­
p!e Ko~aka :~nd K:~k 1992; Kricgman, Triend!, ami flinfoni 19R7: Cri~man 
1992; ami Tilfk, Morgcnth:tler, Gremban, and M::trr:t 1987). The unmual as­
pccts of Polly wcrc its rebrively brge hehavioral rcpertoire, simple de~ign, and 
princtpled me of ~rectal propcrtics ofit~ environmcnt. 

Polly's cffinency and reliahility werc duc tn a numher of f:tctor~ Speciali7:t­
tion ro a t::tsk allowed rhe robot to compme oniy the infnrmarion it needcd. 
Speciali7.arion to rhc cnvironment allowcd thc rolmc 10 suh~citutc simple com­
pumtions for more cxpensivc ones. Thc me of mu!tiple str:ttcgic~ 111 p:~rallcl rc­
duccd the like!thood of c:tr:tsrrophic f.,ilmc (1-lomvi\1 and Brook~ 1988). Thm, 

if the vani~hing point compurarion gener:tted bad d:u:t, rhc depch-h:tlancing 

str.negy compen~ared and the di~tance control system preventcd collistnns umil 
rhe vani~hing point was correC!ed. Final!y. the speed of it~ pcrccprion arHI con­
trolloop :tllowed it 10 rapidly recovcr from error~. Thi~ relaxed thc need Ú1r pcr­
fect pcrceptton ami allowed ~implcr perceptu::tl and conrrol ~traregics 10 be med. 

Thc prmciplcd use of cnvirnnmcnt:~l comtraints not only f:tcilirated thc (lc­

sign of cnlcient :tlgorithm~. bttt also hdpcd undcrstand ami gcncralin:: rhem. 
Thc analysis of the collision avoidance sysrcm sbowcd rh:H rhe hackground-rex­
ture constraint w::t~ u~ed w ~implify ~gurc ami ground ~epar::ttion :~nd nnthing 
e!sc. Thus thc sy~tem could he poned ro environmenr~ th:~t sari~ficd the ground­
pbnc comtr.tinr hur nm rhe I\TC by finding repbccment comtr,tint~ rh:tt ir dtd 
s:Jtisfy. A~ Lorigo {1996) h:t~ shown, rhis can he used to build :1 rebtivdy r,cncr:tl 
systcm hy ad:tptively swirchmg hcrwecn spccialin.'·d sy~tem~. 

Spcci:t!11ed systcms need not ~imply be hack~. Wc can learn dungs from thcir 
dcsign and apply it ro the dc~ign of ochcr systcm~. 

Polly wa~ an exisrencc pronf rhat :1 rnlmst sy~tcm with :t l;u¡.;c heh:~vioral 
re¡ll'rtoirl' tnu!d he hui!t U\illb \lmplc tomponcr!l\ \peLi:l!iJed w ,¡ t.t\k .md cn­
vironrnent. A~ with othcr Al merhodologic~. ir rernaim to be ~een how far this 
approach can be scaled. Eirher way, the pnncipled analysis nf ra~k requirements 
and envirunment~ wi!l ~urrly play :t critica! rnlc in :tny succc~~ful methodology 

for studying action in the world 
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Ul•~zando esta Idea y ap&c~ndola a la opi1TIIIUCI0n de eortes de !11pas dOJ motores (tlrculos) de un 
rect~ngu!o, es dee•r, mmm1zar el despcrdoao en la ut•liución de cortes. como s"' descnbe en la ligur a 2. 

Lo pregunta es ¿cómo so deben hacer los col1es de !os ctrculos de 1~1 mnnera qua el Meo cortada sea 
má•lma? (dcsperd•ciO mlnlmo), Para obteoer mas l~almenht una melodolo9l3, aoaDcemos las poslboklltdn 
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Cl !AI'TFR '\IX 

Coordination and Control of Sensing for 
Mobility Using Action-Oriented Perception 

Robín R. Murphy 

I n thc reactive renai~sance of the 1980~. amonomous mohile robots were 
comtructed with one ~emor per each active behavior. As a rc~ult, coordina~ 
tion and control of ~eming for mobdity wa~ nm ;;m i~me. 1-lowever, thc co­

onlination and control of scnsing is hecoming incre:1~ingly mort' Lhallt'n~in~ a~ 

mohilc robot~ are applied ro more difficuh ra~k~. wirh brger ser~ of possihlc he­
haviors and a small ~ct of general purpme scmor~ Now a dcsigncr must (lccidc 
how to sdect ~cmors, design reprcsenrat1om :md algorithm~. ami organi1e ami 
sh:1re scnsing re~ources ro accomplish demanding tasks. 

T!m clt:~ptcr pre~ents onc philosnphy of scming org:~ni7:Hion, nctirm-orimtrd 
prrcrpuon, :md di~msscs how ir can he applicd ro mohile rohots, with multiple 
scmors performing locomotivc tash. According ro action-orientc(l perceplinn, 
all pcrccptual prncesses should be examined in terms nf rheir ptrcrptunl crmtrxt: 
the tl'<jlllremcnts of the ta~k. rhe prnjcctcd combnon of the environmcnt for the 
expccted duration of rhe robot's acrivities, :md the avaibhle seming capahiliric~. 
Thc perccptual context can be viewcd a~ defining the ccolog¡cal niche of a ~itu­
ared agcnt. Thc prmciplcs of actinn-orlented perccptinn have heen successfully 
applicd ro a number of domains in motor control :md semor fusion for au­
tonomous mobilc robots (Arkin 1992; Arkin ami Murphy 1990; Mmphy ami 
Arkin 1992) This chaprcr :mcmpts ro di~till rhe expmcncc~ at the Colorado 
School ofM1ncs (C.SM) in applyin¡; rhi~ philosophy tn one applic:Hinn domam, 
outdoor road followin~ The principies of :~ction-oricnted percc:ption ami thc 
~uidclinc~ pn·sc11tcd in dm anide are cxpcctcd to he rclcvarH for other forrn~ of 
rohotic~ indudin¡~ 1ndu~tri:~l m~nipubror~ ~nd ~emi-auwnomou~ rclcoper:uion 
control ~y~tern~. -

In rhe ncxt sccrJon, 1 rcvicw rhrec currcnt rrcnJ~ in the coordin:~rion and con­
trol nf mohdc robot~ and rhc a~sociatcd comtr:1int~ on rhc organi~mion of scns­
ing. The~e :~rchirccrural paradigm~ ~erve as a framework, or "~kdcton~ of ~c­
tiom, ro wh.1ch scn~mg, rhc "mmcle," i~ atrachcd The skclt·r.tl arr.mgcrnenr nf 
the reactive and hybrid sryb of ~rchitccltlre is compatible with ncrion-or; 
perception. Studie~ from cogniuvc psychology on thc role nf ~cn~ing in lo, 



Apllcuc•ón 11 cori<"S en lB mdus/rJa 51dt>nirgiC~ 

Ul•hzando est~ klc11 y ap~cándola 11 la ophmllHCión de cortes de tapas d!l n 
rectángulo, es decn. m•mmozar el desperd1t10 en ta Ul1•1ación de cortes, como se 

'rculos) de un 
en la figura 2. 

La pregunla e5· ¿cómo se deben hacer tos cortes de los clrculos de 131 manera que el á reo cortada sea 
máx1mo? (dcsperd1do mlnlmo) Para oblener más t.~olmenle una melodologla. ana~cemos In p0s1bl~dAdes 
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10r ;tClivitil'\ providc msir,lu~ in the \l"Ctlon on \t::min~ organintinn in roboric 
.Hchirccnue~ a~ ro hnw thl.' ~cn~mg "mmclt·~" c;~n he :tnal)?cJ ;111d arr;~ngcd. F1-
nally, 1 po~r :1. ~ct of guiddmt·~ imcndcd to aid rhc designer m ;1rran¡.:ing sen~ing 
for 01 \plciftc f;¡~k. lllmtr:niw C'l[;lfllple\ are t.tkcn front the CSM cntric~ in rhc 
19'J-i and 11Jl)5 A~~oci.nion fi~r Unm;ltmed Vt.·hide Systems (AUVS) lntcrna­
tinrl.ll Urlln.mncd Cround Vehicle compeutiom The cnmpetition ami the 
CSM en trie\ ,tre dc~aibc{llll rn the ~cctinn on ~emmg org;~ni7.Hion from cogm­
tivc p~ycho!n¡;y. lt ~hou!d be empha~i?cd th.tt rhis ch;~ptn mncentr;Jtc~ on the 
architecutr:tl ;~~pcct o( sen~in¡.:· /J(Jw uming is uurrfirrrd u•ith arting and ot!Jrr 

srming r!t•lllt/1/ds. Un{(mun.uclr. a d1~Cll'I\Íon of the control ·Jnd coordin;¡tÍon of 
'cmmg in ~l.'nl'r.tl 1~ hcyond dtt' ~cope of .t smgk ch:t.ptl'f, Specific .t~pcct~, ~uch 
a~ n111hi,{'ll'IH intcgr.uion :wd ~cn~m¡; rt·~ourcc alloc:nion, are nnt addre~~ed. 
f..1urphy (1 1l<J{,) providl·~ owrv1cw of the~c i~suc~ Thc rc!.l!lve mcrits o( diffcr­
cnt \cmor~ fin locommion (\uch .ts b\er r.mgc finder~ verm~ mn;¡r) :~re ;l[~o not 
.tddrl'~\ed in this dt:tptcr. 

tinuou~ly lined; howcvcr, onc pun1on wa~ m;~rkcd with :tltcrn:tting d:t\hcd lines. 
The da~hcd lines wcre alrcrn:tting rwcnty foot linc~ wirh a fiftecn fuor ~cpara­
tion. Qhq:tdes (hay b:t.le~ covered in pb~tic) wcre r:tndnmly pbced un dte 
cour~e alnng wirh a s:tnd pit and, 111 1995, 01 ramp. In practicc, the bale~ ncvcr 
extended more th:tn tlucc fccr into rhc l:t.nc, although thc rules do pcrmit bales 
to be pl:tccd in thc center and alrnmt cnmplctely block dtc cour~e. The tc.uns 
did not know the metric layout o( thc cour~c prior to the competir ion aJHl were 
cxpcctcd to compete undcr late spring wc:tthcr conditiom, \ttch :t~ hcavy doud 
covcr or bright sun. Thc m;~ximum pcrmi~~ihlc speed of ;¡ny cntry wa\ five miles 
per lmur. Approximate l~yom~ of the cour~es :~re ~hown in flgure 1; hoth cour~es 
were on thc order of ROO yards long. Thc course~ were divided into four scc­
tioo~. 1-1V, of incrca~ing dilliculty (terrain, obqadc dcnsity). The comse hound­
arics in 1995 wcrc signific;~nt!y f.11ntcr tlwn in 1'J94 ;¡nd offercd litt!c contra~t 
with hrown grass, confounding the vision proce~~in~ of almost ;11! emries. 
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Example Domain: UGV Compctition 

Thl· 199-i .md 1995 AUVS lntcrnation.d Autonnnwm Ground \'chicle Compe­
titinrt\ \l'I\'C .1\ mmiv:n•ng e'<..llnplc~ o( re.rli~tic outdoor loul!lJOtion [;l\k~ The 
AUVS h.t\ ~pomorcd thc competitlnm :~nnuJI!y ~ince 1993. The compcmion i~ 
oput ro tt'.tnH composrd ofhoth gr:tdu:ue atulundergradu.nc ~rudcnt~ .md fac­
ulty. The go.tl of thc competÍIIOil i~ lo ha ve a sm.tll autonornous ve hiele navig.Hc 
:tround .111 outdoor tour~c in thc ~honeH amnunr nf tltlll'. AH powcr, sen~ing, 
;¡mltornpuung nm\t he done nnho.ud. In many rcg.tnk thc competition task i~ 

compar.thlc ro the road-following dcmomtratiun~ for tite DARPA Autonomous 
L:md Veh1clc ;~nJ Unmanncd Ground Vchiclc projects. 

Thi~ ~cction summ:tri7c~ the compctition rule~. whidt delineare the task de­
/ll;lnd~ portinn of the pcrceptttal contcxt ;~nd rnnv1de~ ;¡ hritf overview uf rhc 
CSM en trie\, Each cntry wa~ ha~ed on rhe rc\earch project f(H dtOit ycu\ 
MACS574 graduare cmme, Al Robotics ami Computt:r V1~1on The 1994 team 
tonk flr~t pi.Kc, while the 1995 ermy pl:tccd founh Murphy (1995) and Mm­
pl.y. Hofl~ Hlirch, Gough, Hoffm;¡n, l·bwkms, Krmley, Lyon, Mal1, rvl.tdvlillan. 
ami \V,mh:tw\ky (1995) providc der;¡i]~ of cach entry. 

Competition 

The cour~c hourubric~ ;~re dc~ignarcd by Dcpartmcnt of Tramportation whitc 
l.mc lmc~ :tpproxmt;ltcly four incite~ wide painteJ on the ground ami ten 10 

rwdvc feet ;1p:1.rt. Thc bounJaries wcrc cominuous throughour rhc coursc for 
the 1994 competition. In 1995, thc ma¡ority of rhe coursc boundanc~ werc con· 

1994 CSM Entry 

The 1994 CSM cntry used Omnibot, :1. fully ;¡utonomou~ vehidc lcnt to the 
te;~m hy Omnirech RohMtl-~. lnc., tht• ream'~ indu~tri:tl ~pomnr. Tire rnhnt i~ 

~hown m figure 2;¡ The vchide ha~e is a Powcr Whcch h:mcry powcred chil­
dren'~ jeep. lrs rn;~xinmm drivc ~rccd w;~~ 1.5 mph. All control w:t.~ done cm~ 
ho:t.rd Wllh :1.33 MI !z 4Hó I'C mmg Omnitech CANAMI' nmtrollcr\ Tite ~en~ 
sor suitc con~i~tcd o( 01 single p:tnning ultr:tmnic ~en~or mnunted in front and :t 

video c;¡mccHdcr on a mast nc:tr rhe cenrer. 'fhc uhr:t.mnic could sweep IHO clc­
grcc~ :tml had a rel1ahle range nf ;~pproxim;~tcly 1 O fcct Thc video camcnnler 
w:1s 01 stambrd comumer electronics mndd; the ompm wa~ digir11ed by :t. hbck 
ami whitc fr:trnegr;~hhcr board in thc I'C Ali progr:tmmin¡; wa~ done in C++ 
Wlth thc Lyn~ UNIX l'C operating ~ystem 

Thc pcdagngic;¡] ohjectivcs of thc 19'J4 cntry werc for dw studcnts ro beco me 
f.1mil101r with purcly reactive :trchitecmrc, ecological principie~ of action.micnt­
cd pcrccption, ;lmlthe use o( muluplc \C!t~or~ Thc (let:til\ o( ~eming :tnd acting 
wdl be dr~cu~~ed in later sect1om, but it ;~ hdpful 10 h;~vc :tn rnitial ovcrview of 
the ~ofrware layom. The de~ign rel1cd on ;1 phy~ical confir,ur.ttion of thc robot 
whcre both the camera ;1nd thc ultr;~~nniC st·nmr were fixed in po~ition, pointing 
to tite nght ~1de of thc robot (pcrpmdicular to it~ cmtcrlinc). Thc robot vicwcd 
only thc right cour~c houndary, ;~mlrhc line occupied :tt Jc;¡~t nne-fourth o( thc 
irnagc ;¡n·:t ro reduce rhe ~ignal-rn-nor~e rauo. 

The mfrw.1rc w:t.~ divided into two hch:t.vmr~. follow~p11tl• :tnd mot•r-tthMrl, 
coordm;¡ted hy an i111111fl" rrll'ttsing mrrlmnum qyle of ~C11llcnccr (Andcrmn 
;111d Donath 1990). Thc prim;~ry hcllaVIor w:t~ thc vi~ion h;¡~cd fiJ/Iou•-pmh. 

fol/mv~pnth cxploitcd the conclu~iom from an crnpiric;1! inve~tigation ~ll~~e~t­
ing that rhc white linc w;¡s mually rcprc~cntcd by thc bri¡.:htc~t pixels in thc 
ima~c. l·l1~hliglm on the ~rH~ ;¡ppcarL·d ro be tandornly drqnbuted Thert'· 



Uhllzando esta lde~ y npl1c~r.dola a la optomozacoOn do cor1cs de !~pos de motores (drculos) do un 
recl~r.gulo, es decir. mlnlmrnr el dcspcrdrcro en la Ulr~zacoón de cor1es. como se describe en la fogura 2 

la ptegunla es ¿cómo se deben hacer los cor1es de los drculos de !al m~nera que el :lrea cor1odH sea 
m~~lma? (desperdiciO mlnlmo) Para obtener más lácrlmenle una melodologla. anahcemos las posob.hdades 
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D Mol"r"ll<(rull111o 

~ lll>,,otlo(wh'llchol 

f;Ht<, the Ct'll;r~ljJ ~¡( tiJJ.: hrightC\( ptxd~ 111 thc l!ll;!ge !-:l'ller,tf]y CoÍnCÍdcJ WÍth 

t te ccntcr o t le lrnc. Annthcr bchavior, mm•r-tlhmd, wa~ nt·~dcd to n;~vi •ate 

p.t~t rhe h:~}' bales on the ~id e lmc~ which conf'useJ thc vis ion b.tscd fol/:~v­
path hehavtor. mor,r-ahmd w;~s ;JctÍ\'atcd hv thc distmction:> r"l·o•·· h 
J 1 ¡ ¡ · · · " "· '"' w cncvcr a 
Kl e W;J~ < Cl~ctc< \'1;) ~on:~r. mot•r-ahrtlrl heh:tvt·d ,J\ .1 IHJ·op, ll\111' ~h;¡(¡ l'll-

'¡odt·:' 1!.1 m:wn.un thc cnunc fiu thc e\tlm;Jrt:d tune nct·dcd to m~vc out of 
t le Ytcwtn~ r;~nge of thc h:~lt· 
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FiKurr 2. T/;r CSM mtrirs. lrfi: Omnibor (1994). RtKht: C2 (1995). 

1995 CSM Entry 

The 1995 CSM team uscd C2 (figure 2). C2 i~ the Omm/,ot ba~c :md h-.mlwarc 
don;~tcd w CSM by Omnitcch Robotics, lnc. The l.ynx-ba~cJ l'C was rcpJaced 
with ;¡OC! Diamondb;~ck ficlJ PC u~ing ;¡ 100 MHz Pcntium lntd micropro­
ce~sor oper:ttiog under MS-DOS. The vision system wa~ ch:~nged to :~ lm;~­
gcNation bl.tck :md whire framegrabhcr bo:trJ. Thc pcJ;¡gngiwl objecrive~ of 
the 1995 entry wcrc for the Hudent~ ro hccornc f.unili:tr with the CSM :m:hitcc­
ture, cv:J.Iu:ne exisring computcr vision b:~scd ro:td following tcchntquc~. and 
g;~in practic;~] experience in ming multiple seming mO(blitie~. 

Thc sofnvarc layout is ~hown in figure 'Í Tlu: hcart of thc cnrry w;~~ rhe rc:~ctive 
heh:tvior follow-pnth. which meda simplific:~tion of the Dickmanm :tnd Gr:~efe vi­

sion-b;~sed ro.td-following ;~lgorithm (Dickmanm ;~nJ Gr:~efe 19RR) callcd "dy­
namtc viston." Dyn:~mic vi~ion offcrs severa! mech:~ni~ms for :~chicving re:~l-time, 
rohu~t n:~vig;~tion. lt interpret~ only those p.tm nf :1 ro;~d tm:~gc ;~nd im;tge sc­
qucnce cont;Jtning fe:~rure~ rclcvant to vehicle n:~vig:ttion. '!'ht~ reduce~ dte 
:tmounr of comput:ttion pcrforrncd on e;~ch tm:tgc, mcrc;~~rng rhc up(bte rare of 

vi~ion to thc ro;~d modcl from which thc whide compute~ stecring cooun:~nJ~. 
Tlm imcrprer;~tton ;., f:tól'ttatcd by ~ubd'tv'tding the im:~gc inro rc¡;iom th,u c:~n be 
procc~~cd ~ep;~r:uely in p:~dlcl. Ag;~in, thi~ incn.·:~~c~ thc upd:ttc mte of thc ro;~d 
rnodel Fin:tlly, rhe dyn;~mic vision pcrfnrrn~ error checking hy cnrrcl:ning rmd lo­
c:~t'tnn inforrn;~tion ;~cro~s severa! inu¡.:c~. Thi~ prcvcnt~ thc vi~ion sy~tcJll frnrn 
tdcnti(vmg :1 ~h;~Jow or :~o mter~ccuon ;¡~;¡o ;~hrupt ch:~ngc in tite ro;~d. 

Dynamtc vt~ion requirc~ rh:~t the rn.td comtructton p:~mrncrer~. ~uch ~~ ro:~d 
width, he known m ;~Jnnce morder to focu~ proce~siog on thc rclcv;¡nt rcgiom of 
rhe imagc whcrc thc road i~ likcly tn be :tnd fO providc error checkmg. Thc 
method ~~ p:trncubrly artr.ICttvc 111 th:ll 1~ d(lc~ not :t~'urnt· rJ¡;¡t thc ro:td lmtmd­
aric.~ are hornogcneou~. rhat i~. th:H dw ron\ :tnd ~houldcrs :trc untform cnlf\r wtth 
no ~h:~dow~. inrerruptions duc to ~h:~Jow~ or imer;cctiom, ere. Onc diqr1 

''lf;C 

-



Aplrcecrón e cortrs !'n I(J va:Ju3lna srderim;;rca 

Uh~zar>do esta Idea y oplicándola a 1~ cptlmizaoón de cortes de tapas de ,:,.__;._.... -,:;,':·lrculos) de un 
recMn¡¡ulo. es dec11, minirnlrar el desperdiCIO en la utJizac:rón de cortes, como se', ''den la f1gura 2 

Lo pregunta es ¿cómo se deben hacer los cortes de los circules de tal man~ra que el6reo cortada sea 
máxlm11? (desperdrc1o mlnlmo) Para obtener m~s facilmenle una melodologla. anaocemos las po5rl.>lodades 
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•of dvn:m11c vi~inn for fr•llnw-path i~ Ít~ underlyin¡~ :J.~~umption th;tt the c;~.nter:t will 
alw.1y\ be potntt•d down the ro.td so th:J.t ro;td edgc~ wil! he withm ~pN.ific n-g¡ons 
of thc im:~¡;c. Thi~ rm:am th.H the \'chrcle c:tn only ~low Jown or stop in rc~ponse 

to nh~t:tck·~ r.Hhcr th:m llifll the vehicle and ri~k not f.1cing the road 
11yn:~mic vi\ion protC\'in¡~ \t.lrt\ hy the :IC<]!II~irion of :111 im:1gc from the 

c!lncr,t. U,tng the ro:~d modcl, six rcgiom of inrercst rcprc~cmmg likcly loca­
tiom of thc ro:~J boundary (rhree lcfr and three righr) :~re: sdccted. All opera-

11om on :1 rcgion :tn.• handled by a dcdic:~rcd proce~~or in p:tí.llld. First, edge~ 
are C\IT.ICtcd from thc rcgton~ of lntnt·q, Edgt'\ rh.u do not m.nch rhc cxpecrcd 
ortt:n!;ttton nf thc ro.1d .11 th.n dl\t:tncc :nc n·jectcd Tht· rcm.1ining (c;t'>thlc 

cdge~ from c.tth reginn ;~.re corrdarcd with t'.Kh other w refine rhe rn:~d mndel 
Once rhc rn:td moJel is upd.ued, ncw ~rccnng command~ can he gencr.ued, 
wluch thcn le.1d to new prcdiniom for guiding proces~ing of the ncxt image. lt 
~houiJ he nntcd rh:tt the corrd.uion Jlgonrhm doe~ JHH rcquire that the cdges in 
al! rcgiom .1grec; ~omc rt·gmn~ mny he :tffcctcd by lool phennmenn ~uch ns 

\h.1dow~, occlmion~ of thc boumbrics hy oh\taclc~, or puddles lt i~ :ts~umeJ 

th:tt the~t' phcnomen:t :~re loc:tl and tcmp(H:Jry, rhat a~ the vehiclc mm·e~ for­
w:~rd :tcconltng to rhc ro.1d moJel, new informJrion Wtthnut these di~wrtions 

fnllow·l>llh 
h.-luvrnr 
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T1g1trr 4. flr!JaVIornf control sriJrmr for 1995. 

.. 

wtll be acguired and rhc road model updatcd. Thi~ implic~ th.u thc uptbte rate 
must occm (;t~t cnough that a fcw upJatc~ can be mi~~cd t•very now and then 

The ~tructllrc of the CSM implcment:ttion follow~ thc dyn:tmic vi~ion hicrar­
chy of cdge dctection, edgc filu·ring, corrcl;~.rion, and ttpdating of the ro:td mod­
el. 1-lnwcvtr, thc implemcnt.ltinn diffcrcd in fi,llr majnr way~. ¡:¡r~t. thc CSM im­
p!emem:trion h;~.~ to run on a ~ingle procc~mr anJ rebtivcly slow fr:~mcgr;~.bbcr. 
Sccond, ;:¡ 1-!ough tr:~nsform (Nihbck :tnd Pctkovic 198R) i~ used for thc ~dge Je­

tectinn and filtering stnce the litcrature did not repon nn rhc ~rcctfic :tlgorithm~ 
mcd hy Cr:1cfc. Thml. thc CSM implc!ncnt:ttinn madc u~c nf :t pannmg m:m to 
kccp bod1 ro.ul hound:~rie~ in vicw :Jt ~11 time~. Thi~ w:t~ mrd hcc:1.u~c thc CSM 
robot mu~t go :trnund ohqaclc~ r:nhcr rh:~n qop or ~lmv down. Fitwlly, in nnler 
to incre.1~e proccs~ing speed, thcn· ts no check for corrcbtiom hetween irnagr~ 

Two :1.dv.mt:1.~e~ ofusing the more compltcarcd algnri1hm in 1995 Wt'Tl' {1) 

11 w~~ expectcd to work cvt•n in the prc~cntc nf d:t\hcd l1nc~. :lnd (2) 11 cnuld 
he remed for othcr ;~pplic:~tion~, includtng indoor hall follnwing E~\cnti.1lly, 

the 1995 :1pprmch broadcncd tht· t·cological nicltc dt•ritlnl in 1994 fr<tm 101-

lowing whitc lincs outdoor~ to following p:uh~ in gcner:~l. !u practicc, thc ~im­
pliric:J.tÍon~ in follotl'·frlth wcre too scwrc, ;~.nd whcn comhincd wirh orher 



AphC8CIÓn ll COIIC'S ~~~/a md<!SIIId Sli.kiUIIJIC3 

UIL~zando esta idea y aplicándola a la opMuae.ón do <;orles de lapas dO! motores {clrculos) de un 
roclángulo, es deor. minomrzar el desperdiCIO "" la llllb&clón de cortes. como se descrrbo en la fogura 2 

La pregunta es: ¿cómo se d~ben hacer los cortes d' los circules d' lal manera que el áreo cortada sen 
máxima? (desperdiciO mlnlmo) Para obtener más l~cilmenle una metodOIO<Jia, annl1cemos las poslbohdades 
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h:mlw:m· .md sofrw.uc defcct~. ("2 placed only founh in the compcmion. 
Thc.f<,/lnw-p,n!J hch.wior computcd the direttÍfln to tl1e ccnrcr of rhe p:uh. The 

m•orrl-of,Jttlcfr hch.tvior wa~ h.t~ed on thc vccwr ficld hi~togr:un merhod (Boren­
~tcitl .tnd Korcn 19'Jt) .1nd tt~cd ultr.t\OilÍn (11 nvotd colli~ton~ whilc nuim:~ining 

progrt·~~ tow:ud rhc ccnrer of du: p:Hh. pmt-mm~m W;t~ m tended ro kecp both 
courSc boumhries in vicw Thc r¡wd-contro! hdJJVÍor was not in~ranti:ned :lt rhe 
compctition hcc.m~c rhc robot\ ~pccd w:H nur upgr.Hied tc1 five rnph. Howcvcr, ir 

w,t\ intcndl·d ro uw inclmomcrcr, ~tcenng \haft l'ncoder, ami mnar dat:J to slow 

rhc rohot :1s tt wenr up r:1mps. m:tde h:~irpin rurn~. :md :tpproachcd ob~taclcs. 

Sensing Organization in Robo tic Architecture 

Robotic motor control syqt·rm can be looscly grouped inro thrce categories; hi­
crJrchicr!, re:tctivc, :md hybrrJ re,\ctive-dd'rher.mve The pnradigm~ focu~ on 
stnrcnrrin~ motor :tcttnm Scming i~ brgcly :r ~econd:ny i\~Uc, .llthmrgh rcccnt 
dfoJt\ h.\\'c :rttcmptcJ to refine the role of' \en~ing wnhrn hyhrrJ :rrchirecture. 

Thi~ ~ecrion dc~crihc~ rlH' architccwral pJr·Jdipm in tcnm of r.rmific:rtiom for 

scming org:rnn:~tlon :rnd thcir ahi!tty to ~ttpport :JCtion-oricntcd perccption. 

Tlw ovcd! mftwarc Jc~ign trf thl· ! 1N/¡ and 1 1J95 en me~ i~ :rho Jrscm~cd. Both 
entric~ u~cd :r. re:r.etr\-e srylc of :rrchitccrure, but wirh major <lrfference~ in the 

perceptu:r.l rcpre~cnt:ttions :r.t thc lmve~t !cvck "!"hc~e emric~ rllmtr.rre tire r:tngc 
:md flexihi!rry of ~cming wrthin :r.n :rrchirecmr.rl p.rr:rdrgm 

Hierarchical Sryle 

Hier.rrchical roborrc motor control rypically views a robotrc :r.crion a~ rhe re~ulr 
nf a ~cqucnce of operatiom wirhm .r ~nicr hic."r:lrdry involving functron.rl ,r 
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Figurr 6 Srming m thr rrncrrvr p,mtdigm. 

compos1tion, global worlJ models, and fixed leve!~ of semory proces~ing. Gen· 
er:r.lly speaking, pcrception exists ro uptbre rhe gloh.rl world modcl, amlthc."rehy 
only indirecrly inAuences thc robot'~ actiom. :t~ shown rn figure 5. The~e sys· 
tems can he dr:lr:lctcrizcd as followrn~ a umr. plttn, act Kcnarro. The real-time 
control sy~tcm (RCS) dcvclopcd at rlrc N;¡rional lmt'rtute for Srambrd~ ami 

Technology (Aihm 1990) is :r.n examplc of a hierarchic:r.l ~ptem. 
Tire hierarchrca! srylc is mually not consi~tent wirh the aCtlon-oriemed per· 

cepti(ln phdo~ophy. Thc g!oh:r.l world modcl and r'1g'1d levels of ~l·mory proccs~­
ing are imk-pcndent of drt· t:l~k. Thc lewl~ wirhin drc." hicrarchy m ay he con~id­
cred to bt· an attempt ro couplc :r. motor funcrion with dre pcn:cpmal CnJHl'Xt, 

but the couplinr. i~ indircct :r.t hc~t. 

Reactive Stylc 

A~ shown in figure.' (,, rc:r.crive qy[e architccturc follow~ :t srmr·ttct :r.rran~c· 
rnent, wlriclr krHl\ it~clf ro a rcncxive, ~rimulu~·re~ponse method of linking 

percepuon with :r.ctiou~ A heh;rvinr c.m he rhonr,ht (lf as :r. nrntor ·Jction tern­

pbte (:r.ct) coupled ro dedicated perccpm~l procc~~in~ rourine~ {~eme). The 
beha\·ior:rl paradigm ~~ inherently .. 1li~ned wrth rhe phi!moplrr of .lCtion-ori· 
ented percc."ption. Bch.rvior~ cncap~ulare rhc ~ensin~ nccessary fi1r a p:r.rr1eular 

:rction in tire cxpectcd c!lvironrncrH. 



Ap/1CDC16n e cor:,s en la 1ndustrw sidewrg,cD 

Ulll11ando esta 1de~ y aplicándola a la opt1m1zaCt6n de cortes do tapas de r , , :_,¡culos) do un 
rect~ngulo, es dec1r, mmlm1zar el desperdiCIO en la ut•~zao6n de cortes, como se'~~ :, en la figura 2 

la prejjunta es ¿cómo se d~ben hacer los cortes de los circules de tal manera que el área cortada sea 
m;hlma? (desperdie~o mlnlmo) Para obtener más r~olmente una metodologla, analicemos las posobolidades 
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Rdk"~;IVl' hd1:1v1or\, pnpul.1rin:d by lhnnk~ (t'JfHí), cxplnrtthe cornpm:uinnal 
~impltciry ami speed of \t:ming a "stimulm" which i~ dirculy channcled to the 
motm :Jet ron "n:spon~c" More rcccnt implenH'JH:ltlnn~ nf reactive motor con­
trol \y~a·tm do not ~triLt!)' .tdherc ton \timulus-rcspome-like relation herween 
\t'nstn~ ami :tCW1~ Tht· hduvior mny u~e an interna!. hdwvior-spectf!c ~cn~ing 
rcprescm:uion to imerprct dtl' ~eming d:u.1. Thc distinction berwccn loc.1l (in­
t~'1t1.11) tl"[H~·~cnr.uion~ con\Í\tent with .1 n·ncti\'C ~tylc architccture anJ t he global 
r~·¡He~t:tll.ltinn~ :~ppropriall' for a h1crarchical ,yqcm i~ v:tgu~·. For the purposes 
nf tht~ chaptn, a loc.r! ~cmmg repre~cnration 1~ dcfincd a~ hctng con~tnJCtcd ami 
m.1int.tinnl hy only che Ult:r lwhn\'ior. A gloh.tl world modd i~ tntcndcd ro he 
~cnt·ral purpmc; ir i~ cormructcd .1nd mainrnincd by proces~c~ not ncce~snrily 
a~~oci.H~·d with a hd1a\•Íor (<uch as map m:Jkin~). 

Onc tnnnot.Hton of t!u.· rcnctivc ~rylc of nrchttecturc i~ thar one hch,rvior i~ 

~crVtccd hy onc ~cn~or. In ~r~t('tlH which luve more hch:1vio1~ active .H onc rime 
th,m rclcv.uu ~cn~ors, more th.m nne bch.rvior may t.1ke .ltld rnanipul.He a ~('!1-
lnr's oh~cr\':Htom Smce t".1Ch behavior is acung loc:t.lly on the sensory ompm, 

the otllt'r bthavior~ :~re muflCctcd by rhc concmrcnt 11Sts of the ~:une dota. Ir i~ 
:1 !ll:ltter nf t!t•b:tte whetht•r a hdtnvior can 1hare or communic:~te it~ 1ensing rep­

rr~enration wnh anothcr bclwvtor 111 the renutv¡: par:uligrn. This chaptrr as­
mmc~ tlur tfrhc ~cmmg rrprc~cnt.H1on hring ~hnrcd doc~ nor rcquirc nddition:t.l 
proet"Silllg by functions om1idc of the behnviorl using lt, thcn ir~~ loc:tl and rhe 
ICn\in~ organi7atton i~ still rc.1crive. 

In ~omc ~11untion1, one hcha\'JOT mny nced to rntcgrate or "fu~e" rhc otHput 
of nmlriple ~cn1or1 in ordcr to reduce unccrt.1inry or providc comp!ementnry in­
fwm.nio11 rvlurphy and Arkin (1992) dc1cribc~ how evidcnce from multiplc 
~~·mnr1 C.m he fmctllocall} w11hin :1 re.1Cti\·e hd1.1Vior (the Scnmr Fmion EfTccr~ 
Architt·ctme, SFX), ;md Murphy ami /'vbli ( 199C.) :tnd Arkin and M:tt:Kt·ntic 
(199'i) dr~crihe method~ nf ~ct¡ucncing perceprunl mmine1. 

Anothcr connnt:ltton of re:Kttviry i~ chn che perceprion f!,r a hehavior i~ frnm 
thc c/Tic.tcy of rnrly hehavior~ which wcrc nh!e to rcly on ~timulm-re~pon1e 

mctho~h A les1 rcqricrivc intcrprcrnrion of thr rcnctivc paradigm i~ thnt the nn­
ly dt"t"tdmg f.•ctor ~~ whedtt·r rhe rcprc~cnt:llion is loc.rl or ~lobnl, n•1t the num­
hcr of ohwrvationl or tune period for ir~ conqntction 

llyhrid Sr y le 

llterarchical :tnd reactive motor control, wlule on thc npposlte cnJ1 of the 
~pecrrum, are not nece~s:trdy muru:t!ly exclusive. Sy~tcm~ 1uch :1~ thc Au­
tonnmous Rnhor Architccmre (Arkin 19H7), Tn~k Control Archirl"cture (Sim­
ITHHl\, Ltn, nnd rl"dor 1990), nnd Jr (Bnnn~m ct :r!. 1997) rnak-e u~~ of re:~c­
tl\'e 1110tnr hch.tvtorl th,\1 are in~tantiatcd accordmg 10 a l11erarchical higher 

cognitiw proct"i~. This :tppro.Kh can be dcscrihed :1~ plan, smu-act. Thc hyhrid 
p.tr.rdigm i~ aho comi~t~·nt wuh action-onented pcrception, sincc thc re:~crivc 
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Figurr 7 Srmm.t. m du· hylmd f'<lrndigm 

hyer rightly cottplcs :~cring ami pcrceiving for :1 spccific hchnvior ot suhra~k. 
Perccpnon tn a hybrid reactive-de!tberative S}'ltcm tnkc~ difTcrent trach, a~ 

~hnwn 111 figure 7 The ourput from :1 ~en~or mny he ~hared ht·twccn the two 
layers; 11 m.1y he dirccrt·d to a motor beh:1vmr d~rough .1 hch.tvior-\p~·cifie ¡wr­
eepnml process, while :t.t thc ~:~me time co~nltivc functiom mny integr:tte thc 
oh~C'rvatio11s into a global model. Thc omput of the helwvJOr-1pet:i~c rcprc,cn­
tation can tt~elf he inregrated intn a globnl modcl; in e~~e11ce, thc dcliberntivc 
]ayer c:m eavesdrop 011 the reactive hd1:1vtors ami cxpand 011 thcir ltntcmre~ ro 

~upport reasonin(;. pbnning, ami prohlem ~oh·in~. 

Architcctural Variant~ Focusing on Sensing 

The ti\UC of how to organi1e scn1ing hn1 recen ti y heen the subjt·ct of rc~enrch ef· 
fon~. Chen and "Jfivcdi (1995) u1e a dcltbcrntÍ\"t' proccs~ ro plan ahout~eming, 
e~pecinlly huw to tnke advantagc nf ncw inforrnauon. Norcds :tnd Ch:ttda 
(1995) u1e :1 hyhrid Hyle of archlrecture rh.lt dl'lccg f.11lurc~ by mnniroring rhc 
motor brhavior !ro m rhe delibera uve l,¡ycr. SFX (Murphy and Arl<in 1 ')92) :11· 

tcmptl ro kccp muniroring and exct-ption hnndlin~ at the beh:IVinr:tl lewl, bm 
will f.1il upw:trd~. None of these duce :uchitccture\ ~ecm~ ro VJol,ne the lu~ic .1~­

mct:uion of local tt'pre~entntiom to hehnvior, nnd glohnl nwdcl~ to dc!ihcrativc 

~: 
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Ullll<anda ~st3 Idea y apr.r:ándOI3 a 1~ apt1m1Zaer6n de ear1es de tapas d<l motores (efrculas) de un 
rectángulo, as decir, mmmnar el desperdiCIO en la utttizadón de cortes, como se descnbc en la f•gura 2. 

La pregunta es ¿cómo se deben hac~r lo~ cortes de Jos cfrculos de tal manera que el área cor1ada sea 
má~tma? (desperd1clo mlnlmo) Para oblcncr más fAol=nte una metodologla, anaicemos las pOslboidadM 

·.~~92'"'""""====,...,...,...,...,...,..._=-"-'"-'"-'"-=~-"""'"~-"-""'-"-"""""""""""'""'""=""=""""==,...,...,...,...,...,...,...=,...=====,...,...,...,,,,==,... 
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l.tyer~. 1 lowl'Vt:r, rtOIH.' ~lll·d~ much itl\l!,!.ht lrtto rhc )HOCl'~~ of comtrtlcting an 

.Hicqu.llc \l.'no;ing h:mlw.1re .tnd ~ofrw.Hl' configur.uion ar rhe hcluvinrallcvel. 

CSM Uses of Reactive Stylc 

Borh thc 191)/¡ ami 1995 CSM re.11m mcd .1 rc:Jctivc ~rylc .uchirccture \ince thc 

ll:Jntrt· of the ~mglc 11.1vigauon t:1.~k d1d nnt requtrc dcli\wr.ttinn {c.g., p:1.rh pbn* 

mng, rn.tp makmg. or re.t~nning) 1 lmwvcr, rhc enrrie~ diOl•fl·d 111 rhe use of rn­

tern,t! ¡wrn·pma! reprl'Sl'rtt:J.uon\ for thc hdt:wlor~. Alrhough horh entries uscd 

rnult1pk· \emor~ {i e. Vl\ion, ~onar, ~h.tft encodcr~. indinorncter~), dte re:~ctivc 

]'·tt.tdigm crfCctivcly el1rninarnl rhc i\WC nf how to trttegr.tte ~m:h disp:1.r.tte 

ntod.tlitlc'. Tht· nutput of {'.t<.h semnr w.ts dirl·ctcd to rhc mcr hch.IVinr, which 
h.mdl,·d inte¡.:rarinn lnc.tlly, bypa~~in~ any ~lob;¡lmodd. 

The pl'fCl']ltion fnr dtc 1994 enrry w,H compmcd of two rdlcxivc behavinr~. 

t\\ yrn1 11\.t}' ret.1ll, Jl•ffoii'-J'rl!h rcqlllrnl only dtrc\lwldrnp, cach imagc nn the 
hri~llll''t pt\d' and t.lktng thc ccntrtlitl 111 trnagc t:n<lrdin.IIL~. E:1dt oh,crvatt<>n 

W,l\ indq,{·mlent of pre\•iou~ oh~ervatlnn~ .. tnd n.o intcrn~t! rcpre~CIH,Ifion, pcr 

~e, w:1~ mcd. The advatH:t~c wa~ titar the Och.tviors wcrc cxrremdv f:m. 1-lowev­
cr, thc ovcr,dl syqem wa~ hrittle ·¡he rohot ncarly vccrcd out of l;onnd~ when a 

judgc\ \hoc cune 11110 view, and tlll'n vecrcd hack 1n bound~ following ;¡ p:~rch 
nf wi11Tl' d.mddion rhi\dt:~. Also, thc p:tth following and movc-a]ll'.HI hchavior~ 
wcre cn¡.:inccred m!dy for rhe competir ion; rhc sofTware could not be used ro 
guidc thc rohor for an~· orher p:1.th. 

In l<llltr;m, horh the frd/ow-ptl!h .\lld mmu/ beh.tvioro, l(,r thc 1995 entry mcd 

~orne t;.'Jll' of cxphcrr intcrrt:J.I rr:presentation. Thc fo!lo//1-pnr!t bch:1.vior med an 

intcrn:tl modcl of :1 p.uh. Followmg Dickmanns and Gr:1cfe {1 1)8R), rhc percep* 

lita! rnutrnc opera red on six reg1ons whcrc rhe path bound.trie~ were cxpccted ro 

:1.ppe.tr m rhc im:1ge Thc rrHtttnc idcntificd rhe be~t !me m cach regton wirh :1. 

Hough tmmforrn ami markcd ir :-ts having either :1 ncgativc ~lopc (p:Hh rurning 

ro rlte lcfi), posirive ~!ope (p.tth rurning ro the right), or none {straighr pJ.th). 

The re~trlt:mt p:~rrerrt wa~ marched to :t srecrrng comm:-~nd vt:t a t:J.hlc. Ambigu­

o!!\ p.tttcrm re\tdtcd in :1. "hold yo m cour~c" .tction. 

Thl-jid/m¡•-pttr/, reprl'\Crtt.lllon w.l\ loe;¡]. 11 w:1~ not u~nl by rhc ¡fll(}id or p:-tn­

camcr.l hdt,l\'lnrs The m·oirl heh.tvinr acceptcd thc prcfcrr{·d \tl'l'ring dtrecrron 

nf thc rohot from fo!lnlli·J'flrf, in rhc form of a dt·~ircd ~ector. h thm med its 

mn:tr, following VFJ-1 (Bnrcnqcin .utd Kort·n 1')')1), ro attcmpt ro kecp rhe 

rohot in thc free ~p:tce nc.trc~t rh:1t sector. The m•md bch:Jv1or maintained a local 

'ccwr m.tp. Snnil:tr to thc occupancy p.rid u~ed in VFH, tl/'Oirl incrcmenred or 

dccremt'tllCd hdtef in ob~t:J.dcs e:1ch mn;¡r semrng cydc. The pon-mmrm heha\'­

lor W:l' re~pomtble for mrning rhc camer.t ro rhc prdcrred stecring direcrion 
(i e, rhc ccntt·r nf thc p.uh). 
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Sensing Organization from Cognitive Psychology 

The choice of motor control :-~rchitecmre c:1n he vicwed as providing a skeletal 

framework for rhe organi7ation of sensing. Howevcr, :t~ wa~ secn in the previom 

section, the framework is very general and does not offer many imight~ inro 
what rypes of ~ensors are appropriare for :t ta~k. if mulr1ple sen~or~ mu~t be CO* 

ordinated, or whether :t ra~k c:1n he :~ccomplt,hed without pcrceptu:1l modek 

This secrion summ:-~ri7e~ insights from cognirive p~ychology :1.bout ~en~ing ami 

diswsses how dtese imights can he applied ro rohotic~. Cognitive psycholngy 

views sensing in tenm of the inherent inform:uion th:tt mmt be dcnved for :t 

rask. In pantcubr, ir ofTcr~ a taxonomy of sensing inform:-~tion and ~nmc imight 
inro when to u~e explicir perccptu:-~1 rcpre~ent:-~tiom. Tl1e pcrforrn.mce of rhe 
1995 CSM entry is med ro il!usrrare rhc comequence_~ o( not comidering tite 

unique char:-tctcristics of each rypc oF semory inforrnarion. 

Taxonomy of s~nsing Information 

Th~ choic~ of s~mon ami processing alsorirhm~ and lww rhey :ue coonlinated 
depends on the type of information rh:1.r mnsr be cxtr.tcred. The trat!itionJ! t:lX* 

onomy of semory rnformation 1~ :1 function of the mcdt:J.nism~ med fitr ~eming: 
propnocrpt1011 wa~ dcrivcd from proprioccptors, which reporrcd hody movc­
ments rclarive ro :m imern:1.l framc of referencc, whilc rxtrrocrprion rdlected how 

other reccptors rnca~urcd externa\ inform:1.tion (Bruce :1nd Creen 1990). 
Lec {197R) found rhis partitioning too reqrict1ve for de~crrhing vimal semin~ 

:-tetiviric~ :1.ml propmcd :1.n :-~lternativc taxrmorny ha~t·d on the u1ntent nf thc ~en­
$Of)' informarion. Tn hi~ taxonorny, rxrrmcrptwn ~uppl1e~ inform;ttion abottl the 

layout of rhe cnvtronmenr and rhe pmition of relevan! ohject~ rclarive ro the oh­

servcr. Exreroception for rhe UGV comperit1on~ wa~ used to determine the 

boundaric~ of a parh vi~u:-~lly or thc rcrnatnmg di~t:1nce to .m nbstade frorn 

son:1.r. Propriocrptiv~ infnrmnion conccrm thc movemcnt ofbody parts rcbtive 

ro :m interna! fr:tmc of rcference. Proprioccption was used ro determine whcre 

thc robot ha~ moved in the bst fcw second~. Final! y, rxpropriocrption reporrs on 

the pmirion of rhe hody, or pam of it, rclarive to the byout of thc environment 

Exproprioception was u~cd in the 1995 entry ro <lcterrnine wltich w.ty the c:1rn· 

er:-t mounted on rhc robot wa~ pointing rclauve to the cnur~e houndaric~. 

This raxonomy c:1n he hclpful in integrating q·n~ing ami :1cting for rwo Tl':t­
som. Ir direct~ the dc~1gn procc~~ ro focu~ on thc inform:~tion contcnt of the 

semor~. r:1thcr tltJ.n sen~tng modalitic~ :1nd a!goritlnm. Ir al~o provide~ :1n op­

pormniry for implicir :t~~umpttom tn surf.1ee 

Figure~ 3 and 4 show rhe rype of informarion :~s~ociJteJ wirh e:-tclt hdt:Jvior. 
Extcroception dominares hcc:-tmc !ocomorion, c~peci.tlly road-I(JIIowing. 1s nnrni­

nally conccrncd about where rhc road i~. Certainly rhc Joflolll-pnth in 1 nn.t, ~nd 
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thc fi•lh•u•-pt~th .md m•nidlwh.lVior~ in 1995, rclit•d on e'<teroceptive information, 
Hnwt·vcr thc CSM entne~ :rl~o dcpcmk·d on proprincq,tion ami C'<proprioct·p­
rmn, 'rlw l'xpcri<:nCt"~ o( th<: 1995 team hi~hlr~ht th<: dan~er~ on concentrating 

mldy 011 l'XII'tncqnion. 
l ht· IK'nl lor proprlott•ptinn in rhc UCV tompctirion~ ~ro~r.: 111 twn way\, 

Firq, 1hc t·ntrrc~ fi:n both ycar\ rrer.:drd proprioceprion for dead reckoning ahom 
thl· robot'~ pmiunn. In 191)/¡, rhe rohnt med rhe mol't'-fliJf'fldhehavior to conun­
ue \lr.rip,ht .tlll'.td long enou~h 10 gcr p:tn ,t vi\\1:'11 dl\rT:Ktlon In 1995, <tvOid re­
lll'll nn tk·.td reckoning to upd.ue its local map of ob~t:tdcs by estim.uing how 
r.u .. md in wh.u d1recrion, thc rohot lud travclcd betwccn reading~. Second, 
proprinceptmn w:l~ anticip:ncd 10 be nceded in rhc 1995 compctitton ro ~en~e 

incline\. Thc 1995 compcririon wur~e indudnl a woodcn rarnp which thc 
rohut could not go up at thc rnaxirnum ~pccd offivc mph. The team cre:ucd the 

Jf'rl'rl-cmtlro! bch.wior, wh1ch u~nl a ~et of mcrcury swirchc~ .1s :tn incxp<:mivc 
1ndmometer. The sperrl-mntml hd1avmr wa~ not uscd tn competitton hec:lu~e 
the rohot\ rn.\'(irnum spt"cd w:t~ lcft :tt 1 5 milc~ pcr hour (from 1994). 

h i~ ca~y to underc~tim.ue rhc import:mcc of proprion·ption. Ommhor :tnd its 

mcn·~\OT C2 h;1d :1. very loo~c ~tccring mech;1nim1. Thc ~tccr motor had ~haft 
encoder~. hut hcc.m~e or the loo\(' ltnbge~. gearing, :md gr.l~~ condiriom. the 

.\Ct\1:11 .lllglc the robot tt1rncd mi~lu v;1ry up to 15 dq;rer~ from thc nccr com~ 
m.uHI. In the 1~J94 enrry, rhi\ l:tck of ;1CCur:ttc ~re<:ring proprioception did not 
po~e :l prohlt•m. The vt~inn proce~~ing for jidlnll'-prtth wa~ ~impk :lnd ran very 
f.t~t. Tlll' rohnt coulJ adjmt it~ posirion rd:tti\'C w thc cour~c boundaric~ cvcry 
150 milli~t·cond~. The hi¡;h updat<: freqm:ncy compcn~:llt'd for th<: Llck nf accu­
¡atc ¡noprioccption ahout wherc the rohot wa~ :tcwally ~tecring. 

'Hnwewr, m thc 1995 cntry, the algorithm wa~ frcqucntly un;1hle to extraer 
thc hmmdarie~ hccame of [ightly p:1inted fine~ with low contraH to dcad gra~~. 
In arnhiP,IHlll~ ca~c~. Jidloll'-f'rlth rcturnrd :l "ho!d cour~c" (no-op) connnand 
Evcn dwugh rhe more alkanced vi~ion ende ran ar the ~ame update rJte of 150 
milli~cwmk rhe poor vi~u.tl condit1om effecrivcly droppcd the upd:uc- r;1rc m 
do~t·r to 500 milli~ecoml~ lf the robot h:td not turned sufficiendy in the previ­

om upd:H<: cycle ro ~tay on the parh. ir would conllnue to dnft off cour~c. This 
C'X,\Cl'rh:trctf the problcm~ of dett'CIIng the cour~c boundarie~ !ll the next vi~ion 
upd.Hc ,1nd accur.ltc!)' loc:tli7in~ thc robot on thc oh~raclc tn:lp. . 

·¡·[¡e f'llll-l'llmrm hcllaYior in the 1995 entry :1bo rd1ed on t·xprnpnncept!ntl, 
hut w,t\ 11llpluncntcd .1~ ifit tt\l'd l'Xll'roCl'Ption. Tlri~ k·d tn.tn ovcr.1ll poor pn­
fi.nm.!Utl' For thl' 19')5 Ullllj'lliiÍPil, the C:S/1.1 (C,U\1 mul :1 \',\!1.1111 or [)ick­
lll:tllll~ :md Gr.1cfe (198R) which :tllnwcd rhe camera to p:tn. The me of p:m 
mcchani~m w:ts intended ro pcrmit the GJ.mer:t to filllow the road whtlc rhe ve­
hiele turm·d ro avoid obst:lde~. Dunng implcmentation, the p"an-mmrm hchav­
ior w.1~ givcn only nteron·ptl\'e informarion; ir compurt•d where ro postt1on rhe 
camera h:1~cd on the c;¡mer·,t'~ currrnt relauomhip to thc path. lf thc robot 
turned hcfore tire next rm.tgc w.t~ tnlkctcd, thc C:lmer:l pmrtion wa~ incorr<'Ct 

Aplrcac>én a cotte~ en la mdusi"J soricrurgiCa 

U!olizando esta idea y apicándola a la ophrriza~ón de cor1es de tapas de rr 
rectángulo, es deor, m1mmizar el desperdooo en la utdizaclón de cor1~s. eomo se, 

rcutos) de un 
en la fogura 2. 

la prrgunla es ¿cómo se deben hacer klS cor1es de lo! circulas de la! manera QUe el :lreB cortoda sea 
máxima? (desperdoclo m!nlmo) Para obtener más láerlmenle una melodoiOI)Ia, an~lreemos las poslbolrdades 
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hrcame rhe robot bodr (and the c:tmem) were now in a diffcrcnr position. Bc­
c:tusc of thc substttution of cxrcroceptivc inform;1tion for the dc~ircd exproprio­
ceptive infonnatton. thc pnn-cmnrm hchavior did not bch:tve corrccdy on hair~ 
pin mrn~ or ~lnpn. Thc rnhot woultl nrrn in ~uch :1~ w:¡y a~ w cau~c thc 
mcorrectly pmitinncd cnmcra 10 interprl't tlw right cdgt• a\ thc lcft hounda1y. 
Thi~ rcsultcd in :1 ~tt'rr comm:lnd thnt drove rhe vchicle out ofbound~. 

T wo Perceptual Systcms 

As nored carlicr, !ll;'lll}' reactive system~ m:t.kc me of reflc'<ive beh:tvior~. relying 
on "knufying a stimulus-rcspome relottonship hctwccn thc robot's sensing ca­
p:lbilitleS and i1s t.t~k cnvironmcnt f'\eh:lvmr~ which c:m rdy on ~tirnulu~-rc­

~pon~e Jikc rcbtions :t.re gencrally f.1stcr than rhme which rc<luirc intermediare 
proccssing Howcver, m:lny behavinrs makc me of a loc:ll, interna! reprc~enta­
don. An import:lm des1gn i~~ue for seming i~ to tbscern when no model i~ need­
cd. The need for explicit modds is also :t point of conrcntion herwecn tr:lditinn­

:t.l and ecological pSychologim (Bruce :tnd Creen 1 990). 
The tradirion:tl-m indirect pcrception-<amp maintain~ t!J:lt ~omc sort nf 

inferencc or mediating process is rcquircd ro extr:~ct the dc~ircd inform:ltÍon 
from seming obsrrvations. This traditiona! approach a~mmc~ th:lt rhe mediat­

ing proccs~ will be operating over sorne model of the percrpt. The ecolog1cal, or 
direct perception, camp is h;1sed on rhc work of J. J. Gibson. Gihson argucd 
that thr nece~~:try inform:J.tion c:tn be obt:t.incd dircctly from rhc raw ob~rrva­
tions wid10ut comrructing :tny intermediare representatiom or models. For in­
stance, thc robot does not have to :lscertain whether :ln ob~t:ldc i~ :l hush or :l 
bale ofhny in ordcr ro avo1d ir In thi~ situatinn, thc time to cnnt:lCt, t, with :lll 
oh¡cct is a function ofthe optic:t.l flow !ield :l~mci:ned with rhe ohject (c~semi.tl­
ly, 1/rhe rate rhat the ob~erved ohject region 1~ gett1ng hi~~cr). The ohject doc~ 
not h:tve to be idcntified a~ a hmh or ll.llc. t i~ an affordtmcr of the environmcnr 
for detccting colli~ion~ thnt doc~ nnt rc(¡uirc the oh¡ccr tn be modelcd 111 any 
way. Gibson'~ approach IS ofrcn refcrrcd to a~ rhe ecolngim/ :lpproach hec:tme :r.f­
ford:mcc~ :tre :t. runction of the organism'~ ecologic:tl lliChe in it~ environmrnt. 

Thc f\'/o npproache~ to ~cmory prtKt·~~ing :tre not nccc~~:lrily rtHtru:illy cxdu­
~lvt: Nci~~er (1989) cite~ phy~inlogical evidence dut d1rcct pcrccption (1.e, rl1e 
ecnlogJC:tlmilde1) de~crtbes the nlde~t fimn of perccption, S11pponing ~timulm­
rc~pon~e typt·~ of' hehaviors A ~ecoml perccptu:tl ~y~tcrn evolved l.Hl'r tn harulle 
rrcngmltnll typt·~ of :ICTIVitie~, i.c., rhe tradrtional modrf-lJJvtl vicw. Thc two 
pcrcepnml sy~tt:nH dJChoromy sug¡;cst~ that rhe rohotic dcsi¡;ncr mttst determine 
whcthcr rhere i~ :l!l ,tffordance 1n the environrnent rh.1t i~ dett•ctahle by rhe a\'nil­
able semors, or Ir a rccngnition \tyle or pcrception i~ bctter ~uitl'd ror the ra~k 

Unfortunatcly, rhe conccpt of two different perccptu:l! ~y~term doe~ nm re­
mi ve thr quc~tion of what is direct pcrcepuon verstl~ n rccogn'llinn-like rnodcl. 
M:~ny anin1.1l~ luve cvo1vcd ~pl'cial11ed receptor~: for l'X:I111fllc, frn~~ han~ htTil 

'· 
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dwwn ro re~pond vt\U,t!!y to largo.: moving objcct~ (prcd.uor.,) ami ~m:tl! movin~ 
objcct~ (prcy) (Cervantc~-Pnet_ 1995). In ~ome rc~:trd~. the me of ~ubrcgmm 
(t e., sclecrive pcrccption) ami dtrcctional filterin~ could be comidcrcd a soft­

ware approxim:uion ofspcciali7ed rctin:tl reccpror~. Thc i~mc of cxccmion spccd 

i~ nm :1 ~ood metric; our cxperience~ suggc~t th:tt recognition, or model-ba~ed, 

perceptton can he jmt a~ r.1~t a~ dircct pcrccption methO<k Borh the 1994 and 
1 ')~5 vi~ion routinc~ upd.Jtcd cvery 150 milltsccond~ Our conclu~ion is th:tt rhe 
real i~~uc for :1 de~tgncr 1~ ro determine whar inforrn:nion i~ in the cnvironmcnt 

:tnd in what form it can he bc~t explottcd in :1 compurationally efficicnt m;¡nner. 

Thc 1994 :tnd 1995 enmcs illmtr.Hc both ~idcs ofthc dichowmy. In 1994, 
rhc jiJI!ouJ-pl!lh hch:wior u~ed a dtrt:ct perccption :~ppro;¡ch. The brighmc~~ of 

rhc whnc lmc ~erved a~ the :dTordance for thc boundary. The remlrmg pcrcep­
tiou w.J~ ~tmplc to prngr.un :md cxccurcd mpidly However, ir wa~ hrittle. fic­
CHt\C thc rnhot wa~ rcacrmg ro the cernrotd of rhc hnghteH pixels in rhe image, 

ir did nut exploit :Hl}' knowledge ;~bout line~. Thc robot wcred 30 degree~ ofT 
cour~l' in one upd.ue cycle 10 move row,ud a jud¡;e's white shoe~. even though 
rhc ;¡ngubr ch:mge 111 rhc cour~e wn~ much ~moother 

In 199), rhe fol/mo-path hchnvior u~nl :1 simple modd of thc ro:td ro :lltempt 
ro con\trtKI .t more rohmt :~l~orithm Tl1e vision proce~~ing componcnt u~cd 
wh:tt wa~ known ahour rhc widrh of rhe course and rhe maxinmm rate of curv:t­

rure to dctermtne stx mhregion~ in rhc irn;~ge wherc the houndaries shouiJ :tp­
pe:tr. lt ;¡]~o med knowlcdge about the m:t.ximum r;~te of curv:~ture ro filrer om 

cdge~ which werc not in rhe cxpected direction of rhe bound;~ry. The bc~t line 
for c.rch mbrq~ion w:t~ idcntified by a Hough rran~form. The slopc of eaeh line 
tn'rhe \Uhregtnm ftJrntl'd a m;¡~k. which ~crved a~ .111 index funninn ro a t,lhlc of 
\teering comrnatHk By oper.ning ovcr ~uhrcginm insrc;~d nf the entire imagc 
:md filtt•ring out unltkdy cdge candrdate~. rhe modd-ha~ed algorirhm execurcd 
:1~ quickly ;~s the 1 'J94 direct perceprinn :tpproach. The nlgorirhm was demon­

Hr;¡red w be ,Jblc ro ignore distr3ction~ (mch ;~~whttc ~hoe~ or other whire line~ 
going pcrpendtcubr w the cour~e) under test condntom. In thc fidd, the algo­

rirhm dtd not perf"orm adcqu;~rely hec:HJ~e uf thc error~ in cxproprioception 
mrnpounded with the dtfTicu!ry in extracting l'dgl·~ from f.1int wl\ltc lrnes 

Conclusions: Guidelines 

In tht~ chaprer, 1 have atremptt·d ro give sorne pr:~.ctical in~ighr into the cld­
lengcs ami issues a~~oci.m·d wirh ~eming for mohtliry. The organit~'lrton of ~em­

ing i~ left brgely 10 rhe designer; motor conrrol:~rchitectttr:tl ~tyle~ provide a gen­

eral fr;¡mework but not nmch more. In ordcr ro ;~id rhe sofl\.vare dcsigner, wc 

oOCr ;¡ser of guideline~ In keeping wHh rhe ttction-onrntrd prrcrprion philomphy. 

• Dl"(()mpo(r rhr rm/,.(s) imo fimctiontl! dmrrd actil'itus. Thi~ prorcs~ will 

Aphcsc16n a corl!!S en la onduS/rJ.J strkrurgiCa 

Uhlolnndo esla 1dca y npl1~~ndola a fa optimización de cortes de tap~~ de motores (clrcutos) da un 
rect:lngulo, es decor. m•mm1r31 el de~perd•c•o en la Uhhzac<ón de cortes, como sa desc11be en ta r,g¡na 2 

Ln pregunta es ¿cómo se deben hacer tos cortes de tos elrcutos de la! manera que el área cortada "~a 
máxima? (desperd1coo mlnlmo) Para obtener m~ S !~cotmente unn melodotogta, nnllficemos las posltotodadn 

A(;ttON-Üittt Nll !J l't ttr.t t'ltcJN 117 

likcly h.1vc ro be repe:m:d ~cvcral time~ a~ the d~·\igner attempr~ ro gct :11 the 
he:Ht of rhe t;¡~k :1nd nq~otiates for ~eming rc~ource~. Thc fint iter:~.tion 

should remlr in rhe establi~hmcnt of thc qyJc of architectun:· hit·rnrchic:Jl, re­

:Jctive, or hvbrid. Ftttttre itcr3troru c:tn rhen rurthcr p:1rririon thc :J.ctivities in­

ro beh:~.vior~ or delibera ti ve functiom. 

• Esrablish thr prrceptunl conrrxt. The percepm;~l conrexr of the nwhile rohor 
(thc dcmand~ ofrhe ;~crivity, the .JVailahle ~cn~ors, and the inbcrcnt propcrtie~ 

of rhc rar¡;et environmenr) will influence how ~cming necd~ can he ~:Hidled 
and whcther direct perceptton can he ~afely med. The 199'1 cnrry mcd thc 
competition ro define :t n:~.rrow ecologic;¡l nichc, while m 1995 thc go;~l was 

ro be :~.blc ro follow difTerent p3th~ m borh outdoor and indnor conditiom. 

• Drjine tbe srming nerds for rnc!J acth,ity m urmr ofpropriocrption, r>:uroreptron, 
and rxpmpriocrption. Thi~ will inOucnce rhc chotee or semor~. rcqui~ite ~oft­
w:~re proce\sing ;¡nd indica te rhc typc of coordination nece~~:try bctwecn ~en­
sors. The 1995 CSM enrry rypificd thc type~ of problem~ thar can rc~ulr from 
not adequately considering rhe ¡;~~k necd~ in tcrms of the inforrn.uion taxon­

omy. 

• Drtl'rmim• ll'hrtha rnrh smsing objrrtivr rnn br ttcmmp/ishrd tlffl dirrct or modrl­
hasrd mrt/l()ds. The dc~igner mmt eqabli~h whcther thcre :trc :tny afford.mces 
rh:u can be cxploitcd by the ~en~tng confiptrarion. 1-lowcver, comtrainr~ on 
how thc robot should :ter in rc~pon~e to un;~ntieipared situ:ttion~ ~hmrl~ not 
be overlookeJ. lf rhe environment i~ wdl engtncered ami ~imariom ltke 

judge~ we:~rmg whire ~hoc~ coming into vicw should nor occur, thcn a ~!trect 
pcrcepttnn approach ~uch a~ that u~ed by thc 19'Jii CSM re.tm nuy m01ce. lf 
.1 more porrahlc heh.tvtor i\ dc~in·d, d~t·n .t nwdcl-h.l\l'd .lppro.Jch m.1y he 

more ;~ppropriatc, a~ exemplificd by the 1995 cmry. 

E ven wirh rhesc guidelines, the coordin;~tion :~nd control of ~cmin¡; is still ;~s 

much of ;¡n art a~ ts dc~tgning behavior~. Clearly thc uriliry of any S}"item de­

pend~ on the functtonaltty, ~implicity, :~nd rcli;¡hility wirh which thc component~ 
:~re armn¡;ed. [ hopc rh:n n~ re~e;~rcher~ pur~uc mechani~m~ fnr prnvin~ thc C~H­
rectne~~ nf con!igumuon~ of hcluviors, rhey will :~.l\o find w.1y~ of comtnturn~ 
efficrcnr ~}'Hcm~ which cxploH the n:l.uiomiHp\ herwccn scn\ing ;~nd acting 
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Apilcac•ón 8 cor1rs Nl la 1ndus111.1 s•d<>rurg•ca 

Utilizando esta Idea. y apr.candola a la opt.mrzae~6n de cortes de tap~s da rr 
1ect~ngulo, es decir. mmnnozar el desperdiCIO en la UtlilaCión de cor1es, como se 

!rcutos) de un 
en la fogura2 

La pregunta es ¿cómo se deben hacer tos cortes de tos drcutos de tal manera que el área cortada sea' 
máxima? (despmdiCIO mtnlmo) Para obtener más táolmente una mctodotogla, anaflcemos tas poslbo~dades 

Vehicle Guidance Architecture for Combined 
Lane Tracking and Obstacle Avoidance 

Bil/ Sclu/ler, Yu-Jeng Du, Don Kmntz, Cmig Shnnkmitz, nnd Max Donnth 

T
he Nation:tl Tmffic S:tfcty Board ha~ indic:tted rh:u in C'CCc~~ of 40 prr­
ccnr of hc:wy truck :tccident~ :trc dttc ro drivt.'r f.·ui~uc. Tcchnolo~u·~ rhat 
providc for colltsion avoidancc ami lane following c.m potcntially "re­

duce urban ami rural freew:ty accidents by a mínimum of 30 ami 35 percent, re­

spectivdy. Accident reductiom of this ma~nimde would elimin:Hc approximate· 
ly 71,000 accidcnts pcr ycar ami $700 mil!ion in accidcnts com" (Prcsron, 

Hol~tctn, Orfcson, ami Hoffm:tn 1995). 
Togcther with rhe Minnc~ota Dcpartment ofTramport:ttion, wc :trc working 

on ~}'Hems capahlc of taking ovcr control of a semi rractor-tratlcr whcn drivers 
hecomc incap:tcitated. Such ~ysrem~ must be ablc ro providc for intcgrated 

speed ami hcadw:t}' rcgubtion, roadw:ty fo!lowing, oh~tacle (:tnd othcr vchiclc) 
dctcction, ami colhsLOn avotdancc. At rhc rninimum. the control ~y~tcm should 
be ablc ro drivc rhe vchidc s:tfe!y ovcr w the shouldcr (if ami whcre ir exiu~). 
slow clown, :tnd come ro :t complete srop. 

In rhe fir~t ph:t~e of thc SAl EIRUCK Progr:~m, wc havc hcen fncm1ng on sub~r~­
tt·m~ which prcvcnt ru:~d dq1:trture :~ccidcnt~. Tht.' goal for thc~c mb~y~rem~ i~ m 
kccp rhe vchicle in its bnc The tr:Jctor-trailcr experimental te~rhed u~e~ a ncw 
high :~cC\lr:tcy, high bandwidrh difTerctJU:II global po~itioning ~}'~tcm (DGPS) c:J­
p.thlc of providmg a rc:~l-rirne 5 1 !1. uninrn¡m!.ned pommn of thr tractor ·¡ h1~ 
~y~tem t~ bcing inre~r:ttcd with :m incw:tl mc:mtremcnt unir mmg a K:~lm:tn fihcr 
(Sh:mkwit7, Don:nh, Morc\la~. :md John~on 1995; Hodor, Oon:uh, Morella~. :tntl 
John~on 19'J6) \Y/e havc cxpcrrmcntally ~hown rh;~t, ;~(ter a period of continuo\\~ 
~:11dlitc lock, 11 i~ po~~1blc to tr:ttk thc motron of a rruck u~ing rhi~ DGI'S ami 
:tchtcve drnam1c :tccuracics with mean oO~ct error~ bcttcr than 4 ccnmncters (lb­
jlk:tr. Gorje~t:tni. Stmpkim, and Donad\ 1997). u~ing the new ~t('Cring ~y~rern 
th:tt we Je~i¡;;ncJ, we have further'Jemon~tr.ucJ rhat our system C:tll r;~kc fu!l qcr· 
ing control of a Navist:tr 91100 rractor rrailer :~mi krrp 11 in it\ lane (Morella~. 
Morn~. A!cx:~ndcr, ;~nd DonMh 1997). Thi~ w:t~ ;~ccnrnpl1~hcd u~ing DGI'S :~nd :t 
y:tw rarc gyro :t~ rhc prirn:try scnsors. In ~uiHcqm·nt pha~c~. ;~dditional vrhiclc 



guid.mcc ~}'\tt'lll~ w11l he inveqig:~tcd, includin~, fi1r cx.unplc, ~y~rcm~ h.w:d on 

m:~grll'rlc ~mping ~cmcd hy vcludc-rnounred m·,¡~neromcrer~. Por ~:Jfcty rc:~mns, 
ir i~ import,ll\t to tc\t pott·nri.llly high-ri~k Vl'hich: ~cming :1nd <.orurol str:~rcgies 
on \111:111 vehicle\ hcfore irnplemt·rn:nion on tht· ~t·mi rr.tcror-tr:~iler. The :~u­
tononlflm l.md ~xpcnmrnr:d whiclc (ALX) w.1~ f!rst dc~igned ro provide ~uch :1 

~:~re pf.~tfinm. 

ALX W:J~ de~igncd ro ~oh•c :1 spccific prohlcrn: n:~vigaung an a priori un­
known ourdoor ro;~d wuh p.mlt-stripc l.mc houml:~rie\, undcr v;~rying mnlight 
condnion~. whilc avoidmg oh~r;~cle\ of unknown ~1n·, ~h:~pe, number, and 
pLKemcnr. Tl1c irnem \\':1\ ro rc~t our conccpt~ (or inrcgrJting l:w:ml r,uid.mce 
.H\d colli\ion avoid.mcc prrKt·tlurc~. \Ve do nor cxpcct rhat all rhe sub~y~tems 
de\crihed in dm ch.1pter will he u~cd on rhc rmck te~rhcd. However, rhe ~oft­
w.ut· Jnd conHntmic:~uon ~lrdmecturc dc~crilwd hetl' rcpre~cnts :111 early proto­

rypc rhat allownl m ro cxpcnmcnt wirh a \'am·ry o( hardware configurariom, 
~oftw;~rc rook ~)'HCm Jnd \CrHnr d:ua mtegr:~tinn i~~~~e~ and iorcrproce~sor 
communkation procedure~. \Y/e have developed rwn col!i~ion avoid.u1ce algo­
ridl!ll\; nnc !..twd nn p.uh tr.Kkinb :111d thc orha on rhc viruwl hurnpcr. Thc 
diO~rt't\C'eS bcrween rhc~c al¡;omlmH i~ dr~cusscd hcrc a~ wdf :1~ our re:1~oning 
for sdecting thc vinu:~l bumper for furrher devdopmenr on rhc tractor-tr:~iler. 
The v"rnn-h.t\t'd guidance sy\tcm de~crihcd in rhi~ chaprer r~ :1 prccur~or "place­
holdn" for inrroducing arHI cv:~luaring lateral guidance wirhin rhe overall ~rs­
tcrn. Vi~ion ~uh~y~tcm~ h:l\'C lrrnitatiOm vis a vr~ :1ll-wearht·r nper:~rion and :~re 
not .lt prc~cm ht·ing comidcrcd for du.: truck. In f.1u, rhar i~ why we are cmrem­
ly u~rng :1 DGPS ~y~rem for rhe tnrck's lateral gui<bncc The ulrrasonic r;~ngc 
scmors havc sl'fiou~ limir;~rions as wcll, mcludiog handwidrl1, ~ignal ro noi~c r:~­
rih, l;~rt•r:JI ~p.m;t] re\olurion, ami wind dTecr~. \'V'c e'l(pect rhar wc wrll be u~ing 
mrcrow:IVe and millimeter wavc-h.1~ed radar dcviet·~ f{lf ohnadc derection and 
rolli\ion ;l\'Ollbnce rarher rhan ultra\onic rangc sen~ors. 

\'V't· ;~l~o dcvdoped a re:~l-nme ~imularcd cnvironmcnr ro aid m rht· de~ign 
protc~~. Tlm ~imu!.ued em·ironrnenr allnwcd m ro dcl:mg rhe \ofrware ;~mi pcr­
l(lflll e'l(perrment~ indoor~ durrng rhe winter monrh~. Wrrh rhe \imu!ared cnvi­

ronmcnt, we wt·re able to pcrform more di!cient and conrmllcd system tcsring 

:IS wcll a~ reduce our ror.tl ~r~tem de\'dopmcnr rirnt'. The key w:1~ our emphasis 
on rn.lintarning .1 high lideliry betwccn rhe srmulation and rhe fin:~! real.world 

rmplcrnenratron. Dc~ign could he pcrformed on tht· cnnrroller usrng thc ~inmla­
tion wuh confldcnce titar rhc t('~tdr~ o( c.1<.h irer:ttion of re~t and rcdl·~rgn would 
apply directly w th(' fin:tl vehitle'~ performance outdoors 

Durrng our dc~i~n prore~~. we ~tudrcd m;~ny o( rhe exi~ting ~y~rcms a~ rcport­
ed in rhe lircr:~tttre (Du 1995; Sh:mkwir7. and Donad1 1995). A survey of th(' lir­

er:~rure showed th:n alrhottgh rhcre wcre m:~ny syHcms on rohoric vehicle~ that 
wcre C:1p.1ble of derccting obH,Kics anrl ;¡vmding colli~ions automarically. rnany 

of them wcre lirnir"d ro indoor npcrarion, relrcd on known cnvironmenr~. or 
suffal·d from in:tdcquate lateral control (ro;~dw;~y following) function:~lity. 

Apllcec•6n 11 corti's ""la onr!uslna sodcrlm;ICa 

Uto~zamlo esta 1dea y ap5c~ndola a la opt1nv1aClón de eor1es de lapa5 de motoms (circulas) de un 
rect~nguto. os decir, mon1m11ar el desperdiCIO en la u!tizadón de corlc~. como se des en be en la figura 2 

La p¡egun\a es: ¿cómo se deben becer los corles de k'ls clrculos de lnl manera que el ~re a cor1adasea 
máxima? (desperdiciO mlnlmo) Para ebtener m~s r~cdmente una melodelogla, analicemos las poSlbo~dades 

'f·igurr 1 Al..X 

System Design 

AI.X ~~ ha~cd on ;~n elecrric golf cart chas~is and is equrppcd wirh coru~o.l com-

d e .¡¡ k sensor~ de::zd-reckoning scmors for pmmon es-puters acruaror~ an rccl tac ' . l ¡ 
. .' ( . recn ltltrasonic ~on::zr range scn~or~ Wlll over :lp-urn·Hton, :-en :1rray o up ro ~tx . 
pin~ fidd~ (or olmach: dctccrion, anda viston system for ro;~dway ~en~tng. 

System Device Overvicw 

· ¡ ]Í'I(' 1 proce~~or ~y\t"fll with ~evcral ALX (figure 1) wa~ dc~rgncd ;¡ro u m :1 centr:l ' ~ . 

1 . ¡· . 2 Sorne of rhc~c suhwsterm are dcKrrbed hrrcOy 
suh~y~rem~ a~~ JOW!l m 1prrc · · • 

hdow. 

Dead-Redwning Sy~tem 

. r ( le:-cd-rcckoninv- ~cmor~. which ·r¡ d d-reckoning ;y~tem con~!~t~ 0 a ~et 0 < ' 0 
H! ca ¡ \ onc odornc-

indudc one rn·o·a:<i~ flux¡;are magncromctcr, two e rnomc~er~. am . , i 

1 1 d 1 ·¡·he dc~d-rcckoning ~r~rcm prcd1ct~ the vehtcle~ pm-ter (re;tr w 1cc cnco cr · · . 1 ~ . . (' . ordinate ~pace b:t\ed on po~irinn ;¡m\ vdnclty meamrcrnen 
rron 111 .. lrtl'~l:lll co · · J ] Al X ( 1 r m rhc , 11¡1c of dc:Jd-reckoning ~t·nmr~. Other cntitte~ scme l)' ·' roat i 
m l ¡ ¡ .. "f" 1 ~re rhcn rcferenced ming AL'{'~ currcnt comptttct 

W \V Cl ge~, fl l~(.IC ~~, '- ~.. ' 

, '. . 1 • ,.,·,on ·, .. the rc~ult~ o( thc dcad-reckoning comput:ltiOn. 
po~ttron ant orren ·' • ...... ( ..X' ¡ 

A~ with ;~nv other Je:~d-reckoning ~y~tcm~. thc ccrtainry o ~1 s coor.< rnare 

d . . < ,¡, .. travded di~rarlCC incrca~c~. Tlm dcc:~y ~~ duc to ~lrpp:~ge accuracv ec;ty~ a, ... · ¡ d 
. , 1 1 1 1 ti , road Th(' merhod~ d('~crihed herc l;tVC enwnstrat-bcrwccn r ¡e w 1ec ~a m le ' · 1 1 ( 
cd th:~t succcs~ful operation ~~ ~rill pm~ible dc~pire thc accumu ar•·' error o 



Ulr~1ando esta rdea y ap,cilndola a la optmuaoón de cor1es de tapas do n 
rectángulo. es decrr. mlnrmrzar el desperdrcro en b utrizaaón de co11es. cnrno se 

rculos) de un 
en la f>qura 2 

l~ pregunta es ¿cómo se debt!n haCN tos cortes de tt>S clrcult>S de tal manera que el r!rea cortada s"'a 
m:brmll? (desp..,rdrcro mlnlmo) Para obtener más lácrlmente una melodoiO<Jia, analicemos las posl~lrdades 

-~",..,...,==========,~========== ....... "== 

IM .SCIIIIII n, !Ju, KIMNTí', .Stt/\NI\\~'1 1/, AN!l J)(lN/\1 11 

De~d-lh·ckoning 

Semon· clmom~tcr. 
tnl¡:,ncwmcrcr, mJ 
odnmncr ___ _) 

Ncrwork 
wircle~~ Ethernet 
~crvcr anJ 
tf:tll\CCI\'Cf 

l·igurt 2 1/mrfn,ttrr syslfm /aymtt nf AL'( 

~uLh ~y,tcrn~ . A ~~stem for conrinuomly corrccttng de:1d-reckoning rcsults cm 

.unprov~ the mu.ltton. DGI'.S i~ hcing te-ucd for thc ~ruck :md may be mcd btcr 
on Al X to corrcct pmttion eqim:~tc~. · 

Uhrasonic Range Sensing: Sy~tem 

Thc ulrr.t\onic r.mg:c ~cnsor ~ystcm is u~ed to detcct oh,taclc~ and ro a!low ALX 
to compme :1nd exccute a rr:tjcctory around the~c o!maclc~. The inforrnation 

collcncd. i~ accu~ml:ued and ttpdatcd ro constrttct a dynamtc virtual map (~ce 
later) wlndt provtdt·s mformation on rh_e loc:~l cnvironntent to ALX. Thc ran¡;e 

~cnsor~ :In: arrangcd on ALX to prov1dc the abiliry to dctcct obstaclc~ in fronr 

:11~d to tite \idt• :1' ~hown in figure 3. The curren! dc~ign poli~ sensor~ at JO 117 

wtthlllt':lcl~ scmor group (1 to J(Í <;cn~nr~ may ht· in cKh ¡;roup). Only onc ~en­
<;or group t<; firt·d at :1 !llnc. Thc finng <;C{]ttcncc fiu the <;cnmr grnup<; 1 ~ pro­
grammcd ro avord crmqalk hcrwecn scn<;Of<;. 

. _A VMI~-bu, ulnasomc rangc sensor prncessmg boJrJ was designcd for ALX. 

I he funcuo~ of the sc_nsor proccs~ing board is ro coordinare thc firing 0 ( thc scn­
mr<; and avotd potenual cros<;talk imerfercnce bctween thcm, mea<;urc t11e time­

of-flight o( the ranging echo pul\e, ami report rangc infinmation to dte main 

procc<;sor via a ~criJ! lmk whtch opera tes up toa maximum rate of9600 baud. 

·~· 
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rear-cnd r:mgc sensor group 

F1gurt 3. Rrmgr umnr IIIJOIIT 

Vision System 

Thc vision systcm provide' vi~ual <;cming of the roadway for AI.X lt fim de­
termine<; the cdgcs of the road from images raken hy a CCD cunera; thcn it 

pas<;es thi~ information to the microproce~sor on AI.X. 
Thc trnage processing nnit for thc vt<;ion sy,tem ¡, ha<;ed on :1 DataCubc 

MaxTD 200 imagc proce~~or which incorporares a pipdinc-procc,~ing cap.tbili­
ty (MaxVidco 200). Thc communicattnn link herwecn the image procc~sor and 
the main control computer {a MVME 147SA) on AL'<¡, e"ahlishcd via cther­

net {figure 4). 

Mobility Systcm Controller 

The mobility systcm control!er {MSC) contains the high-powcr control unit for 
the main drivc mowr, the stcering menor, and the hrake mntor. The MSC mes 
pulse-width modubtion (PWM) to cnnrrol the specd of the main drive motor. 
The PWM frequency :md duty cycle are supplied :1s input~ The nominal f'WM 

frequency" 10 Kl h. 
The MSC providcs protection ar,ainH ilkgal input comrnand' (e.g., hoth "for­

ward" and "rcvcr<;c" command~ <;~rnultaneomly being active). Ir al~o pnwtdc' a 
mcchanical n:lay dt~conncct for thc main drt\'l' motor wlten Al .X is not in a ~afe 
st:!fc. Thc {Jt,conncct mmt be cnerbi1ed tn ~upply power tn the main drive mo­
wr. ·n1e MSC alm derects thc limH ~wach ~rare<; of thc hrakc ami stcering mn­
rors ami cut~ off drivc powcr w thc appropriatc motor whcn a \imit ¡, rcached. 

Real-time Control Architecture 

A rcal-ttrne control architecture ~~ mcd in our :lutonornou~ vehicle hec:~u~c of 



Api1C8C16n 11 corti'S "" la lfldus/riJ sl<ienirg~~;a 

Ut•ffzando esta idea y apffcilndola a la cpllmZnCión de eo1tes de t~pas de motores (c!rculos) de un 
rectángulo, rs dcc•r, m1n1mlzar el desperdiciO en la ull~zadOn de cortes, como se descrobe en la f1gura 2, 

la p~egunta es ¿cómo se deben hacer los cortes de los clrcul~ de lal manera r¡ue el área cortada sea 
máx1mn? (despeldiCIO mlmmo) Para obtener más láolmente una metodOIOIJia anaticemcs las p0'51bofidades 
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thc .thtlity fO rcspond to evt'llt~ ;¡s they occur 111 thc real world. For instancc 
con~iJer thc ca~e when the vchicle is pcrforrmng ;¡ ~pecilied t.lsk (i.e. road fol~ 
,lowing) .111d .111. even: occur~ (i c., obst:tdc i~ dctl'ttcd.) A n::.l-till1e control ap­
pr~~:.ch :tllow~ for :tn lmmcdt:He rc~pomc to dte cvcnt and for rakin~ appropri:ttc 
.Ktlon {i.c. olmaclc avoid.tm::c.) A tr.ldltJOn,tl ~C<Jllemial comrollcr on the other 
h;¡nd, will fl'~pond 10 thc cvcnt ha~cd on a prt•defincd order in which cvent~ are 
handbl. Rcsponding with actiom in rhi~ preJcfincd order un1ally will not 53ris­
f}· wne comtr:tint~ for ~ucces~ful ve hiele control. 

fly 11\1!1~ Wmd R1vcr\ Vx\X'ork~ rcal-umc opcr;¡rmg ~ystem ro umstruct our 
computing ;¡rchitecmre, Wt' wcrc ablc to dcwlop :tn embedded real-rime control 
s~·steJ~l wh1ch ~1ffers from rr.~diuon:tl control systl'llH in tiJJ.t rhe scqucncc of J.c­
trons ts detcrmmcd by re;¡l-rime everns occurring in the out~idc world 

Cross-Development Environment 

Thc .h.m!w.nc for the ALX cornpmer systern include~ nnc UNIX !tmt system 
(an .SGI wnrk~t.ttwn), two Motorola MVME 147SA microprocc\sors {the Vx­
\Xfork~ r:trgc¡) :md J. D.uaCuhe image proceHor. The SGI work~t:nion is used 
for soft\~·;¡re. dcvclnpmem and ;¡l,o conuins an "image" 0 [ rhe VxWorh sys­

tem, wl11ch J~ u~cd to boor the MV 147SA rargers. A Windat:t wireless Ether­
net i~ used for inrercompurcr communic:nion~. The cross-dcvclnpmcnt sctup 
JS il!mtr.ucd in figure 4. 

ALX 16~ 

Tosk (a) 
Task (b) 

1) f) Process dcad-rcckoning 
Process ulrr:ts~nic sensor d:tt:t and update 
ranc.c dat:l vchidc's r:osition 

1 

• • 1) 
Task (e) Task (d) 

Updare rhc f) Communicarc with 

virtual map 

r:=--r"~ L, 
Task {e) 

Track prim:uy path l) & plan alrernative 
oath whcn obstructcd 

~ 
1) 

Taskm 
Control thc stccnng, hrakc 
and rnain-drive motors 

F,xurr 5. A f..'( mu!utmkinx strucrurr 

Softw:tre dcvelopmcnt forAL'< takc~ place on tite UNIX ltmt: :tn SCI worksta­
tion which opera te~ off an unintcrmptable powcr ~upply (UPS) :tnd c:tn thcre­

fore be taken omdoors. Progr:tm module~ are written in C ming rhe VxWnrk~ 
library are compilcd wirh a C crms-compilcr ami thcn down!O:tdcd ro ALX. 

AI.X thcn rum imk·pendcntly nf the hmt worht:ttion. 

Multit:uking Control Structure 

The real-time cornpurcr control ~y~tcm for ALX i~ h.m·d on the cornpleme1H.1ry 

concepts of multitm~·mg:mJ inrena~k comrnunic:ttiom. 
Multir;¡skin~ providc~ thc fundamental mt·chani~m for control ami re:tction 

ro multiple, dtKretc re:tl-world cvents. Thc ba~ic nmhita~king environrncnt 1~ 

provided hy thc VxWorh rc:t!-tirnc kerneL Multlta\kinh creare~ rhe :tppc:tr.tnce 
of m:tny prograrm exccuting concurrcntly whcn, in f.1ct, thc kernel ;.,,crfr:.vt·~ 
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thrir l'Xt·curion on thr b:~si~ of a Khcduling .1lpnithm In the ALX control pro­
¡~r.1m, d1rrt' :tn' ~t·n·r.1l1.1d,, running "cnncnrrrmly," .1~ ,hown in figure 5. 

The Vx\'(/ork~ nlllhita\klllg kernrl u~e~ an intnrupr-driven, priority-ha~cd 
t.t~k ~chnluler. \X'11h thi~ prrrmp11ve prionty-h.1~cJ ~cltedulcr, each ra~k 1S a~­

~1¡..:ned a Jlrlority, :1nd tltt· kernel cnmn.'\ thnt thc CI'U will he allocatcd w the 
highe,t priority t,t\k rh:1t r~ rc.1dy ro nm 

Thc pnrnary 1Jltcrt.1\k commumcarion rncd1:tni~rn used in the MVME 
147SA~ on ALX i\ ll1C~~agt· ']liCUes. lvfe~~age <]Ueue~ allnw a variable number of 
lllt'\\:t¡:c~. t•ad1 of v.1ri:1hlc k·ngth, to be {¡ueued in :1 ~r~t-in-~rH-oUt order. Any 
t.t~k can wnd ami rccl'iw me~\.tgc~ frorn differl'nl mc~~agc t]Ut'llc\, and muhiple 
ta~k~ c.m \emf and recctve frorn the ~amt· nte~~a¡;e t]Ueue. 

Visual Sensing of the Roa<lway 

Tite go.d of tite VÍ\1011 sy\tt·m 1~ ro determine thc loc.uion of tite edges of the 
road in ~creen coordinate~. ·¡(J accompli\h thl\ go:1!. ALX me~ a single CCD 
c.m1cr:t w!uch i~ ntnun!l"t! ~ix ft·cr a hove rhe ground ami i~ pointed forward and 
down. Thi~ camcr.t providc~ an image rh.u cover\ :t field of \'Íew from five to 
thirry fet·t ahead of rhe c.m; its aver:tge widdt (trapcJoitbl mappm~ is twcnty 
fct·t The po\itinn of thc linc~ 1n thc~e im:tgc~ i\ dctcrrnined u~ing a bloh analy­
\Í\ (or connectivity) algoridun. 

t;:ompari~on of Bloh Ver~u~ Edge Detection 

fn1tia!ly. twn visim1 .1lgomhnH were evalu,tted· hloh analy~i~ and edgc detectwn 
ming :1 L1pl:~ce of G.tu~~i.m (LoG) operator. The cvaluation of thc~e approach­
cs w:ts ha~ed on thret· tmin criteria· (1) the ahiliry w f1nd thc lme in the image. 
(2) the abtlity ro elimm:tte or ignore no1se :md reflecriom (large bright specular 

rcgions dueto rhe sun), md {3) rhe abiliry ro reject oh\tade~ lying on rhc road 
that may he confu\cd wirh tite road edge. This evaluarion w:ts ba~ed on im:tges 

comi\tlng of whtte line\ ~pr:ty pa1nred on grcl'n gr;t~~ undcr v:Hied lighung 
conditiOilS. Thc :tlgorithm wh1ch proved ro he the moq complete solmion wa~ 
\clcnnf 

Bodt hloh .maly'i' .1nd edge dcrcction find the nlgc\ of d1c road when rhe 
tm.tgc~ :~re gond. Thc advamage\ of hlob an:1ly,j~ becornc app.1rent whcn rhe 
1rn:1ge~ h:1\'C poor lighting and exhih1r ~recular rdlecriom due ro rhe sun. Noi~e 
in rhe image i~ readily eliminatcd by di~carding rhe hlobs based on pixel count 
All hlob~ wirh le~~ than a minunum qu:~ntity of pixel~ are ignored. lf a rdlecrion 
cre.lte~ a hlob gre:tter m pixel {¡uantity rhan the minimum cmo/T, the bloh i~ 

mmt ltkcly nor ~hapt·d like a linc. Therefore, rhis rcllection c:u1 he eliminared 

h.tsed on measme~ of .~hape (1.c., perimeter2/arc.1). Conver~ely, edge dctection 

.. ,. ... -

UI!Bz3ndo est3 tdea y aplicando!~ a fa opllmizaaón de cortes de tapas de rr 
rectángulo. es det~r, mm11nzar el desperdodo en la u1lhaa6n de cortes. como se 

·trculos) de un 
en la flguoa 2 

Lo p~egunta es c,tl'imase deben hacer los cortes de los cfrcutos de tal m~~ncr11 que et Au:n cortada se e 
m;\xima7 (desperdoeto mlnlmo) Para obtener mas t~edmcnte una metodologta. anaUcemos las poslbildades 

ALX 167 

does not handle reflections very wdl. Although rhc 1 oG operator provides 

smoothing to eliminare noisc, ir i~ sttll very ~ll\CCptihlc ro noi~t· in d1c irn.1ge~. 

Thi\ i~ her.:ame rdlecriom of rhe \ll/1 on the gra~~ often cxh1hir sharper contr:tst 

rhan the cdge~ of the road. When thi\ occm~. rhc edge~ of the rcfil'ctinn are in­

correuly con~idercd ro be line\. 
Bloh analy\i~ i~ :ll\o ~uperior ro edge dctccrion in rejecting rhe dfect~ of nb~ta­

cll'~ on the road which appear in rhe image. The ohsrades which Al .X t'ncounten 
are not sh:tpt'd like a line. Therefore, blohs that are representath·e of ob~tadt'~ are 
rejectcd a~ porcrnial line data bawd on ~hape mea~ures. Edge detection docs not 

eliminare rhc obsracles as well a\ bloh analy~i~ Edge detcction firnh rhe edge~ of 

rhc obstaclcs. lf thc ob~tJ.cle is on or near che edge of rhe road, ir i~ :tUtomatically 
considcrcd Jl:lr! nf the line ami, :1~ a rcmlt, skew~ the l1ne data. 

Oue to rhe simpliciry of thc approach ami rhc overall abiliry to elimin:~te noi~e 
and oh~tack·\ from thc data, wc dccidcd w u\e hloh analym for th{' Vl\ion algo­
rithm. Althnu¡;h rnany of thc shortcorning' of edge deteCIIOII c.m he dim'mated 

by adding furrlicr qualifying critcri.t for potcnti:tlltnl'~. we fouml thar bloh analy­

si\ provide~ adequare re~ults without adding complexity ro rhe algoridun. 
However hloh :tnaly~is ha~ one major shorr coming. Tllob an:tly~is i~ only a~ 

good :ls thc rhre~hold ~dected for rhe im:tge. However, ir ha~ heen found expcri­
mentally rhat minga hi~rogram-ba~ed rhre~holding merhod con~i~tendy re­
duced rhese tmage~ ro rhe desired data (line~ with sorne noi~e :tnd ob~r:tcle~). 

Blob Analysi~ 

Bloh an:~ly~i~ is a relatlvely srra1ghtfnrward algoridun. Ir involve~ finr thre\hold­
ing rhe irnage {oftcn first smootl1ed wirh a C.m~si:m filrer). Tlu· resulting hinary 

image is rhen cvaluated for connectiviry (cnnnecrivity analy~i~). In other words, 
neighboring pixel~ th:tr are "onn or rhat ha ve a value of nne art' grouped togeth­

er. Thc rcsulring groups are considered bloh~. The final step of bfob :tnaly~i~ i~ 

gathering data :tbout the blobs, for imrancc, rheir ~hape or size a~ well a~ their 

rebtion~hip to one another. 
Although the bloh analySIS i~ straighrforwnrd, lt is usually computationally 

expemivc. Connl'cuvity analy~1s ~lonc ha~ sewral algorirhms dc\lgned ro cn­
h~nu· tnl1\f'\lt.llrnrt 11!11~·. Dltcrrninin¡: tlll' rli.Hinmlnp ht·twltll hloh~ can .1!\o 

be co~t!v 
The 'hloh analy~1S algorithn1 di\Cll~\cd hcre addrc~se~ the prohlcm of 

mmirni1ing thc curnpmation time a~ our highl'~t priority. filoh~ rebriomhip~ m 

onc anorher are not cnktrbted, a~ tl11~ 1~ nota rcquircment of rhis ~y~tt·m. lntilr­

m:~tion ahout a hlob heing a parent or a dau¡.;hter ro :morher h!oh i~ nm rc­
quircd for dctermining the edgl·~ of the road. Al~o thc connccttvtty analy~i~ al­
gorithm ha~ heen cre~red ro allow for cfficit'nr determtn:~t'mn of hloh~. Tite 

detail~ nfthe algorithm~ are diK1mcd in tbc fo!lowing ~~~b~ccuons 

• o¡' 



UUbzando esta Klea y apficándota a la optm'lllaculn de cortes de tapes de motores {cfrcutos) de un 
rect<\ngulo. es decn, JTllniTTllzar el desperdiCIO en ~ utrbaCJOn de cortes. como se descnbe en la f¡gura 2 

lo pregunta es· ,como se deben hacerlos C<:lrtU de los c!rcul&s de tal manera que el área cortada sea 
m~x!ma 7 (desperdrcm mlnlmo) Para obtener m~s l~almente una metodolo{lla, analicemos las posrbrlidadn 
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DataCube lmage Procc~~ing Sy~tcm 

Initialilc M;'lxTD image 

proccs~ing .~ystem. 

.,. 

Thc vision ;l[~oridun is e'\ecmcd on ;1 M.txTD pipelinc-h.t~cd in1.1~c proce~~or 
Thl· 1\bxT!) i~ ;1 VMEIHI\-ha\ed cornpmer th.H contaim a Motnrob MVME 
1 (,? (GSO'ÍO-b.tsl·d) JHilCC~\OT .mJ Max Video 200 pipeline h;,rdware. This vt~ton 
al~orithm u~c~ hnth the MV200 ptpclinc~ ;,mi thl· MVME 167 w perform the 
im.tgc proces~mg (~ce figure(, fnr flow charr). Simdarly, the followin¡; suh~cc­
tiom tle\crihe firq the pipclmes th;'lt ;'!Te executcd and then thc proce~~ing per­
fimncd hy the Motornl.t proce~~or 

1 ,., 

rhe hlob ~m.tly~t\ requm~~ fom data pipclincs. The fim pipdinc i~ med ro 
t".IJHLtrc the imagc. Thc rc\ttlts .uc p.t\sed ro thc ,\cCood ptpcline, which collccts 
hi~to¡;r;'lm dat:t ami ~~~o pcrform~ a thre\holdtng opcr:1tion. Nc:H the third 
pipdine perform~ a thrce X duce morpholo~ic.tl filrer. The thml pipdine rhen 
mt·~ rhe fihered imagt· tn cre.He a run-len~th encndcd imagc a~ wdl ;1~ a chain­
codcd im;'lge. Thc outpur of the morphologtctl fiher 1~ Jispbyed on the screen 
hy a founh pipeline with line~ flt to appro¡m:m· hlohs (the !me finin~ i~ di~cms­
e\ btcr). Thc inpur/ooqlln pipdmc~ .trc nor di~cm~ed ,¡~ rhcy ;,re tnvtnf nnple­
rncntation, bur the two m a in pmcc~~~n~ p1pc!rne~ wr!l now he di~c~~~~ed 

Data Pipelines 

1\ pipeline i~ a software-programm;,hle h.udwarc parh on rhc MaxVrdeo 200 
th;'lt perfimm a dc~ired ta~k (e g., convolution) on thc input data. Thc ptxel val­
lll\ :u e \l'lll thrnuglt .1 ptpc!ine .1\ .1 ~lrl·.tm of d.n:1, .md thc dl'\Ín·d npt't,ninn i~ 

pcrformcd on thc un;'lge. /\ll dat;'l ptpchne~ ;'!re programmcd u~ing ;'lll ;'lpplica­
tinn programmin¡; intcrf.tcc mpplicd by Dat;'!Cuhe c;,llcd lm;'l¡;eFlow. 

Thc hinograrn :md thre~holding pipeline (l'ipc2) is ;'l mulridc~unntion 
pipeline Thc destination surf.tce~ are o/\pViewSmf and oMem'ÍlnSurf (figure 
7). The DaraCuhc ~}'~tcm defines a surf.tcc ;'!~ a block of memory which cnn he 
mcd hy a ptpchnc. Tite oApVicwSurf storcs rhe data from rhe histogram opera­
r ion, .md thc olvlcm'ÍinSurf ~tore~ Jata frnm tite thrt·\hol<ling oper:uion. The 
import;'lnt thmg to rcmcrnhcr about this ptpdine i~ rhat h.lVing two demn.uion 
~urfaecS UVCS time hy perfimnÍng two prncc~~e~ ~imult:lllCOU~[)'. Qf CO\If~C the 
¡Hoee~~e~ c;,nnot have conflicting re~ource~ (bodt proce~~es c.tnnot me the same 
dcment). The oMern'ÍinSurf qore~ thc thrc~holded im;'lgc ;'ltld i~ the input for 
thc ncxt pipeline. Note rhat although the dat;'l for thc hi~togr:tm h.t~ bccn cx­
tr:tctcd hy a pipeline, thi~ Jata is evalu;,ted on dtc MVME JG7 for ~clccnn¡; :m 
appropriatc threshold value In arder ro he time dlicient, threshold sclcCiion is 

performed on thc MVME 1 G7 aftcr completion of this pipelrne while the next 
pipeline i~ cxcctttin~ The thresho!d valuc sclt'Cil'd hy thi~ mcthod i~ thcn uscd 

on thc following fr:une. 
The othcr ptpcline (Pipc3) ts also a mulride~rin;'ltion pipeline. The de~tin;'l­

tion ~urface~ are oMemOJnSurf. oMem llnSurf and oMcm3lnSurf and tlv·<~~ 

Execute Pipdines: 

-Grah lmage 

-Hisrogram and Thre~hold - -Morpological Filter 

-Run Lcn{-:th Encocle 

- Chnin Code 

1 
Pcrtorm Conncctiviry analysis 
to idcnrify blobs tn the image 

¡ 
Idcmity linclike blobs and 

associate these blobs ro lcft/ 

right cdgc groups. 

1 
Reconstrucr leftlright edgc by 

- curve-fitting blob groups and 

send d:na to ALX. 

surf.tces ~tore data from the morpholo¡;ic;,[ filter, the chain-coding proccs~ ;'lnd 
the run-lengrh cncoding proces~, re~pcctivcly {figure R). 

The morphologtcnl filtcr i~ mcd ro improve rhc qu;,lity of the thresholded 
image. Thi~ filtcr movcs acros~ d1e ima¡;e lookmg nt a rllfce x rhree pattcrn of 

pixel~ ;'ltHI repbce~ rhc center pixel b;'l~nl nn a look-up tnhle (I.UT) ;'lllll the pixel 

p:merns. Thi~ filter cffccrivc!y eliminare~ 1~obrcd point~ ;'lnd enhance~ thc cnn­

nectivit}' of hloh~ by fil!ing in g.tp~ in thc connected region~. "!'he output of the 

filtcr i~ pa~~cd on ro the chain-coding ;'ltld run-length encoding proees~e~ ;,nrl i~ 

also storcd in oMemOinSurf, which is mcd tn d1~pby rlte remlt~. 

' 

,, 

:• 
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Input lma¡;e 

l·igurr 7 nm·sholrf tlnd lmtogmm dttftl ptprlmr. 

1 Thrt"iholdcd lm~ge 1 
{oMem4ln5ur0 

l l Jx3 Morpulo¡;Knl 
Ptlter r:Jcmcnt 

1 

j ~ ¡ 
1 Convnlution 11 R•m J~og<h 

1 

Morphologic~l Filrered 

Elcment Enrode Element Surf~ce (oMemOinSurf. 

j l 
u~ed ~s omput) 

~~:h~in Cmle lnl.lge 11 Run Lengdl lm.t¡;c 1 
(ol\h·m 1lnSur0 (oi\.·lemJinSurl) 

l·lr,urr R. /lforrlwlllf,tffll jiltrr, nut-frngt!J fltrodr, 1111d chain-codr da M fJ/f'tlmr. 

Thc run-length cncoded im:~ge cont~im information on rhc po~ition of O to 
and 1 toO tmn~itiom on c:~ch lmc of rhc bin:uy im:~gc ~~~~ .1~ mcd in conncc­

ttvirv :~n:~ly~t~ {tt~ u~c i~ dt\CllS~cd in thc conncctiviry :~n:~lysi~ mhsccrion). Thc 
run-lcngth encoding proce~~ mkes a~ tnput the lcast signific:mt hit (rhe bit repre­
scnt'tng on or ofT in the bin:~ry 'tm:~ge) :~nd provide~ an cighr-hit nutpm. ¡:ur 
c:~ch pixel v:~lue of rhe ontpm image. rhe sn·cn lc:m ~ignificant bits conr:~in :l 

Ub~zando esta Idea y aplicándola a la opllrrozaaón da cortes de lapu de n 
tectángulo, es dec". man"ruar el de~perdroo en la tr!Jbación de eones. como se 

:rculos) de un 
en 1:~ f•gura 2. 

La pr~unla es ¿cómo ~e deben hacer los con u de los c!rcul~ de tal manera que el ~re a cenada na 
máx1ma? {desperd•clo m!nlmo) Para oblener más r~c1!menle una mctodolog!a analicemos las poslblfid<\des 

o 
o 
o 

1 
o 

o 
o 

1 
o o 

o 
A. Binary lmage 

2 3 129 130 131 132 
129 1 129 130 1 2 
2 129 130 131 132 

B. Run Ungd1 Encoded lm~gc 

J;¡/J{( l. Exmnplr of a bmnry ¡mn,t,r(n) 
nnrl t/J( corrrrpondmg run-lmgth maul(d inwgr(b). 

1 2 4 
8 o 16 

32 64 128 

Mb/( 2. 3 X 3 1:rrnrl. 

Al .X 171 

o 
o 
o 

1 
3 
2 

count of rhe pixels since thc b~t O to 1 or 1 to O tr:m~ition in the bin:~ry imagc 

(counring from left to right). The mmr ~ignific:~nt bit of ench pixel value of rhe 

output im:~gc is rhc v:tluc of thc binary imngc. Note thnr on the run-lcngrh en· 

coded ~urf.1cc a count of O rt-pre~cnt~ a di~tancc of 12R rime~ N (N hcing any 
po~irive intcgcr) pixels from rl1e bn tr.m~itJon. "lilhle 1 show~ :m examplc hinary 
ima~c :~nd the corre~ponding run-lenph cncodcd nnagc. 

The chain-code image is thc s:~me as thar u sed in Wcnsel :~mi Seid:~ ( r 993). 
Chain-code images usually contain inform:uion rcgarding rhe direcrion and 
lt·ngth of :1 linc ~cgment of cnnnccrcd pixel~. In thi~ ca~c. inform:~tion :~hout 

connected ncighbors i~ only rccordcd. Thi~ i~ :~ccompli~ht·d by convolving 1hc 
im:~gc Wtth thc rhrce x thrcc kernel dcp1cred in t:~hlc 2. 

Applying rhc ahovc kernel ro :1 hm:1ry tm:~ge remlt~ in rhe ch:1in-codcd un:1ge 
h:~ving value~ from O ro 255 depcnding on rhc valucs of thl· connected neighhor~. 

Ar 1hi~ poinr thc dar:~ pipclinc~ u~ed by rhis :~lgorirhrn l1avc hccn defined, hu1 
how are rhcy execurcd¡ The input and ourpur ptpdine~ :~rc initi:l{cd :1rnl excctuc 
conrinuous!y, bur Pipe2 and JlipcJ cannot he cont1nuou~ hce:lll~c of conniu~ in 
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rr~ntuú'\, '1 hc~c pipe~ :~re prn!;T',tmrned ~uch drJt l'tpr3 hq;in~ whenever Pipe2 i~ 
finidlt'd l'ipc2 bc¡;ins when :1 dummy cvcm r~ tribl,;rreJ. Thcrefore, a tri~t·ring 
of dte dummy event came~ both Pipe2 and Ptpc 3 ro cxccutc in rhat orJcr. To al­
low fllT dlicicnt oper.uion. thc dummy ewnt i\ tri~crcd :~frer rhe conncctiVll}' 
an;¡]y,i~ h.t~ cxtracted the reqmred tbr:~ from thc run-kngth cncode ami cham­
codcd trn:l¡;t'\, Figure 1) \how~ the llow ch;'lrt of the vi~ion algorirhm wah thc 
ptpdim·~ CXl'Cutmg in thi\ rn.Hlncr. Thi~ :~lbw~ !he pipe~ to exectltt' whilc 1he 
M VI\ lE 16"/ i~ processing nthcr &11:1 Runnin¡; the ptoce~scs in par.tlld in thi~ 
r.t\hion .tccoum~ for .1pproxrm:ndy :l twemy-livt' pcrccnl rcduc!Ínn in cyclc time. 

Connectivity Analysis 

Or1Cl" thc nm-kngth t•ntodcd :md the ch.tin·cllllnl im.tgr h:~ve hccn gcncrmcd 
hy thc \).u.tcuht· MnVidco 200, rhc next \tcp i~ 10 pc1form rhe connccuvity 

.m.tl)'~Í\. The conm:ctivtl)' :m.dy~i~ rnvolvc~ cxtr:~etin~ dc~ircd infnrrn:~tion for 
each blnh fmm rhe proce~~ctl im:~ges. Thi~ proct·~~ could luve bccn implcmem­
cd vi:t D:uacuhe pipdtne~; howcver, thc programm'mg process would have hecn 
tcdiom Sincc tht: J:1r:1 w proccs~ ha~ alre:~dy hccn greatly reduceJ, a less in­
vnlwd prngmrnrn111g t:l~k. which i~ :~l~o time cfficrcnt, C311 be implcmcntcd on 
thc MVME 167 ho:1rd. Tl1e connctrivity ana!y;i~ and thc rcm3inder of rhc pro­

~r.mt :trc exccuted nn 1hc MVME 167. 
'\i1 cxtr.Kt the cnnncctivity information, two tbt:l ~rrucmrc~ wcrc crcatcd. 

Thc fim i~ for a poinr in :l hloh, BlohPnt. Tht: BlobPnt srructure is a st:tric:llly 
allnc;'ltt:d ;¡rray ami com:lim information on the scrcen position of rhc blob 
pnint .1~ wc\1 :1~ thc imkx (for the BlobPnt stntctttre) of the next point in the 
hloh. Thc sccond ~trucwrc i~ for the segmerm of blob~. R.twBlobs. (bwnlob~ i~ 
ahn :1 \Litict!ly :tlloc.ned \trttcturc :md conr.tim the indrcc~ ofrhe he¡;inr1in¡; :1nd 

l.t~t ll(lirtt of thc hlob in tite BlohPnt \tructurc. (¡ :JI\o cont;'lin~ rhe pixel Cotlnt 

for the blob. 
The above structure~ do not store thc blob numher for e:1ch ptxcl. The blob 

munher that e:lch pixel i~ ;'! p:m of is stort:d in rhat pixel's mcmory location in 
rhe nm-length .md dt:~rn-codc im:tges (thc rmb of dte blob numhcr i~ ~tored in 
tllt' tun-k-n1~dJ im.tgl', .111d 1he l~h of 1hc hlnh numlwr i~ qnred 111 thl' duin­
cmk ltll:l!;t', .tllowrng !iH up tn GSS3(, hloh~) '1 hi\ :~ppm.tch qurckly :1llow\ 1\tr 

chccking .1~ ro which bloh ,t pixel is a mcrnl)('r o!: Thc run-!cngth arHl ch.lin­
C()(k rm.1gc ;¡re :1lre.tdy hcrng tr.tvcmxl u~tll~ poin1cr~. Checking a p'rxcl'~ blob 

nurnbcr involves rncrt:mcming rhe pornter~ aml performing a logre:~[ OR. More 

importantly. this memory mt:dJ:JilÍsm allows checking what blob :1. pixel belong~ 
ro widtout acce~~ing the nlobPnt srructure Thi~ reduce~ thc complcxiry of thc 

connectivity ;malysi~ :1~ wdl :1~ ¡he complcxity of dtc BlnbPnt Jat:l ~trllcftlrC 
D:tt;'l for rhc lbwBloh~ ~nd BlobPm mucturc~ ;¡re collectcd ming thc run­

lcn¡;dl cncoded anJ chain-coded Ím:l¡;c~ (~ce figure 10 for thc llow chart). The 

mn-lcngrh cncoded imagc 1\ u~cd ro loc.ue all thc pixelr; th:J.t ;¡re set in ti•" :•nage, 

Ullfilando esta Idea Y aplicándola a la opum'zaoón r.le etm~s r.lo lapas r.le motetes (cl1culos) de un 
rectl\ngulo. es rlecrr. mtnilll'Iitl el r.lespetr.lreio en la ultizadón r.le cortes. como se r.lescnb<! en la roguta 2. 

la pregunta es ¿cómo se deben hacerlos cortes r.le los drcutos do tal maneta que el atea cortada sea 
ml\xrma? (r.lcspcrdrcromlnlmo) Para obll!ncr más láolmente una metodolo¡¡la, nna~cemoslas posibilodarlos 
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!'uform ConncaivityJnJiyo;is 1 
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1 from Run Lcngth F.ncmlc ~ml : bnurc !'ipdinc,, 
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-l/i1rngrJm atu! '1 hr~holtl 
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1 
Dcfrne blobs in rm2gc 1 • Chain CO!le ----------..1 

t 
ltlcnttfy ltne-lrke bloh1 ~nd 

mnciate thco;e blohs¡n lcfrl 

n¡:!u ed¡:c groups. 

1 
Recnnmucr lcftlrigbr t'll¡:c by 

--1 mvc-limng blob ¡:roup1 and 
1cnJ Jara 10 AL'( 

l·i'grm 9. A mndifird jlnw dmrt Jor tiJr vmnn nlgrmthm. 

~nJ rh~ chain-coded image is mi.'J ro determine conncctivicy ar the~c pomt~ Thc 
tm:~gc 1~ !r:JVt'r\l"d riglu-to-lcft .111d top-H>·hntront hy jumpin¡; nnly to ~t'l pi~d~ 

usin~ rhe informntion from the mn-lcn¡.;d1 mcodin~. Thc chnm code 1~ now 

u~cd to determine if the neighhor~ :~hove or ro thc riglu of rhc run uf srt pixels 

:He al m ser (plxdr; bclow :1nd to rhc lcft h:1vc nor hccn vi~ited yt·t). lf rherc are no 

set neighbor~, all of thc point~ in the run :lre :~dded w rhe BlohPnr ~trucrme :1nd 

:l new RawRloh~ i~ :1ddcd. The numher of rhe new hloh i~ now stored in the run­

lengrh :~mi clt:~in-codcd im;'lge in rhe location nf tht: r;e¡ pixd~ for titar hloh. Jf 
there :ltc sct nei¡.;hhors, the bloh n;unbcr of the RawBloh~ i~ dcrcrmined frn 111 the 

v:~lues at th:lt pixclloc:ltÍOn of rhc mn-lengrh and ch:~in-codrd 1ma~e~. The nrn 

of ser pixels i~ thcn :~ddcd unto rhc :1ppropri:1te R:nvB!ob~ muclttre :~ml - t,1h 

"=== 

,¡ 
! 



Api1CBC1ón a cor:rs en la mduS~IID Sldcrulg,c.;, 

Ut•fizando esta ~ea y aplidndot:¡ a la optm-.zaC16n de cortes do l3pU de rr 
recMngulo, es daor. mmmnar el despcrd1c1o en la ut1&zao6n de calles. como se, 

'rculos) de un 
~n la f1gura 2. 

La Plrj¡Unl3 es· ¿cómo se deben hacer los cortes de los ebculos de tal manera que el área cortada sea 
már~ma? (despcrd CIO mlmmo) Para obtener más lác11menle una metOOologla. :~nakemos li!s poSibolldades 
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numher i~ storcd for cKh run pmnt. \'V'hcn orrc run i\ connccrcd to more th.m 
one lbwBlob, a!l of rhe b!ob~ are wnnecrnltnro one hloh. 

Bloh A~~ocialion and Curve Fitting 

Aftl'r dll· in~.tgc has bct·n complctcly tr.wn~l·d .111d thc inf~mn.Hinn ¡\ tnlkctcd 
for rhc R.nvBlob~. rhc next ~tcp ¡~ro determine which hloh~ have accept:1blc line 

··'"· 

Al.X t7S 

Fig11rr /l. Rmr1ry tmr~gr oftht ror1d ll'ith prrviow i111r1!!t li11n 

sh:tpes aml ro ~ave thc~c hlob~ Thcrc :trc two crireri:1 dt:lt are mcd for rhi~ cv:1lu· 
arion: h!ob :1ren :1nd blob dong:1rion (pcrinH:tcr2/arca). 

R!ob~ th:tt rncct tht· nrmtmum .trea :'llld clongarion rcqniremcng :1re ~avcd in rhe 
GoodB!ob~ data ~trucmre. Thc t!:lta in CoodB!obs are comrdnt·d a~ potemial can· 
did:Jtes for segmcm~ of the road linc~. Thcse h!ob~ are awrct:l!nl wirh rhe lcft-~tde 
edgc. rhe righr-sidc cdgc, or :ue disc:1rded; this proccss i~ c:rllcd hloh :moci:1tion. 

To carry out rhi~ funcrion corrccdy. :1 memory mcchani~m wa~ mcd. The 
program kccp~ track of the road edgc~ rccomtrucred in rhc previou~ imagc 
fr:1mc :1nd thcn u~t·~ tht·m a~ rdcrcnlc~ fin dte currcnt irn;1gc\ h!oh :J~mct;J· 
tlon. Tl11~ mech:rni~rn i~ b.t~cd nn tire :r\~\1111ption th.tt thc irn;rgt··¡Hocc~~ing 
~pccd i~ re:t\o!l;Jbk· in ter m~ of AI.X\ npcr.utng ~reed ~o rh,u rhc po~itiom of 
the road cdgt·s in twn con~cctttivc irnagc~ do not di/Ter ~igniflc:Jndy A~ slrown 
in figure 11, with thc previou~ cdgc~ (<ia~hcd lines) as refcn•ncc~. mrne nf dte 
linchkc hloh~ are a~~nciatt·d togethcr to n·prc~ent cithcr thc kft nr rigln ro:1d­
w.1y cdgc; aiHI •nmc ]lllc-likc hlob, (for c'<.1111ple, hlnh "f,," )"aiHI "1') .rrc dj,_ 
cardcd hcc.m~c thcy t:tntHH he .r,•nciatcd widt ctdrcr tire prt·viort' ldt nlgr· or 
thc previou~ ngln cdgc. 
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i\(tl·r drl· blob :r~~oci:uion, .1 le:r~t-~']U:trc curve fluing apprn~ch 1~ u~cd 10 

COIJ\I!tiCI .1 ~ccond-onll·r polptoml~l curve which rcpre~rnt~ c:rdr of thc twn 
rn,tdw:ry edgc\ lf1 rcprc~c111 tire con~tructcd road cdges, ten C\'('nly-sp.JCed hori­
'ntH:tl linc~ .ue ~c:1nncd :ten'~' thc 1111~~c. :md thc intcr~t'CIIO!l pntntl hcr.vt·cn 
thc hnrrfotHalllnt'\ {da~hed 111 figure 12 ) :11111 tlrt· ldt (nr nght) cdgc1 are u1ed 

to rcprt·~t·m thc left (or right) ed~e (figure 12). These intcr~ection poirm are 
then tr:m~(errcd w rhe AL'\ computer fi1r procc~\ing thc road d.H:t Thc rcmlt~ 
nr drc morplwlogic.rl fiher :md or the hlnh ~n:tly~i~ :tnd fin.rl ro.rd hounJ:uie~ :rrc 

di']'l.lyed hy tire outptH pi]wlme on thc M.txVideo 200 

Control Algoritf1ms 

\'</e h.rw dcvcloped .rnd cvalu.ucd rwn ~ep.rr.ttc conrrol ~d1cmc\ fnr ALX l'.uh 

Tr.rckinr, :rnd the V trtrr.r! Jlumpcr. Hoth :tpprn;trhc~ comhinc rnad (o!lowing .md 

oh~r.rcle ;rvoid.rnce (or control o( the \'chicle and ;trt: d1~cm~cd in thi~ scctÍ' 

Api!CDC•~m a cort~s ~~~ la "'dusf,,J s•rk!rúrgJCa 

Uhl1znndo esta ,dea y apl~eandoln a la opl•mzae~ón de corles de lapas de motores (clrculos) de un 
mc!:lngulo, es dcc,r. m1n1mlzar el desperdicio en la ll!M~dón de corles, como se dcscnbe en la figura 2 

LDI'fe-QUfll3 es. ¿cómo se deben hacer los corle$ de los circules de !al manera que el dreo cortada se e 
máxima? (dcsperdoc•o mln•me) Para obtener mas láolmente una metodologla, anaUcemes la\ p051bdidades 

Goals - -::- o:~ 

G4 (x4.y4) 
~ 

' 
lmmed;:::.r:~ go"l 

<=> 
!~!~Ll!__ 
(x2,y2) 

_~.::~~~) __ 
H. ) 

Primary forw:~rd-go:rl 
~rack 

Ftxurr 13 lflmrmriott ojthr gonl srnd· ctmrrpr. 

Parh Trad<ing 

AI.X r77 

Thc first :rpprnach wc JevdopcJ i~ P:tth Tr:tcking. In dri~ methoJ wc u~c the re­

construcrcd road edgcs and a gml-gcncr:rtion schcmc to form a parir dcfincd hy 
go:~l poinr~. At thc samc time a Vlrtu:rl map or thc vchic!e'~ environment i~ con­

srructed ming tire rangc semor d.Ha. \'V"hcn an o!m:rclc i~ dctected, thc Ylrfll:Jl 
m.1p i~ u~cd rnr pl.mnmg an ~ltcrn.Hc colli~ifl!r-frt·c p.uh. Thc vchiclc fotlnws thc 

preKribed p~th ming :t purc-punuit ~Jgorithm. 
For the path-tr:~cking a!gorithrn, thc p:tth, gcncratcd from eirhcr thc vi~u:rl 

procc~sing unrt or rrom an altcrnativc path-planning a!gonrhm mcd wlren the 
vchiclc i~ ohstructcd, ~~ repre~cnt~d hy :t finite numbcr of go~l l)()int~ nn rhe 
ccmcr-line of tlri~ p:~th Thc gn:~!~ :rrc ddincd in world coordin:ttn ami repre­

~cnt thc pmitiom wlridr thc vcluclc i~ (lircctnl to rc.tclt. The cnord1n:tte~ of thc 

go:t!~ are \Wrcd in :l goal sfflck. Figure 13 ~lrow~ an ('X:ttnplc or :l p:rtlr :rnr' 

¡,'. 
·" 
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re~pondm~ ~oal ~rack. Thc purpo\e of rhe goal qack i~ w allow AIX to renace 
its stcp~ if ncce~\ary to back up :md ~o :uouml an obstacle 

Onet· thc imnwdiarc-.¡hc:HI ~<MI ¡, derermincd, ALX me~ a headin~-con­
trol methnd which cominuomly (20 H7) c:t!cubres 1he he,tding errors and issues 
'teenng comnwnd~ accordiugly. 

Rangc Sensor Proces~ing ami Oh~tade Avuitfance 

Thc no-board ulnamnic r.mge ~enmr~ are u~cd ro <lctt•ct oiHt:tde~ :tnd to m:tp 
ALX', local cnvironmcnr. 

Con~truction of the Virtu:t.l Map 

Thc ~pati:~lmfnrrn:nion procc~~ing algoridun of AL'< i~ ha,Cll on thc concept of 
.t 1'111/ud /JIIlf', .t rcp!L\lllt.lllon of thc lou! .lll',l .HolliHI /\LX (,ce figure\ 13 .md 
liÍ). ·¡ lm virru:tl map 1s con~tructcd by a two-dJmen,Jon:~l (2D) arr:ty ami ealh 
unir of thi~ arra y is ca!lcd :t [('//. Sincc AL'\ 1' currcntly dc,1gncd to operare only 
on :t rcl.Hively llar ~urf:tce, all the r:mge ~ensor dat:t is projcctcd on rhi, 20 
C:trtc,i:tn map. ami sensor inform:ttion ;~ rcgi,ten:d imo rhc map cells. The vir­
tual rnap is dc,igned to be a square :~rc:t :thout rw1cc thc length of rhe m:tximum 
~cming r:tn¡~c ,tlnng e.tCh cdgc and "~croll~" along undcr tlw rnhot :t~ it move~. 
As AL'\ mnvc~ a long. new "unch:mcd" :trca' appt::tr on thc lc:tdin¡; edge of rhe 
m:tp. Tr.wcr,cd are:t~ "f.1!1 ofT" the trailing cd¡;e of thc map, and a!l dat:t :l~~OCI:tt­
ed with that p.trt of thc world are forgottcn. Thc ration:1lc ~lr thi~ is the shon 
11mc fr.tmc ~~r accurate posit1on d.u:t providcd by rhe onbo:trd de~d reckoning 
sy~rcm. lf AL'\ rcturm to :111 :trc;¡ prcviomly vi~ited, rhc position e'timates wdl 
prob:tbly have accumu!atcd enough errnr ro m:tke rhe ~:tved data worrhles~. 

Thc purpo~e behind comrructin¡; rhc virnul map 1~ ro dl·tcrnllllc the local 
tr.wcr\lhdiry; rhcreforc, the m:1p ~hould h:tvc accur:trdy ami clcarly ddmc:'ltcd 
o¡wn sp:tcc :tnd olm:Kie~. 1-lowevcr, the u~c of ultr;¡~onic r:tngc scmors c:tn lead 
ro :t v:tricty of 'Y'tem:ttlc error~ (Brown 19H5: Beckerm:tn .md Oblow 1990). By 
~yqcrn.ltic error,, wc me:tn rhme crron that rcsult from dctermlnÍ,tlc yct 
Jncorrect or biasc<llnterprctatJom nf rhc r:1w d:tt:t dunng procc~~in~. 

Rcc.m'e nf the rcbtivcly brgc hc:tmwi<hh of the r:tngc 'cnmr {.tbout 15 dc­
grcc~). wc oh~crved rhat rhere :tre ~cvcr:tl pm"ble inrerprct:ttion~ of the d:tt:t 
frorn :1 !!;1\'l'll 1~obrcd sean. \Vlwn comhining lbt:l from difTcrcnt scn,ing posi­
rion<; en angk·~. crroncou<; lllÍIIalmrcrpr<·t:nion~ wd! g1\C r1~c 10 confhct~. 'J(J rc­
solve conllict in the tntcrpretatinn of thc r.111ge 'emor inform;Jtion, variom 
\loch.1stic rncdtod<; h.1~c beco mcd In thc\c mcrhods, for c.1ch \l'n,or K:tn, thc 
prolik· of pmhahdtty of the cell~ in thc ~cn~or cone ha~ ro he rt"Calcul:m·d, and 
thcn evcry cdl h.ts to be upd:ttcd Thi~ i' compuratiorl:t!lr c'<pemivc. 

To idcntify and removc sy~rcm.uic crrors arising from thc procc"ing of sp:trsc 
'cnsor <bta, wc h:wc ~uccessfully adapred :1 nonstoch:tstic ml·thod b:t~ed on a 
rnulrivalue bhdm~ algorithrn (Bcckerm:tn .md Oblow 1990), whJCh is brieflr 

Apbcacl6n a coriC'S en la mdullua $KiC'wtgiCa 

Uhhr3ndo esta 1dea y apl1c:!ndola a la optimizac10n de cortes de lapa' de n 
cccl~ngulo, es dem, m1mm1zar ~~ de~perd1C1o en la U!JOzación do corres, como se 

frculos) de un 
, en In fogurn 2. 

Lo prcgunla es ,cómo se deben hacer los cortes de los circulo» de lal maneTa r¡ue el área cortada sea 
m~xlma7 (desper<!otiO mlmmo) Para oblenec más láCIImenle una mctodol09la, ana~cemos las pos1bokdadn 
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descrihed hclow. This method ¡, rnuch le~~ cnmput:ttlonally imcn,ive comparcd 
to thc ~rncha~ric merhods, yet adcc¡u:trcly l1andle' sysrl"matic crrors m:~inly 
cau~cd hy tite r:tnge scnmr·~ rcbrivdy wide be:tmwidrh. 

In order !O l:thcl rhe celh, wc procc" thc portiOll of thc virtu:tl mar wirhin 
the boundarie~ of rhc ~en sor cone up 10 rhe mc:t,ured r:tngc di,t:tnce. E:tch cell 
inside ri11S conc on rhe virtual m:tp can he !;IVCil ;1 prclimin:try l:tbel :t~ follow\: jf 
the semor rcturm :t "hit" and thc di,t.li\Ce from rhc origin of the cone to the 
centcr of the ccllunder comideration i' grc:ttcr rh:tn the semcd r:~nge. then rhe 
cell i~ givcn an :l~~ignment of"oCCIJI'fEn." Otht·rwise, rhc cell i~ a~~igncd ro be 
"rMI'IY." For C'X:1ntple, m figmr IIÍ, for ~cnmr N+ 1, borh edil :tnd cell2 are 1:-.­
bcbl :ts "ocCUI'JJ'D," wh1lc bod1 cciiiÍ :tncl ccl! 5 (wdl imidc dw hnumbry) are 
bbc\cd :t\ "LMl' !Y." 

Bc~idc~ :1 bht·l. each cell i~ ,tl~o :t"i¡.;ned .111 atnihme, whic!t i' d1c ran¡.;e of rhe 
~emor\ ;JC!ll.t! rcturn. Thi~ :ttmlmtc 1\ t"ed in ;¡ rebhding :tlgorirhm w dc!cr 
mine which scnmr w.1~ closcr ro thc detec!{·d obHaclc. The dmcr thc range ~en 
sor i~ to rhc ohject, the more confidcnc(.' we have m thc rcntrncd r:tngc v;1]1 
(provJded that thc rcrurned rang(.' i~ grc:ttt'f rhan thc ~enq¡r', minirnum ¿ 
ren:tble rangc). Thm, whcn conflJcting a~~ignmems an~e. the cl'l! lahd i~ 
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l·~r;nrr 15. Sr,trclun.r;foraltrmatil'<' path 

~l"lll'd h.t~ed on the ~cmor wl11ch ~~ clme~t. For t"X.Hnple. in fi~mc \/¡, rlu.: ccll~ 
ll':l'l\'111!; (.l;llfll<.-(1111:!. l.thd ,]\\1\~ll!llt'lll\ \\jJI hL' lin.t\ly l.Jhc\cd 111 1:1\'llf 11f' ~Cil\llr 
N+!. 

Not .111 ~}'Hl'ln:uic error~ can be rrcatcd in this way. howcvcr . .Such a mcthod­
ology ¡~ he~t ~uitcd 10 thc ca~c whcrc thc data are spar~e. the p:mcrm of conflict 
are simple, .md rhe correction~ are physically unambiguous. 

In ordcr to ovcrcornc rhesc limitatiom, we have succes~fully developed a~}'~­
rcm that <:.111 g.t·ncratc tnpolo¡;¡cally corrrct nup~ on linc in tl\11-timc f<,r ulrr.l­

mmc ranp· ~emors. The mrdwdology. h.hcd on sclf-organizing ncural nct-

AphciiCión 11 cor~e~ en la mdus//la siderurg.ca 

Ul1litando esta 1dea y ~p~c~lldola a la opl1mzaa6n de cor1es de tapas de motores (clrculos) de un 
rectángulo, es dcc1r, mimm•zar el desperdiCIO en la Uhl1~ac16n de cortes, como se descnba en la figura 2 

Lo prenunta es ¿cómo se deben hacer los cor1es de los che u los de lal manera que el !\reo cor1ada sea 
máximo? (desperdiCIO mlnlmo) Para obtener más /ácolmenle una melodologla, anabcemoslas posibilidades 

Plan 
primary 

parh 
Primal)' p.uh planncd 

Tt:r,urr 16 Srnrr tmmrwm drngmm for du 11/'rMII control Jtmtv 

worb, i~ de~crihcd by Morrdi.H, Minncrs, and Dnn:uh. (1995) ami GarliLh­
Millcr and Donarh ( 1996). 

AJternative Path Gencration 

Alrernarive parh gcncratiOn i~ onc of rhe kcy i~\ue~ to :~cltievc succe~~ful oper:~­
tJom of Al.X .. , he Celltd r~me for AJ.X'~ ll:IVI!~ation ¡~ how <pnckly 11 can r:en­
Cf.lfl' .t \.tk ,Jitcrn.uivc p.uh wl11.:11 ir dctcU> ob\1,\tlt'\ 111 its ongin.d pl:mnnl 
p:nh. A g.raphic hinary-trcc se:uch algomhrn wa~ dcvclopcd for AI.X'~ aln·rn.r­
tivc p.uh planning. This mctlwd rm·~ rhc virtual map, whKh storc~ tire nlcu­
p~ncy of ALX'~ local cnvironmcnr, and :rn "arrracrin~" locatinn, which lie~ nn 

thc pmnary p:Hh of goal point~. ALX tne~ 10 rcach rhe attracting location wlrile 
avoiJmg ohsracle~ hy ~e~rclun~ for rcgion~ of"cmpty" cclk Thc algorithm tc~ts 
each comecutivr r,oal poim by cnmp.1ring t!rr "ftmrprint" uf Al .X wlth dt{" oc­
cupancy of the virtual map undrr thc fo01prinr lf occupicd, rhe ~lgori ' ·ric~ 
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Ap/¡cac¡(m a corles ~n la •ndus/tJJ s•derú•g/cJ 

Utl~lando esta Klea y apijc~ndob a la op\llllllaclón de cortes de lapas de m 
rect:.ngulo, es deCir, rrununzar el des~rdiCIO en la ut•izac1Ón de cortes. como se, 

'rcutos) de un 
en la fi!Jura 2 

la pregunta es ¿córno se deben hacer tos cor1es de los cltculos del al manera que d áren collada sea 
m¡hlma? {desperdiCIO mlnlrno) Para obtener m~s /áotmente una mclodo!ogla, nna&cernos ras pos•blidades 
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a new goal point ro rhr right ami rhen ro rhe left If rhe~e .ue oceupied, ALX 
ktrk~ ''P hy one meter ami iter.Hc~ to find a new p:uh around the oecupied rt>­
ginn (figure 15). T!m ~ltcrn:nivc p~th-pbnning medwd wa~ wccessfully tened 
under .t numhcr of ~ccn.nim, r.lnging from a ~ingle nhHade ne:rr the bne 
lmund.Hy (rcqniring only ,!i¡;ht trajrctory correctinm) to mu!riple oh\taclcs that 
Lompktcly hlochd the rnarkcd l.me (re(¡uirrng a rever~al of dircction 10 manen­
ver around thc ohH:rdc~). 

Overall Control Strategy 

Figurt· 1(Í ilhr~tr:uc~ thc nvcr:1ll corHrnl \(r,trc~y or ALX'~ auronnnHl\1~ opcr.ninn. 
AI.X :rncmpt~ w !f.tvcl row,lf(l~ rhc rnp go,tl on rhe prim:try forw:~rd go:~l ~r:~ck, 
wltrdt t\ comtrucrt·d rrom tite V1\10tl rnformatioo, ami thcn by tt\ing the vinua! 
rn.tp, cnmtntcr~ .1 dcrourin¡:; go:~l ~tack whcn .tn ob~t:lde i~ detccted. 

Thc Virtual Rumpcr 

Thl· ~ccond appnuch that we lk·vdoped l' ha~nl on the virtu:.l humper (Hen­
ne~~ey. Sh:mkwttl, :uHI Dnnath 199'i). Fur tire vrrnra! bumper, wc define a per­
~nn.ll \p.rce :.rotmd the whicle (see figure 17). lf ~n ohstaclc i~ scnscd hy the 
r.mgc ~t·mor~ :1.~ h:~ving entercd the permn:rl spacc, a virtual force i~ compmcd 
:rnd then :1ppl1ed to tl1e vehicle thtough the actuator~ on ho.rrd ALX. These 
rnrcc~ (or IM(jliC~) in effcct "pmh" ALX :1W:l}' from thc olmaclc. -rhe magnitude 
.111d <lrn·crion of rhe vrrnr:rl force i~ :1 funcrmn of the cncroachment (as measured 

, hy t!ll" r.mgc ~ensors) into rhe person:~l ~pace. Thi~ personal \p:tcc can be charac­
tert7cd a~ :r virtu:~l bumper-a mct:~phor for its behavior. In ciTcct. the deforma­
non of tht· vrrrual bumper, or the rate of change of thi~ deformar ion (h:r~ed on 
rhc dt·nv.uive or rhe rangc, or thc clming r~rc) will result in an approprt:rtdy 
snbl fi1rce vector. Thc heh:JVior of rhi~ \'irtua! humper c.m he progr:unmcd to 
mrmic rhc hdr:~vror of a comhin:rtion of line.u and/or nonline;u \prings anJ 
d.1mpcr~ (wluch c:rn more gcncr.tlly be deKrtbed .t~ :rn irnped~ncc IJm~i and 
Don:1tlr 1995]). A!rhough not dc~crihed here, rhc ~h.rpe orrhe virtual humper 
c.m hl· rnod'rfit•d ro handlc difTerent sccnarim (~uch as traveling rhrough an m­

ter~t·ctrnn or tr.wdmg at difTerent ~pl·ed~.) Tite road, or more accttrarcly rhe lane 
hnund.mc\, al~o applie~ a virtu:~l foret• to Al .X rhat "pmh" ir ww~rd~ rhe center 
or rhe bne Thi~ force c:rn h:t\'e rhe prnfllt• ,ketdw<l rn fi~ure 17. The fnrces 
frnrn tire nh\taclr:' ami rhe ro.1ll .u e tiren ~urnrned togethn .md tr:rmrormed mto 
speed .md st('l'ring commaiHk Thc rc\ulting control conHnanth m:mcuver ALX 
to :rvoid oh~tacle~ whilc ~imulr:rneou~ly :tttcmpting ro kcep A!.X in thc ccnter of 
thc l.rne. 

!mplemenr:ninn of rhe virtual burnpcr requirc~ duce m.1jor components: gen­
cr.ning ro;~d force~. gencranng ohq;~de force\, Jnd tr:m~forming forces intn con­
trol comrnand~. 
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Road force profile (force~ 
gcner:ned by lane bound:tric~) 

Road Force Gencration 

The virtual ro;~d force is gencr.ned a~ :l funcrion of the l:ner:~l ofT~et from the 
center of dlt' bne. The offset is calculatcd ror ;1 JlOÍnt altead of the ve hiele ca!!ed 
PomrAhcad (the tletcrmination of thi~ l'ointAhc~d i~ deKrihed helow.) When 
there ts no ofT~rt, there i~ no rorce A~ the o/I~cr increase~. ~o docs the virru:~! 
force :rpplied ro thc vehicle. The function u~cd 10 calcul:rre dm roJ<l force i~ tle­

fined lll equ:rtion 1. I=igure 18 illu~tr:lfe~ ltow thi~ force i~ afTected hy ~orne trpi­
cal equarion paramcters. 
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The calcul.ucd fiHce is alt¡;ned nornul to thc vcluclc's :tXt~ of lf:tvd :tnd ~~ pm­
nivc ¡f 1he ofT\Ct i~ ro the lcft of ro:HI ccmcr and neg:nivc if it i~ to the ngln of 

ro.d center. u~·lll~ a low ll:H v.tlley :tt the eenter of thc force profile Ct~ in figure 

-1-':i) rc~ult~ ll1 thc ve lude w:tudnin~ f'totll \rdc to ~idc nhnut thc l:ulc ccmer (not 

unlikc hum:lll driving). ForAL'{, we lntt'nt!On:tlly implementcd :t JiKontmuity 

:tt thc bne center to prevent thi~ typc of w:mdering. 
The l:uer:tl ofT~et could he me.1~ured from AL'('~ imt:tnt:meous pos ilion in 

rhc hne, bur rhi~ would not t:tke :tdv:tnt:tge of our knowblgc reg:trding upcom­

ing tttfll~ in rhc road. ln~rc:tJ, wc define a potnt, c.1lkd l'ointAhend, th.n ·~~pro· 
)<'< tt•d ,r!rt.rd nr till' \'t."hit iv hv ,\ \IH'< rfitd tJi,t.Hlll' (thr\ dl\t:ll1tt' j\ 'l'l hy tlw 11\~f 
.md l\ t:.11led thc LookAhe.lJlJt~t.lllLC, cqutv.dcnt tn th~ prcv1ew ryptc.lll}' ,\\\OCI­

.ued with puNrit ,¡]gorithrns) The l.uer.1l ofT~et i~ then cakubtcd for the pmi­
rion of Po'mtAlu·.Jd in the lane. TI m I·Jfcral off~et is u~cd for calculaung thc ronJ 

force u~ing rhi~ :tppro:tch :tllmt'' for impnwed bnc tr.1áing on curved nl.ld 

segmcnr~ 

Ob~t:tde Force Gencrntion 

Thc oh~t:~ciC forces :~re genentcd by :1 ~imibr mcthnd. First rhc rangc ~cmor 
re:tdin~~ are u~t·d to dctermtne tht· location of nny ohqacle~ with -~•.,ecr 10 

Uhlizar.do esla Idea y aplicándola a la op~mncrón d" co11es de lapas de molores (circulo~) de un 
rectángulo, es decir, min'•mzar el desperdrao en la utr.lizaeión de co11es, como se descrrbu en la frgura 2. 

La pregunta es ¿cómo se deben hacer los cortes de los circules de la! mane m que el área cortada seQ 
máxima? (desperdrcro mlnlmo) Para obtener máslátrlmen!e una melodologla, M"lrcemos las posrbrlrd~des 
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[)jqance ro ohHacle. Dohs (meter~) 

AL'\. lf :tn ohqac/e i~ within ALX's personal ~p:tce, the shorte~r di~t:tnce from 
rhe obsmclc to the vd1icle is detcrmined :tnd rhe ohH:tde force i1 calcul:ttcd 

fmm eqtt:ltton 2. FiRure 19 ~how1 :1 plot of the cnlcubteJ force~ fiH mm e typic:ll 
equation p.unmctcr~. 

OF=K,~~[ 1 , 1 l 
(OJJil'l, + fJ,.¡.,f (Off\1'1, +o,.)' (2) 

Kof "Oh1Ltdc fi,rcc 11rfTnc•• con11:rnr 
f),,f" ,. f)r,l.lll<<' rrr ol"r "k 

/Jps " D11rann" w cdr~~ or per~on~f ~p~ce or vinu.rl hurnper 

OfTIC!, "' Scmirtvity OIT.ct. n("dcd {1) prcvcrH rnrcc rrom Rctting 10<1 brge n~ 
! ).j~ ~pprn~chc~ 1~ro 

l.f.thc di~!:lnce 10 tile ob~tacle i~ ~re.ncr rh.m Dr•' the vinu:tl filrce i~ ~el to 'te­

ro. 1 he olm:tde force i~ .ti m :~li~ned norm:ll to the vehide'~ :txi~ of rr:tvel :tnd i~ 

po~irive if tllc ohsr:lclc i\ w the 1eft of \t"hicle'~ center ;md negntive if"ir i~ tn thc 
right of the vchicle'~ lt'JHer .. 

Nortee from the figt1rcs rh:~t rhe olm.Kic fi¡rce and the rond f(Hle functmn~ 

h:tve thc ~:1mc gcner:ll form :tnd m:tgnitude. Tl1i~ is rcquin:d filr lrodr rrpl·~ of 
force~ 10 h:tve thl· de~ired dTcct on the vehidc'~ comrol For inq:• • thc 

/ 



Ap/ICC~/Ón ll CO!II'S >'!l la mdr¡SI!IJ SldcrurgtCO 

Utihlando csl~ Idea y apliCándola a la opllrrizacrón de cor1cs de tapas de 1 
rectángulo, es decir, rrummzar el despcrdtClo:> en 13 ultizadón de cortes, como se 

lrculos) de un 
"en la figura 2. 

Le piegunta es· ¿cómo se deben hacer los cor!es de los clreulos de tal manera que el área <:Orlada '"a 
máximo? (desperdtciomlnlmo) Para obtener m.:\5 f~etlmenle una mt!lodologla, analicemos las postbi~dades 
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magnitudt• for the obst:tdt· force functJon is too low, thc ro:td force will dnve 
tlll' vduclc ioto :m oh~t:tdt·. Likewise, if rhc m:tgnimdc for the ro:td force func­
tiun i~ 100 low, .111 oh~t.tdt· f.tr from tht· vdtidt' C.\11 gt·rwr:Hc :t /(HcC th:tt will 
"pmh" Al~'< o!T the ro.1d Therefore, it is imponanr to sclect funcr10ns :tml func­
tion p:tranwter~ th.u ~mkc a bal:mct' betwt·en road following and ob~tade avoid~ 
ance hl'h:tvmr~. 

Tran~forming Force~ to Control Commamls 

Now tlt:tt rhe Vlrtllalf(ncrs .m: c:tlculared, they nw~t be tran~formt'd inro n·hicle 
control command~. '1 lw \'lrtttal /(nce'\ can h:t\'e componenrs in borh rhe breral 

and longitudirt.ll t!ircction. Tlw l:neral components are metl for calcubting bt­
er:tl conrml commands (~tccring cornm:rnds) ami the longirudin:rl component~ 
are u~ed for cakularing \'elocity control comm:tnd~. In rhis scen:uio, howevcr, 
we will onlv c:tlculatc the later,¡[ force~ Thcrcfnre, rhe virtual (orces are only 
tr.m~formelÍ iruo bter:tl control comrnand~. The velociry control comm:md~ are 

drtermined u~1ng :t ht'uri~ric approach ha~ed on thr m:rgnirude of rhe obsr:~cle 
~= . 

In ordcr ro bener undcrstand how we tramforrn thc l.ut'ral forces into lateral 

control comm:tnd~, wc wtll fir~t disctm rhe breral cnntroller. The inpltt ro rhe 
btcral controllcr ~~ the de~irt>d l:ttrral off~et, Y1~,· Thi~ dt·~ired l:treral o!Tset is a 
di~t.tncc unrm:tl to the whick'~ dircction or tran-1. Thr llr\in:d brcr:tl oiT~t·t and 
.1 d1~t'Jncc whrch is ser hy the u~er (LookAht'adDi~tance) are then combined to 

liC'fine a point, calbl Stecrl'oltl!, m vehiclc coordin:tte~ The :rn~lc ofSreerPoint 
wtrh respect to thc vehiclc's ]ongrrudinal axis 1~ med to Jdlnc :t ~teering com­

rnand (el¡uarion 3). 

SC=tan·' 1
"' ( ,. l 

Lo<)kAhcadl Ji \lance 
(}) 

This sreer comm:tnd rurm the front wheck to ":tim" ar rhe Sreerl'oint which is ata 

dimnce Y1 ro rhe ~idc ami :t d1~tance LookAhe:tdDi~tance altead of the vehide. 
Tht· ne:; stcp is to c:tlcubte the desired later:tl ofT~ct from the Vlrtu:tl forces. 

Tlm brt'ral ofT~et is calculart·d using :tn impedancc-h:r~etl appro:tch. A latcr:J.I 
impedancr r~ fir~t ;1~~1gned ro the veh1ck Thi~ impcdance i~ a~~igned m software 
:11Hl c:tn he rcpre~ent:uive ol .1 ma~s. ~pring, and damper ~r~rt'm. The road force~ 
md the ohst.lcle force~ are then ~ummed 11110 ;1 rc~ult.1rH. Tl11~ remlt~nt force i~ 
thcrt ~rplird ro thc systcm ddincd by the abovc ~pt·cifird impcd.HllC to deter­

mine the desircd latrral ofT,t•t (equ:ttiOll 1¡) 

\\hnc 

Y..,= F~# 
z~ 

7/m = Srcclli<·oll~tcr.lllm]l<'dancc 

f-1111 = Rc~ultant btna! forn· 
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Ti?,Jir~ 20. R~,t!-um~ soflwarr is us~d to co/1/ro/ th~ simulatrd t'rlnclr m u·~ll at AL'< 

The pararneters or the imped:mcc define how thc brcral ofr~et will re~ponJ 

ro rhe input force~. These par:tmcters :trc tuned ro provide rhe de~ired sy~tem 

response. 

The vchicle spcrd command is ~er ha~cd 011 thc ob~t:tcle-gener:Hed virtual 

force. lf there i~ no ob~tade force, thc ~peed comm:tnd is SetSpeed. (SerSpecd i~ 

a parameter ser by rhe mt'r :md mmt be ~et low t·nough m ;~llow for oh~raclc dc­

tectton hy ultra~ontc r;Jnge ~ensors.) lf therc ~~ :1 later;~l ohnacle force and dte 

cakulared stccr cormmnd is wirhm rhe physicallirnits of the vehick, the ~peed 

comm:tnd ts set to half of rhe SerSpeed. The ~pced is reduced ro allow for ~afer 

vehicle operation in rhe presence of oh~tacle~. 

One irnportant scen:uio ro note i~ wh:u h:tppC'm wlten the calculated necr 

command exceed~ rhe sreer lllnits of the vchick·. Thi~ occur~ whcn ALX COille~ 

too clme to an oh~t:tdr and would ntlll'rwi~e tOIIIde if it were tn contirmc to 

move in rhc fnrw:trd llirecrion. In tl11~ ca~e rhe vrhicle is put llltO a rever~e 

rnode. Whrle in th1~ revene modr. the ~teer cmnmand i~ set to he at AI.X's 

physic:tl steer limit in the dircction orpomc to th:tt c:tlculatcd in t'<JUation 3. 
This ca me~ rhe vehicle ro back up ;~nd rora te aw:~y from rhe obstadr. When the 

steer comm:tnd c;~kulared from equarion 3 f.1ll~ bdow rhe plty~ical ~teer linm~. 

ALX exit~ the revene mode. ALX then ~rart~ forward ag:tin witlt a more 

desir::tble orientation wirh rcspecr to thc olm:tdc. 
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Ftgnrr 2 {, ;1 gmp/)IC modd oftlu• AL'< !t•ith mulupfr r.~ngr srmon 
drpfo)'~d f:'t~rh srmor'J f0\1 /J ,/Jownm a3IJ coru. 

Simulation Environment 

1 1 · 1 ' Al X nd for our SAH:TRUCK For developmcnr (l( conno .1 ¡;onr un~ ror " a 
t ~tbed ~ stmul:uion cnvironmcnt wa' dc\·doped. Howcvcr. rhcre .uc m~ny 
~ .nvb.t~h ¡0 Jevdoptng control a1r,orithm~ for a real-rime ~yqcm throur,h ~~m­
~~~;¡tion ¡:

0
r imtancc, it ¡~ dtOicult ro derern1ine how intcrproce~~ commumc;t­

non ami rhe proce~~tng r.uc wil! a/Teu the controllcr. Punhc.rrnorc, once .a con­

rrnl l.tw h.t~ heen detertmncd, ir fllll\t thett he recoded for tl~lJ.llemen.ranon .on 

dw rt'.tl-time oper;tting \y\tem For the~e p.•,¡mn~. a notllr.Hhttonal ~tmub.non 
crl\'Íronmcnt w.1~ crcated. . 

For rhe ~imulation, only thc vehtde, sen~or~. ami rhc cnvtrnr~mt•m are s1m1~ 
lneJ whrk thc "d 11 tle control algorithrm are executed rn re;~l-TJmc on d.1c AL 
. , {~ 20) TI , vdude ~cn~ur\ and environmem :Jre cre.uctlm a 3D 

computer ¡gure · Jt • '. • 0 cn\'rronment, 1hc sim­
•raphtcs pacbgc \\'h1ch ntn~ on a work\t,ltiOil. In thc 3 .. 
~ 1 J ! 1 ' 1 ,J and rhc ~·11nubtcd \emor~ (vr~ton ami ran¡;c) caku­
u ate ve liC e cm lC lllO\~ • , • ~ 11) •ra 

1
h

1
c moJel of 

brc rhc ,lpproprtatc mca>ttrenH."tlt~ (~ce figure 21 01 a· g 1 
¡\LX with r;~nge ~en~on) Tlu~ d:11.1 ¡, pa~~erl ro tht· AI.X com.rnl compute.' 

1 k · , Thc Al X com1mrer proce~~c~ tht~ tbta a~ tf 1t d11oug 1 a nctwor cnnnccuo,.. ·· 

Ut•lllando esta odea y apll<ándola a la ophm1zadón d~ cortes de topa' da molorc' (circulo') de un 
recljngulo, es decir, monomorar el desperdrC1o en la ut.~zación de cortes. como se descnbe en la figura 2, 

La prejjunla es ¿cómo se d~ben hacer los ccrtn de los clrculos de tal manera qua el Aren cortada sea 
m:blma? {desperd1cro mlnlmo} Para obtener mas l;lcrlmenta una meTodologla analcemos tas posobli<:lodes 

carne from ALX's actual vision ~y~tcm and ran¡;e sensor~ and determine~ thc :~p­

propri:uc control acrion. Thc control acrion is rhen med by rhe ALX comptUcr 

to ca !cubre positton and orientatinn hased on a dynamic rnodcl of thc vehiclc. 
Thc m·w po.~irion and orit·rHation i1 pa~sed rhrou¡;h anothcr nerwork conncc­
rion back w rhe 3D simul:ninn, and the vchrclc i~ moved ami the sensor tbta rc­

calcubted. Thts rype of ~imulation approach alloM for devcloping comrol bw~ 
whilc addrcs~ing real-rime prograrnming issues. Furrhermorc, rhe ~ame software 
devdopcd in simubtion can be med on thc :tema] vchidc. 

Ir i~ irnpnrtafH to note that tite pnKc~~ing rarc of rhc 30 ~imubrion num be 
dosc ro thc ~en~or mensurcmcnt omput rate on tl1e acuml vehiclc Thi~ i~ hc­
camc varioi!S control algorithm~ may be adverscly afTt·lfed by difTercnt sensor 
data rarc~. Thcrcfore, rhe scnmr data may h;~vc ro he filtcrcd ro he med dfcc­
tively Kecping rhc simubrion procc~sing rarc near rhc ~cmor output rarc al1nw~ 
for dcvcloping ~ppropriarc ~lu.'r~ for rhe sensor data rhrough sJmui.Hinn. 

Experimental Results 

Both thc p.Hh tracking nnd rhc virtual bumpcr a!gorrdum were cvaluarcd 
rhrough a series of reqs, Wc nbscrvcd the abiliry of cach algortthm ro perfimn 
road following (no obsradcs) as well a~ single- and mulriple-olmacle cnviron­
ment~. Ernphasi~ was also plnced on rhe abiltry nf rhe alpnitlun ro reacr ro rhc 
veluclc'~ cnvironmcnr in rcal*rimc. 

Fir~r the control approachc~ wcre evaluatcd ha~ed on road-following ahiliry. 
When no olmac!cs are pre~cnt, both algomhm~ guidc the vehicle rhrough ~imi­

br paths ami have similar compmarion.1l regutrements. Thcreforc, thcsc experi­

ment~ provcd ro be more a tcH of the Vt~ton ~}'~tcm. The vi~ion sy~tcnl guidnl 
AL'< m•cr a test rrack {figure 22) comisting ofhorh ~trai¡;lH scctions and corncrs 
of v;trying curva tu res undcr hrighr sunl1ghr. overca~r cnndirion~. and low lighr 

intcmity muations (t.e., dusk and dawn) The vi~ion ~yucrn proved to prnvidc 

adequ~te inforrn~tton for hoth control .tlgorirh rm. 

Next thc ahiluy of rhe control ;Jigorirlml~ tn perfi1un oh\t;Jde avoidance wa~ 

reqed. Throttgh ;1 ~críes oftesr~ ir w.1~ dcterrnincd th:n thc path follmwd in.\ \t:uic 

oh~t:tdc cnvironmcfH r~ S!mtbr fi1r hoth appro.tcht·~. Figure 23 ~hows an t·xamplt· 
of ALX fnllowing ;¡ roadway which wru:tins an olmacle near thc mtddle of thc 

road. Thc differcncc~ betwccn rhe~e rwo algnrithrm will he dc~crihed hclow in 
term~ of rhc \trenph~ and wc.Jkn(·,~c~ rhat wc oh1crved rhrou¡~h thc~c cxpennwnt~. 

Thc path tr.tcking a!gnrirhm ha~ inhcrent ~trcn!~th~ anJ wcaknc~~e~. Onc nf 
irs m~in wc.tlmc~~c~ lics m rhc fact that tt u~e~ a recun'tve ~eMch to find an alter· 
nate parh. The time ro compktc the ~carch is ~tgni~tant and i~ a funnron of tltt' 

virtual map ccll ~i1e. Anothcr weaknc~s i~ th:tt rhc virtual m.1p approath dnc~ 
not work in a dynarnic envtromnenr. Movmg ob,t:Kk·~ wtll cnrrupt ,J,.. 111ap. 

1 

1 

:i 
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l·igu'l' .!:! IILYj"/fmt'INg ti tr!t ·¡,,,r{ ,. 

On dtc othcr hand, rh 1 ~ approach does h:tvc rhe abdity ro find :1. uaversiblc ,rarh 

¡
11 

,
1 

cornplic.ucd c1w 1ronrncnt For in~r:mce, rhc ahcrn~tt' p.a~h ~e:trch al¡;omhrn 

Cl!l find a parh armmd a dt·,1d-cnd obstacle configuratiOn 1 he wc:~kne~~cs not-

l'll ht·n· led m ro invcqi¡;atc 1hc virtual humpcr apprn:~ch. , 
Tht vinu:~l humpcr .tlt,oridun al\o exlubit' prohlt·m~ du1 necd addrc~~mr,. 

·¡·¡ · k ·~· ·,. tlt• 1 fTcct of a loc.JI mmmmrn in d~t• potcntial force 
H' prilll:lt\' \\'L':t nc, , • · 

field. Thi~ ;Jccur' 111 a clunrred cnvironmcm when the force~ of the <:bq:~clcs 
[l.ll.!net· with rhc force' ol thc ro.1d (1.e., dc,1d cnd ro.Jd.) rl11' 1\ an 1nhcm~t 

l. 11 ¡· · 1 ¡· ·1 f 'I'IHolchc~ Lntlc work h.1~ hL·cn done herc to ,Jllcvl-
plt .1 1lf poren!la ~~ 1 • • . , . 

• 
1
re rh 1 ~ probkm hec:lll~t· wc do not behcvc l( will ha~c :1 \l(;lllhc~nt .unp:l.ct n~l 

our ulnm.uc gn:~l 0 f n·lucle cnntrol1n :1 highw.ty cnvunnrncnt. l·~r lll~t:l.llCC, 1f 

1 1 '1 '
, 

0
, ~ hi<•hwa\' with ohsracle vchiclcs to thc from :tnd on aconrrove!IC, ,, ., ·. . 

hmh ~ides, ir ¡5 in;¡ 1oc,1l mínimum. Thc efTect of du~ local minimum 1S th:tt 

1 1 
· 1 · 1¡ , ttl •ti ve pom10n until rhe tr:~ffic sccnario dt:~ngc~ and 

t lC ve 11C e St;lY~ 111 lh ~ . 

:1. p:tth 
15 

:IV:J.il~blc This re~pnn~e i~ dcsir:tbh:, :1nd i~ why wc bdieve thc mm1-

Uhlilalldo esta Idea y aPliCándola a la ophmlzaCJón de corte~ do lapa' de m 
rectángulo, es doc1r. mlnnr11zar el desperdiCiO en la ut1izac<ón de cortos, como se 

lrculos) de un 
en la r.gura 2. 

La pregunta es ¿cómo so deben hBcer los cortes de los cfrculos de tal manero que el MeB cortada sea 
máxima? (despotdic<o mlnlmo) Para oblener mas lác<Tmenlo unametodoiO!)Ia, onnl<cemos las posobthdades 

-15 

roadway cdgc 

ALX tr.tjcctory 

-10 -5 
X (meter~) 

S 

() 

o 

f·igwr 23. A[J( fo!lowm_r:tt rottdrl'lly u•hiriJ mnfflinrtl an o/,nadr. 

AL'< 191 

nmm i~ not .1 ,ignific:m! i~me m :1 strucmrnl higlnny driving cnvironnu·nt. 

Therc :~re al~o m:tjor henefir~ of 1he vinual bumper apprn:tch Fir\t, thi\ con­

trol :~ppro.1ch rcspond~ ¡¡uickly to oh~tack·~ in ns environmcnt wirl10ut ~ignifi­

cant com¡mt:J.tion:JI[n:Jd ami dday~-a tl·~ult nf dtc appw.tch in whith d1<' p.uh 

i~ dctcrmined lll\ed on force calcubrion~ imu·ad of a hmary ~c;lrch. T!w~e force 

c:~lcubrion~ requirc linlc computation ;¡mi cxecution time rs :tpproxinl:ttely con­

st:mt regardk·\s of obstJclc configura11on. Second, bec:1mc of tht· n·nexivc n:trure 

of rhi~ apprn:Ich, ir c:~n re~pond ro ~rarion:~ry or movmg oh~t:Jdt• cnvironmenr~ 

; 

;l\ • 1 
:. \ 
! ; 

í¡i 
1 

.1 
1 



Ull~nndo es!a 1dea y oplle~ndo!a 3 la oP'.mfzac1ón de cortes de lapas de motores (clrculos) de un 
rec!~ngulo, es decrr, m1nlmlzar el desperdiCIO en la Ul1izacrón de cOrles, como se descrrbe en la frgura 2 

la pregunla es ¿rómo so deben hacer los cortn de los clrculos do lal manera que ol áren cortada sea 
m~xlma? (desperdiCIO mlnlmo) Para obtener m~s lácllmcnle una mclodol~la, ana~cemos las poslb1~dades 

__ _.. 92""'""'""'======================,.,,;,========================="""'==, 
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The~c prnpcnic~ of rhc vinu;tl humpcr make it sc.ll.thlc to conutl ; velu:lc on _a 
hi~hw.ty envirnnmcnt whcre 11 is ah~olutcly ncn·s~.uy w ha m\ e l yn;¡m!C cnvt~ 

ronmcnt~ in re.1l-ome. 

Conclusion 

A
l X 111~ IH(WCJI to he;¡ vahuhlc ton\ for tlw prchnmt.lr}' lll\'t'~.ti.g:ttlion (~f ,l·chi~lc 
~ · · · \·\·el lo tate st 1a~ ta~ 

~en~mg ami comrnl ~n.ueglt'~ .u the ~y~tcm-sntcgr;¡tlon e . . .' , ·al time 
.,¡·,nted 'thc ev.tluation of mulma~k-mg .md mtcrta~k commtt!lhiCatmln, 'h'· l-

e · 1 1 ¡ . ·1 · 1 • a~et ve ICe pn­
contrnl¡Howcol~. vi~itln-b:t~cd l:ueral contro , l eat -rtc -:onn b .' D h 1 

. , l (K tnt'l Morrl~ on:tt , ant 
~ltion c~Tim:ltton, w.w.:hdo~ ~:tlcty \\l )~y~tems r. :· , . A .-,n· 

. 1 d ¡¡- · avo!tbnce ~tratcg1cs. -• .~ 

J lm~nn 199lí) :tnd ulrra~onu.:: ~emor- l:I~C co mon , , rr 1 
" 1 1 h ¡ nv •n to be an euccuvc too 

ul:uwn cnvironmcnt has heen dc,•e opc< 1 at ll~ P~ e . f ALX 
· 1 1 1 e ven thc n-nure o • vc-

for ~ofrwarc ami control :tlgorit un < cve opment. '1 . . ' . 
1 

.-
. Thc p:nh tracklll"" colh~10n ;¡vmt ancc ~trate¡;"'~ 

h1de dynamK~ :ue not Jn ~~~ue. · · 0 • • 1 '
11 

frci IH 
uscd hcr~· mi¡;lu be appropri.uc for nwneuvenng 111 p.ukmg :ot~ ~m ~ 1 g 1 
lo;~ding :trc:t~. hm dJCy prohab1y hnve !t~nit:ltion~ th:lt nect to e a

1 
\r~~sct ¡ 

1 1 · ,¡ , , nvironmcnt~. 1 \owcvcr, t JC vutu.t 
·¡'hcv ccrt:1ir11y would not app Y to 11 b IV.:l} e . f l · ¡ , 1. ¡ h w1 le~ :1 mmt auon or 
bnm¡,cr" t 1Jlll\inn :lVOltbncc qr:Hq~y l JsCtl~~et ere _rn l •• . l ¡ e . IHdc~ antl 111 partiCU ,\f or 
dcvdnpsng colli~ion ;¡voidancc ~tratq;lc~ or any \t" '. 1 h k l , 
br e truck~. which may \¡;¡ve w ~recr around nh~t;¡~\cs rat_her t Jan ra ~ ,:~~~~:::~ 
of:helr hi••h incni;~~ Higher ri'k ~tr.Hq~les C:lll he mvc~ugatcd on A~- 1 

" · , 1 l · ¡ ¡. m;~gc Other wturc tec 1-
s¡gniflcmt conccrn for hum.m s.w:ty :¡¡u ve liC t ( ·' . . d ( 1 h 
.no!ogle·~ !o he cv.llu:ued on AL'< mclmk m!l1imctcr_ w:wc r:t. Jr to rcp ,Ice t e 

) e nh~raclc ,cn~tng and tOlli'>IOll avntdance. 
11 \tra~oniC r.m~c ~enwr~ !Clr ' 
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Mobile Robot Architectures 

I
n thc context of thL'> hook, robm an.hitccwre~ rcfer~ tn thc arrangcmcnt nf 

control ~oftware for thc rohot. Funher wc are conccrncd here with mftware 

:lrc!Jitecture' designed for u'e on pll}'SIC:1I rohots from the out,et, a' oppmed 

to wdl~known Al architecturcs wluch ha ve bcen :1daptcd ro exccutc on rohot~ as 
:tn expcrimem (e.g., GUAIUl!AN [H:1yes~Roth 1995]. :1nd SOAR [Wei'lncycr 
19R9)). There has :t!ways becn sorne ~keptici'rn in thc cummunity rh;n dtcre is 
any generality to be dcrived from u~mg softw:tre :lrchitccturc., wid1 rohor~. ~ince 
rhe endcavor ¡, mually more of :1n cnginecring art tft.u1 a scicntific diKipline. 

None1hcles~. a~ discll''ed in the introducllnn m tfu, hook, in the p~H limen 
ycar' or ,o, ~orne unil}t1ng prinCJplc' I1:1VC emcrbed :m10ng tho't' re\eareh grnup~ 
who are commml·d w seein¡; Al p:1rad1gm~ running u~cfully on rnobilc robots. 

Onc such principie i~ th;~t intelligent robots rcquirc bmh continuou~ ami dis­
crcte evcnt control c:tp:1hiliry cxccmmg in thc ~:tmc sofrwnrc fr.mtewnrk The 

control thcory comrnunity ha' long known how to lmplcment thc formcr ;~nd 

ha' a brgc body of conrroll.tws for ;¡ variety of mcchanism~ (sec for cxnmplc, 
Dorf [1989]). Yct, thcrc :trc fcw examplc, of controlthcory-h:t~cd rohot~ that 

c:tn achieve high lcvel goal~ such a' find ami fetch t;~~k~ (a not:1hlc exception is 
Saridi~ [1995]). Thi~ is due in brgc mc~mrc to the fact th~t rherc is a ~h:1rp ri~e 

in complcxity :1~ wc movc rrorn from ~ervo loop~ to intcr;~crinr, wnjunctivc 

go.Jh, :1nd for this, comroltheory ha~ fcw sol m in m. 

Rcscarchers in Al rohortc~ hmvcvcr, have di~covcrcd tlr.tt continuom control 

ami di~crctc cvcnt prncc~~ing~that proce~~in¡~ ret¡tmed to recof;nin· gn.ll-rele­

vant ~t:Jtc occurrences-tlt'ed not cn-exi~t in :1 homor,eneou~ wholc, hut a~ two 

heterogencnus byers with ~onlc kmd of ~ynt;tctic ddTcrcntial hetwccn them 

Thi~ i~ tlw c~~ence of rhc "thr(•e byer" ;¡rchiiCCI\Irt· for imdlrgcnt control of m o­

hile robog, :1nd Er:1nn G:1t·~ thnptcr gin·' :1 dt·t:lilcd ;~ccount of thc devclopment 

of whar could be con~idered a comemm :lrchi!ecl\lrc. Thc chaptcr by Firhy .md 

hi' collenguc' descrtbes :1 ~rccific imt:1ncc of mmg thc fim rwo bycf' of tf,¡~ nr­
chitectlllc ro intq;ratc rnhot motion .md vt~ion control in onc fr:um:wnrk. 

Scver:tl grnups of rc~c:1rchrr~ ha ve hcen ~ucce~~rul in iruegr.tt111g ~irwbr :uclti-

tcCiltrcs which cmphn,i7c di!Tcrent n~pcct~ of di~cretc :1nd cnmimv 'J/ltrnl 
duc to pnst rc~earch rorm nr current cndenvor~. 'J'I¡c chaptcr hy 11 ~ J lu 
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~oNVOLUTION 

David Young, January 1993, revised January 1994 

This teach file is an introduction to convolution, an importan! operation in low-level vision. 

Contents 

Please read the introduction giving general information about the nature ofthis document. 

• Preliminaries 
• Differencing as convolution 
• SpecifVing convolution masks in programs 
• Sorne more convolution masks 

o A small centre-surround mask 
o A smoothing mask 
o The Sobe! masks for edge detection 

• Whv convolution masks are flioped over 
• A convolution procedure in Pop-11 
• Convolution as template matching 
• Summarv 

Preliminaries 

Y o u should ha ve read through TEACH VIS ION l and run the examples. 

Load the libraries needed to run the examples now: 

uses popvision 
uses rci show 
uses sho'Warray 
uses arrayfile 
uses arraysample 
uses float byte 
uses float=arrayprocs 
uses convolve 2d 

' ' ' 
; i i 

"' 
i i ; 
; ; ; 
i ; i 

' ' ' 
' ' ' 

search vision libraries 
image dis?lay utility 
array pr~nti~g utility 
a==•Y storage utility 
sa~pling ~til~ty 

type co~versi~~ utility 
array aritt~e~ic library­
convolution progra~ 

We will al so use the same image as befare, so we might as well read it now. It will speed up the examples 
if we convert the image arra y to a packed floating point 'fepresentation; this makes little difference to how 
it is used in Pop-11, so you need not worry about this (but see HELP *FLOAT_BYTE ifyou want niore 
details). 

vars 1mage; 
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a=rayfile{pop·J.:.s.ic:1_da~a di=_>< 's:e.:eol.pJ..=') -> i:nage; 
;;; convert ~==~ string array :o ;a:ked floa: a.:.:ay 

r. float_by:e (l:na;e, false, false, o, 2.55) -> i:na;e: 

Differencing as convolution 

The example at the end ofTEACH \'lSJ0"\'1 processed an image to highlight vertical boundaries, by 
taking differences between the values ofhorizontally adjacent pixels. Each pixel had the valueofthe pixel 
to its left subtracted from it. Another way of describing this process begins by making a table or mask 
containing the values -1 and + 1, like this: · 

1 -l 1 +1 1 

We can now do our calculation by overlaying this mask on the arra y, multiplying each grey-leve! by the 
superimposed mask val u e, and adding the products. This must be done for each mask position in turn 
For example, suppose we ha vean arra y with just 3 columns and 2 rows, containing these grey-leve! 
values: 

1 22 1 25 1 53 1 
1----+----+----1 
1 17 1 20 1 66 1 

Then the calculation for the top right hand element of the output arra y looks like: 

1----------+----------1 
22 11 25 X -1 1 53 X +1 1+---------

1----------+----------1 1 
1----------+----------+----------1 1 
1 1 1 1 1 
1 17 1 20 1 66 1 1 
1 1 1 1 1 25 X -1 + 53 X +1 
---------------------------------- 1 

1 2 8 
----------- 1 

1 3 1 28 <--------------------
1----+----1 
1 3 1 4 6 1 

We repeat this calculation for all the other possible positions ofthe mask (including positions that overlap 
\Vith each other) to fill in the other squares. • 

Although the multiplications may seen superfluous if all we want to do is to take differences, the 
advantage ofthis wayoflooking at the process is that it is easy to generalise. For example, we can 
specify a vertical differencing operation with the mask 

1 -1 1 

1----1 
1 +1 1 

17 0.~ 97 2.13 p:-.,¡ 
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and masks for nearest-neighbour diagonal differences look like 

1 -1 1 o 1 
1----+----1 
1 o 1 +1 1 

1 o 1 -1 1 
1----+----1 
1 +1 1 o 1 

The table of numbers that specifies a convolution is known as a mask, a kernel, an operator or a 
template, depending on the author, and the numbers in the mask are often called weights. 

Specifying convolution masks in programs 

The natural way to represen! a convolution mask in a program is to use an arra y, justas for an image. 
However, there is a small added complication· ifwe layout the mask as above, then the rows and 
columns are numbered in the opposite directions to the rows and columns of the image arra y. Accepting 
that there is a very good reason for this, which we shall cometo la ter, we can label the rows and columns 
of the horizontal differencing mas k thus: 

1 o 

o 1 -1 1 +1 1 

with the column numbers increasing from right to left. 

he location of (0, O) (i.e. column O, row O) in the mask is importan!: during convolution, each result will 
be placed in the output arra y at the location corresponding to the pixellying under the (0, O) mask 
element in the input array. Thus in the example above, ifthe value 53 lies at (3, 1) in the input array, the 
value 28 willlie at (3, 1) in the output array, because the value 28 is generated when the value 53 lies. 
under the (0, O) mask element. The labelling of rows and colurnns for the input and output arrays will 
therefore be as follows: 

1 2 3 

1 1 22 1 25 1 53 1 
1----+----+----1 

2 1 17 1 20 1 66 1 
-> 

2 3 

1 3 1 28 1 

1----+----1 
2 1 3 1 46 1 

Now we are in a position to set up a Pop-11 array to act as a convolution mask for horizontal 
differencing. Referring to the diagram of the mas k above, the columns run from O to 1 and the rows from 
O to O, so the boundslist of the arra y will be [O 1 O 0], and we can set up the mas k as follows: 

vars :nask; 
newarray([O 1 O 0]) 
-1 -> rnask(1, O); 

1 -> mas k (0, 0); 

-> mask; ; ; ; 

" ' 
; ; ; 

c~ea~e a r.ew a~=ay 
col 1, ro•..,. O 
col O, ~ow O 

To try this out, we will use a library procedure for two-~imensional convolutions, and apply it to our test 
1mage. 

vars newimage; 
convolve_2d(i:nage, mask, !:alse, false) -> :.e¡,..·irnage; 
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As usual, you can refer to HELP *C00iVOL VE_ 20 ifyou want more information about the procedure 
we ha ve just used, but it is not necessary todo so now. The result, of course, should loo k identical to the 
last ~xample ofTEACH v1SIO:"Jl: to check, first print the output array to see the boundslist (note it 
starts at column 81 as it ought) and then display it. 

newimage => 
prints: 

** <array [81 176 64 191]> 

rci_show{newirnage) -> ; 

Y ou should now try out the vertical difference mask and the diagonal difference masks in the same way. 
Lo not forget that row numbers in convolution masks increase upwards; if yo u ha ve difficulty v.~th the 
boundslists or setting the val u es in the arrays, try drawing out small diagrams like the ones above. 
(Continue just to give <false> as the last two arguments to convolve_ 2d.) 

Yv.I should be able to see clearly how edges of different orientations stand out in the four different 
results. Remember that you can increase the size ofthe display windows by changing rci_show_scale if 
you wish. 

Sorne more convolution masks 

A S'llall centre-surround mask 
• 

It is possible to design a convolution mask that is sensitive to all edges, regardless of orientation. One of 
the simples! such masks is the small centre-surround mask that looks like. this: 

1 -1/8 1 -1/8 1 -1/8 1 
1------+------+------1 
1 -1/8 1 +1 1 -1/8 1 
1------+------+------1 
1 -1/8 1 -1/8 1 -1/8 1 

· This mask is approximately isotropic- you can rotate it about its centre and it looks roughly the same-

17 0.197 2.13 P~1 
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so that it will respond more or less equal!y to edges in any direction. Ifthe operator is on a uniform patch 
f the image, its output is zero beca use the 8 weights of -1/8 will cancel out with the single +l. If it is 

_;ose to an edge, so that there is an imbalance, then it will give a positive or negative output, depending 
on which si de of the edge it is 

We can set up this mask and try it with the follov.ing code. Note that the central + 1 is put at the (0, O) 
position in the mask, which is the natural choice. This means that the value stored at (X, Y) in the output 
arra y is the value at (X, Y) in the input array, minus the average of its neighbours. \Ve use the 
initialisation argument to newarray to set the whole mask to -1/8, then update the central val u e to +l. 

newarray([-1 1 -1 1], -0.125) -> mask; 
1 -> mas k (0, 0); 
convolve 2d(irnage, mask, false, false) -> newimage; 
rci_show(newimage) -> ; 

We will see how to make more effective use of the centre-surround mask later. Although centre-surround 
0perations are importan! in theories ofbiological vision, practica! computer vision systems tend to use 
;'.asks which are more closely related to the vertical and horizontal difference operations. 

This centre-surround mask implements an approximation to the mathematical operator known as the·. 
Laplacian; this in turn is closely related to taking the second derivative ofa function. Ifyou are familiar 
with these mathematical operations, yo u may be able to se e the link. If yo u ha ve not met the Laplacian 
befo re, but encounter it in a book or paper, it may help to understand it if yo u think in terms of the 
convolution mask shown above. 

A smoothing mask 

We often want to reduce the amount of small-scale detail in an image, either to get rid of irrelevant 
tex1ure in trying to pick out the main shapes, or to reduce the effects of noise (random variations in the 
grey-leve! values) introduced by the camera optics or digitisation process. One way of doing this is to 
replace each grey-leve! by a local average of itself and its neighbours. Such averages tend to be done with 
3 x 3 or S x S masks so that they can be symrnetrical about their centres. For example, a 3 x 3 mask that 
implements a straight average, giving all 9 values the same weight, looks like 

and is easily tried with 

IV-9 1 1/9 1 1/9 1 
1-----+-----+-----1 
1 1/9 1 1/9 1 1/9 1 
1-----+-----+-----1 
1 1/9 1 1/9 1 1/9 1 

ne·.;array([-1 1 -1 1], 1.0/9.01 -> r..ask; 
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convolve 2d(image, ~ask, :alse, fals~) -> ~ew1~age; 
,. -re~ sho·,..,(:-te•,...¡Hnage) -> ; 

You will see that the result looks like a blurred version ofthe original image (which you should display if 
) o u ha ve not already done so). This kind of mas k is sometimes called a blurring mas k as well as a 
;moothing mask. 

To blur the image more heavily, you could use a larger mask, or alternatively, you could repeat the 
convolution ene or more times: 

convolve 2d(newimage, rr.ask, false, false) -> newi.mage; 
rci_show(newirr.age) -> 

Note the picture getting increasingly fuzzy each time yo u execute the two lines of cede above. 

The Sobe! masks for edge detection 

It is possible to combine more than ene operation in a single mask. A good example is given by the Sobe! 
masks for edge detection, which combine the vertical and horizontal differencing operations with sorne 
smoothing to reduce the effects of noise or very local texture. 

The masks loo k like: 

1 -1 1 o 1 1 1 
1----+----+----1 
1 -2 1 o 1 2 1 
1----+----+----1 
1 -1 1 o 1 1 1 

1 -1 1 -2 1 -1 1 
1----+----+----1 
1 o 1 o 1 o 1 
1----+----+----1 
1 1 1 2 1 1 1 

• 

The single values used in the simple differencers above are replaced by averages over 3 pixels, weighted 
towards the centre in each case. In addition, the positive and negative parts are separated by a ene-pixel 
gap; by increasing the baseline for differencing this too has a smoothing effect, and it allows the mask to 
be more symmetrical, so that the results are "centred" in a way that is not true for the smaller difference 
operators 
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You should now easily be able to set up the Sobel masks and look at their effects Compare the outputs 
from the Sobe] masks with the results of smoothing the image and then taking vertical or horizontal 
differences - the results should be similar, though not identical 

Why convolution masks are flipped over 

Why should the rows and columns of masks be numbered in the opposite directions to those of imagesry 
The reason is that with this convention, the operation of convolution is associative - that is, if two masks 
are convolved one 'W-ith the other, then the result can be used as a mask that has the same effect as · 
convolving each ofthe two masks \>.-ith the image, one after the other. (Ifyou decide to check this 
statement experimentally, note that yo u will ha ve to extend one of the initial mas k arrays with a border of 
zeroes to avoid losing any values in the compound mask.) Al so, convolution is commutative- that is, you 
can exchange the mas k and the image as far as the mathematics goes ( extending the mas k with a border 
ofzeroes), though in practice this would result in absurdly inefficient programs. 

Y o u could skip the rest of this section on a first reading. 

There is another way oflooking at convolution which makes sense ofthe mask índices. It can be useful to 
have this other way ofthinking about convolution. 

This approach involves shifting copies of the arra y, multiplying the copies and the original by the weights, , . 
and adding them together. Taking horizontal differencing asan example again, we proceed as follows: 

l. Make a copy of the image arra y, but with every val u e shifted, or offset, one pixel to the right - call this 
shift_image: 

image 

1 2 3 

1 1 22 1· 25 1 53 1 
1----+----+----1 

2 1 17 1 20 1 66 1 

shift_image 

1 2 3 4 

1 - 1 22 1 25 1 53 1 
1----+----+----+----1 

2 1 - 1 17 1 2 o 1 66 1 

2. Trim the edges ofthe arrays to retain only the values that are defined in both arrays (i.e. in this case 
remove columns 1 and 4). 

3. Multiply every grey-leve] in the unshifted arra y by 1 and every grey-leve! in the shifted arra y by -1: 

image X 1 shift image X -1 

2 3 2 3 
-----------

____________ .. 
1 1 25 1 53 1 1 1 -22 1 -25 1 

1----+----1 1-----+-----1 
2 1 20 1 66 1 2 1 -17 1 -20 1 

----------- -------------
4. Add these two arrays, pixel by pixel, giving as the result: 

2 3 2 3 

1 1 25-22 1 53-25 1 1 1 3 1 2: 1 

17 OJ 97 2 l J P\1 
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1-------+-------1 = 1----.,.----r 
r • 2 1 20-17 1 66-20 1 2 3 1 ~ 6 1 

Of course, this seems very cumbersome compared to the original procedure, and in fact the method just 
described would not be used in a practica! program, un!ess one happened to ha ve parallel hardware that 
was suited to it It should be clear, however, that the results are identical. 

In step 3 we multiplied the two arrays by 1 and -l. We can put these two values in a tab!e, whei-e position 
in the table corresponds to the offset ofthe array that was multiplied, thus: 

o 1 

o 1 +1 1 -1 1 

The value at column O, row O in this table specifies the multiplier for the unshifted arra y. The value at 
column 1, row O specifies the multiplier for the array shifted one column to the right. 

This is, of course, just the same convolution mask as we had befare, although it has now been drawn the 
other way round. However, the correct assignrnent ofrow and column índices to the elements ofthe 
mask has fallen out natural! y in this development. 

A convolution procedure in Pop-11 

So far we ha ve just u sed the library procedure convolve _ 2d to carry out the convolutions. How complex 
is such a procedure? In fact, a Pop-11 version is reasonably simple, and it wou!d be a good exercise to try 
to write your ov.n befo re looking at the one given below. 

On first reading this teach file, you need not !cok at the following procedure in detail, and could skip to 
:he next section. However, ifyou are writing your own vision programs, you shou!d bear this example in 
:nind. In particular, it is a very common mistake for people to write procedures like this with unnecessary 
assumptions built in- e g. that the array bounds begin atO or 1, or that the (0, O) point ofthe mask is in 
its centre. Such assumptions are bad practice ( except in the rare cases where they allow a large efficiency 
gain)- procedures should be as general as possible. This convo!ution cede illustrates how to write a 
general procedure that handles Pop-11 arrays properly, regard!ess oftheir boundslists. 

define convolve new(i~age, mask) -> result; 
,,, This prOcedure carries out a convolution. Both the arguments 
, , , rr.u.st be 2-D arrays containing numbers. The result is a new 
,,, 2-D array. The result bounds are chosen so tha~ the whole of • 
,,, the output array can be filled without moving any mask 
,,, ele~ent outside the bou~ds o: irnage. 

;;; Declare arguments as lvars for efficiency 
lvars irnage, mask, result; 
;;; Get the array bounds 
lvars 

(IcolO, Icoll, IrowO, Irowl) = explode(boundslist(inage)), 
(McolO, Mcoll, Mro·..;O, Mrowl) = ex?lode(boundslist(mask)); 

;;; Set up the bounds for the results. 
lvars 

Rco10 = IcolO + Mcoll, 
Rcoll = Icoll + McolO, 
RrowO = IrowO + Mrowl, 
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;;; Create the o~:put a::ray 
ne·...:array({S ?..co2.0, ?..coll, ;.=o~·o, Rr:y..:l ~J l -> result.; 
;;; Declare varia=les needed :or tte loC?S 
lva~s ?..col, Rro~, s~~, Mcol, X:ow; 

;;; Loop over t~e outpu~ a::ray ele~e~ts. Ca~ use fast for for 
;;; a slight ef!!cie~cy gai~ (does sa~e as for) 
fast for Rrow fro~ R:owO to ~:owl do 

fast for Rccl =:cm ?colO to Rcoll do 
O -> sum; ; ; ; res e t. 
;;; Loop ove= the mas:.:: ele:ne:1ts, building up the sum 
fast for r-:row from ~:owO te Mro·wl do 

fast for Mcol frc~ McolO to Mcoll do 
, , , Basic cc!".voluticn formula 
s·.:.."':"' + mas k (~col, Mro-..;) "" image (Rcol-Mcol, Rrow-Mrow) 

-> su:n 
endfcr 

endfor; 
;;; Assign the com~let.e sum te the result array 
sum -> result(Rcol, R=ow) 

endfor 
endfor 

enddefine; 

You should be able to see how this procedure implements the calculation described in the first section 
above. The main things to notice are: 

l. the structure of the two sets of nested for loops; 
2. the way the subtraction ofthe indices (Rcol-:Hcol, Rrow-Mrow) in the innermost statement 

follows from the reversa! of the mask índices discussed abo ve; 
3. the way the bounds for the output array (ReoJO etc.) are calculated. 

The last of these is the hardest pan to get right in writing su eh a program - but the final formulae are 
surprisingly simple. 

The techniques· u sed in the procedure abo ve are not restricted to Pop-11 - programs for this son of 
operation are basically similar in most languages, except for special-purpose languages with built-in arra y 
operations or for use with parallel hardware. Pascal and FORTRAN procedures would loo k quite like the 
Pop-11 one, whilst e procedures are superficially rather different because e has a rather low-level view 
of arrays, though the under!ying structure would be the same. (The curious can look at Lffi 
*eOJI.'VOL VE_2D _F.e to see the e code called by convolve_2d.) 

Yo u can load the procedure defined abo ve and check that it gives the same results as convolve _ 2d from 
the library. Assuming that mas k has been set up as a mask arra y, you can compare the two displays 
resulting from · 

rci show(convolve 2d(i~age, rnask, :alse, false)) ->; 
rci=:show(convolve=:new(irr.age, rnask)) -> ; · 

which should look identical. However, there is one big difference- the library routine will runa lot faster 
than convolve_new. (Test this with *TIMEDIFF.) This is because convolve_2d uses externally loaded 
code written in C. The combination of code written in e for well-defined number crunching procedures 
such as convolution with code written in Pop-11 for higher-level processes and iteractive use (as in this 
teach file) is a powerful one. 

'¡'r. 
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Thé Iibrary procedure's last two arguments, which we have not used, provide added flexibility and 
efficiency for programs which use it. Ifyou want to see what these arguments do, look at HELP 
*CONVOL VE 20 - you could consider incorporating the same features in any programs yo u write 
yourself 

Convolution as template matching 

A5 a final example of a convolution mas k, we willlook at the possibility of using a mas k tailored to a 
specific feature for which we want to search. lt seems intuitively likely that the convolution output will be 
highest at places where the image structure matches the mask structure, where large image values get 
mPitiplied by large mask values. We can try out this idea by picking out part of our image to use as a 
oask. 

In" *ARRA YSAMPLE library is convenient for this purpose. The following code copies a small part of 
the array into a new array- the part to be copied is specified by a boundslist-type argument: 

arraysan?le(image, (98 108128 138], false, [5-5 5-5], "nearest") 
-> mask; 

lhe 11 x 11 region we have copied, between columns 98 and 108 and rows 128 and 138, contains the 
oval image of the end of main pivot of the tripod head, as can be se en by looking at the mas k with 
rci_show (increasing rci_show_scale temporarily ifnecessary). The other boundslist-type argument, [5 
-55 -5), specifies that this region is to be copied onto columns 5 to -5 and rows 5 to -5 of a new arra y. 
The unconventional ordering in this list causes the rows and columns to be reversed when the values are 
copied (top to bottom and left to right) as required for a convolution template. 

As it stands, this mask will not pick out any features - as all its values are positive, each output will be a 
w~ighted average ofan 11 x 11 region ofthe input array, so the effect willjust be smoothing. To make a 
~~seful feature detection mask, we need to ha ve values that go negative as well as positive, so that the 
rcsult will be zero for any uniform region of the input image. The following line of code do es this by 
;;ubtracting out the average ofthe values in the mask (Refer to HELP *FLOAT_ARRAYPROCS ifyou 
want to use the routines yourself) 

float_addconst (-float arraymean (r.,ask), mas k, mas k) -> mas k; 

You can see that this has made the values go negative as well as positive with the simple numerical print 
routine from *SHOW ARRA Y: 

3 -> sa_sigfigs; "' reduce the nu~..ber of digits printed • sa_simple_nur..s(mask); i ; ; print the v.:hole array 

prints: 

-------------------------
5555544444333332222211111000001111122222333334444455555 

-5> -40 -40 -40 -40 -27 32 74 68 -2 -40 -25 
-4> -40 -40 -40 -40 -5 89 103 79 10 -40 -36 
-3> -40 -40 -40 -38 60 107 9-i 64 -2 -40 -40 
-2> -40 -40 -40 -6 66 6ó 38 28 -12 -40 -40 
-1> -40 -40 -40 6 44 29 23 22 -4 -40 -40 

O> -40 -40 -40 -5 50 10 4 4 3 -40 -40 
1> -40 -40 -40 -2 71 .;9 69 82 46 -40 -39 
2> -40 -40 -.:;o 25 99 91 a--" 92 18 -40 -3ó 
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3> -40 
4> -40 
5> -40 

-40 -40 
-40 -40 
-40 -37 

-1 97 114 104 
-39 74 131 105 
-35 -26 -6 -37 

74 -20 
27 -40 

-40 -40 

-40 
-40 
-40 

-2 9 
-31 
-2~ 

NJw you can display the result of convolving this mask, or template, v.ith the original arra y, using 

rci_show(convolve_2d(inage, mask, false, false)) -> ; 

<>;erall, the result looks pretty messy, because our mask happens to ha ve a centre-surround structure and 
so is sensitive to m u eh of the grey-leve! variation in the image. However, there is a definite bright patch at 
the position of the end of the pivot, and in fact the centre of this patch has the highest val u e in the output 
array (at row 103, column 133, as you can verify by writing a small program). In other words, the 
convolution operation has found the part of the image \\ith the structure most closely corresponding to 
tre template - not surprisingly, this is the part from which the templa te was originally copied. 

Summary 

-he results of convolution processing are useful - the process is extreme! y common in both practica! and 
.xperimental computer vision systems. However, the way in which the output of a convolution is actually 
handled in such systems has not been demonstrated here - rather convolution has been presented as an 
image processing operation, and the results presented graphically. 

You should now: 

• know what the convolution algorithm is, in terrns of scanning an image with a mas k of weight 
values; 

• know how to set up convolution masks as Pop-11 arrays, and use the library procedure 
convolve_2d to carry out convolutions; 

• have sorne feel for the effects of different convolution masks, in particular differencing, 
centre-surround, smoothing and edge-detection masks; 

• understand how convolution can be used as template-matching; 
• know where to find further inforrnation about the routines that have been u sed in the examples; 

and possibly: 

• understand the description of convolution in terms of weighted su-ms of offset copies of an arra y; 
• know how to write a general convolution procedure in Pop-11. 

!ere are links to: 

• The index of teach files 

17 03 97 2 13 P:-.1 
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GAUSSIAN MASKS, SCALE SPACE AND 
EDGE DETECTION 

Da\ id Young, January 1993, revised January 1994 

This teach file continues with the theme ofconvolution, introducing biological models and practica! edge 
..;etection methods which rely on convolution v.ith Gaussian masks. The effects of image analysis at 
different scales are al so illustrated. 

Contents 

Please read the introduction giving general information about the nature ofthis document. 

• Preliminaries 
• The Gaussian convolution mask 
• Gaussian smoothing 
• The difference of Gaussians mask 
• Zero-crossimts 
• The ll:rev-level ll:radient 
• The Canny edll:e detector 
• Summarv 

Preliminaries 

You should have read TEACH VISIONI and VISION2. 

Load the necessary libraries and get hold of an image now: 

uses popvision 
uses rci show 
uses arrayfile 
uses float byte 
uses float-arravnrocs 
uses convoive_g~~ss_2d 
~ses rc_graphplot 
uses canny 

vars image; 
arrayfile(popvision data 
float_byte{image, false, 

; ; ; 

' ' ' 
"' 
' ' ' 
' ' ' 
"' 
; ; ; 
; ; ; 

search visio~ libraries 
image d:splay utility 
array s:orage utility 
type cc~vers~~~ utility 
array a=i thr..e:.ic library 
Gaussia~ convolution pro~ram 
graph display utility 
Canny edge de:.ection 

dir >< 1 stereol."':)ic 1
) -> i:r.age; 

falSe, ,0, 255) -> irriage; 

The Gaussian convolution mask 

!703972!-IP~l 
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The ·Gaussian convolution mask is a circular! y symmetrical (or isotropic) mask, su eh that any 
cross-section through its centre yields a weight pro file that has the form of a Gaussian or normal curve. 
The mathematical formula is in al! statistics text books, and almost al! computer vision books. A Pop-11 
procedure which implements the formula to genera te Gaussian weights looks like this. 

def~ne gauss_weight{r, sig~a) -> g; 
1 vars r, s1gma, g; 
ex¡>( - (~**2) 1 (2 • sic¡::-.a**2) ) -> g 

e:1ddefi:-:e; 

The r argument gives the distance (in pixels) from the centre ofthe mask, and sigma specifies the ""'idth" 
ofthe mask. The procedure retums the weight for this distance and mdth parameter. \Ve can see what 
the cu:-ve looks like by plotting the function mth *RC_GRAPHPLOT: 

re new window(400, 300, 500, 20, false); ;;; make a new window 
rc=graP'hplot(-13, 1, 13, 'r', gauss_· ... ·eigh:(% 5 ~), 'G') ->; 

G 

1 f 

0.5 

-10 o· 10 

Ifthe graph window appears in an inconvenient place on the screen, move and resize it with the mouse, 
th~n ifnecessary re-execute the call to rc_graphplot. 

To draw the graph, sigma was set to 5 by creating a closure (see *CLOSURES) of gauss_ weight. You 
can see that the curve drops to about 60% of its central val u e when r is equal to sigma - thi,.> is what is 

¡. meant by by saying that sigma sets its width. Try changing sigma to see the effect. 
¡. 

¡! 

,: 
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'2 of 12 

The mathematical Gaussian.function does not fall to zero for any finite value ofr- the "tails" ofthe curve 
go on forever. For a practica! mask, it is necessary to truncare the function when the weights have 
become small enough to be insignificant, to keep the mask to a reasonable size. As you can see from the 
graph, the values are pretty small when r is plus or minus 13 for sigma= 5. An efficient library procedure 
to generate arrays containing Gaussian weights is gaussmask. This has a sensible criterion for truncation 
built in (see HELP *GAUSSMASK), and it al so norma/ises the weights - that is, it multiplies them by a 
constan! so that the weights in the mask sum to 1, which avoids increasing or decreasing the average 
grey-leve! when the mask is used for smoothing. To get a 1-D Gaussian mask, execute: 
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vars gnask, gsize, s:.g::-.a; 
5 -> signa; 
gaussmask(s1grna) -> g~ask; 
ga'.lss::~ask_l1:r.1t (sigr.la) -> gsize; ; ; ; 

calculate the weights 
get the ~ask size 

The bounds ofthe mask array are given by (-gsize gsize]. Ifyou plot the values in gmask with 
rc_graphplot (it will accept an arra y as an argument instead of a function) you will find the curve looks 
the same as the one we airead y ha ve, though the actual va! u es are smaller because of normalisation. A 
fast and simple way to print the values in the gmask array is· 

g:71ask => 
prints: 

;;; print the bo~ndslist 

** <array [-13 13]> 

arrayvector{gmask) => ;;; see HELP *~~RAYS 
prints: 

** <sfloatvec 0.002735 0.00451 0.007144 0.010873 0.015899 0.022337 0.030152 
0.039105 0.048727 0.058337 0.067104 0.074161 0.078747 0.080338 0.078747 
0.074161 0.067104 0.058337 0.048727 0.039105 0.030152 0.022337 0.015899 
0.010873 0.007144 0.00451 0.002735> 

but this method is only really useful for small 1-D arrays. 

We can get a 2-D Gaussian mask by multiplying elements ofthe 1-D mask together. (This is because the 
2-D Gaussian mask has a convenient property called separabi!ity; you would have to go back to the 
formula and do sorne algebra to demonstrate this, which we will not do here.) We can therefore generate 
a 2-D Gaussian mask with a little sleight-of-hand, using a procedure as initialiser for newarray: 

vars grnask 2d; 
newa=ray((i -gsize, gsize, -gsize, 

procedure{x, y); lvars x, y; 
gmask(x) * g~ask(y) 

end?rocedure~ -> gmask_2d; 

We can now look al the 2-D gaussian mask with 

5 -> rci show scale; 
rci show(grnask 2d) -> 
1 -> rci_show_Scale; 

; ; ; 

; ; ; 

gsize!:], 

expa~d the display size 

rese: the display size 

Of course, a digital mask like this is only an approximation to the mathematical Gaussian beca use it has 
been sampled on a discrete grid and truncated. However, it is good enough for practica! use 

Gaussian smoothing 

The Gaussian convolution mask is imponant both in theories ofbiological vision, such as Marr's, and in 
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many computer vtston systems. As a smoothing mask, it has optimal properties in a particular sense: it 
removes small-scale texture and noise as effectively as possible for a given spatial extent in the image. 

T::> analyse this property fully requires a mathematical development that is beyond the scope ofthis 
course, and requires careful definition ofterms like "spatial extent" used loosely above. One key idea, that 
is useful to know about even without the mathematics, is that of spat/Gl jrequency. High spatial 
frequencies correspond to small-scale structure, low frequencies to large scale structure. It is possible to 
decompose an image into its constituent spatial frequences, just as it is possible to decompose a sound 
wave into its constituent temporal frequencies (which we hear as different pitches). Spatial frequency 
analysis is used in sorne practica! methods in image processing, and is an importan! psychophysical too! in 
investigations of biological vision. 

S'•,ce small-scale texture contains a lot of grey-leve! variation at high spatial frequencies, the aim of a 
·r¡;oothing operation is to remove high spatial frequencies without distorting lower spatial frequencies. It 

.. .Jrns out that because the Gaussian mask is itself smooth, it is particularly good at separating high and 
low spatial frequencies without using information from a larger area ofthe image than necessary. 

We ;vil! use the procedure convolve_gauss_2d to try out Gaussian smoothing and demonstrate its 
efficacy. (This procedure is much more efficient than a general procedure like convolve_2d, because it 
makes use of the separability property to greatly reduce the amount of computation.) 

It will be useful to have a test image to loo k at: we can generate one with a stripy pattern as follows 

va~s testirnage; 
newsfloatarray([l lOO 1 lOO], 

procedu~e(x, y) -> value; 
if x rnod 20 > 9 the~ 

20 -> value 
e:1di f; 
if y mod 4 > l then 

;;¡ float array for efficiency 
lvars x, y, value = O; 

20 + value -> value 
endif 

endprocedure) -> testi::-,age; 

2 -> rci show scale; 
rci_show(testirnage) -> 

• 

This gives an array with a high spatial frequency (i e fine) grid intersecting a low spatial frequency (i.e 
coarse) grid. Now we examine the effect ofGaussian smoothing with sigma= 4. 

rci_show{convolve_gauss_2d(testi~age, 4)) ->; 

17 OJ 97 2 1-l P\1 
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The fine stripes are effectively filtered out, leaving the broad ones. Ifwe try the same thing with a 
uniform mask, it is impossible to do it as effecti\'ely - e.g. a 7 x 7 mask gives these results 

vars umask, usize; 
3 -> usize; ; ; ; -3 to +3 gives a 7 x 7 mas k 
newarray([% -usize, usize, -usize, usize %], l.O/(usize**2)) -> urnask; 
rci_show(convolve_2d(testimage, unas.k, false, false)) ->; 

Changing the size of the mask v.ill not improve the results significantly. The reason is that the uniform 
mask has an abrupt cut-off at its boundaries, so as it passes over the thin stripes and their edges cross the 
mask boundary, sharp changes in the output values are inevitable. It is this sharp cut-off that the Gaussian 
mask avoids. 

Now loo k at the effects of Gaussian smoothing on the real image. 

rci_show(image) -> ; ; ; i no smooothing 
rci show(convolve gauss 2d{irnage, 1)) -> ; ; ; sig:na = 1 
rci=show(convolve-gauss-2d(irnage, 2)) -> ; ; ; sigma 2 
rci_show(convolve=gauss=2d(irnage, 4) ) -> ' ' ' sigma 4 
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-,_nd note the increasing reduction in detail and fine texture, and the removal of all but the main shape in 
tl>e final image. 

It is reasonable to think of sigma as setting the sea/e at which we preserve information in the con volved 
image. Structure on a sea! e small compared with sigma will be removed, whilst structure on a larger scale 
is retained. 

Many systems make use of structure at severa! scales, retaining multiple representations like the enes 
displayed by the cede above. When the image has been smoothed, it is not necessary to retain as many 
pixels in the representation - ene quarter of the pixels might be enough after smoothing witi'Higma = 2, 
for example. Smaller arrays are therefore used to hold the smoothed images, resulting in a data structure 
called a reso!ution pyramid. 

The difference of Gaussians mask 

It has airead y been pointed out that a centre-surround mask can be used to loca te grey-leve! boundaries in 
an image. It seems reasonable to combine the centre-surround operation with Gaussian smoothing to find 
the boundaries at different scales in the image. \Ve could simply carry out the two operations one after 
the other, or generate a combined mask by convolving the Gaussian mask with the centre-surround mask, 
but it is usually more convenient to use the the difference oj Gaussians mask, or DoG The DoG is a 
good approximation to the combined centre-surround+Gaussian operator (which is also called the 

17 OJ 97 2 IJ p:-.,¡ 
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Laplacian ofthe Gaussian) . 

.! can look at the form ofthe 1-D difference ofGaussians by generating two 1-D masks and subtracting 
one from the other. It turns out that the best approximation to the Laplacian occurs if the larger mas k has 
a sigma about 1.6 times that ofthe smaller. This code will display the resulting curve (somewhat 
truncated): 

vars maskinner, maskouter, dogmask; 
gaussmask(S) -> maskinner; 
gaussmask(S * 1.6) -> mask~u~er; 
gaussmask_lirrit(S) -> gsize; 
newarray{[% -gsize, gsize %], 

procedure { r); 
rnaskinner(rl - maskouter(rl 

endprocedure) -> dogmask; 

rc_graphplot(-gsize, 1, gsize, 'r', d~gmask, 'DoG') -> 

DoG 

.02 

-10 10 
r 

-0.02 1 
(If the ·window containing the earlier graph has been iconified or is behind other windows, yo u will ha ve 
to make it visible again.) 

You can see that it has a smooth centre-surround structure, as expected. (We cannot use our earlier 
procedure gauss_ weight to generate this curve, as it is importan! that the values in the positive and 
negative masks are normalised.) 

The· DoG is not separable. However, an efficient implementation is still possible by simply taking the 
difference between two Gaussian convolutions with different sigma valu-es. We can loo k at the result of a 
DoG convolution with 

rci show(convolve_dog 2d(image, 111 -> 
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· :;here the second argument ( 1) is the sigma parameter for the inner part of the mask. 

Zero-crossings 

The raw output of the DoG operation does not yield any obvious simplification of the image. However, 
the significan! features of the output of a centre-surround operator are the places at which positive and 
negative values are adjacent- its zero-crossings. For a full discussion ofthis, see Marr and other 
references in the bibliography in TEACH *VISION. 

Note that the zero-crossings of any arra y that contains both positive and negative values can be found -
the concept is not linked to any particular convolution operation. It is therefore wrong to talk about the 
zero-crossings of an image (as people quite afien do); you need to refer to the zero-crossings ofthe 
output of the DoG operator, for example. 

The most effective way to display the zero-crossings of a convolution operation is to threshold the output 
arra y. Thresholding is the operation of producing a binary image by assigning one val u e to all the pixels 
that exceed sorne limit (the threshold), and another value to all the others. (It is not usually very effective 
as a way of segmenting raw grey-leve! images, except in circumstances where the illumination and 
background can be carefully controlled.) We can apply it to visualising zero-crossings by setting the 
threshold to zero. 

It is handy to ha ve a small procedure to do the convolution, thresholding and display. The threshold 
procedure comes from *FLOAT_ARRAYPROCS: 

define showzeros(image, sigma); 
lvars image, sig~a, newimage; 
convolve_dog_2d{i:mage, sigma) -> newirnage; 
;;; Threshold so all values above O get set to 1,_ all others 
;;; to -1. Re=use the a~ray to reduce garbage collections. 
floa~_threshold(-1, O, 1, newinage, newi~a;e) -> ~ewi~age; 
rci_show(~ewimage) -> 

enddefine; 

• 

Now we can try it for a variety of sea! es. In the displays, the zero-crossings are, of course, the boundaries 
separating the black from the white regions - white shows the positive val u es and black the negative ones 

showzeros(image, 1); 

---, 
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showzeros(i~age, 2); 
showzeros (i!'nage, 4); 

You can see how the positions of edges are accurately represented in the small-scale output, which also 
includes a lot of detailed texture, whilst the large-scale output retains the main features, but has only 
approximate positions for the edges. 

Marr proposed that zero-crossings at different scales are combined by biological visual systems to obtain 
evidence for significan! image boundaries. \Vhether this is so is open to doubt, but it is clear that ~ 
processes analogous to DoG convolutions do opera te in the early stages of biological vision. The results 
of such operations must therefore be an efficient way to code image structure, since retina! mechanisms 
ha ve evolved to transrnit this panicular kind of information along the optic nerve. This makes sen se: raw 
grey-levels, for example, contain a great de al of redundan! information about the overall brightnesses of 
surfaces, whereas the DoG outputs sacrifice this to allow more infonnation to be carried about tex1ure 
and boundaries. 

In practica! computer vision, the DoG filler tends not to be used for edge detection. However, it has 
preved valuable in other ways- for example, a fast stereo-matching algorithm by Nishihara (to be 
discussed later) uses thresholded DoG convolutions to generate image regions to match. Funhennore, 
the idea ofusing zero-crossings for different values of sigma has been generalised into the importan! idea 
of sea! e space analysis. 

We willleave the DoG at this point and turn toa popular edge-detector used in computer vision, but first 
it is necessary to say what is meant by the local grey-leve! gradient of an image. 

The grey-level gradient 

The outputs of the X and Y differencing masks 

1 -1 1 +1 1 and 
1 -1 1 . 
1----1 
1 +1 1 

are often termed the X and Y grey-leve! gradients. lf yo u imagine a surface abo ve the image, whose 
height is proponional to the grey-leve! at each point, then it should be clear that what these operators 

-. 
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gi';:.e.are measures ofthe slope, or gradient, ofthe surface ifyou move along the X and Y directions. . 
respectively. These measures can be combined to give the total gradienl or gradient magmtude, whtch ts 
how much the surface slopes in the direction which goes most steeply downhill. Ifthe Y gradient is zero, 
for example, then the total gradient is just equal to the X gradient, but if the surface slopes in both the X 
and Y directions then we need to combine the two values. 

The corree! formula is, in fact, just that ofP)1hagoras: 

2 2 2 
(total g~adient) (X g=adie~t) + (Y g=adient) 

\Ve can display the total gradient for our image: 

vars rnaskx, masky, irr.agex, i::tagey; 
newa=~ay([O 1 O 1], 0) -> ~askx; 
-1 -> rr.askx(1, 0); 

1 -> r:-,askx(O, 0); 
newa~ray([O 1 O 1], 0) -> nasky; 
-1 -> masky(O, 1); 

1 -> masky(O, 0); 

'" 

' " 

convolve 2d(image, maskx, false, false} 
convolve=2d(image, masky, false, false} 

for X differences 

for Y differences 

-> imagex; 
-> i:r:'lagey; 

rci_show(float_a~~ayhypot(i~agex, i::-.agey, false)) -> 

(We use 2 x 2 masks containing sorne zeros to make the X and Y gradient arrays come out the same size. 
For a practica! program one would do something more efficient. The routine float_arrayhypot (from 
*FLOAT_ARRA YPROeS) takes its name from the fact that the Pythagorean formula calcula tes the 
hypotenuse of a triangle. It uses the e library routine hypot- see MAN *HYPOT.) 

You can see how regions stand out where the grey-leve! changes most rapidly. It is also possible to 
calculate the gradient directlon at each point in the image- i.e. the direction in the image for which the 
gradient changes most rapidly. For this you would use the e procedure atan2 or the Pop-11 procedure 
arctan2 applied to the X and Y gradients. 

The Canny edge detector 

17 O.J 97 2.1~ P\1 
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Although the DoG is not the basis for most edge detectors in computer vision, the idea of combining 
Gaussian smoothing with simple local operators certainly is One ofthe more successful kinds of edge 
detector is based on ideas published by Canny (se e Readings 111 Computer V1sion, listed in the 
bibliography in TEACH *VISION, p. 184). This combines Gaussian smoothing with the simple 
horizontal and vertical difference operators The results are then combined as abo ve to give the total 
smoothed gradient at each pixel. Positions where the gradient is a local maximum along gradient 
direction are then found, and then a thresholding operation is used to find those lines where the gradient 
is above sorne limit. (Actually the thresholding is more complicated, but that is the basic idea.) For more 
details ofthe local implementation, see HELP *C.-\.c"\-:-•iY. 

Canny's method can be applied to the usual image. 

vars edges; 
va=s sigma = 1; 

; ; ; vars tl = 5, t2 = 10; 
canny(irnage, sig~a, tl,_t2) 
rci_show(edges) -> ; 

smooth..!.:;.g 
hyste=es~s th=esholds 
-> (i:r.agex, ir.-,agey, edges); 

Here sigma is, as usual, the scale parameter for Gaussian smoothing, whilst t1 and t2 are thresholds used 
for deciding which parts ofthe edges to keep. In the display, the brightest edges are those with the 
strongest associated grey-leve! gradient. The other results returned by canny, imagex and imagey, are 
the smoothed X and Y gradients, which you can display for comparison with the unsmoothed versions we 
have looked at previously. 

You could look at the Canny edges produced with different val u es of sigma, as we did for the DoG 
zero-crossings. 

We can throw away the gradient strength infonnation and make a binary array which records only the 
positions of edge pixels ... with: 

vars bin edges; 
float threshold (0, tl/2, 1, edges, false) -> bi:1 edges; 
rci_show(bin_edges) -> ; 
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·;."his edge map often forms the basis for subsequent processing. For example, simple shapes like straight 
lines and ellipses can be found, particularly in the images of industrial objects to which computer vision is 
likely to be applied. These can be used to build up a geometrical description ofthe image at a higher leve! 
of abstraction. Altematively, in model-based vision, the expected appearance of a model is often matched 
against the edge map. 

Summary 

You should now. 

• know what the Gaussian function and Gaussian convolution masks loo k like, and ha ve sorne idea 
of how to implement them; 

• have a qualitative understanding ofwhy Gaussian masks are good for smoothing; 
• know what the DoG operator is and does; 
• know what a zero-crossing is; 
• ha ve seen how the zero-crossings of the DoG change depending on the image sea! e selected; 
• know what is meant by grey-leve! gradient; 
• know in outline how Canny-type edge detectors work. 

Here are links to: 

• The index of tea eh files 
• The next file in the series • 
a The School of Cognitive and Computing Sciences heme page 

Copyright University oj Sussex 1994. Al! rights reserved. 
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HOUGH TRANSFORl\1S 

David Young, January 1993, revised January 1994 

This teach file deals with one method offinding specified shapes in images: the Hough transform 

Contents 

Please read the introduction giving general information about the nature of this document. 

• Preliminaries 
• Introduction 
• Representing straight lines 
• The set of lines through an image feature 
• Parameter space 
• Accumulator arravs 
• Mapping image data into parameter space 
• Mapping accumulator peaks to image !in es 
• Finer points ofthe straight-line Hough transform 

o Negative r values 
o Smoothing and peak detection 
o Edge weighting 
o Use of gradient direction 
o Hierarchical Hough transforms 

• Hough transforms for other shapes 
• Summary 

Preliminaries 

You should have read the 3 previous teach files, VISI0;\'1, v1SION2, \·1SION3. As usual, it will be 
helpful to get the necessary libraries loaded now, and to load a test image. It is particularly importan!, 
when working through this teach file, to run the examples in order, as they are more interdependent than 
usual. 

uses popvision ; ; i search v:.sio:: libraries 
uses rci show ' ' ' image d.:..splay -uses re context ; ; ; allows m:.:lt.:..p:..e windows f:Jr graphics 
uses rc_graphplot ; ; ; g~aph d=awing 
uses arrayfile i ; ; array storage 
uses float _byte ; ; ; type conversi:::: 
uses float _arrayprocs ; ; ; a.::ray ar:.th;ne:.ic 
uses canny ''' Canny ed;e de:.ection 
uses straight_hough '" Hough tra:-~sfc=:-:1 
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vars image; 
arrayfile(popvision data dir >< 's~e.:eol.pic') -> ~mage; 
float bv't.e {i:nage, f"ilse, falSe, O, 235) -> !.;nage; 
false--> popradians; ; ; ; t.his tea eh f~le uses 

Introduction 

It is useful to be able to find simple shapes - straight lines, circles, ellipses and the like - in images 
Man-made objects, for instance, frequently have shapes with straight and circular edges, which project to 
straight and elliptical boundaries in an image. One kind of algorithm for identifying these extended image 
features involves following edges, and linking together edgelets which seem to lie on straight lines or 
smooth curves. An altemative approach, which is the subject ofthis teach file, involves accumulating the 
evidence provided by each edge element for the shape being sought. Since, usually, the shape can be at 
any position in the image, and often at any orientation and of any size as well, the whole set of different 
possibilities has to be taken imo account. 

The Hough transform is u sed in a variety of related methods for shape detection. These methods are fairly 
imponant in applied computer vision; in fact, Hough published his transform in a patent application, and 
various later patents are also associated with the technique. 

To se e how the methods work, we will take one of the simples! possible shapes as an example· the 
stra:ght line. This is often a building block for higher-level descriptions ofimage structure, anda basis for 
matching in model-based vision. 

A straight line in an image has two ends, but the Hough transform illustrated here does not find 
end-points. Rather it finds the infinite straight lines on which the image edges lie. A pan of a line lying 
between two end-points is called a fine segment, whilst in this file the term fine will mean an infinite 
straight line. These infinite lines are wonh e:>.1racting, since once found they can be followed through the 
image and end-points located. 

Representing straight Iines 

Positions in images have been represented so far by coordina tes corresponding to the column and row 
índices of arra y elements. Now it will be helpful to use a different coordinate system, with its origin in the 
ct:t .. re ofthe image. We will call this the (x, y) coordinate system, and it will have y running up the screen 
and x running from left to right in the conventional way. The following code will illustrate these 
coordinates for yo u, with x and y each running from -100 to + 100 pixels from the origin. 

rc_new_wi~dow(300, 300, 550, 50, true); ;;; get a window 

(Ifthe size or position ofthe window is inconvenient, adjust it with the.mouse now.) 

[-100 100 -100 100] -> =cg t:s= =eg;. 
rc_graphplot{[J, 'x', [], 1 y')-->; 

;;; se~ irnage size 
;;; d.:aw axes 

• 

(h this file the *RC _ GRAPHPLOT package is used to draw the axes and set the scales and origins of 
coordinate systems for the illustrations. This gives an easy way of making the axes correspond to the 
coordinate system for *RC GRAPHIC commands You do not need to bother with these details ofthe 
examples, unless you want to experiment funher with these facilities - you should be able to see what is 
going on by looking at the graphics in the display windows ) 
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It is easy to translate between the (x, y) coordinares and arra y (column, row) coordinares 

There are various ways to specify a line. One method, particularly suited to the Hough transform, is as 
follows. Imagine yourself standing on the image plane at the origin of rhe coordinares, facing the positive 
x direction (to the right on the screen) Turna specified angle to your left, and then walk a specified 
number of pixels forward. Turn through 90° and go forward; you are now walking along the required line 
in the image. 

The following code illustrates this on the screen Suppose you turn through 60° and walk 50 pixels 
forward. Then your path can be dra'>'m with: 

XpwSetColor(re window, 
re ju:r.oto (0, O); 
60--> ~e head~ng; 
re_ d::aw (so 1 ; 

'blue') -> ;;; drawinblue 
;;; sta=~ at the origin 
;;; face 60D left of x-axis 
;;; go 50 pixels 

and then the line we are interested in with: 

XpwSetColor(rc window, 
re turn(90}; -
rc-dra·,...r(l50}; 
re-turn(l80); 
re-draw(300); 
XpWsetColor(re_window, 

-100 -50 

~ 
100 

50 

-50 

-100 

50 

'red'} -> ;;; draw in red 
;;; tu=~ 90° left 
;;; dra~ sorne of t~e line 

' ' ' 
" ' 

'black'} 

100 

" 

tur:: rig:;,c round 
draw the other way 
-> ; ; ; ; go back to black 

It should be clear that any line can be drawn by setting two quantities in this algorithm: the angle intially 
turned through, called theta, and the distance moved from the origin, called r. The red line is rherefore 
the line with parameters r = 50 pixels, theta = 60° It will be useful to incorpora te the moves above into 
a procedure for drawing lines specified this way: 

define draw rt li:;e ( r, t!':eta): 
;;; Dra; a line spec~f1ed by r, theta 
lvars r, theta; 
lcons~a~~ lng~h = 300; ,,, assu~e 300 long enough 
rc_jt.::r:p:o(O, 0); , , , sta=t. a: the or.:..g1:1 
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theta -> re head~r.g; 
re _j \.:.::·'1!' ( r) ; 
re tur:1 ( 901 ; 
rc-jur.-.¡o(lngt!"\/21; 
rc-tur:l(l801; 
rc-dra·..;(lngthl; 

e:~ddefine; 

; i ; 

; ; ; 
; ; ; 

; ; ; 
i ; ; 
; ; ; 

t"...:.:::-1 b:¡ theta 
!:'.~ve, do not d.::aw 
t·..:..:::1 t=-:.::ot:9'h 90 
r.:ove along the li.:1e 
fa~e back along it 
d.::aw the lir.e 

So the red line could be drawn with draw_rt_line(50, 60). Ifyou are still unclear about the (r, theta) 
parameterisation ofthe line, use draw_rt_line to draw sorne more lines on the window. 

You may ha ve met other ways of describing lines, e g. the (m, e) parameterisation, where mis the slope 
and e is the y-axis intercept, and the line has the equation y = mx + c. This is not so useful for our 
purposes, because for lines nearly parallel to the y-axis, m gets extremely large. 

The set of lines through an image feature 

Suppose we have detected an image feature at panicular (x, y) coordinates, perhaps using an edge 
detector. We will as sume that we know the position of the feature, but that any orientation associated 
with it (e.g. the direction ofthe grey-leve! gradient) is not accurate enough to be useful. Ifwe are looking 
for lines in the image, then a feature at a panicular point is evidence that there might be a line passing 
th;-ough that point. Many different lines pass through a given point, and the feature is evidence for any or 
al! ofthem, ·so we need a way offinding the set oflines through a point. 

Ifwe have a feature at (x, y), and we know the theta parameter ofa line through the feature, then we can 
calculate the line's r parameter with this equation: 

r = x cos(theta) +y si:1(the~a) 

You might be able to check this statement with a little geometry and algebra, but it is not necessary to do 
so here; we can verify experimentally that it seems to hold. Suppose there is a feature at x = 30, y= 70. 
Clear the window and mark the feature with: 

rc_graphplot ( [], 'x', 
rc_jumpto(30, 701; 
rc_poin~_here(); 

[], 'y' 1 -> ; ; ; 

i ; ; 

' ' ' 

just draw axes 
go to x=30, y=70 
d.::av.· a doc 

The dot is probably almost invisible, so let's put a circle round it: 

o -> rc_heading; '" fa=e right 
rc_jump (51; ' " m ove 5 pixels 
90 -> rc_heading; ; ; ; fa ce top 
rc_arc_around{S, 3601 ; ; i ; d.ra·w circle • 

Now, arbitrarily choosing theta = 70°, we can draw a line through the feature by calculating r using the 
equation above, and then calling draw _rt_lil!e. Thus· 

vars r, theta; 
70 -> theta; 
30 * cos(theta) + 70 * sin(~heta) -> r; 
XpwSetColor (re window, 1 red 1 ) -> ; 
draw_rt_line{r~ theta); 

x=30, y=70 

!7.03 97 2 22 P:--.; 
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And it is easy enough now to draw as many lines as we like through the feature, particularly ifthe 
formula above is made into a procedure: 

define li:1e r (x, y, theta) -> r; 
lvars x; y, theta, r; 
x * cos(t~eta) +y* si~(theta) -> r 

enddefine; 

for theta frorn O by lO to 350 do 
line r(30, 70, theta) -> r; 
draw=rt_line(r, theta); 

endfor; 

·, 

\ \ 

/ \ ; 

\ 

Parameter space 

'" l~nes at 10° i:1tervals 

,. 

Clearly, we do not normally want to draw a lot oflines. \\nat we do want todo is to record the set of 
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lines in a data structure. To this end. it is useful to introduce aparameter space for !ines. (This is 
sometimes called a Hough space) A two-dimensio:ul parameter space is just a plane for which the 
coordinares are the parameters. We can visualise the parameter space for r and theta in another window, 
set up like this: 

vars xv co:1text; 
re context{false) -> xy co:1text; 
faise -> re windo~; 
re new wind0w(300, 300, 550, 400, t=:..:e); 

save tte p=ese~t wi:1dow 
a~d its c~crd syste~ 

[0-100-0 360] -> rcg us= reg; ;;; bounds of pa=amete= space 
rc_graphplot([], 'r'-; []-; 'theta') ->; ;;; draw axes 

A point in this window is to correspond to a line in the x-y window we ha ve used so far. Let us plot the 
points in parameter space that correspond to the lines we ha ve drawn. This involves using almost the 
s2me code we had above. Instead of calling draw _rt_line, we just need to mark a point in parameter 
space- a simple procedure to draw a cross (from LIB *RCG_UTILS) is used to mark the points in the 
new window. 

300 

200 

100 

XpwSetColor(rc wi:1dow, 'red') -> 
for theta frorn-0 by 10 to 350 do 

line r(30, 70, theta) -> r; 
rcg_plt_plus(r, theta); 

endfor; 

+ 

.¡. 
.¡. 

i- + + + ... 
~ 

~ ... 
+ +' 

+ 
00 

+ 
20 40 60 80 100 

r 

; i ; 

; i ; 

draw in red 
lines at 10° 1:1tervals 

There appears to be one prob!em - sorne of the values of r were negative, so ha ve vanished off the left of 
the graph. In fact, it is safe to ignore the negative values- an explanation ofthis follows later. 

Suppose there is a second feature in the image, at, say, x =-50, y= 20. We can mark the parameters for 
the lines that pass through it as well, with: 

for theta frorn O by lO to 350 do 
li:1e_r(-50, 20, theta) -> _, 
rcg plt plus (r, theta); 

endfor;- -

lines at 10° i~tervals 

) of 15 17 03 97 2 22 P:--.1 



Su<>scx Compulcr Vrs10n: 

-~._ 

_] 

_J 
_] 

J 
J 
J 
J 
J 
J 
J 
J 

J 
i 
TI 
l 
J 
i 
] 
t 

] 
i . 

] 
' 

+ 

300 

+ + + + 200 

-i. 
+ .!. 

.+· + +·~ ' + 100 + ~ + + + -~ 
J. 

+ +' 
+ + 

00 20 <10 60 80 100 
r 

As you can see from the display, the two lines ofcrosses intersect at about r = 45, theta = 120°. These, 
then, must be the parameter values for a line that passes through both the two features. To check, the 
:-~ext piece of code switches back to the x-y window, marks the new feature, and then draws the line with 
the parameters r = 45, theta = 120°. 

vars rt context; ;;; to r.cld the r-theta window 
rc_context{false) -> rt c~ntext; ;;; and save it 
xy_context -> rc_context{); ;;; go back to x-y window 

;;; Mark the point at x=-50, y=20 w~th a circle- see above 
XpwSetColor{rc_window, 'black') -> ; 
re jumpto (-50, 20); 
re-point here(); 
O ~> re heading; 
re jump (5); 
90--> re heading; 
=e_are_around(S, 360); 

XpwSetColor(rc window, 
draw_rt_line(45, 120); 

'blue') -> ' ' ' draw in blue 
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So we have found (approxirnately) the parameters ofthe line through the two features, via the pararneter 
space representation. This is a rnost curnbersorne way to find a line through two points, but it comes into 
its ovm if we ha ve a large nurnber of points to de al with- as with a processed irnage. 

Suppose that we ha ve a third feature, on alrnost the same lineas the other two - say at x =O, y= 50 . 
Then its Hough space representation will intersect at the sarne point as the previous two: 

rt context ->re ccntex~(); 
for theta f=om O-by 10 to 350 do 

line r(O, 50, theta) -:> r; 
rcg Plt plus(r, theta); 

endfor;- -

·.vhereas a point sornewhere offthe line (e.g. at x =50, y= -50) will not contribute to the cluster near r = 
45, theta = 120: 

XpwSetColo~(rc window, 'blue') -> 
for theta from-0 by 10 te 350 do 

line_r(SO, -so, theta) -> r; 
rcg plt plus(r, theta); 

endfcr;- -

• 
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If more and more points that are on our !in e are detected, then more and more evidence v,ill accumulate 
in the r = 45, theta = 120 region ofthe parameter space. Points that are not on the line will contribute to 
other parts of the space, but will not form a definite cluster unless they happen to lie on another straight 
line. If severa! straight lines are present, then severa! clusters will form in parameter space. 

' ,. 

Accumulator arrays 
.,. 

. To detect lines in practice, we need to record where the points fall in parameter space. Todo this, we use 
an array, called an accumu!ator array, such that elements ofthe array correspond to small regions of:· 
parameter space. To start with, every element ofthe accumulator array will be set to zero. For each point 
in parameter space to be recorded, the appropriate element ofthe array is incremented. An element ofthe 
accumulator arra y is sometimes called a bin. 

Dividing parameter space up into regions for this purpose is knovm as quantisation. How many rows and 
columns to use in the accumulator array, that is, how to quantise parameter space, is an importan! issue -
it is beyond this teach file, though it is fair to say that tria! and error often play a large part. 

We will use an accumulator array with column number corresponding to r and row number 
corresponding to theta. Suppose (somewhat arbitrarily) we use 100 bins along r and 100 along theta, 
numbering them from Oto 99, giving 10,000 bins altogether. To get from r and theta to column and row 
in the accumulator array, we can use 

round(r) -> accumulator column; 
round(theta/3.6) -> acc~~ulato=_=ow; 

The round procedure returns the nearest integer to its argument. \Ve can see that the quantisation 
interval is 1 pixel in r, and 3.6° in theta. You can imagine drawing a grid with lines separated by 3.6 
units vertically and 1 unit horizontally on the parameter space window. Al! the crosses that fall into one 
cell of the grid will contribute to one element of the accumulator arra y. 

.'he increments toa bin ofthe accumulator array are sometimes referred toas votes. Each edge element 
in the image votes for those bins in parameter space which represen! lines that pass clase to that element. 

17 03 97 :' :'2 P~1 
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Jt follows that the bins which get the most votes cor.espond to lines which have many edge elements 
I;ing clase to them. 

To see if this works, we will use data from a real image. 

Mapping image data into parameter space 

We will use edge data from the example at the end ofTEACH *VISION3. Here is the code to get the 
edge map, and to display it: 

vars bin edges; 
varssiiña=l; ;;; 
vars tl = 5, t2 = 10; ;;; 
canny(i~age, sigrr.a, tl, t2) 
float_threshold(O, tl/2, 1, 

2 -> rci show scale; 

smoo-:!"lin; 
hysteres~s thresholds 
-> (, , :::.:.n edges) ; 
bin_edges, false) -> bin_edges; 

rci show(bin eages) -> re window; 
rci=show_setCoords(bin_ed9es); 

The cal! to rci_show differs from previous usage in assigning its result to rc_window. This will allow us 
to draw the lines we find on the display. The final !in e sets up the *RC _ GRAPHIC sea! es and origin to 
faciiitate this. 

Since the boundslist ofbin_edges is (83 173 67 188], its centre is clase to column 128, row 128. Soto 
get from row and column in the image to x and y, you canjust subtract 128 from each ofthem. (Of 
course y will then run downwards again - reverse it if yo u wish.) 

You should now be able to write Hough transform code that creates and-fills a straight line accumulator 
arra y, using the data from bin_edges. It is not very complicated. You need to create an array with 
boundslist (O 99 O 99] and initialise it to zero. Then you will ha ve a double outer for loop to sean the 
edge array. For each non-zero pixel encountered, the code will loop over theta, as in the examples above, 
b:..t ir:crementing theta by 3.6° rather than by 10° on each step. For each theta, r will be found as befare, 
but instead of drawing something, the e o de needs to add 1 to the appropriate element of the accumulator 
arra~· It will ha veto test for negative values of r, and ignore them. 

lfyou want to try that, do so now. Rather than embedding more code in this teach file, the results you 
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should get will be demonstrated using an efficient library program, *STRAIGHT_HOUGH: 

vars acc~~ulator, rtheta, xc, yc; 
straight hough (bi:l edges, false, lGJ, 100, false, false, 

false, false, false, :alse) -> (accu::-:..:la':.or, rtl:eta, xc, y:::); 

The <false> arguments just correspond to options that we do not need to use at the moment. The rtheta 
result will be described below, and xc and y e report the position in the array ofthe origin of (x, y) 
coordinates. The accumulator result is the accumulator array, which we can display as for an image: 

rci_show(accurnulator) -> ; 

Although there are no axes in this display, they are laid out as for the earlier windows, except that theta 
now runs down the screen. The display may loo k like a rather murky view of a nebula, but a few bright 
dots are clear- particularly those at the top, where theta = 0°, and in the middle, where theta = 180°. 
'.'hese correspond to the strong verticallines in the image, which get more votes by far than any other 
lines. 

We can see more structure in the accumulator array ifwe compress the brightness scale for the higher 
values. One way to do this is to take the square root of al! the accumulator bins befare display. This sort 
of!hing is very simple in Pop-11: 

rci_show(rnapdata(accurnulator, sqrt)) -> 

If there is still not a lot visible, try adjusting the brightness of your screen. 

The shapes that now appear will be familiar from the earlier graphs. You can see how brighter points are 
visible where the curves for separate edge elements intersect. 

Mapping accumulator peaks to image lines 

Having got a filled accumulator array, the next thing to do is to locate the peaks in it. It is easy to write a 
program to find the location of the largest element of an arra y, or yo u can use arra y _peak from the 
*ARRA Y _PEAKS library. This will tell you that the largest element ofthe accumulator arra y given by 
straight_hough is at column 39, row O You need to collvert that into r and theta This is not difficult, 
but in fact straight_hough helps by returning as its second resulta Pop~11 procedure for doing the 
conversion. 

This makes it simple to plot the line corresponding to the peak in question We can use rt_draw_line to 
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-· 
draw on the edge display, provided we move the coordinate system to ha,·e its origin at (xc, yc). 

r • 
rtheta (39, 0) -> (r, theta); 
re shift frame by(xc, yc); 
xpWsetcoior(rc-window, '::::ed'l -> 
draw_rt_line(r; theta); 

; ; ; 

co~vert to r, theta 
shift coo::::d origin 

The long venicalline now marked in red is, not surprisingly, the one that received the most votes in the 
accumulator arra y. (The red !in e was drawn on the edge map display, so if that has got covered up, yo u 
will need to uncover it by removing or destroying v.indows. Don't forget that windows created by 
rci_image can be removed just by clicking on the image.) 

Smaller peaks in the accumulator arra y correspond to shorter lines. By giving sorne more arguments to 
straight_hough, we can tell it to return a list ofthese peaks in descending arder ofnumber ofvotes. For 
details see the help file. The next chunk of code illustrates the results by plotting sorne of the most 
prominent lines on the original image, using a procedure pro,ided in lib *STRAIGHT_HOUGH for 
;¡nding the coordinates at which a line crosses the image boundary. 

; ; ; get the list o f. acc'...l:r.ula:.o:::: peaks 
vars peaklist; 
straight hough(bin edges, false, 100, 100, false, false, false, 

false, S, false) -> (accumulator, peaklist, xc, yc); 

rci show(image) -> re window; 
rci-show setcoords(image); ;;; prepare to draw on image 
XpwSetcoior(rc_window, 'red') -> ; 

vars peak, xO, yO, x1, y1; 
for peak in peaklist cto· 

hough_l~nepoints (peak, xc, yc, i:r-age) -> (xO, yO, xl, yl); 
rc_jumpto(xO, yO); 
re drawto(x1, yl); 

endfor7 

• 
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The strong verticallines are naturally the ones detected. The penultimate argument to straight_ hough is 
a threshold, detennining how many votes are needed befare a peak appears in the results (relative to the 
average number of votes in a bin). By reducing this threshold yo u can se e more lines - ultimately the 
horizontalline in the middle is picked up, but you v.ill also find that the edge elements start to interact to 
produce inaccurate or spurious lines. 

You can restrict attention to near the tripod handle \\Íth a boundslist-type argument, and so detect the" 
diagonal and horizontallines in this regían, with •· 

straight hough(bin edges, [120 160 130 150], 20, 20, fa1se, fa1se, 
false, false, S, false) -> (accu...,·...tlat.o!:', peaklist, xc, yc); 

... 
' 

. . 

A 20 x 20 accumulator is appropriate because the small regían means that line parameters are less 
precisely fixed by the data. Repeat the display code above to see the lines found. Since the Hough 
transform is a global method, in that it integrales information over the en tire image or region that it is 
given, it is not surprising that we need a way of focussing attention if it is to give information about 
features oflimited size. 

iiner points of the straight-line Hough transform 
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In.order to discuss the main principies, this teach file has skated over sorne quite importan! details 

Negative r values 

One detail is the question ofwhy it is safe to ignore negative r values retumed by line_r Going back to 
the original explanation ofline parameters, a negative r means that after tuming through theta, you walk 
backwards away from the origin. This is just equivalen! to turning through an e:>."tra 180° and walking 
forv:ards- in other words a line with parameters (-r, theta) is identical to ene with parameters (r, · 
theta+180). Ifnegative values ofr were included in the parameter space, each line would get recorded 
twice. In fact, in an efficient implementation, theta only needs to run from Oto 180°, and the negative r 
parameters are converted using -r -> r and theta + 180 -> theta befare being recorded. 

Smoothing and peak detection 

A second issue is how to detect peaks in the accumulator array. Finding local maxima (i.e. elements with 
values larger than those oftheir 8 neighbours) is the obvious thing todo. However, ifthe "true" 
p~rameters of a line happen to lie clase to a boundary in the quantised parameter space, the votes will get 
spread over two or more bins, and looking at single bins may not reveal the peak. This can be helped to 
sorne extent by smoothing the accumulator array using convolution, befare searching for peaks. In 
addition, ene can sometimes do better than assuming that the peak position is at the centre of a bin - if an 
adjacent bin is large as well, it might be worth averaging their índices to estímate the peak position. The 
* STRAIGHT _HOUGH library incorpora tes these refinements in its peak detection - se e the help file for 
details. 

Edge weighting 

We have allowed each edge element in the bin_edges array the same number ofvotes. It seems 
. easonable that edge elements supported by a strong grey-leve! gradient should ha ve more votes. It is 
easy to implement this: instead of incrementing the accumulator bins by 1 each time, you add in edge 
strength values depending on the size ofthe gradient for the curren! edge element. The straight_hough 
procedure implements this directly, and you can try it out easily by omitting the thresholding step used to 
binarise bin_edges. Altematively, run the cede in TEACH *STRAIGHT_HOUGH. You should find that 
the performance is somewhat improved. Using weighted votes this way fits in well with the idea of 
accumulation of evidence - strong edges provide more evidence. In fact, it is possible to relate the Hough 
\ ransform to formal theories of inference, such as Bayesian theory. 

Use of gradient direction 
• 

Thresholding and edge weighting make use of the gradient magnitude, but can we al so make use of the 
gradient direction? In fact,jf_we assume that the orientation of the edgelet at each pixel is known ( e.g. it 
might be taken to be at right angle to the gradient direction), then we can simplifY the Hough transform 
considerably. Each edge element then only votes for ene bin in the accumulator, since theta is fixed by 
the edge orientation. 

This has not been u sed here, for two reasons. First, the local gradient direction is rarely accurate enough 
to allow us to implement this se heme reliably as it stands - the information has to be used much more 
carefully. Second, the Hough transform presented here illustrated the general method a good deal better, 

· and is more amenable to generalisation. 
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Hierarchical Hough transforms 

¡ mentioned earlier that the choice of quantisation is a big problein. One way round that is to start by 
doing a Hough transform with a very coarse quantisation ofparameter space. You then subdivide those 
bins with Iots ofvotes, and do another transform into just these parts ofparameter space, 'With the finer 
quantisation. The process is repeated until the bins are as small as necessary. 

This method has been used successfully, but may be delicate: a lot of small peaks in ene part of pa.rameter 
space will stop you seeing a single larger peak in another part. 

Hough transforms for other shapes 

The Hough transform is not restricted to detecting straight !in es, though that is a common use. Other 
geometrical shapes that can be described with a few parameters are also well suited to it. 

For example, a circle is specified with three numbers: the X and Y coordinates of its centre, and R, its 
radius. To find circles using a Hough transform, you need a three-dimensional accumulator arra y. Each 
edge element votes for all the circles that it could líe on, and the 3-D array is searched for peaks that give 
circle positions and radii. Ifyou happen to know the radius in advance, you only need a 2-D accumulator 
- you should not find it difficult to implement this yourself ifyou want to experiment. 

More complicated shapes can be found- a general ellipse, for example, needs a 5-D parameter spacé. 
Hough transforms have also been used for finding vanishing points - the points to which the images of 
parallel sets oflines appear to converge. 

Finally, the method can be generalised to detecting any shape that can be represented by a finite number 
of line segments, but which may appear at any orientation, se ale and position in the image. The parameter 
space is, in general, 4-dimensional (2 for position, 1 for orientation, 1 for scale), and it helps if straight 
line segments are extracted from the image first. This generalised Hough transjorm is described in 
severa! ofthe books mentioned in TEACH *VISION, for example Ballard & Brown's 'Computer Vision'. 

-~~umrp.ary 

-, you should now have a clear grasp ofhow the Hough transform for straight line detection works, and 
·.Y~~- sh_ould ha ve sorne idea of how it can be generalised . 

. --1' ' ·.,•.-:.', ... 

--~~- . 
; ~~:;. :; . 

:· H:ére áre links to· 
;._• !..' -. _, •• _ ,,•. • 

..,- ...... ' ---
... "' • The index ofteach files 
:•é · . .; . The next file in the series 
-:;·-~.· •· The School ofCmmitive and Computing Sciences heme paae 
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STEREOSCOPIC VISION AND 
PERSPECTIVE PROJECTION 

David Young, February 1993 re•~sed Jan 1994 

This teach file gives an introduction to stereoscopic vision. It also describes perspective projection. 

Contents 

Please read the introduction gi~ng general information about the nature ofthis document. 

• Preliminaries 
• Introduction 
• Ima2:e and camera coordinates 
• Perspective projection 
• Stereo geometry for para\le\ cameras 
• Stereo geometrv for converging cameras 
• Three-D lavout from a stereo pair 
• The correspondence prob\em 

o Matching using feature similaritv 
o Other matching methods 

• Summary 

Preliminaries 

You need to have read and understood TEACH VlSION1. It will be helpful to have looked at VlSION2, 
VISION3 and VISION4. 

This is a long teach file, but it has not been sp\it as the material be\ongs together. You could split it 
yourselfin two ways. The first is to take it in two parts, perhaps breaking after the section 011 "Stereo 
geometry for converging cameras". The second way, which is possibly better, is to go through the file a 
first time without paying too much attention to the equations and Pop-11 code, but executing the \atter so 
as to se e the demonstrations; then on a second pass yo u could study the ·equations and \cok at the code 
more carefully to see how the ideas are put into practice. 

Before proceeding, execute the following chunk of code to avoid having to load the libraries \ater. 

uses popvision 
uses rci show 
uses rc_context 
uses rc_graphplot 

''' 
; ; ; 
; ; ; 

' ' ' 

search vision libraries 
image display 
allows multiple wi~dows for graphics 
graph drawing 
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uses arrayfile 
uses float byte 
uses float-arrayprocs 
uses canny 

; ; ; 

; ; ; 

array s::::=3;e 
type C::)::·:ersio:1 
arraY a=~~~~e~ic 
Canny ed;e detect~on 

We will need two images of a scene, from different viewpoints, so execute this now: 

vars imageR, imageL; 
arrayfile{popvision_data dir_>< •ste:::e:Jl:pic 1

) -> imageR; 
float byte(imageR, false, false, O, 255) -> imageR; 
arrayfile(popvision_data d1r_>< •ste:::e::2.pic') -> imageL; 
float_byte (imageL, false, :al se, O, 2S5) -> imageL; 

lntroduction 

Viewing a scene from two (or more) different positions simultaneously allows us to make inferences 
<.bout 3-D structure, provided that we can match up corresponding points in the images. The visual 
systems ofhumans and sorne other animals make use ofthis, and it is very importan! in attempts to 
develop practica! computer vision systems. 

Display the stereo pair of images which we read in abo ve, with: 

1 -> rci show scale; ;;; keep ~he~ s~all 
500 -> rCi shOw x; ;;; set t~e pcsi~ion for the L window 
350 -> rci-show-y; 
rci show(imageL} -> 
rci-show x + 120 -> rci_show_x; ;;; posi~ion for the R window 
rci:show{irnageR} -> 

(This code careful!y positions the windows beside one another. Ifyou want to move the windows, do it 
by changing the values for rci_show_x and rci_show_y and re-executing the code, to keep the relative 
positions the same. Remember that you can get rid ofunwanted image windows just by clicking on the 
image.) 

You may find it possible to fuse these images in your 0\>.11 visual system_ I did it by iconifying al! the other 
windows so that only the stereo pair was visible against a plain background. (If yo u ha ve a pattemed X 
background enlarge an xterm or other window to cover most of the screen, and put it behind the images 
by selecting "back" frorn.·¡rs-titlebar menu.) I then looked at the images from a distance ofabout JO inches 
(25 cm). So that I could only see the left image with my left eye and the right image with my right eye, 1 
held a piece of A4 card up so that one long edge was against the screen between the two images, and the 
opposite edge was touching my nose. I consciously rela~d my eyes as if 1 was looking at something in 
the distance; although this made the images go out of focus, after a while I could get them to fu se as ifl 
was looking at a single picture. 1 found I could then get this back into focus without breaking the fusion. 
At that point it looked as ifthere was a tiny tripod clearly standing out in front ofthe screen, with the 
door handle and other objects in the background further away. 
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In fact, the Victorians invented technology for presenting stereo pairs more conveniently than this, and 
were enthusiastic about viewing them. Y ou can still find Victorian stereoscopes and col!ections of stereo 
pairs in antique shops. Every so often, film-makers discover they can use stereoscopic presentation to 
drama tic effect, though the audience has to wear glasses v.ith coloured or polarising filters to ensure that 
a different image goes to each eye. Map-makers use stereo presentation of aerial photographs to estima te 
ground topography. 

The stereo pair ofimages on the screen was obtained using two camera positions separated horizontally. 
Viev.ing the images normally, you can see how the change in camera position has resulted in a change in 
the position ofthe tripod's image relative to the images ofother objects. There are two computational · 
issues to address: first, how these image differences can be translated into 3-D information; and second, 
how the images can be matched to one another so that the differences between them can be measured. 

Image and camera coordinates 

Before we can loo k at stereo geometry, we need to introduce the relationship between image and object 
positions for a single camera. 

Positions in the image will be expressed using a coordinate system v.ith its origin at the centre of the 
image, x running from left to right, and y running from bottom to top: 

y-axis 

--------------------+-------------------> 
x-axis 

It is easy to convert from x and y to column and row índices in the array representing the image. Ifthe 
image centre is at column cO and row rO, then column = x + cO and row =rO -y. • 

Positions in space will be expressed using 3-D coordinates X, Y and Z (not to be confused with the X 
and Y used in sorne earlier files as synonyms for column and row). The (X, Y, Z) system has its origin at 
the camera lens, with Z pointing out along the optic axis ofthe camera (i.e. at right angles to the image 
plane), X parallel to x, and Y parallel to y. 

Suppose we ha ve a situation where Y is actually vertical- as is the case for the tripod test images. Then 
looking down on the camera and scene from above gives this layout of the X and Z coordina te axes : 
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Z-a:-:is 1 

Objects be1ng viewed 1~ this 
g-eneral a ... ..,._,. 

le:-:s 

1 

1 

1 

1 

1 

1 

------------------> 
X-axis 

Camera 

The Y axis is pointing at yo u out of the screen. The intersection of the axes is at the optical centre of the 
c?.~era lens. The (X, Y, Z) system is called camera coordinares because it is fixed with respect to the 
camera, centred on it, and aligned \'oith it. In robotics, other coordinate systems fixed with respect to an 
object being manipulated, part of a robot arm, or sorne mechanical frarnework in which the robot is 
working, are often employed as well. 

Perspective projection 

What is the relationship between the camera coordinates of a point in space and the coordinates of its 
image? Ifwe assume a camera with aplanar image surface and no lens distortions (and this camera model 
> usual! y quite e! ose to reality), the mathematical forro of the relation is quite simple: 

X f 
X = 

z 

y f 

y = 
z 

These are the equations of perspective projection. The constan! f is the foca/length of the camera, and is 
the distan ce from the optical centre of the lens to the image plan e. X, Y and Z specify the position of a 
point in space; x and y specify the position of its image in the image plane. These equations al!ow us to 
work out x and y if we know X, Y and Z, but do not allow us to go in the other direction, because 
knowing x and y is not sufficient on its own to pin clown the position ofthe point in 3-D . 

There is a simple geometrical derivation ofthese formulae. A lens behaves approximately like the pinhole 
of a pinhole camera (except it produces a much brighter image), and so we can draw a straight line from a 
point in space, through the lens centre, to its image. For a point on the same horizontallevel as the 
camera (Y = 0), the resulting diagram, looking clown on the scene as in ihe diagram above, is: 

Z-axis 

11 
1 1 

1 1 

1 1 

~- Position of point 
in space 
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r • 1 z; 
1 1 

1 1 

1 1 1 

Ca~era lens 1/ X i 
centre -> --+---------------------> 

Position of image 
of point 

/1 
1 1 f 

\ 1 1 

X 

X-axis 

<- I:-:.age plane in camera 

The relation betv.'een x and X now follows from similar triangles (via xlf = X!Z). Since a movement along 
the Y axis will not affect x, this relation continues to hold even ifY is non-zero. The corresponding 
relation between y and Y is obtained by drawing the side-view diagram. 

It looks from the diagram abo ve as if the x-axis has to run from right to left, in the opposite direction to 
the X-axis. However, if yo u loo k at the image actual! y forrned in the camera it is left-to-right inverted and 
upside-dov...n compared with the way we display the digitised image on the screen. (Y o u can· se e this with 
an ordinary camera by putting tracing paper where the film should go, and keeping the back and the lens 
open.) When we display the image "right way round" on the screen, the x and y axes get flipped, so that 
they run in the same directions as the X and Y axes. The easiest way to de al v.ith this is to imagine that 
the camera forms a virtual image which is infront afthe lens instead ofbehind it, and to pretend that this 
is what gets digitised. The diagram then looks like this: 

Z-axis 

1 
1 

1 
1 

1 

Virtual image plane -> -------+---+----> 

<- Position o: point 
in space 

1 1 x-axis 
fl 1 

camera lens 1/ 
centre -> --+---------------------> 

X-axis 

This is just a different way of modelling the camera; it is less like the reality in terms of physicallayout, 
but it is easier to work with than the image-behind-the-lens model because the virtual image is "right way 
round". The similar triangles argument still applies, and gives the same mathematical relationships 
between x and X, and y and Y, so the models are formally equivalen!. • 

The projection equations obviously work if all the quantities are measured in the same units. However, 
we would normally like to ineasure distances in the image inpixelunits, where 1 pixel unit is just the 
distance between the centres of two neighbouring pixels, because then array indices correspond to 
position. Distances in the scene will usually be measured in something like inches or millimetres. It turns 
out that the x equation is still valid as long as x and f are in the same units as one another, and X and Z 
are in the same units as one another (and similarly for the y equation). Thus if we know fin pixel units, 
everything works out conveniently. Finding the value off in pixel units is basic camera calibra/ion, and is 
usually best done by making measurements ofthe image ofan object ofknown size and distance It is 
also possible to estima te fin pixel units from the focallength ofthe lens (usual! y stamped on it in 
millimetres) and the number of pixels per millimetre in the camera detector 
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·ery high accuracy requires a camera model which takes into account lens distortions and detector 
.• regularities. Such models require more elaborate calibration. 

Stereo geometry for parallel cameras 

Now suppose we ha ve two cameras imaging the se ene. It v.ill be simplest to start by assuming that their 
optical axes are lined up parallel to ene another. \\'e al so as sume that they are si de by si de - or more 
exactly, that the line joining their optical centres is parallel to their x-axes. This means that the image of a 
point will ha ve the same y coordinate for the two cameras The top view is something like: 

Left 
Camera 

Objects being v~ewed 

in this general regio~ 

Right 
Ca:nera 

Jsitions in space could be described in either of the two camera coordinate systems, but it is convenient 
.J describe positions relative toan imaginary third camera half-way between the two real cameras. We 
can call this the cyclopean coordina te system (the cyclops only had one eye in the rniddle of its head). 
Schematically, looking down on the scene: 

Left 

Z-axis 

Objects out here specified 
using (X, Y, Z) coords 

1 

1 

1 

1 

1 
Right 

image -----+-----> 
1 

1 

1 

i:nage -----+-----> 
xR XL 

1 

1 

--------+--------------+--------------+---------------> 
1 

Left camer-a 
optical centre 

\ 
\ 

\ 
\ 

\ 

\ 
\ 

X-axis 

~ight carnera optical 
·centre 

Origin of cy=lopea~ coordinates 

<------------- D -------------> 
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Hefe "xL and xR are the x coordinates for an image point in the Jeft and right images respectively. D is the 
s~paration between the cameras' centres 

Now ifa point at (X, Y, Z) in cyclopean coordinates produces images at (xL, y) and (xR, y) in the two 
cameras, we can find its position in space from the image positions using the formulae: 

D (XL + xR) 

X = -----------
2 (xL - xR) 

D y 
'i = -------

XL - xR 

D f 
z = -------

xL - xR 

The quantity xL-xR which appears in all three formulae is called the stereo disparity (or just the 
disparity) of the point. It is the difference in the horizontal positions of the images of a point. 

D must be measured in the same units as X, Y and Z, and xL, xR, y and f can all be in pixel units. 

Deriving these equations is fairly straightforward. The main thing to use is that the perspective projection 
equations in x for the left and right cameras become xL =(X+ D/2)f/Z and xR =(X- D/2)f/Z. This is 
because to get from X in cyclopean coordinates to X in left or right camera coordina tes you simply adjust 
for the offsets of the cameras from the cyclopean origin, whilst Z is the same in all three coordinate 
systems. A little algebra then gives the expressions above for X and Z, and that for Y follows easily. 

Note the structure of the Z equation. Z is often termed the depth of an object relative to the cameras. A 
small disparity yields a large depth, and vice versa. 

Stereo geometry for converging cameras 

It is not usually convenient to set up the cameras with their axes parallel, because this limits the region of 
space in which objects are visible in both images. It is more normal to aim the cameras so that their axes 
are angled inwards, and converge on the objects of interest. The point in space where the optical axes 
imersect might be described as thefixation point for the carneras. The image of an object at the fixation 
point is centred for both carneras, and so has zero disparity. 

zo 
1 

1 

1 

1 

1 

1 
V o 

o <- Fixation point 
/ \ 

1 \ 
1 \ 

1 \ 
1 \ 

1 ' \ 
1 z 1 \ 

1 1 \ 

1 1 \ 

<-- Optic 

1 1 \ 

1 1 \ 

1 1 \ 

-----+-----> o 

• 

axes of carr.eras 
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It tums out that this makes the geometry considerably more complicated, and the exact equations for 
getting from image points to space points are much less straightforn·ard than for para!lel cameras. 
Matching points will not even general! y lie at the same y coordinate. Provided the amount of convergence 
is small, though, we can ignore this vertical dispariry, and there is a reasonable approximation which can 
be used for the equations. Cal! the depth ofthe fixation point ZO. Then the disparities can be adjusted by 
adding the quantity ID/ZO, which is the disparity an object at the fixation point would ha ve if the axes 
were parallel. The new equations become: 

D (xL + xR) 
X = -----------

2 p 

D y 
y = 

p 

D f 
z = 

p 
f D 

where p = xL - xR + 
zo 

LO is another parameter that must be found by calibration. 

It will be convenient to ha ve the formulae available as a Pop-11 procedure, which we define next. 

define images_to_world (colL, col:<., =~w, c·J, rO, D, f., pO) 
->(X, Y, Z); 

;;; Calculates the cyclopean coordina:es of a point, using 
;;; the near-parallel approximation. A=gu::lents are: 
; ; ; eL - the colu:nn in the left i::-.age 
;;; cR- the column in the right ~~age 
;;; row- the row, assuned same f=r both images 
;;; cO- the column at the origin of image coords 
,,, rO- the row at the origino: image coords 
; ; ; D - the carnera separation in · ... .-~rld units 
;;; f- the focal length in pixel units 
;;; pO- the disparity shift in p:xel units. 
lvars colL, colR, row, cO, rO, D, f, :J, X, Y, Z; 
;;; Convert from coi/row to image coc~ds 
1 vars xL, xR, y; 
colL - cO -> xL; 
colR - cO -> xR; 
rO - row ->-y;~ 
;;; Get adj~sted disparity 
lvars p; 
xL - xR + pO -> p; 
,,, and apply stereo forrnulae 
B * (XL + xR) 1 (2 * p) -> X; 
D * y 1 p -> Y; 
D * f 1 p -> Z 

enddefine; 

This procedure implements our simplified model of stereo geometry. 

'· 
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Three-D layout from a stereo pair 

(This section and the fo!lowing one incorporare a fair amount of Pop-11 code. This is to make it e as y for 
yo u to se e what is being done at the programming leve!, if yo u want to, and to experiment. However, as 
pointed out at the start of the file, yo u can fo!low the main points simply by executing the Pop-11 
sections when you get to them, and reading the text between - you can always retum to loo k at the 
programs later.) 

We are now in a position to work out sorne ofthe layout ofthe tripod stereo pair. We will assume the 
following parameters for the camera set-up: 

vars 
e O = 12 8' ' ' ' Col u:n.."'l at x-o~ig:.n, e O 128 
rO 128, ; ; ; R.ow at y-origin, rO 128 
D = 20, 

' ' ' Separa':.ion, O 20 c:n 
~ 200, ; ; ; Focal fength, f = 200 pixel units • 
zo 100; ; ; ; Fixation distance, zo = 100 c:n 

We can define a procedure that converts from image positions to cyclopean coordinates for this specific 
set-up by making a closure (see HELP *CLOSURES) of our general procedure. We do this with: 

define im to w = 
iffiages to world{% cO, rO, D, f, D*f/ZO !") 

encidefine; - -

Now we need to get sorne matching points. We w•ill take the edges from the Canny edge detector (see 
TEACH VISION3) as the features to match, so first apply the Canny operation, and threshold the results 
to give binary edge maps: 

vars cannL, cannR; 
vars sigma = 1, t1 = 5, t2 = 10; ; ; ; Canny pararnete=s 
ca~ny(imageL, sigma, t1, t2) -> ( , , cannL); 
float_threshold{O, tl/2, 1, cannL, ca~nL) -> cannL; ,,, 
canny(inageR, sig:na, t2, t2) -> ( , , cann~); 

float_threshold(O, t1/2, 1, ca~nR, ca~nR) -> ca~~R; ' ' ' 

Display the edge maps with: 

threshold 

threshold 

2 -> rci show scale; 
vars winCL, wTnCR; 
500 -> rci show x; 

;;; bigger is easier te see 
;;; to save the windows 

rci show y-+ 170 -> rci show y; 
rci=show(cannL) -> winCL; 
rci show x + 240 -> rci show x; 
rci=show(cannR) -> winCR; -

(Output is disp/ayed a /itt/e further on.) 

;;; position the windows 

We need a procedure for getting the features in a given row. This is simple enough: 

define features(image, cstart, cend, row) -> list; 
;;; Returns a list of the col~rr~ numbers for which there are 
;;; non-zero pixels in the give~ row of the image, between 
;;; colu~"'ls cstart a;.d cend. 
lvars image, cstart, cend, row, list; 
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l vars col; 
[~ ;;; start bu~l=~~g list 

for col from csta.r: to cend Co 
if image(col, row) /=O t~en 

col ; ; ; p:.::. th.:.s colu.~'1 in the list 
endif 

endfcr 
t) -> lisr. 

enddefine; 

Now we choose a row- say 120, which goes through the tripod head. We'll display the position ofthis 
row on the screen: 

vars row = 120; ,,, set up t~e rcN 
winCL ->re window; ;;; draw en t~e le:~ edge ~ap 
rci show seCcoords(cannL); ;;; set t~e s=ales correctly 
XpwSetcoTor(rc window, 'red') -> 
re j umpto { 831 raw) ; ; ; ; draw a li::e a long ene row 
rc-drawto(l73, row); 
wiñcR ->re window; ;;; draw on the right edge map 
XpwSetColor(rc window, 'red') -> 
rc_jurr~to{83, row); 
rc_drawto(173, row); 

and collect the right and left features for it, for all columns from 83 to 173 (i.e. the whole width ofthe 
image): 

vars featuresL, featuresR; 
features{cannL, 83, 173, row) -> features:; 
features {cannR, 83, 173, row) -> features?.; 
featuresL ==> 

p:ints: 
•• [ 100 120 133 159 163 1671 
featuresR ==> 

p.rints: 
•• [90 93 99 112 158 162 166] 

The list for the right image has one more entry than that for the left image. Inspecting the edge maps 
shows that this is due to the fact that the second edge from the left, at column 93 in the right image, is not 

·esented in the left image. We can therefore make the two lists correspond by omitting this feature- of 
Jrse, this is cheating, and a real stereo system will ha veto do this automatically. For now, though, do· 
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vars reduced fea~uresR; 

r • dele te (93, teaturesR) -> reduce::!. fea:u:esR; 

Now we can loo k at what layout the stereo procedure gives. \Ve need a diagram looking down on the 
tripod - this will produce it, showing the cyclopean coordinate system: 

false ->re wi~dow; ;;; avoid destroyi~g present re window 
re new wind0w(200, 600, 10, 10, false); ; ; ; start a-new v..:indow 
[-20 iO O 120] -> rcg t:s.: reg; ; ; ; set the axis limits 
rc_g:::aphplot([], 'X',-[],-'Z') ->; 

Mqve the v.indow mth the mouse ifit is not in a converúent place. We can mark the positions ofthe two 
cameras, remembering that their separation is D, so they are D/2 either side ofthe origin: 

XpwSetColor(rc_window, 'red 1
} 

rcg plt square(-D/2, 0); 
rcg=plt=squa:::e( D/2, 0); 

-> ; 

"> rna:::k X= -D/2, Z o 

Now we can apply our stereo procedure to ea eh pair of features, and plot the corresponding positions in 
the X-Z plane: 

vars colL, colR, X, Y, Z; 
for colL, colR in featu.:esL, red~ced featu.:esR do 

i~ to w { colL, colR, .:ow} -> (X, Y, Z) ; 
rcg_pit_cross(X, Z) 

endfor; 

• 
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We see the position ofthe two sides ofthe tripod head shown at about Z = 66, the object at the left 
further away at about Z = 80, and three points on the door frame to the right at about Z = 98. 

You can easily repeat this with other rows from the image, but it is tedious manually deciding which 
features to delete in arder to make the others match u p. 

The correspondence problem 

The problem ofpairing up the features is knov.n as the correspondence problem. lfwe apply no 
constraints, any fea tu re in the left image could match any feature in the right image. A small modification 
of the code abo ve allows yo u to display the positions of all the possible matches between the two lists of 
features. 

We ha ve already used the most basic constraint, when we looked for matching features in a single row of 
the image That is, we ha ve assumed that a feature with a particular y val u e can only match a feature in 
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tlle other image with the same y value. This is known as the ep1polar constramt. For converging cameras, 
u~ing the same y val u e is actually an approximation, and to be exact we should search for matching 
feafu'res on epipolar fines, which are curves close to the rows ofthe image. We will continue to use thé 
a;¡proximation that the epi polar lines are the same as the image rows. 

There remains the problem ofmatches between all the features with the same y. There are three main 
constraints that can he! p: 

• A given feature can match at most one feature from the other image. 
• Similar features match each other. 
• F eatures el ose together in the image should ha ve similar disparities. 

The bases ofthese constraints are discussed in various books- those by Frisby and Marr (see TEACH 
*VISION) are probably best. The first constraint is straightforward to apply, but there is considerable 
flexibility in the way the other two can be use d. We will initially explore the use of the second constraint. 

,\1atching using feature similarity 

There are many ways ofmeasuring feature similarity. For example, sorne systems make use ofthe 
orientation of the edge. Here we will adopt a mea sur e based on the grey-levels in the image: we will add 
up the differences in grey-levels in a patch of pixels round the feature, on the assumption that matching 
regions should have a similar local structure and overall grey-leve!. To avoid negative and positive 
differences cancelling out, we will square each difference before doing the addition. Measures like this, 
based on sums of squares, are extremely common. Since our features are likely to correspond to the 
boundaries of objects, we v.>illlook at two patches, one on each si de of the feature, and accept a match if 
either the grey-leve! differences to the left of the feature are small, or the differences to the right of the 
feature are small. (Horizontal edges are no good for matching anyway, so taking left-right patches is 
r.:asonable, though one could undoubtedly improve on this using edge orientation information.) 

This is implemented in the following procedure: 

define rn.ismatch{coll, col2, row, imagel, image2) -> result; 
; ; ; Returns a measu::e of the rnis:::-.atch bet.w·een a feature at 
; ; ; {coll, row) in i:::-.agel and a :eature a: (col2, row) in 
; ; ; i:nage2. 
lvars coll, col2, row, imagel, i~age2, q; 
;;; These constants set the size of the patches at Sx5 
lconsta~t rsize = 2, csize = 5; 
lvars r, e, dl, d2, sl=O, s2=0; , , , i:ü tialise sums 
for r from row-rsize to row+rsize do 

for e from 1 to esize do 
;;; Get-grey-level differences to left and right 
imagel(coll-c, r) - image2(col2-c, r) -> dl; 
imagel(coll+c, r) - image2(col2+c, r) -> d2; 
;;; Add up s~ms of squares. 
sl + dl * dl -> sl; 
s2 + d2 * d2 -> s2; 

e:;.dfor 
endfor; 
min(sl, s2) -> result. 

enddefine; 
;;; take the s~aller mis~ateh 

• 

The procedure is called mismatch because the larger the result it returns, the worse the match between 
the two features. To keep the argument lists shon, mismatch has the parameters controlling the patch 
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size (S x S) built into it. These val u es happen to be OK for this demonstration, but of course a more 
generallibrary routine might well ha ve them as arguments. 

lNSEjlT INTO_E;t:J~~Iylt.DAS ·c.k v,,_s_, · h · h · hi h 
.'ora g\3·E~é~Wtii\.IEWO 't.lf.J!WF!~CON~tr eNC~MÁttí~ m t e ng t ~mage w e matches it 
best. WFFf@WE:!roi"'AbJl:..§uoo¡hing in reverse, startiñg from a feature m the nght image and looking for 
the best match in the left irñage. 'rfthe two agree (i e. two features select each other as closest matches), 
then it is reasonable to accept the pairing as a definite match. The following procedures implement this 
Any feature that is only visible in ene image should be weeded out. The first constraint ( only ene match 
for any given feature) is built in. In addition, to a'"oid having to check for wild matches, a disparity limit 
of 40 pixels is rather arbitrarily built in too - this would, of course, be unacceptable in a library procedure. 

define bestr..atch (col!, :2, row, ima:;el, i::lage2) -> b; 
,,, Retur~s the best ~atch for ~~e feature at (coll, row) i~ 

; ; ; irr.agel frcm the list of fea::.!=es at (col2, row) in irr.age2 
;;; where col2 is a~ elernent e: f2. 
,,, Ignores features with a disparity greater tha~ this limit. 
lcor.stant diso l1mi~ = 40; 
lvars coll, t2-;- row, imagel, i::-.age2, b; 
lvars col2, q, best = false; 
for col2 in f2 do 

if abs(coll- ccl21 <= dis~ limit then 
rnisrnatch(coll, col2, r;;, ima;el, image2) -> q; 
if not{best) or q <bes~ the~ 

q -> bes~; 
col2 -> b 

endif 
endif 

endfo= 
enddefine; 

define findmatches {fL, ::R., row 1 irr.ageL, i:r.ageR) -> (newfL 1 newfR); 
; ; ; Give:-~ a list cf :eatu=es fL in t!'.e left ir..age and fR in the 
;;; right i~age 1 re:urns two lists of the sa~e length which 
;;; contain features in one-to-cne cc=respondence. 
1 vars fL 1 fR., rov.· 1 i:nageL, irnageR, ne·,.;fL = [] 1 newfR. = [] ; 
lvars colL, col?.; 
for colL in fL do 

;;; Find best ~atch for left fea:ure 
bestrnatch(colL, fR, row, i~ageL, ~~ageR) -> colR; 
;;; F~nd best ~a:ch for right feature, and see if it agrees 
if colR ;;; test there is so~e matching feature 
and bestmatch(colR, fL, row, imageR, imageL) == colL then 

colL .. newfL -> newfL; 
colR :: newfR -> newfR 

endif 
endfor; 
;;; Make the lists run left to right (~ot essential) 
ncrev(newfL) -> newfL; 
ncrev(new:R) -> newfR 

enddefine; 

That then provides the-basis of a simple stereo matching program, using grey-leve! matching starting from 
edge features. Applied to the features we had befare, it gi\"eS. 

findmatches ( featuresL, :eaturesR, row, i:;.
0
ageL, imageR) 

-> (featuresL, featuresR); 
featuresL => 

prints: 
•• [lOO 120 133 159 163 167] 
featuresR => 
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. the feature at column 93 in the right image has been omitted, as required for a corree! set of matches. 

We can check how this behaves on the complete images. We need a procedure to iterate over rows and 
get all the matches We will store each match as a vector containing the column and row numbers, and 
place all of them in one long vector. 

define findall~atches(i~ageL, image~, edgeL, edgeR) -> rna~c~vec; 
; ; ; Returns the col:...t.'"['l.ns and ro;,.,• f.o= each pair of matchi:lg 
;;; featu=es in the t~o i~ages. edgeL and edgeR must be the edge 
;;; rnaps for imageL and imageR. 
lvars imageL, imageR, edgeL, e¿geR, matchvec; 
lvars row, featuresL, features~, colL, colR, 

(icO, ic1, irO, ir1) = explode(boundslist(imageL) ), 
(ecO, ec1, erO, er1) = explode(boundslist(edgeL)); 

;;; Must avoid pixels adjacent to the boundaries to ensure 
;;; matching procedure does no~ try te go outside the array. 
;;; Next constants mcst corres?ond to those in mismatch 
lconstant rsize = 2, csize = 5; 
lvars 

cstart = rnax(ecO, icO + csize), 
cend = min(ecl, icl - csize); 

{i ;;; start building big vector 
for row frcm max(erO, irO+rsize) to m.i!"l{erl, i=l-rsize) do 

;;; Get the =eatures. 
features(edgeL, cs~art, cend, row) -> featuresL; 
features(edgeR, cstart, ce~d, row} -> featuresR; 
;;; Find one-to-one rnatches 
find..-natches (featuresL, !'eatu=esR, row, irr.ageL, irr.ageR} 

-> (fea~uresL, :ea~·.J=esR); 

;;; Get the matches fo= this row i~to vect~=s 
for colL, colR in fea~~=esL, fea~~resR do 

{ i colL, col?., row ! } ; ; ; lef-: on stack 
endfor 

endfor 
~} -> matchvec; ' ' ' 

fi~ish building big vector 
enddefine; 

This involves a fair amount of computation, so the next step will take sorne time: 

vars matchvec; 
findallrnatches{imageL, imageR, cannL, cannR) -> rnatchvec; 

(The program could be made more efficient, sin ce it calculates many match strengths twice.) 
• 

We now ha ve all the matches. First, we can use them to plot all the matches in the (Z, Y) plane, 
su~.:rimposing different X values. This gives a side view ofthe scene, with the camera positions both at 
the origin. The cameras are looking left to right in the diagram drawn by the code that follows. 

re new window(300, 300, rci show x, 
[0-120--60 60] -> rcg usr reg; -
rc_graphplot([], 'Z',-[],-'Y') ->; 
XpwSetColor{rc_window, •red 1

) -> ; 

appdata(matchvec, 
procedure(match}; 

lvars rr.atch, X, Y, Z; 

rci_show_y, false); 
;;;·set coord regio~ 
;;; show coords, set scales 
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;;; Use the 2-8 :o 3-D p=oce=ure. 
~m_to_w(explode(;:-,atchl) ->.(X, Y, Zl i 

rc_d=awpoint{Z, Y); 
endprocedure); 

.... ! 
¡' ... ··: 

1'• 50 ¡¡· •. 100 
·¡¡J: ' . ' l ·z 

',· 
' ' •' 

The results are far from perfect, but the tripod at about Z = 65, the object at the left at Z = 80, and the 
background objects at Z = 90 to JI O show up clearly, "'1th a few fa! se matches scattered around. Thé 
·esults can al so be projected onto the (X, Z) plane, which yo u can try, or indeed plotted as if they were 
viewed from any given direction, though that requires coordina! e rotations which cannot be covered here 

Second, we can loo k at the matches superimposed on the edge maps, by colour-coding the features 
according to disparity. 

vars colours = ('red' 'blue' 'gree~' 'yellow' 'purple' 'orange' 
'pir.k' 'firebrick' 'wagenta' 'brot ... :n'}; 

rci_show_setcoords(cannL); ;;; Set ccord system 
appdata(matchvec, 

procedure(rnatch); 
lvars match, colL, colR, row, colour; 
dlocal re window; 
explode {m?:tch) -> (colL, colR, re· ... ·); 
;;; arbitrary rnapping frorn dispar~ties to colours 
colours((colL-colR+40) div 8 + 1) -> colour; 
winCL -> re window; 
XpwSetColor(=e window, eolour) -> 
rei_drawpoint(ColL, row}; 
winCR -> re window; 
XpwSetColor(rc window, eolou=) -> 
rci drawpoint(ColR, row}; 

endprocedure); 
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This makes it easy to see where incorrect matches have occurred, and also provides a form of depth map 
ofthe scene, with different colours indicating different distances away from the camera. 

Other matching methods 

Although matching based on grey-levelleast-squares differé~~~~ ~orked reasonab.ly . .Wen, it is 
computationally quite expensive, and there were sorne erroneous matches. One way round these 
problems might be to match higher-level features, such as straight line segments, and this kind of . 
approach is sometimes used in practice. 

t Another set oftechniques in vol ves using the third constraint listed above: that points near each other in 
~:. the image will usually ha ve similar disparities, beca use the scene is made of coherent surfaces This 

constraint has been formalised in various ways, for example in terms ofthe disparity gradient limit used t in the system developed by a group at Sheffield, described in detail in TEACH *PMF. Prior to that, the 

.. 
!( 
i'· 

constraint was discussed by Marr and used in an interesting way in his cooperative algorithm for finding 
correspondences. Using disparity smoothness is probably particularly ap¡Íropriaté when trying to match 
images with a high density of features, as is the case with random dot stereograms. It would be less 

·~ .•.• 
1-;. . .· .. ._::·:::.·.·.-.. : .. :..:. . ... 
~~=· -- . ~~ . 
. 't . Marr also proposed a method of stereo matching based on scafe-spa~e id-éas. In this, the zero-crossings of 
; '(i¡;';. large-scale DoG filters are matched initially, giving rough estimates for the dispanties; these are used as a 

suitable for the rather sparse features we have been working with. 

• if_'T' guide to initial disparities for matching at a smaller scale, arid'só''on 'ilntilrrúitc!Úñg is dóiúi on t!Íe smallest 
.•_:IJ.I". ·~·• ~· ' ·- ,~L~-····•• ''·~ ' t •' • ' ... 

: ;!;'.: visible details at high accuracy. Nishihara developed this approilch in·-a: prográm intended fór real-time 
. ;,f stereo matching, which works on the kind of binary images. displayed in th~ zerg~crossing 'seétion of 

1 T TEACH VISION3. -iP>t;: f}~J~~~-: ::.-::G·;?:·~;::.T . _ . .:: · 
A rather different way oLestimating stereo disparities hanecently liécome proininent. In this, the outputs 
of a set of convolution masks, sensitive to particular spatial frequencies (see TEACH VISION3), are u sed 
to estimate local phase shifts between the left and right images. This kind of method is probably best 
suited to images with small disparities. 

Summary 

· On a first reading, you should: 
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• know what the terms stereoscopic vision, perspective projection, stereo disparity,fixation point 
and correspondence problem mean; 

• have sorne idea how the pinhole camera model allows us to relate the positions ofpoints in 3-D to 
the positions of their images in 2-D; 

• have seen how 3-D information is implicit in a stereo pair ofimages; 
• understand how grey-leve! matching can help solve the correspondence problem; 
• be aware of other approaches to solving the correspondence problem. 

When you have followed the file in detail, you should also: 

• understand the image, camera and cyclopean coordinate systems; 
• know the equations for perspective projection, and understand how they were derived using similar 

triangles; 
• understand the image-in-front-of-the-lens camera model; 
• have looked at, though not necessarily derived, the stereo position recovery equations for parallel 

and converging cameras; 
• understand the teim epipo/ar constraint; 
• understand the sum-of-squares match quality measure, and how it was applied; 
• understand the Pop-11 code used; 
• be in a position to try out, if you wish, alternative approaches to stereo matching, and investiga te 

tlieir consequences.. · ·· · · 

.fere are links tó<"" ;..,_. 

_ .. , ), . . l' . - .. .. ·:..:' .. : . ~ 

• the indéc of teach files 
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Mobile Robots 
A Prol'ing Gronnd for Artificiallntclligcncc 

R. l'cter Rrmarso, Dm•id Kortrnkamp. rmd Ro/,in Murplry 

T
hi~ hook i~ :1hnut :1rtificial inrelli~ence (Al) :1~ :1pphn! to mnf,rm-mn­

hilc robot~ th:n rcrform t:t~k~ u~dul 10 ¡wnpl(· in :m mtdli¡.;em way. 
\'(/ithm the~c p.t~C\, ymt w1!1 flnd rcport\ on intcll1¡.;ctll robot~ m oHlcc 

cnvironmcnt~. ourdnnr~ 011 l:md a11tl undcr water, .11<>11t' or in conccrt, :md in 
:md :unong pcople or in remOle locar mm. 

\Vhy i~ this hook rdcv:1m tnday? The tmpctm h:t~ come frnm 1hc ~uccc~~ of 
du~ Amcncm A~~oci:nwn for An1fiet.1l lntclligcnLc (AAAI) Rolmr CnmpctL­
tinn :md Exhihirion hcld nvn dtc pa~t five }'l':lf~. Sincc thc fir~t ~Jww in 1'J92 
in San Jmc, Californi.t, 30 diiTncnt rcam~ ]uve competed, and almmr thar 
m,l!ly more h.tvc cxhihircd intdlige11t robo!\. J'.miLip.tnt tc:nm :l!ld exhthitors 
havc cnrnc from a~ far aw.ty a~ Korc:1 .md ,¡, ne.tr :1~ thc hmr cny it~df. 1hey 
havc mcludcd univennic~. cnmp.tnic~. ami :u! hnc gar:~gc-ha~cd tc.un~; rhcy 

have hccn compmcd of um.lt·r¡.;r.tduatc~. younr; cturcprem·ur~. and ~cnior prn­
fe\mr~ alikc. Al! the rc~m~. howcvcr, h.wc hecn unificd in rhcir purpmc-tn 
rc:lli7c rohn1ie ~gcnts dut. 011 dJl'lr nwn, can ~l·rvc ami work w11h lmm:1n~ in 

nautralenvironmt'IH\ Th.tt i~ thc1r pa~~ion. Thi\ pa\~1011 h;l\ a rathcr ~trai¡.;hr­
/Orw.trd rcclmJCal e-:pLm.Hion: to integrare mftw:m· a11d h;trdw.tre 10 get thc 

rohnt tn :ter mtclligently :md autnrHJmnmly 111 a givcn 1,1\k .tnd etlVIronmeiH 
Thc tn1e hre.tdth :~nJ tkpdl of thi\ tuulcrt:lkmg. hmvt·ver, c.m only he \t'll~ed 
when you watch onc or more of dJt·~e cn:atun·~ runnmr. ml.ltteJHit·d 111 tite 
cnmpetit1on aren:~. Actor Alan Alda-lt:lping w1th l'XCÍtcmcnt :11 thc I'J9(, 

compentinn whcn onc robot, .lftcr nuking l11rlc ht·.ttlway in ir~ ta~k. fin:tlly 
~uccccded wnh hm ~canr wwnd~ left nn tftt' clnck-n•m;ukcd th;u only rl1en 

could he under\land why tite L<>Jn¡•t·tirnr~ undertnok \ULh .1 rt·diou~. yct ulti­
rn.ucly rew:mhng, t:t\k. 

1 1<1\\'CVL'f, tl1c .Lompetltl.nn 1\ rctlly o11!y a f(Kuwt! rcflectl(ll\ <1f riK· lm•:tdt'r 

progrt·~~ rh.11 A! rc~t'arcllt'r~ h,li'L' nudc toward huildin¡: :111 .trnllo.d pt·rmu Re-
scarch in 1he flciJ of mohile rnhnr~ i~ cntlc:J.!to dtt' Al uJnm hn-:u1~c i1 

force\ rc~earthcr~ ro cnnrJcet Jll'fCl'Jl!Íon to aciion tn mpport i1 ,.'lll hduv-



.¡ 1\ll~A''-tl.l\illlll ""·'~11· .. 1:-:11 ,\!tml'lll' 

1nr. '1 hl' CCliHil'ltmn cm tlkl· n1.1ny ¡;Jnlh. ·'' ¡, dmw11 111 1he dup¡¡·r~ nf thi~ 

hook, :111d 11 lic, ,1( thc he.trt nf wlur i1 tm·.m~ ro he .In 11Hdl1¡.\t'tlt 'YStt'lll. ln­

dn·d. dw revoltH1on in p1.1ct1c:d. intelligcnr tnhot' li.t'- hccn fonH:mnl in br¡;c 

lllt'.l'llrl: by Al tl'\t:,Udlcl' 1ryin~ 10 brin~ their work 111 ht".lr nn mohtlc robot~. 

'1 hi~ progrt''-\ l rcpt .!long :11 .1 \n,¡i]'~ p;'ll'l' mltll :1 fundarncnt;'ll p;'IT,Hiipn ,hift 

too k pl:1tc :lrotmd 1 'JR5. 

The Sensc-Pian-Act Para(ligm 

'llll' link ht·Jwt·tn mohilc rohotiC\ .md Al w.t~ proh.1hly llm forgcd with ~ll¡\1\I·Y 
dH 111hn1, tkvdopnl .11 thc St.mlind Rt·,~·.lrch ]n,uuuc m dH. l.nc 1 '}()()~ (Nd'­

\ll!l l'J(Í')) i\ltt'l thc 1lmm.IT1\ l'J71h, tht· [)cfemc Adv.ultcd Re\t".lrl.h PrOJt'Ct~ 

Agcnty (l )ARI't\) Sn.Hq!,iC Computing Prngr.un f!,l'lll'T.llnl rcnewcd rt'\C.Itdl 111 

thl' 1 'JH(h wnh 11\ ;'lt¡wnomous l.md vdHclc (for l'X;'Impk. Andrc'-<'11 l't al. 

l l'JH'\j). B~· tht~ tinn· (l.lrr,dy ,1\ ,1 re~ttll uf thl' fu1HI1ng q1ppon from thc gov­

t'T 1111\L'Ill), A 1 rc~c.1n h w.l' hcgmn in~ ro produce, .mlOilf!, ot hcr t h m¡;\, U\eful .IU­

tnltl.llt'd pl.mn1ng 'Y'IL'I\1'-. Such l:11¡_;c ~ofiw.ue ~}'\IL'lll~ l.nuld t;'lke .1 go;¡], a \t.ut­

tu¡.; 'ltll.llinn, .uul a dt•,ircd '-1\ll;'ltwn and gt·ner.Hc ,In ordcrnL fini1c \et of 

.Ktinn\-:KI!Oil\ fi>r hm11,111 .lf!,e!H~ litr the mo~l p.Ht-¡h.H would IHIII~ .lhoul 

the de,irn] \IIU,HIOI\ \\'n\!l'll Jar¡;ely in J.i~p. ~lldl pJanning ':<'~IC!Il~ admitted 

tht· llllt.ltt,thlluy ~·f ,ulving gl·nct.tlprohltm, lly lnLolpor:Hin¡..: l.n¡:t· aiiHHIIH~ of 

dom.1111 knnwlnl!!,l', 11KI1alm¡; dnm:un·\pet:t!lc analyric funl.tilm~ u~ed to prcdict 

thc litttttc 1mplit.IIU111'- <lf':tltinn~ h ~ecnwd onl~· rl'.l\tl!lablc tl1cn tn ,llllll}' the\e 

~~'\lt'll1' tn robot pl.ufimn' a~ a firq stt·p in reali1ing an atttonotlllllt~ :nrificial 

:~gcnt 'l11e gcncr.ll .1ppmxh t.lkt'n. ovcrlr \tmplilil·d. i~ ~hown in llr.urc l. 
Sen,nr, from tht• rnlmr wou!J pupul:ttc thc lnwcr rq~iom of ;'1 l.np;.e ~trucmre, 

U\tt:dl:· .1 cnrnpk·, '-l'lll.mtK nu, th:11 \l'rwd .1~ .1 modt•l of thc world. Thi~ acrion 

nndd he tinw con~\l!lling-even with \nnple ~c1w•r~. D.tt,l h.id tn he t:ondt­

IIOIIl'd 111 p!c_,t'1H to tlw wmld modt·],¡, ddlnitive a "gn.d a~ pm~ihlc. \XIhcn the 

~cmnr w.1, a C.llllt't.1, al! \'1'11.11 J.ua in l'ach fr.unc (typic,lllr. 512 '< 51:! x R \m~ a 

rr.lllH') Wl'lll tht1111glt ]'fl'!'T<lCC\\ltlg, known .1~ r¡¡r()' 1'/S./1111, to yidd d1c itn;'ijJ.C 

'-fltltlllll''- th.ll t\w \\o1ld mndt·l l.ntdd Jll<lll''-\. 'J'ht• world modd wou\d tnter­

pn•t the wmor d.tt.t hy lwrcol.ning tlll' llnpliclllOII~ 111' 1hrough the netwotk un­

tll lo¡;lt.l! propo~iti<HI\ .1hom tht· ~1.11e nf tlll' worl,\ werc produccd Thc\C 

]Hnpo,ition;'ll accotmt' of thl' wnrld ,t,lll' thcn \Crwd a~ input, .1long wuh 1he 

go.1l .md pm\lhly ~nme tl\t'T prefercncc~. 10 the planning proce~~. which would 

chum thrnugh tht pm~ih1l111t'~ tn produce a wl nf ;\lrillll~ that wou\d prnv;'lbly 

hring .tloont th~· t\c'-i1cd ,itu.uion F.1rh \ll']l of tlu, plan wnuld tht'l1 ht· l'·l"etl to 

thl· l.tliHrnl levd of dw robot for cxccutlon, which mcanr 1hat thc phm h;'ld ro 

indutlc .tcWHl~ ,\nwn to the acmator lcwl. For ex:~niple, 1f rhe fir~t pan of a 

:'!.m :o w:1rch f{¡r tr:J n.:aieve ::1.11 item w.1s 10 movc to ;'1 loc;'ltion, the first two 

INIR!lDUCiltiN 5 

( '"""'"" ) 

Ftguu· 1 ¡¡,,. Jrll<t'·f'{,"~'~" 1 (S/~1) f%11111/,r.;m 

71Jr ll'or/t! modrl Ílltrrpr!'lrd tl" u mor t!ntn sw/1 thr~t n p/n~1 roulr! ¡, r,rnf'mut! 
l.irrh ttrp of tl,r plmr WflJ thnt f'Yrnttnl mmg rhr robot (OI/Irn/ J_Y;trm . 

command~ might he "wm O S(, r;'ldian."' ami thcn "movc 122 2'\ ccm 1111 ,. 1 cr~." 
Now thc rohm i~ movmg In a fcw sccond~. it~ C;'llller:t\ dctt'ct 1n ~~~ p.uh .a 

l~rge pnthnlt th.ll 1~ no¡ pruliUL'd hy thl· world lllOdt·l Thc wn,or inl(mnatmn 

¡, proce~~ed: the world modd ¡, popubtcd: .1nd at mme point whilc thc world 

mndel is trying to :l~~ert th;'lt thc large hlack bloh on thc gromnl ¡, ;'1 depre~~ion, 
nor ;'1 sh;'ldow, thl' robm f:11l~ into tht potholc. Evcn 1f <lownwud-lonking ~IIO:lr~ 
are u~ed, thc cm~h migln occur during onc of 1he lcvcl~ of pl.m npcr.ltor dccom­

pn~ltlon Thc poinr i.~ th.H thc ~en~c-pl.ltl-act (SI'A) cyclc cnuld not run f:m 

enough to kn•p up wHh tht ~t;'I!C of the rnlm1 or rhc world. Much nf the early 

\\ork 10 applying Al to robog involvcd n1.1kin~ tlll· SI' A cycl\· f:I\1\'T-f:,qer ten­

tr.ll procc~~ing unit~, more mcmory, fincr-mncd ~cMch algoritlun~-or making 

thc rohot run mnrc ,Jowly. indl'nl. 'o 'lowly th:H j¡ h:udly :1ppe.1red fO he rnov­
mg at all 

r:rom the ~tandpoint ol' huildinp; ;'lll artiflci:¡] pcrmn. nr mulmid. figure 2 
(~\on;'l~m ami Dcan 199(,) <lc~cribe, thi~ ~iuwion more ~t·ncrally. Thc robot'~ 
Vlt'w ofth~ ~\ollt! W;'l~ tr.m~minnl dircctly to thl· brain U\Íng a gmcr.11 ~e 11~ing 
app~ratu~ 1 he amnunt ni d.tl.t mov1ng froiJl tllt' \C11~tH\ to tht· U'lllr.1h7 td cnm­

putmg fC\OllflC\ W:J\ \tgndlcaJH: thcrefore, tite l'Oilllllllllic.nion w.l~ ,J0 w ;'llld l'X· 

¡wn~ivc. In tltt· hram. the world w.1~ recorHtrtll'tcd mto a fimn th.u the re;'l~on­
ing could ~roce~~. The robot~ rd1cd no huilding ;'lmlm.limaining tl1e~l· complcx 

reprC'~eJHauon~ of rhe envllnnment. l'hc~c n.:prt·~entati<lll\ wcn· nHltiv;'ltnl nm 

hy tlw 1.1~k .11 h.Htd hut hy ,1p.trtltUl.u Kch1uil1>p' l<HI\l'rll<'d wuh ];t'ltn.ll 1t']HC· 
~t·ntatlon~ ni thc wnTld, pll:<''it.llly re~ulting i11 much oiT-hoard lnmp 111111g ·nr 
vcry lar¡.!e rohot~ 

E\-cn 1gnoring t!w comp111.111011:11 tl\crhc;'ld, it w.1~ dillicult 1o kccp tlw corn­

plcx rt·pr<·~ctl1:tticm~ in ')'lit' with thc re.1l world. ·¡ he\l' IJ.Iro<plt' rqne~ent.uinm 
!l.tn.ICd out. to he impr;'ICfll.al :md urJm·cc\~,lf:'· Nnt only w,l\ tht· rcpre,entation 
ddlrcuiT. d 1101 11llpm\rhlt·, 10 m.1111t.lrn, hu¡ thL· ,1\\0ll.llt·d pl:11111111 ¡: wqt'l\1\ .tl­

temptul !O ti~C ~11111larly rid1 rcprt'\{'JH,HIOI\~ /(rr plannlllg :111d prnh~11on LJ 11 • 

certainty made thc umkrlying dynatntc~ Jdlicult tn modcl .mi] thc represent;'l­
llom of dubiom V;'l!uc for mo~l ~~~ks. 
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fi.~ltl<' .!. 1 lor n/1/y <tri 1•11" 11111' ,¡, rr'f'!r<rmn/ 111 1111 rllltj/1 1t1/ {'f'f""''· 11r mJtlmir/ ()'ifl1111,111f', 

. tf,.. ,.,,,fr Ammw 1/0I'tf<. ll'r rfrp1rt rlwlnllillf:t< brmg 111 tl>r rofmú hrl/y) • 
,\fmt ,¡ tf,,. mmpu11ng ll'ttJ rour,¡h.:rrl, wuf, thr llltl/11 pr"' t'HJ!tg umcrrunlu'll/1 tf1r rrwn­

<llt~< lloll of t!w ll'm!t!,nultl'lrf, tf,f¡/,,.,,lfl/•1' n·1Nm111.f!. sm(• "'1'/,mning 

Thc Paradigm Shift 

In l'JH(,, Rod llrnok~ puhl1dK·d .1 l.mdm,nk ¡upn on du~ mlmonptwn ,¡rrfntrr­

ltm•. wl11ch hn.tldcd :1 fund.tnH'nt,¡Jiy di!T.,·n·nr .1pproach to )-;l'Uin!-; rnb01 s ro 

tOIIlC .111\T 1\n>nb, ,\ Vl'llT.lll orthc COil1JllUt'r \Í'IOil ~"fllllllii~ÍI\' ,\n•d Ít~ .l!trn­

d:l:\l lru'II:H''''I', lwg.m 1hrnk1ng .1hout ho1w .mrm.1l' \tTillcd w hring f:,,t, ~p!.:­
cdu.: hduv1"r' lO hl'.ll to 'llrvrn· l1l dll' world lhoob w.l\ no! to thc fir~t ro u~c 
t he findmg\ or cdwlogicd rt~l'.lrdl (f(¡r l"(,unple, Arhih [ 198 1 J), hm he w-.~ rhe 
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,----¡ Build a map uf thc Cll\Írunlncnt, etc. 1---
-\ \X':~.nJI.'r r.1ndmnlv amun<ll.'n~irunml.'nt 1--
--r AH)l<l cnnt:tct with nh~t.K!I.'~ r-

Rohu~t lr:tn~it anJ Stltinn kccpin~ 

ll:rt,urr 3 TI"' m·u• wntwl /''mu!z~~~~ 
Url,,tl'ion 11rr run 111 pnndlrlu•tll• ,trlmllll/011 tllthr wlmt ,¡rtw/ltJn. 

fir,t ro hring thmc findmg' w fn11tinn wirh re.1l mohilc 1ohor' 1 k dcwlopcd 

thc mh,umptlon bngu;JP,l' th.u would ,JIImv cmc to mmlcl \OI1H'thir1g .m.dognu~ 

to .m1m:11 hduv1or<; in tiglu wll'>l'-:tLI loop' mmg :l,}'llLhrntHll!\ llnitc-\l,lll' m.l­
chlnl''· ·¡he !ir,¡ ,et (lfhch.l\'ior' !nr .1 r<lh<lt m1ghr ,¡l,lf'l)' l>l' u~<·<lt<> .>~md kl­

ting anychrng come too dow hv TlllllllllP, .1 lirtl(· w.l}'' .IW.l\' hut odl<'IWÍ\t' \l:md­

mg ,¡j[[. Annthcr higlu:r-lcvd lwhavior rn1ghr he to rnnvc in ,t P,IVl'rt dtrntion. 

Tht<; hchnvror would dornin:uc 1he oll\T:tclc-.woidallll' hch.1v1or by 'li]'J'rt·~,mg 
Lt<; output tn thc .lcru.uor<; unll.'~~ .111 ohin't gm wo dow. l he h1¡.:lwr kvd~ <;trh­

~umcd thc lnwcr lcvd\, lll'ncc thc n.unc of the .trthitl'tturc Thc rr:,ult w.l~ a 

rohot rh.n cnu\d wandt'l around ~ l,¡[mr.nory for IH>UT\ withnut lolhdin¡.: intn 

oh¡ccg or nHJ\'111[; ptnp\e, 11111\f; only \lrnplc \oll.H or lnfr.ntd ~emnr~. 
In <;[wn ordcr, Brnok~ .md hi~ ~tudcn¡<; werc dc1'l'lnp1n¡.: hi¡.:hly rnohilc 

rohor~-mohot~. hmh whn·kd .uu\lq•,p:ed-tha! totrld th.l~t' rnovin¡.: ohjcu~ or 

pcople; nrn ro, or hidc from, hght or ~ound; tH nq~oti.1tc :t cluttt•rt·d bnd~c.1pe 
~uch :1~ m1¡.:lu be found 111 a n1¡.:gcd outdoor l'tlVIfll!IITH'Ill In :tdditinn, tlwy 
grcw in ~ophiqic:HIOil. 'l'lll'rc wa\ ll! IU\11{!, :1 \Od.t-can-tnll<ctin¡.: rnlmt (Con­

ndl 1990); CEi'Cl !!S, ;1 rnhm rh.u k·arnnl to w.1lk (M.1e~ ami \\roo k~ 1990; 

f'rook<; 19R9), 1010.:1 h.1Hway-navig.11ing rohnr (M:tt:nic 1992): ;Jrtd I'O!!Y, :1 

wur-gu1dt rohot {Hot,wlll 1')93) 
Thr: Al {O!TlllHIIlity W.l~ altcrl\.lll'l)' r:,~LIJ\.lllll arnl fru~tr.un! hy thC\C '\n·:l­

ture~" Thcy wcrc frmtratcd hcc.wq· dtcy t!id rtnt w,utt w ~rw up thr: cxpccrrd. 

powcr nr rnrmal ~y~tl'lll~ or comptllt'f \'1\I(Jil, lmt they ditl W;'lltl tltt' rohng (11 

<;un Íl'l' .tnd pt·rform at th<· n.lmr.d p.ltt' of l~t~m.tn\ .md tht·ir 1'11\'irntHnt·nt~. 

lll\lth :1\ 1\rnnk~\ mobot\ \l't'rl' delllOil\tr,\!Írt[;. f [oWt'\'l'f, therc \\1,\\ )IOJ'l' heC.Ill~t' 
c~'>cntiallr Brook~ w.l\ ,Jdvocatmg not \11 nwrh in~l'n irtll·lligt·nu· hut a com­

plctc rcarran¡.:cmcnt of tll(' SPA cytk. ,\<; ~hown in fi¡.;trrc 3 
The Íllca \\',¡<; to hu1ltl 11p op.th1l11y in thc rohot throu¡:h hduvior~ tl1at r.111 

rn p,lr.tllcJ. :tllOIIl[lii\J\Irtg f10\~lh1:· UllllJ'Ciillh ¡;n.1k '](H'\l' lll'haviol\ UH1fd l'~t'­
Cutt wcll \\ith'1n thc cyclc tirnc'i nf mmt tl.Httr.tl env1rnnmrnt~. yct with .t re.t­

~on;Jh[y ~implc arbitT;Jtion .nmmg pl.lh ha~cJ on prinritic<;, 11\cru! f.\<k~ toufd he 
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.HttJm¡,fr,fw,l ·¡ lw wnrld nwdcl w,1, no11' .¡,,,,rhurcd .trnon¡.: tht" heh,,vior,, wirh 
••nl1 rlw r,·Jn·.uH p.111 tolrlw Tll"dtl h,mg prntv'wtllor t\ILh hch.Jt'll!l, Simp/1· 
pl.1u gt'll<'I:HI<HJ, mm¡ h· lnr p.r1h pl.llllllll).:: •• md the u>nlpil.uion of rhe fl'\llhin¡.: 

ll<'ll<nrk ol .ltti"ll' 1\'l'rt' done hr.Jore fllll rime Rnurning ro 0111 J'fC\IOll~ n.Jm­
pk. ,¡,,. rohot undt·r tiH' rww t<lllltnlp.lrldlgrn wnu)d dt•tt:Lt dlt' potholt· WHh 

"ne n( 11\ low-lncl heh.11 mr,, ¡m·rge .l!l ,!lord.Jnte vcnor wid1 rhc Lllrr<"lll du,·c­
IIO>Il lt<I<H, 111.f \l!l<HliJ¡/y lnT IHHII t/n J.m¡.:n 011 j¡, W.!y 111 J(\ go.d 

1 hi, ¡>.H.Hil_t:!ll ,jllft in l<'flll' of our .lndr,,d .ll<hittTturc ¡, 'hm, 11 in figu1c <'! 

Ir "< ku.u 1<'111<<11>1' \11111'1' 1 1< l"c" 111.111<>11'> <<>1111'111<<1 tl<o't'l lo> 1hl' '>l'll'>ÍII¡: ap­

¡>.1! 1111, .md t.lll,,,.¡ ''' rht p.HIIlllbr t.1'k' .u h.1nd. ·¡ h,.. ch.tngc in rl'ptcwnt.l­

tlo>ll 1<'\IIJt,·of Í11 \111,1//n <•llll[liii.IIÍI>II,If Ht¡llif<'lllt'lll'>. <:<>11f'l<d Wltfl illljll<ll't'd 

lt'<hiH>Inp• 111 nrm¡•wcn .md h.Htl'fÍL''>, on-ho.ud cnmptHIIIJ.: rl11" hL'Lllll<' pr.JC-

11<,11. .uhltllt rnhor, lo,·o.IIIH' '111.111,·1 J ¡,¡, '>hl(¡ lo> fl'.llll\'t' kind, 11/ u11111nl :r/,,, 

111.1!l"d 1!1\' li"t '>l<j>'> '"11.11d 11\IIJg dl,lldlllll'd tllllljlll!lll¡.; lnp.1niur!.rr, rnhot 

lll,!llli/.ILIIIIl'l\ ll<'ll I!Uikerin~ '>l'll\llf 'Y\It'lll\ \IIth \elrllllll.llll<'d JlfOll'\~ing 
.111d 'LIIld.ud <ornllHrrriLu~eon hrN'\ ·¡ l1rr,, tht' 1''·'' ric.'l''f ,,(plu¡:-.md-pl.,~· hc­

h 11'1111'> IIH lt'.l\l'd tlw lllllllllt'r ol ll''<'.lldwr, 11 h,, t 111dd dcw·J,,p I<'.Ktll<' rorhol\, 

ln1elligcn1 Hoholo;: Tlll• Nc\\' W:wc 

1 nJiflll'lllg 1\llioJ,.,\ '>tiC<l'>\, \LI'l'LIIIL'\l',lldi gi<~IIJ"• ~lllllt' lll'\1' .llld \Oilll' 1101 \0 

11<'1\', hq.;.m rc.Jdi'IIL.Itlll~ "r <'\plnuing rhi, .,¡,¡¡, '" Íntrc.l'<'d l'lllJ'h.i'" on ,\\'11\­

ing .JrHI .lt:ling .md rnluccd t'lnph."" nrr l'l.Jnlllng. t\rhd, .rnd t\rk111 (Ad.:in 

l'J:-17) J'lolwc~t·d thc· ll<.'W p.11.td1g111 Jf-,,m .1 u>gni1iw lllt'llLC Jll'f'>jlt'CtiVL' Wlthin 

thc rohotÍl~ cornnnmny. C.illing rt rlt'IIII!I-IJI!l'lllal prraplinn. 'Jim .tppro.Kh ha~ 
J'rllll'l\ U\dirJ Íor lll.lnÍpuf.1111111 {Jhcr.JJI :111d f ,\'1111\ ] ')S/¡), II,IYJ!',.lllllll (1\rki11 <'[ 

.d I'JH7). .u~el '<'11\\11 lir,ion (o\lurph,l' I'J')(r} 1·11"'" h,l' 1\.h.urh (l'JH5) ;md l'.ty­

ton (l~JHrr) illu1trarc rhc fl',\Ctivc mm't'llll'IH origm.Hing 111 cngmt'cling fidd1. 

Form:~li,ing: thc Rcaclions 

For d1t~ t\1 (!rrm,tlim, tht' work of.Stan Rmcmcht'lll .md lt·~llc K.wlhling (l!)R{,) 
\l,md~ out. 'J lll'}' prowd rh.u if o m· u>uld repn''<'lll rnhot go.11~ ol q,ltc .tchicve­

mt·rJI .nhlrn:unrentmt· 111 dw linrn of .111 deuromc cncu1t .. t t·nn1iqem l<'man­
,¡,~ t<nrld lw 111.1intamnl ht'!\l'<·cn thc ltlt'lllory ~Lltl'~ uf 1hc urcuir and rhc 'Lile\ 

ol dll' wnrltl rqHl'll'lllt'd hy thc~c ~t.lll'\ Thc 1\1 '( langu.1gr lOillJ>rlcd propo,i­

llon,JI go.1l \I.Ur~ ;md robot :1ctrnm fin aduevmg tht'\l' ltatel irH<I CITClllt~ (:tnu­

:t/1~· t -h.l\l'd \lmtd.uinnl of t'iro.:uir,) th,n Cllccutnlln boundnl time ami mu,tlly 
nn tlw ordcr n( 10 ht·ru. Thu~. rlw pror.rammcr w.11 aHO\wJ tn me a propmi­
tinn,¡J languagt to ~Pl'Cl(Y dt·lired gon/.,, }'t't the rohot w:¡~ Jh!~ ro exccutc tht• rc­

<JIIÍrrd re1ulting :Jctiom 111 ft',d tlnH·. 'J(r de.tl w11h rmdtiplt go.ll~ rh.11 would 
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• 1 ' . mr~ m nctuatrH\ (dw 1U X <:mnpdt·r would fl:Jg con-
cont.cnd for rhe r1o)ot~ 1 ~~n l r) T'T'\ ¡n•wr:Jm~ rypical!y in~ludl.'d .1 ~thcrn(' to 
nictln~ cotnmant ~ {O t ~~ ro)() ' ' " 

:~rhitratc :~mong :J.CtiVC cirtuit~. 

1 > llum:Hl .uul :~rmn.ll Vl\inn .Hl' thc rnmt What of thc me oí CJmcr;¡~ forro rot'. 

' 
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powt'l fu! pt:H.t'!'!Jon 'Y'It:ll\1. 1 !owewr, we havc <;ct·n lmw 1he proccc;<;ing of 1hc 
low-kve! d.n.1 .1lonc, m u eh le11 thc :u!daul!l of r:1p1d control of n pan-tih ht·.Jd, 

1n•mnl w h.\\'t' liule rh.mn· of flttinp. into the ncw p.1r.ubgm Fortun:ndy. m 

rlu.: l.l1t' l'JS(h, an .m.llop.ou<; p.tr,ltlip.rn ,Juft W:ll 1.1kinp. pl.1ce in thc way rc­

\l'.Htller\ wcrc .qlpro.Jc\unp. Vl\lon fi1r .t¡:rm1. 

1\p..1in ming cdtolop.~·· WL'tr.11 re<;e.ndwrl heg.u¡ 111ing .mima! VI\Uallll'h:tVI!H\ 

,¡, motld' for comput.uwn,ll UJUIIIt·rp.lr!l. l'or cx.unplt•, a frop. pmn.mly u~ed lt' 
motion tlt:tt'tllnn to cutlm1¡.: flym¡: fi1ml. Othcr :mirn.1l~ kcyed on 1pccific :11-
pn'tl of tht· tolm 'lll'<.:lf\1!11 r;lf tTit:\111 ud,,. lndcn!, p1ychophy11t,ll ltlldit•<; 
1hownl tln· hu111.m vl\u.1l IL'Itt·rn ro he, nPt q¡rpric;in¡:ly, even more adcpr. The 
hum.tn rt'Iin.t ¡, arr;m<>t·d 11; <;IIth a m;mncr ,1\ ro have :1 lugher concemration of . . 
rt·teptor' in the centcr .md tkue.t~mg mm1her1 r.Hh.u1np. otHW.Ird. 1 hu1, hu-
11¡,111, clo1Ú pwu'" ''111,\lt' ,trt.ty' of d.ll.l, I(Jr t'X.unplt·, 'i 12 x 'i 12 x H hit,, 111 .1 
um1• ,tt-p: r.ulwr, dll'y me lnwt·r-rt·~oluuon per1pher.1l Vl\lnn to w.uch fOr indit.l­
r1011, of motion or looming oh¡cct~ whik· dwy umcentr.Hl' rhe highcr-rc~olution 
n:ntcr nf rlw rctitu-tht: j(¡¡•r·a-tn re.1mn ;lhnm :1 <;pcrific oh¡t·n or p:lrt of :\TI 

ohjt'LI 111 grc.lt dct·.1d llum·.1m don't t·.tkt: in evcrything, .1t onc~· 111 .111 u~ lolor 
. tnd !IIOU!lll dunt:ll'IOn': lll\te.ld. thcy t"onLeiHT.Itl' 011 .1 n.urnw pnrtulll nf thcir 

vi,td fidd 
1\lorcovcr, hum.tn' movr thÍ\ poruon r.1pidly .tlmut thc ctwironment in p.lt­

tt'lll' dict.Hl'll hv tite 1.1~k .u h.Hld .tnd ¡]¡t' l.1't umt· \tl'l' ofvl\tt.d tnform.uuln 
th.H w.1~ prodm~·d. For l'X;unplr, when looking :11 :1 pi cm re of ,¡ f,fOl!Jl of people, 
if o m·" a'kl·d wh.H rhe :tgr~ nf the penpk· are, one'~ eycs 1110\T 111 a p.urnn 1har 
conCl'lltT:IIrs on the f.Kt"' nf the pcoplc. wnh a fCw <;¡'an' 10 d~·1ermine rhe hci¡;hr 
of dK· pt·ople. To determine where a cup i' in thc picturt:, thc t'}'l'l tbrt tp1ickly 
ahmn the picturc for a ¡,1hlt·, 1hen move w dw objecg on 1hc ¡.¡hlc. Only whcn 

to!d th.u they mmr rcmemhcr ;¡<; rn.my ohject~ in thc picrme :t~ pm'lhle wi!lthc 
l'}'l'·\Canning machinery movc 111 a p:mern re<;ernblmf; the sean nf'.1 f'ull im;"tgc :IS 

found in rhc da~~ic ,1lgoridtm' ofcomputer vimm {1\.JIIarJ 191)1) 
Now compu1n vi~imt p.1r.1d1¡;m' \Wrc hcing rec.1c;1 inw snull. quick bch:tv­

ior' dt,H IHH only dt'.llt with a gin-n fidd of \'ICW more efficJently hui al~o whL·re 
ro tll"H pnmt the p.111-t1!t he.td nf rhc C:llllef.l. Thr~t· wdl-ddincd. cnmp.Kt rou­
lil1t'l, 11tch ,1\ tr.td,ln~ .t j-:1\Til tnlor or :urendm~ to pL'npher.ll mnlion, wcrc 

nuu:h like rhe hdJ,IVinr<; lwing Jcvdoprd hy the nou\·eau pl.mrung communiry 
.md tould now !lt' mcorpor.i!l'd a~ .motht:r p.ut of the p.1r.1di¡.:m 1lufl in pro­

gr.unm'mg rohot1 

A New Kind of Mapping 

Juq :t~ Al h.1d mmh to le.1111 from the :tttcmpt\ to 111:1ke rnhnt' intelli¡:t'l1t, 10 
did thc rohour' communitr <;t,tnd w g:1in from thc <;:tme ende.wor A good n­
.unplc w.1s rhc u1e of tmlfl\ I~H robot 11.1\·ip..uion. Early m.rp' in thc rohotic~ 

~.:.1:-:l~~-:-.. ::, \\trc ~.:omc·trtL tn n.uure, nf1e1l a~ ~fll!\ wrth cach cell reprc<;ennng 
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snme amnum of ~p:1ce m tllt' re.tl world. The grid h:ul a smglc-umrdinate ~y~­
tem in which dcmcnt~ werc rl·prc~t·nred. The<;c m:1fH hetann• \ophi,ticateJ at 

repre~rming thc sp:mal ~trucrure of d1t: world (Moran·c ami EIJ(:, 19R5). h al~o 
wac; ea1y todo pad1 planning :1nd obsr~cle avoidatKt' with ¡;comcuic map~ {for 
l'Xamplc, L01ann-l'ere7 Jnd \Vt:~lcy [1<J7'J) .1nd Bnu1k1 [1'JH2)) l!tJwcvcr, gt•o­

mctric tnap~. :t~ :1 p:trt of dtt' tr.1Ji1ion.rl world modd ot' rhe rnhm, can require 

va<;r amo u m~ of flH'Illor~· for l.1rgc arc:t~: in addition, the rnhor mmt knnw pre­
ciscly whcre it 1s so d1:1t 11 C;"tll re.J<;On frnm the m:tp or :~dd 10 11. )11~1 :t~ with 
computl'f V1s1on, trying to 111.1111t.1in .Kctlf:ttr gconll'tric m.tp\ w:r<; llllll)lutation­
ally imen,ivc and cxtremdr d1fficuii lll real-world situations. 

The solution, in keeping with rhc )l;'IT:ldigm ~hif't in V1'1on, w,¡<; dtc u~l' of 

ropolo¡;ic:rl maps (Ku1pcr<; :rntl Brun 19R7: 1\rnok~ 19R)). l';"ttternrd :1ftt·r htlw 

hum.1m reprc~ent spacl', topologlc;"tl m.1p~ rt'pH'Il'IH thc world a<; :t gr:1ph of 
place~ conm-cted hy ares, thm u~in~ no metric or gt·mnctric informar ion, nnly 

the mH1om of proxnnity anJ order. \'V'ith a topologic.JI ntap, the rohor nav1gatc~ 
loc.1lly from place tn pbre, rninimitinp. rnovemenl t'rrnr' Morcnv¡·r, tnpolo~ital 
n1.1p~ are cle:rrly !111tch more crrmpalt 111 rl1cir rcprc<;cnt:1!10n of'~p.Ke . 

Thi, IIOtron wa~ r:tpidly adopted hy tht• Al .11HI rohntic1 tommunitic~. 
Kuiper<; anJ Ryun (1991) cominued rheir work on wpologic.1l rnap~. prmlucing 

a repn•<;ent:rtmn of ~pace c,¡]Jcd rhe spmitt! rrmrmrir hiattrl'h)'· Another imple­
mcnutinn of topolog1cal m.tp,, by Kortl·nkamp :111d WeymntHh ( 11)94), u~ed 

borh son.rr anJ \'ision to tk-!crmine pl.ltt'\ in :t wpological repre\l'fll:ltlnn. Thc 
fim p~rt of 1his hook lll!mtlucc<; ~evcral othcr wpnlo¡~ical-b,J~ed m.1p rcpre~enl:t­
tiom .111d al'o c;ome inirial .mrmpt<; at I!He¡:r.Hin¡.: 1opolog1c:tl ami grid-h:tsctl 
m:tp reprl'lent:lliom. 

Return to Planning 

Alrhough rhc movement ,\way from gl'tlt'r.1l rcprt•st·nt:nion<; w;¡~ eomidt•rnl 

he.tltlry, 1he re,ulting degrec of' 1peu.tl11ation W:l\ Vlt'Wl'd with mnw :lf.trm A~ 

Chuck Tlwrpe of C.mwgie Mdlon Univer11ty ontt' rrm.nkcd ahout Brookú 

robor~: "J wouldrú want one 10 he my ch:mffeur." In point of f.1c1, many rc­

~l':ttt11er' cxploring thc ncw par:1digm had no intt·ntinn of throwing out d1e 
cla,~ic pl.111ninr, hahy w1rh tlw h.uh water. llowevcr, ir w.1~ clear th,tt pl.mn'mg in 
h(l[h lt\ f(rrm ami it~ function lud to he ret!wught. 

'1\~·o rc<;c:trchcr~ irwolved in ;hi~ rctltinking by looking at thl' p~ychnphy~i­
C-11 .l~j)('Ct~ of hum:~n acttvlty werc Phi! Agre ;"tnd David Chapm:111 ( 1l)H7). 

·¡ heir rc<;l';"trch pol!ltrd to C\'ldt'rtll' !11:11 httlll,\!11 \flllll'how put to!~l'tltcr pl.111<; 
for :1ction b.t~ed on thl' su of routine bcha\·JOr<; d1ey c.tn c.nry out ,\fnreon-r, 

logical dt"compo~itinn plannin¡; 1s rarcly invnked 111 thl· COJH\c o( human af­

fJirs, :lnd when 11 is, i1 'ervc<; primarily :1~ :1 J;uide to d1e p.enr rection in 
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which onc should hcad r.Hill'r th,m :1 ¡mHilJlliO!I of rt~id ~er~ of action. 

\Junn~ rhc l.ut• l9HO~ :md c.1r!y 1 ~90~. ~cwr,¡] .1pproachc~ :don¡~ thc~c !itK'S 
wen.' ht·in~ purmed .lt once for intdliht'nt rnhot~. Thcrc wnt· .Htcmpt\ ro L'X­

p.mJ t>rl thc rnohor .lppnr.tch (~hes I'J'JO); other\ wem funhcr tn tlu: dircctinn 

n( cnumt·r;Hing allpo~~ihlc acwm~ min~ pbnnmg prior to mn time (for ex:~m­

pk. K.tdhlmg [19HH] anJ Schoppc-r~ l !'JH7]). Stdl othrr~ tri ni:¡ wmhin:ttion of 
tht'\l' :-tpprn:lchc~ (f<n cx:unplc, Bon:¡~~n { 1991 ]). 

Onc of rhc mo~r import:mt of rhc~c dfort~ wn~ thc work hy Ji m Firhy (1 ~JR?) · 
on fl',KtiVc :lct1on p.1cka¡;cs (RAP~). In ]liS di~~crt.l!lon, Firhy dt>~Crilwd :1. ducc­
[.¡ycTcJ :Jrdmcnurc w1rh cl:~~~ic plannmg :u thc wp, a n-.lctivc !ayer ofhchaviors 
:H du: hottnrn, ami :1 rmdtllc l:tycr wrth dw go.1h of thc rc~ulting pbn execmcd 

:1~ dyt1,1111ic ~Cf]tlrncc~ of thl'\(' hch:wior~ (rh:!t r~. RAI\). \'V'hen rhi~ fr:'trncwork 
w~s ~i~nifktnlly cxp:'tndcd {Bon:~sso ct al. 1995; C:tt 19')2), it hccamc pm~iblc 

w pmgr.tm :1 brgc v.trrrty nf roh01s----or :~ny grnup of cornpmer-controlled ma­
thirK\ f!,r th:tt mattcr-ro c:~rry out a v.mcry of t.1~k~ ovcr long duJ.ttion in thc 
vicinrty of, :md in cnucert wid1, lmm:~n coontcrp.lrts. Er:mn Gat'~ ch:~ptcr in 

thi~ hook on thc thrcc-l.tycred .1ppro:1d1 expbim why it h.t~ hccomc a popular 

appro.teh for thr dr\rgn and implemcnt.ttion of rntclligcnt rohot~ 

Figure 5 ~hnw~ thc currcnt approach ro intcllrgrnt rohmics m our android 

f{,rrn. \X1e miglu call tlm approach P-SA: th~r is, thc rohot pbm hascd on initral 
condiuom anJ cornmon knowlcdge (P) :md rhcn cxecutc~ r!m pl.tn u~rng ~cmc­

:ttt (Si\) hch:1vror~. Tl'Pianning only whcn thr rc,Ktivc bchavior~ nrn out of rou­

tinc ~olutiom. In dt'r~ .trdtitecturc, ~irnplc rt·pre~ent.nion~ are r:ulorcd to spccific 

!.1\k~. Laycred ~oftwarc allow~ hcl1.1vior~ ~uch a~ ohsr~c!c :woidance to coordi­

n.l!c ~rnoothly wirh hch.1vion such :~~ p:1th followin~. A r1ew leve! of 
fOlUIIl~'\-C:Jdlt'd ¡>1.111\-CXrCUI\: hctWl'l'!l thc T~".ICI!\'l" hch,wior~ ,md thc CC!llr,tJ 

hrain, aml pbnnrng ,uul othrr deliberare rc~~oning ¡;uide the procn!urc~ :1nd hc­

h:wior~ in .1ccomplr~hing thc prrmary t.t\k ami intcracrmg with human~ In ad­

{litinn, thcre havc heen ~ome rcm:Irbhlc :1dv.mcc~ in hardw:ue Plug-and-play 
~uh~y~tem~ th:n comhrne scnmr~ and eOecror~ are m u eh mor,· common. 

Thc AAAI Mobile Robot Compctition and Exhibition 

By \')')2, AAAI had dnidcd d1at rhctl' w.t~ enou~h imere~t rn Al .l~ .tpplied ro 
mohilc rohm~ rh;¡t it hcld 3 Rohor Cornpemion .md Exhihirion a! it~ 'l(:mh Na­
trorul Confcrcnce on Anrfici.1l lrnellrr,encc (AAAI-92) in San Jo~c. ']Cn te:tnH 
uunpetrd in rhrcc evrnt~ (Dt•,¡n and l\nn:1~~o llJ'J3) Thc cvcnt~ con~iqcd nf 
fimling l.tllpok·, in,¡ l.1r¡;c .lft'n:t whrk· .1void1ng ,t,uror1.1ry oh,udn 

The di~:~dv:1ntages of thc SI'A :~ppro:1ch were r.1irly wcll aCknowlcdgcd :H the 
flr~t compctition, but we still 'aw a mixcd h:tg of gcner:tllSI~ anJ spcci:1li~ts, anJ 

thc :td\'antagcs and di~:~d\':tmagc~ werc iflmtr.ned in a (tir!y dr:mtltic way. Onc 
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FtJII" 5 'forl,tjs /,ybrirl appmarh tn mrr!!i;:rm mlmtirs. 
Rrarri1'r bc/¡m·im1 r!orr to rhr srmorrarr orrhrumrrd by mrhrd pfnm nprmrm,?, hrtu•rrn rhr 

brlummrs anrlthr rrntm! pmrruor Dt!ihrrntii'C rrmrmmg lrtJ.•rr p/nrr nt rhr 'rntTIIl l!mm and 
srrvrr tn r.uirlr r/or jimrrinnwg nfthr Tf'Jf r>[thr srrrrn 

rohot buildcr took rhc P-SA rde.1 to thc extreme. A rnbnt callcd \CI\IU CHOW, 

built hy Davc Millcr '.lmllm ~on j.1tob (Ye:~plc 1992), lud no computt•r Jnd in­

ste:td utilJJcd ~imple clcctrnm{'ch:mrcal fc{'(lh.tck loop~ lo genera te rtlatrvcly ~im· 

pie hut rcmarkahly dfeetive hciJ.wrnr ~1\'Cn dtc t;,~k at lwnd-lnc:111ng .tml idcn­

tifying 1:111 pnlc~ in ;¡ cluttcrcd aren.!. \CAlti'CR0\'11' did not me a ~y\tt'rn:ltic 

rnllhmlf{¡r cxploring it~ cnvironrnLnt: 111\ll',ld, 11 pul;>rrnnl w!t.u W.l~ t·,~cnti.Jl­

ly a r:1ndom w:1lk. SCARI CltOW oHCrcd ~ dram.uic rllmtrarwn of :1 throrrtical rc­

~ult-J ~hort r:~ndom walk in :111 und1rectcd ~r;tph will vi~ir every loc;,rron m rhe 

graph with high prohahrlity Wh:tt ~CARI (:1(0\V lacked in imdli¡:('ll{C (likc it~ 
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namt·~ake in rhe \\ííz¡¡rtf o[ Oz. ~C\R! CRClW lud no hram~). ir made up for in 
raw ~reed; :Js .1 re~ulr, H w.1~ q¡JI ,¡ Cotllt'rrda ~oin~ inw the final evcm :md fin­
i~hcd fi¡unlr ovt•ral!, hc.rring marry rnorc trarlitronally inrclligcnt robot~. 

Nnncthele~~. rhc wrnncr of riH.· 191J:! cornpctition w:.~ a r~Jhot strong on reac­
tive lwh:rvior~ (in panicul.rr, a f.r~t ·.nn,rr .rcriv:ninn :rnJ re~pome Khcrne) Jnd 
lc.m on delrherarive :rlgnrid11m. David Korrcnk:rmp\ chaptcr rn dri~ hook re­
count~ tire de~i¡;n of tlri~ winnmg robot, C..AitMn .. 

The event w:r~ :111 unqu.rlrfied ~ucce'~ :Hld lcd ro a ~etond cornperirion :rnd ex­
hihrrion :rt AAAI-93 111 W.r~hington, D.C. The Ltsb wcre more complrrated, in­
dudin~ pu,hin¡; !•n>;c~ inro a pauern, cscapirrg from :rn officc with real furm­

nrre, :rrrd n:rvig.ning in .rn oflice building (Konolrge !994, Nourhakh~lr et al. 

!993). Thi~ srcp up in crunplexity provnl to he dillicult /Or thc robots, :rnd thc 
ncxr wmpemion, :H AAAI-1)4 rn Sc.mle, :tgain focmt·d nn oiTlce n:tvrgation :rs 
wdl.t, cm tra~h ck·:rnup {Sirnmon~ 1995). Tire following yc:rr, tire conrpcririon 
!llO\'L'd ro thc FnurttTnt!r !rttern:ttron.J! Jnrnt Confi.·n·rrce on Arnfici,rl lntcHi­
gencc {IJCA!-95) in Mornrcal, Canad:r, witlr a ~liglrdy h:rrclcr ~ct of r:r~k~ huilt 
nrr tht· prcviom cmnpetition {1 !rnklc t't al. !'J96). '1 he 1.1~ks involved giving the 
rohog n:wigatioo dirc<.:timr~ m :rn of1l<.:e huildrng :rnd picking up :rnd \orting 
tr.1~h. At rhe AAAJ-9(, in Ponbnd, Oregon competiuon, (Korrenbmp ct :ti. 
r 9')7), thcre \\',\~ :lllothcr incrcrnent:rl lll(f(';l~(' in the difficulty of thc t:r~ks, 111-

dudin¡; luving rohots tk·tccr thc ou:npancy of a room :rnd lraving rohnr~ carch 
!IIOY!Il].; h.rll~. 1\y AAAI-')7, lwld lll l'rov!(lel!Ct', Rllodc r~bnd, tire q,!{(' of rhc art 
wa~ ~uOicicntly ad\':tnccd for thc nrg.mi1cr~ ro qagc (¡mr competinom :tt once. 

"hnd Lrfi: on M.rr~" conrhincd tl1e npen ~p.1u· rr.IVIf;:rtinn of thc fir~t cornpcti­
, cinn wulr \'Í~ion-ha~ed ~c.rrclr :tnd ~mal! :rniclc manrpul.uron. "\Vherc'~ d~t• Re­

mote" ret¡rtircd rhc rccognition .rnd fcrching of everyd.1y nhjecr~ in :¡ lrnmc, 
Wlt!r,)rrt engrnt·cring rhc envrronrnenr Tl1c "/lome V.rcuum" cnnrc~t rnvolvcd 

kcepmg \l'Vt'ral rooms of a homc de.med, while not d1~turhing drc human occu­
pdtm. In ,t break from thc technical dircction of :rll previom compctrtions, 
"Hor~ ,]'Oetrvn·~ Anyone?" rcquired the rohog to movc abour :r crowded recep­

tion :rre.r whrle \Crving hon d'oeuvrcs :.nd hcing cntcrtaining a~ we!l-:rn evenr 
th:rr w.1~. hy f.1r, rhc moq popul.rr of rhe conteH~ 

Tire rohm rnmpetitron~ prm'1dc ,l good prd~tick witf1 whiLh ro mc.t\Ure 
progrt·~~ in tire fidd (:tlrhough cen.unly nor 1hc onfy mc:r~ure). Tire fim compe­

tiuon Ín\'Oh'ed findmg tallpolc~ ri~ing :rbovc sm.r!l q:rric ob~t:tcle~. 'fC:tm~ cou!d 
nr:rrk rhc pok·, rn any way rl1cy w.UH('(l Tire ohjecr w.r~ \imply tn vi~ir tire pnle~ 
In the mmt rt·n•nt competition, onc t.t~k \\':t~ te• me :1 ~rar~e map w vi\it two 

confcrcncc rooms in an office building and determine rf they werc occuprcd. 

Along 1he w:ry, people could he w:rlkrng in thc corridors, :tnd ha!lw:tys and 
doorW.I)'~ could he blocked. Tire robots :~lm lud ro estim:rtc how long ir would 

t:tke them ro fini~h rhe t:J~k Thc scwnd r.r~k iuvolvt'd picking up ten ni~ hall~. a~ 
wc!l :1~ a moving "~,¡uiggle" h.rll, .md placing rlrem in .1 pen. Thr~ i~ ,\ significanr 

:tmount of progrl·~~ in fivc years, ami many of rl1c ca~c ~tudies in this book .J 
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umcnt rhe diiTerent robot~ thar have performcd exccprionally in thc :~mpet­
tion a~ wdl a~ robots rhat have pcrformed wcll in a ~eparat~ ~~lmper;r~~ e~~ 
outd~or mobile robots pattcrned aftcr rhe ARPA Unm:rnne ,rormr e Jt 

lniti:trivc. 

About This Book 

Thr~ bnok con~i~t~ of thirtccn ca~c mrdies of Al tcchnique~ .:tpp\i~d ,,l,nAoMbil~ 
. l 1 k from compcuwr~ m 1 1e robot~. These ca~e mu.bc~ were :trgc y t:t en 1 l'ft t 

robot competitions, allowing rhc reader ro :ompare :Jnd contral.rl t Jc ( ~ eren a 
. · ami planmng ere, we gwe appro:.ches to t:l~k~ thar rc<¡wrc ~cmrng, acung. . 1 . 1 . . 1 1 1 in thrs 

hrref uvcrview of each case study :rnd expbin why it la~ Jeen me m e< . . 
. l k 1· ·¿ d · 110 tluec 11 rrt~ n:rv1gauon 1 ·1·1, •• ,~ .. ~wcfie~ in th1~ mo :tre < tVI e u · · vo umc. ... .... " ¡ 1 • • 

and mapping, visinn for mobile robot~. :~mi rnobrle ro JOt are IHCCtllrcs. 

Navig:~tion and Mapping 

Thc eh:. ter~ in this scction conccnrrate un thc issuc ~f gcuing :rrouml in the 

world S~bstanri:~.l progre~~ h.r~ hcen made in r!-m arca m thc l~n fi~e yc~rs, :~: 
tlu~n: ~re madny cxcdk:lH )~ol;;:~ 1111~¡~~ t!:dp~~~;!:~;~:;~ ;:::~ttr:~~~g~;~;~~;r~~~~;J~ing (lm~mon an orrcm:toon e · • . . d :rp 

rr . d 1 lC mcrhods for mobde robot n:tvlg:rtton :.n m. -ch:tptcr~ 011cr rnc -:rnc -tn 

pi~~:h;r\ti:Jn Thrun ami hi~ collcagucs Arno 1\uckcn, \X'n~ranr nrMIT?:Jird, IDK'',"II' 
-~ · · · TI ]-l 1m:1nn ICH':r e. Fox Thorsten Frühlrngh:ru~. Daniel Hcnnrg, mrn:t~ o .' h . 1 , 
d,'limo Schmidt Jc~cribc ;¡ mohile robot callcd !U liNO. 111 t e~r Cl:\~)ltc~ on 

an . . TI , ~cnt an mnovanve tet rmquc m'P \e-¡rninc> :rnd hir>h·spced navrg:.non. IC) pre . l . l , 
' ' 

0 0 
• ¡ TI . ]m g1VC a gom 11m ror 

for conmucting topnlo~ical map~ from gm t·lap~. ]ley l:r ng ~ith hoth ¡;rid 
crformrng locali7:ttion within m:tps and ( 0111 ~ p:rt 1 r :tnnr 1 

p d 1 1 Pin:rll)' they <lrKu~~ vi~ion-ha\cd :rpproac le~ to m:rp~ an ropo ogrc:r m:rps. · • 

hurldrng rn:tp~. 11 1 Cl 1 Cohen Ulrich 
D ¡vid Kortcnk:tmp and his collc:rgue~ Marcm u ler, larl" 1 1, 

. 1 Cl ,. 1 1 scrrhe CARMI'l 1 le ro mi 1 r:.r won Ra~chke. Fr~nk Koss, a m ·are .... ongt on <e • . · · '. Th 1 ~ robot 
tire fir~t AAi\1 Mobrlc Robot Compcriuon ,rnd J·.xh.thnron 111 1992. ji Id l. _ 
. . d :t high-~pecd ob~taclc-avcHdancc teclrruque callt·d tJrctor- Ir . m 

rmq;rarc .. (VI'I·I) 'vrth ·¡ ~tml'l' yet c/Tectivc, ohjcct-recngnilion techmque. 
rogrttmmmrs · ' · · ¡ ¡·. n~> 

1 1 , e VFH p:rrlr ¡llannirw vi~intr-ha~ed loc:Jir!atron, :IIH o lJlll re ¡ro-A gnrlt 1ms ror ' · · t">' 

nition :ITC descrrbed in dctail. 1 r 9911 AAAI 
llbh Nourhakh~h deKrihe~ :¡ rohor callcd DIIWI.~Il rh:rr W(:n 1 re l 

Mob.ile Rohot Compctition :tm! Exhrhition rn Se:rttle, Wa~hl.rrgton. /ti\~,\~'. rlc 
firsr mobile robot ro me probabilrHic ~tate probrcs~ron to n:rvlgare -~ •.rl y Wll r 
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liJde e>:plrcir map mfi,rnution. DF!tVI~II 1 d . 
" 

1 
· a m u~c a tmrquc 5 ... 

ro Jll'r orrn ro nrst oh,t.lc!e ;JYOrd.mcc · onar conrrgur:rtron 

~v:n Koerug ;md Rc¡d Sanmons ~l;ow how lo u~e ·. 
dcc1s1on proces~ modc!~ (POr-.ll)l') h .

1 
p.mr.1lly ob~ervahlc Markov 

" l . . s ro ur d a n:wu• 1 ¡ or o(:JIIIatmn, pnlt' t'\llln~ui l l . '"'a Ion are trtccture 1h:n allmvs 
1 

' 011 • p.u 1 P :llllllll~ :md lcrrn· ·1·1 
mmg 1 u:rr robar XA\'Irtt whrcl l l l '' · 1ng. ley prt'lt'nt result1 
. f l ' l wam er1 t re rallways ofCar · M ll 

,llty or wur'i :u a rinK· whlle ¡
1 

l ' ' ~- ncgre r e on Univcr-
rc~pon( 'i ro tl'que~ts rn:Jdc over the mternet. 

Vis ion for Mobile Rohor" 

In _dlt_. lt'Cond ~ection, we hegm lo lnok dmclv .H rhe 'i .·, 

vr,mn m nwlHic rohonn Al ti 1 . . . , pccdrc me~ of cornpurcr 
1 1 

• rou~ 1 vrsrnn 1 ~ not 11 ·e. . 
mo lr e rohnt t.l5k,, JI is de~i bl r e :s~ary w perfnrrn oran y 
1 · ¡ ra e fOr many rea~ons 1 d' · 
rrg 1 rt·sohuion and irs l':t~~····. ( h . , · • me u rng u~ long-rang< 

. · ·~ ~ensor 1 ar 1 ~ n d • . 
Ideal filr ourdoor mohilc robot 1 . 1. f oesn t cmrr energy). Thus, rt rs 

11 
'· :tm severa o thc cJ h. 

c.r }' addrcs~ rhi~ dornain. lapters ln t r~ p.m specifl-

. bn Hor~will's chapr~·r de~cnbc~ tire desi •n of 
~ron as irs sulc scn~in" modal·,,,. l r g a robot rlrat uses real-rime vi-

t- • an< pcnorm~ com ] J · 
mduded grving rours of 1'' ' f l. M p rc;ne navrgatron ta~ks that 

.. r ~o t 1e a~~adru 1 · 
ricial !Judligence ¡ ¡[

10 
• p ' ~etts mtrtutc of'JCchnology Arti-

B , ~ rator}. Ol.LY t:J.kes a mini 1' 
rook~~ suhsumprron :rrchirecr P , . ma rst :rpproach hased on 

1 . l me. 01 U provrdcs P' f 1 1 . 
a gorrr 1111~ :rnd coml>onenr• 

1
. 

1 
oo t J;lt re arrvcly simpl< 

~. sr~·cra 17et to ta~k . 
,\y~rern\ ' requuenwnrs, can Cfl'atc robusr 

Rohin Murphv d~·~crihes rhe C 1 1 S 
and 1995 Auton~rnom U ol ~;al< .o . choo[ of Mines en tries m the 1994 

nmanne{ ve Hcle Sysrems {AUVS) 
manned Ground Vchidl· C . . . l . · lnrernarional Un-

. ompctrtrom. S re pn:~e 1 h' 
coordmatrnn :rnd control ofp . . . . l n ~are rtectural paradigm~ for 
. erceprron, w1r 1 a spccral e l 
rs rnrerfaced wirh aning Sh d .h .' · . • mp 1asr~ on lrow seming 

1 
, ll · • e escn e~ a szm11lrfied . f 0 . 

ro,u -ro owing algorithm and 1 . ¡ . H'rsron o 1ckmanns's 
mohrle rohcm exp am~ ww Jt wa~ imp!emenred on rwo outdoor 

Bdl Schiller and lri~ col1l'.lgm·\ Yu-Fcn IJ¡ [) , . 
;l[}d Max DonMh alm look "t 1 .1 lg r, on Kr.mt7, Cr:ug Shankwirz 

1 
. ·• moJzerolotsrh · ' 

owrng cnvirnnmems Thc' at operare In outdoor ro:rd-fol-
. · rr autonomous land e · • ¡ 

Vl\ron ror rnad followirw lrld ~o• ·l. xpcrrmcnrn vchicle (AD:) mes 
· 
1 

~"> • • 1ar wn~on or ohq· ¡ 1 .zvo~t ~llCc A real-rime conr 1 . . ·K e t ctcczmn ~nd colli\ion 
. ro str~tt:gy arbrrr~tt· 1 

pcrceprron, path rracking. obuacl J. , . · ~ le.t\~een proce~~es for vrsual 
· el ~lt:Ctron, ami collz~mn :wnid.rnce 

Mobile Robot Architeclures 

A z_nohrle rohor architC<:rure reflecrs the m·er:~./1 de<;' . . 
wluch havc l}('efl le:r,n 1 r rgn prrnczples or m designm 
• ' {'( rrom many }'t":J.f~ r . 1 J ., 
SprrngSymposium,Jamc~Aibus (1995) . od <hna "an err~r. Ar rhe !995 AAAI 
rl 

stare t ar an arch . d 
o ww a sy~rem is co 1 __ , ¡· h . · ' ' nccrurc rs a cscrrprion 

ns nrctcu rom asrc com d 1 · ponents :m 1ow rhme componcnr~ 
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rogether ro form the whole" The c:r.~e mrdie~ in this sC<:tÍon look clo~dy ar the is­

sues of archircctmc and how ir influence~ mobilc robot dc~ign ami performance 

Erann Gat's chapter on rhrec-layer architectures, diKu~~e~ the approach al\ud­
ed to in the previous section, Return ro l'lanning. thar has been med succes~rul­
ly on a variety of robots :l~ wcll as w control life-mppon ~y~tt·m~. G:lt ~hows 
how threc different groups of re~carchers arrived at thc ~ame :rrchirecmral con­

clu~ron :rnd give~ us :J.n example ofhow he u~ed a three-byer architcctttre to win 

an event in rhe second narional Al robot competition. 
Kurt Konolige and Karen Myer~ describe rhe SAI'IIlltA architecture for :ltr· 

tonomom mohile robot~ in their ch;'lptcr. This architecmrc crnph;'l~izcs cnordi­

n:J.tLon ofbeh;¡vior, cohcrcncc mndding. ami cumrnunicatron wirh othcr :'1gent~. 
Konolige and Myers ~how how thi~ ;¡rchirecture W;'!~ u~cd 10 pcrrnrm a con1pli~ 
c:m:d t:l~k th:rt involved attcnding to :1. human :'lgent, taking :rdvice about the 
environment u~ing natural l:lnguage, :'~mi rccogni1ing ge~turc~. Their robot, 

rLAKF:Y, placed ~econd m the 1992 AMI Mobile Rohnt Compctition ami F.xhi­

bition. Succesmrs to FLAKEY, ming the S:lme :uchitectme, pbced second in the 

1994 rohot competition ami fim in the 1996 competiunn. 
Ji m Firhy, Pctcr Prokopowio., and Mich:rel Swain prc~cnt an animare agent ar­

chitecmre, which integrares re:lctive plan c"<ccution, behavioral control, ami ac­

tive vis10n wirhin a smglc software framework Thi~ fr:lmework include~ reactive 

ski!l~ and the RAI' reactive planning sy~tem. Their rohot-------CIIIl'-i~ one of the 

few di~cmseJ ltl dm book thar perform~ rnanipularinn task~. CHIP placed ~econd 
at rhe 1995 AAAI Mobile Rohot Comperirion in tra~h pickup and ~orting. 

Ron Arktn .md Tucker lb \eh explore the excrring re~earch arca of cooperating 

mohile robots. Thcy prc~ent rwo lpplrcatioo~: :ln outdoor ta~k in which teams 

of high mobdrty mu\ripurpo'c whecled vchrcles (HMMWV~) nnm coor{linate 

thcir acnons :md an indoor trash-collcclinn t:r~k (for which rhey pl:rced flm in 

the 1994 AAAI compecition). Their approach to muhirohot coordinauon is 

centered on a reactive schcma-hased control architccture th:rt has ir~ roots in 

neurnKrencc :~nd p~ycholo¡;y. 
Housheng Hu and Mrchael BrJdy dc~crrhc a serie~ of mohilc rnhot~ that me a 

di~tnbUied architecrurc callcd rhc lomliy inul/igrnt collfrol ngmt (UCA). t ICA en· 
couragc~ a modular approach to hui!dmg complex control ~yHcm~ Thc authors 
~\ww how path planrung and loc.tlr7atlon can he done on rolmr~ u~in¡; rhcrr ar­

chitccturc In particular, they give dctailcd algorrthms for glohal p.tth planning 

ami dynamic loc.rli7~'ltion min¡; aniflci,Jl hcacon~. 
¡:inally, Don Brur11nan dt:~cnhc~ thc dilliculrrt:~ uniquc fO umlcrwatcr robor~ 

in hi~ chaptcr about 1'1/(lf NI'<, ;~n auwnomnll\ undcrwatcr vehiclc {AUV) Mmt 

vr~ron ~ensor~ :lre u~elcs~ underw:rtcr, amlunlrke land vehides, rhe very rncdium 
in which the autonomou~ underw;~ter vchide tr:rvels ¡;c:neratc~ force~ that nlll~l 
be rcckoned with in even drc ~inrplcst ofhchavior~. Hruuman dt·~cribe~ a partic­
ularly mcce~~rzrl approach tn AUV dcvclopment u~rng ~irmd.ttimr~ and tli~­
triburl·d compurcr ¡;raphic~. 



Thc Future 

Airead y the rechnical succe1~e~ we h:tvc ~ecn in rhe robot comperrriom over rhc 
year~ are finding rhetr way imo pr:~ctical app!icadom. Ti:1day un:mended mohor1 
frrch and carry in ~em11tmcrured ho~pir;~/ environmenr~. Vacuum mohots are 

used regu!ar!y in North American indmrry ro de.m largc stor::age and staging 
~p.tn·~ during oiT-work houH. Mohor~ Jre alm med ro scmiauwnomom/y ex­
plore Ullinhahit.lhk veiH!t'l ~uch as 'JCrran volc;~noe~ .md Marn:m landKapes. 

Thc CJie qud1c1 in du1 hook :tre ample proof th:u mnbots have technically 
evo!wd ro a point wl1ere. today, rhey are poi\ed ro hdp humankind in broad 
r.mging u~k, frnrn nuppmg rhc oceJtl /loor ;~nd long-rerm nuning home c:ue 
ro pl.mct.lry cnloni,:ltion. 

For mobog lo m oYe ro tht· nexr levd of cornpetence nece~~ary ro complete 
mch ta1k1. lwwevt·r. rhey nccd :1 hro,lder ba~c of technica! ~upport. Ir i~ our 
lwpe th.lt, from dm book. Al rc~c:1rcher1 \\'lll he in~pired to expend add~tional 
effi1n in rnohilc rohM research. Onc of d1e editnrs i~ fond of ~:1ying thar "acring 
and scm1ng are qjl] thc h.trdesr partl. M So narumlly, new devdopmem1 in robot 

perceptinn and lnw-lcvel control will alwny~ he ncccs~;~ry ro advance thc stare of 
rhe .lrt .md mcet rhe chal!cnge of applicariom rn din!culr envJronmt"ntl such as 
under watt"r or fllHer ~racc. 

Mohnf\ can hcncfit from nll art1ficial inrdligencc diKiplines, howevcr, and, a~ 
we havc previou1ly expbint·d, rhe robot archite.:rure~ rhar 1uppon more tradi­
tional Al rc1carch are alrcndy in place Mohnt~ m·ed ro rca~on abour rhe~r acr~. 
hod1 ((1r fL':liJhiliry and for raoonaliry. Thus they can henefir frnm advances in 
plannin¡; and logJcal rheork·s of 1eming and acring Mn~t funrrc robor ta~ks wili 

• mvo!ve working wirh humam. Conse~nendy, spoken langu:~ge generaoon and 
ttnflt·r\tandmg num be devdoped for d1em ro he effective rearn memher~. For 

mmiom of long dnration-n1ch a1 rhme mvolving deep 1e:~ or pl:!net;~ry cxplo­
r:~rion-nwhors mmt adapt rherr hehavior, and even rheir preferences rwcr rime 
Tln~ rerpurt·mt•m irwolve~ 111:1chine k·arning at :11llt·vd~ of competcncy. 

Tllt' rirm: has rhn~ come, and rhe tcchrwlogy i~ hcre, for anific1:ll rnteHJr,ence 

.md robot in ro mnre dmdy join force~ in improving rhe gn.1lity of Ji fe on earrh 
and in e~rahli~l1ing Jlt"W civJIÍ1ntions m rhc cosmos. · 

Aclmowledgementl 

The :nuhors wrsl1 ro acknowledgt' 10m Dean's imi¡;hts inro the evolving art·hi­
tt·ctura/ i~mcs of rht· AAAI rohot competitiom and hi~ android graphical dep!C­

tiom. Thc~c fim appeared in an invircd ralk for AAAI 96 enrided ''A Rerrmpec­
rive of rhc AAAI Robot CompctJtions." 

PARTON[ 

Mapping and Navigation 

. , bots \\í'h,Je it JS poslihlc for a robot to ~e 

T his j~ :J. book about moh!lt ro 1 . . ~ophisticared task~ re<¡tme 
d · ng :1m n:lvJgauon, l 

1 
. 

mohile and not 
0 mappl 

1 
1 om to move :1roum · ..cvltt . 1 b ·1 1 ap~ :1m use t 1 

rhat a moh1lc ro )Ot m 
1 

m. . h t ldine mobile robot map-
(1990) pmit rhrce basic qucstton~ t a t and L:twron 

ping and navi~a.tion: 

• Where am P , 
How do l get to othcr places from hrre. 

h 1 Ce'~ rebdvc to me? f J 
\Vherc :~re ot er p a · 

1 
. b k tldre~~ one or more o tlese 

J . · rt one of t 11~ oo a . 1 · ~ E eh ofthc case stu 1es m pa ,· ,. and min~ ~rana m nr-
' 1.tT roach ro represen m~'' d 1011~. Each u~cs a ( Luercnt app . r S for mappin¡; an navtga-que~t ¡ lpectrum o opnon mation. As ~u ch. thcy span t lC 

. . In the~e repre~enrarinns, tmn. purely rnctnc m:1p1. . 
On onc ~tde oftlte ~pcctrum nre b . 1 ••lohal coordinare sysrcm m 

· J flncd Y a ~mg e, t> • ·¡ · h '11e robot'~ cnvnonment ts e k 1 "l"y¡>ically the map !S a gnt WH 
1 · · l:l e~ pace. · ' 

1 
.
1
.
1 which all mapping :lllt navlganon 1t of ~P'lCC 111 rhe re:ll worlt. Jese 

·¿ ntin" ~ome amour . . r <h< ~,..h cdl of the gn rcpreo;e r- • the ~patial snucturc 
0 e .. ,.. l. . 1 :u rcpre1enung f 

gmh becamc qune sop ustJcatet nd Flfe~ [19HSl). The ca'c uudy o CAR~:r:l. 
world (see, for example, Mor.lVcC :J d . 1 , mohile robot rhat use~ a gnd-

1 1 . H ar>ue~ eiCn lC' a . 11 k 
hy Kortcnkarnp am m en c. 1•1 . l'he~c :11'PTO:Jchcl ryp!C:t y wor 

• 11 nav1gaoon. d 1 1 h.t~ed approach to mappmg a t .' 1 1 1 con~istcnt ~trucmre :Jo w lere ~le 
d . ent~ wH 1 '" e llllg well 111 hounde envrronm . , . 11 . 1 the global coordmate system u 

. • all<'ll JISC Wll 1 1 hal opponun¡tlc~ m re. t-

ro '

01 

• , • · h the robor's externa/ markcrs. ¡a]narive map~. 111 w]Hc 
O rhc other 11de of rhe ~pectrum ,ue qt · . hetwcen pbces. lndecd, 

n d 1 e~ ami connecuom l 
•nvironrnt'nt il repre~entc ;g p ac . . omerric information, hut on y 
..._ ! · . 0 nwtnc or ge h ¡· · 
rhe ,dea rl a map t l;Jt cont;Jill~1n .. ricin<> hecame such an appro.tc e~~~~-

r · irv and on cr. 11 en t> • moh1lt" the notlon~ o pro:om , · f 
1 1 

'rh movement uncnraenry en 
bl blems o <ea mg Wl · tl1cy nares rhe mcvna e pro 

1 
, ~>loh:tlly ¡

11 
qualitarrve m;~p~ :z~ 

' ¡ 1 001 :~ccumtt .1 e"' · 1 1 
' ,}mr~ Movcment error~< t • <he robot only navlg~tt~ oca-
l 1 1 1 ate ~y~tem ~mcc 

do 111 map~ \\Hh :l glo la c~ort 111 1 h. more comp.lCt 111 rl• ~ore~en-
1 . Qn:llnati\'C m:lp~ can a ~o t 1 Cntlrt" Jy, het\\('Cn p ;JCC~ ' ' \ !CTC\fltlg pJaCcl .Wt 

I,Jtlorl nf ~pKe, m rhat they reprc~enr on y In 
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l'llVÍ!OilJill'nt (' 1 ._:ll.lHativt• map~ (.tl~o referred ro 
come mcre;~~in~lv popular in r 1 '1. 1 . a~ tnpologrc;~l maps) have be-
,. . l · no lt e rn mrrc~ (~ce fi l 1\.Uiper~ arH Hprn 1991. 1 K . , or cx.unp e, Brooks 19R5· 

1 
· .tn¡ on¡·nkarn¡> . 1 '"' · ~~~~l te\ hy Nourh.tkh\l 11 K ' .rnt weymotJdt 19'Jii). Th •. , 

nf-tllt'-,lrt in <¡ualit.uiv~ ·:::~ 1~ 0~~·~~1!¡!; .JrHI Srr~unons descrihc rhc eurrenrcst~·::~ 
· pprng tc~c tcdm k ' 

\'lWlllllt'llts (i.e., nf1lce burlding ) 1 h ltjlll'~ wor wdl in srrucmred en-
for rhc rohor ~ w JCre 1 ere :trc distincrivc pl:tces th:tr ~· 1 . · · ... e go:t ~ 

Thcre have been ciT. 
1 

Ort~ ro combine meui. 1 1' . 
\trt·n¡.:¡ ~~ of hoth repre~l'lll'lllnm . 1 e .HH <JU.r li;Hrvc map~ ~o that thc 
1 n·irt, l'JRH) TI ¡' ' tan 1c med (A~.1tb er :rl 19HR· K · 

· le rnr C!\t' -rtrdv ¡11 dt' . • Ulpt·r~ :tnd 
glvt'\ an overvit•w 

0
( horh , . ' l l\ p.uJ, by 1 hnrn aJHIIti.\ collcagues 

1 
lll(trrc :lJH rnpolo .. i· 1J ·• 

.tpptn.tL 1 ro imq~r,umrr ti , , . "l. m.tppmg .tnd describe~ rh .· 
o ltse t\\0 represcnt.ltron~. c1r 

Dtwrrl Korttnknmp 

Cl IAPTFR ONE 

Map Learning and High-Speed 
Navigation in RHINO 

Sebastian Tlmm, Arno Biicken, \Volfram Burgard, Dirter Fox, 
Thorsten Frii/Jlinghnus, Dnnil'i Hmni~, Thomns l-lofmnnn, 

Midutel Krel/, and Timo Schmidt 

B
mlding :r.uronomou~ mobile robot~ h:r.s hccn a primary goal of robotics and 
artificial imelligencc. This chapter surveys mmc of rhe beq me!l10d~ for in* 
door mohile robot navigation that havc bccn dcvdoped in our bh over the 

p:t~t fcw ycar~. The central ob¡ectivc of our resc:trch is to cnnstruct rcliab!e mobile 
robot~. with a ~pecial empha~is on autonomy. lcarning, amllmm:tn int('r:lnion. 

In the bst few years, we have lmih a mobile robot systcm, RfllNO, whieh is 

capablc of exploring and navig:tting in unknown indoor office environments 
with a specd of :1pproxim:~tely 90 centimeters per second~. While doing ~o. it 

can learn mctric and ropologic:tl map~ :md, b:tsed on rhcse, perform all kinds of 

mi~~ions. In addition, RIIINO i~ c:1pable ofloc:1ting and rerrieving ohjects, deliv* 
ering them to specific locatiom or dumping thcm inw rra~h hins without hu­

man intervention, and giving tour~ to visitots. 
Thc purpme of thi~ ch:tptcr is to pre~ent thc kcy tdeas :1ncl algorithms uru!cr­

lying our rescarch in a cohercnt and acce~~ihle form in order to share our expc-ri­
c-nces :1nd, if possible. providc snmc guid:mcc for building auronomom mohilc 
robors The following list summari7e~ the primary ~oftwarc dcsign princrplcs 

underlyrng our approach. 
Di~trtlmtl'll ami lkCl'lllt.llitell prncc\~ing. Control i~ diunhutl·d and d(·cen* 
rrali1ed. Severa! on-bo:ml aJHI orf-hoard machines :tre dediotcd ro ~evcral 
suhprohlcrm of modeling and control. All cnrnmunicarion hetwecn modules 
is asynchronou~. ·¡ here i~ no central dock, and no ccntr:tl procc-~~ control~ all 

othcr processe~. 
Any-rrme ~l~orithm~. Any-11mc alr,omhm~ are ahle tn m:tkc (leti~ion~ rc¡;~rd· 
le~~ ol rhc time ~pc111 fnr compurauon (l)l·.m .uul 1\nd,Jy l')RH). Whencvn 
pm~ible, any-timc :~lgorithm~ are cmployed tn cmure rh•H dtt' rnlmt operare-~ 

in real-time 



r 

' 

J! T111mN n Al 

l·iJ_urt' 1 T!Jr mf,or Rli!NO 

Hybrid :trchitecture. r ".l~t. re:~ctivc nwdnni~ms a · ¡ . ¡ 
rion.tlly irncmc, deiJlwrarive modules. , , re mtegr:Het wu l cornpma-

Modcls. Mn<ld~ ~uch h. 1 . lJ • ;J..~ t e two-t uncn~mnal m:tp~ dc~riheJ h.¡ , d 
; lev~l~ of rile :~rchirt·crurc. \'Vhcnever po~~ihle, modds .ue lcarn~l7;:n:e(~\~: :tt 

t·armn~ Machme leuning 11 · 1 ·· 
1}' 1 J 1 1 . r . gom 1nl\ are cmploycd (O incrca~c rhc flcxihiiJ-

' n tiC ro lllHnr~~ o rhe synern Thm f.1r 1 . 1 
dmc ro d

1
e scnsory · ¡ f l · · ' carnmg la~ proveo mosr mcful 

. neur.ll ncrwork~ int~r¡:~~~,"l,,',,','l' S}:srem, whcn: algorirhm~ such as artificial 
l(Jt ~ ~Cil\OT<;, 

1\lodubrily. The software Js modubr. A J[ - • 
to 'Jlllcklv rccordi ¡ 1 ug and-pby archuccturc allow~ m 
'" l 

1
- . gurt· 1 

K' ~y\tcm, dcpt·nding nn rh~ p.tnitufar confivur·Hton 
l app IC.HIO/l. C'> ' 

Sen~or fmion. OifT~'rrm ~emon have dtfTerent • 1 1 
m.txirni1c dtr robu\tnl·~~ of dte . ' . percepma l t:tr.teterisuc~. 1(1 

hrn: rd nn 1 . .tppro:u.:h, mmr of rhe tedmique~ drscrihrd 
Y more t tan ¡mr a ~mg!r rype of srns 

TI . . ~ 
1, ~~~e ~nnCJples are irnportant, smcc rohot~ and tlu:ir cnvironrn 

r l1( r ty~rcal ~r~rcms. Robot environnwnH 'He d . . enrs are com­
ditt.thle, and rohor h l r r .

1 
' ynanm and lllfwrendy unpre-

:m w.m.· OH en 1at s or malrune~ion l 
anJ our communic:lCion 

11 
tw ~ •

1
. l · s, as lo our compurers 

e or s. o morro a rohor rrli tll , 1 r 
rcacr adcnuardy and 1¡1, 1 ll l · 1 

}. t te smrwan.• musr 
·¡ ' IC }'[O Sll(tl'll C \angc~ f:uft J f J 

~t't'n t·vcnr~-whicb r J ' ' ' zrc~. e ays, or ot ter unfore-
TI . ·h equtrt·~ ~pecra c:-trc wlteu dc~Jgning robot conrrol sofrw 

m e apter focuscs exdusivcly on rubor navi••arion In 1''''. 1 _ardo. 
o' · • ICU :u, H e-
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scnbe~ our currenr besr approache~ for mapping indoor environmrnt~. and for 
high-~peed explor:uion and navigarion in dynamic environmem~. Iris or~ani1.ed 
into sections on rnapping, locali7atton, and navigatJoll. 

Thc mapping sccnon Jc~cnbe~ our merhod for comrrucrin~ rwo-dnnemional 

occupancy grid~ u~ing sonar sensors :md rhc camer:ts. Artificial neur:tl nctworks 
are u~cd ro intcrprer son~r mea~trrcments. On top of rhe grid-ha~t·tl map~. more 

_ compacr topological map\ ;trc cnn<arucred that faciliratc fasr pl.mninr,. 
Loca.liz:nion ts the problem of .tligning rhe rohor\ cnnrdm;trc ~y~rem wuh thc 

global world coordinare~. The localinrion ~ectton dc~cribe~ al¡~oritlum for ~df­

loca!izarion and pomion trackiog. 
Approachcs 10 global p;tth pl:mning, explor:mon, and re:tcrivc collt~ion avoid­

ance are dcscribed in rhe secrion on navtgarion. 
Mo~r of thc software has been devdopcd u~ing a 1121 mohtle rohot manuf.1c­

turcd by Real \Vorld lmcrface lnc. The robot, shown in figure 1, i~ a synchro­
drive robot cquipped wirh a ncreo camera sy~tem ami 24 ultra~ontc rramducers 

(in shott, sonars). Tts maximum vclocity i~ 90 cenrimcters per ~econd. Om robot 
is equipped wirh rwo on-board 4Rií pcrs~nal compurer~ 1h:t1 :tre conne'Cied via a 
rndio Erherne1 link to ~everal SUN Sp:1rc ~tatiom. Curren ti y ~ome of rhc proct'"'i~­

ing i~ done off-board For robot~ equipped with Pentiurn compurer~. thc entire 
software is run loc.11ly on the robot (cxccpt fnr rhe qcrcn vi~ion sy~tcm). A ~ec­
ond rndio link communic:tte~ video imagcs ro a Oatacuhe, a ~pccial-purpo~e ma­

chinc for processtn¡; inuges in real-time The rohor i~ ::d~o equippcd with :tctive 
infrarcd proximity ~emor~ and rac11lc sensor~. whtch are currenrly bring inmrpo­

rared into our map-buildtng and collision-avoiJ.mcc rnut1nes. 

Mapping 

Mapping rcfn~ to rhe proces~ uf wmrrucring a modcl of rhc cnvironmcnt h.1~ed 
on ~en~or nw.t\llrcmcnt~. Thi~ ~ccrton de~crtlws :m ;tpproaeh that integrare~ 
grid.hased ~nJ topologlcJl rcpre~entatiom Cnd-ha~ed :tpproachc~. Htch a~ 
rho~(" proposcd by Mor:m:c :tnd El fe~ ( 19HR) ami Boren~tcin ami Koren ( 1991) 

ami many nther~. rcprt·~ctH environmcnt~ hy evenly-~pa~·ed ¡;rid~. Each grid cdl 

conraim a value which indiCare~ the pre\t:IICe or ah~cnce of an oh\ladc in thc 

corrc~pnndtng region ofthe environment. ·10p1llo¡:rcal approachcs, such a~ 1ho~e 
descrtbrd in Engdson ami Mc!)crmott (19')2), Koncnkamp a.nd \\'lt·ymouth 
( 1 CJI)I¡), Kui¡l('r., .wd Byun ( 1 'J90). Mat:triL ( 1994), Piercc ami Kuql{'r~ (1 ')'JI¡), 

ami TorranC!: (1994), rrprt·~c!tt robot envin1nment~ by graph\. Nodt·~ in mth 
graph~ corrcspond m thqinct situ;t\lnm, place~. or bndmarh (~uch a~ dnor­

W~}''>). ·¡ hey are connectcd hy are~ if rhcrc exima dir<'Ct parh hetwren dtcm. 
A~ ;trg11cd in more dctail cl~ewhere (Thrun [fnrdttnmingl), hmh r,rid-ha~cd 

aJl(l topolohical repre~cntarion~ exlnbir nnhngonal qrcngd,., :md we.tkncm:~: 
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Crid-h:N:·d map.., .m: comidr.:r.1hly t'a~ier tn lc.un, parti.llly ht'C:lll~e tlll'y f.~eilitate 
.KCIII:IIt' lnc.llllalinn, p.utially hcc:mse they are c.l~}' ro maimain. Topolog1cal 
map~. on rhe othcr h.1nd, .1re more compact ami rhu~ [¡ci]ir.uc f.m planning. 

Thc mc1rit 111:1p~ cnmlllcred hcrc .¡re two-dimcn~IOnal, diKretc occupancy 
gnd..,, .1~ origin.1lly propowd hy Elft·~ (1 987) ami Moran-e ( 1988) :mJ ~ince im­
plt'lllt'll!l'd ~ucce,diilly in l'arion~ ~}'~tems. E:~eh grid-cdl <.>:,y> in dw map has 
.111 occup.mcy v,¡lm· atrachcd-dcnntcd by l'rob(occ,)-which ITH',l~ttn•s thc 
rolmt'~ ~llhjCCIIVC bditf wln~thtr or nor ir~ CCIHCT Gil\ ¡;e moved to thc ccntcr of 
rh.ll cdl (thc nccup.mcy m:1p mndd~ 1he conflguration ~p:1ce of rhe rohot; see 
fin t"l(amplc, Lnnmhc 1991 ). ·¡ his section describes thc two major ~tcps in 
hui!ding grid-ha\cd map~ (\ce ,1Im Thrun 1993): wmnr inrt:rpretation :~mlmte­
gr:HIOn. Ex.1rnpk·• nf mctric map\ are shown in vario m pbce~ in rln~ chaptcr. 

Sonar Scmor lntcrpretation 

Son.u ..,t·n~or~ nw.1wrc .1pproximnte echo diH:mce~ to nearby obq;'ldes. a!ong 
w11h nol"c. To build menic map~. ~t·nsor rL·ading 11111"! he "translared" imo oc­
cup.mcr value~ /'rob(occ,,) for t',lCh gnd cdl <.x,y>. ·¡he idc.\ herc i~ to uain nn 
;'lnificial neur,1l network ming lhck-Prop:~gation (Rumelhart, 1-!inton, and 
\'\'11liam~ 1'lR(i) to map ~onar rnc.lsurcnH'llt~ to occup:111cy val\11:~ (Thrun 1993; 
v.m D:un, Kro~e. ;md Grocn 19Wí). Tht· input to rhe nctwork con~i~t~ of the 
fi111r \t'n..,or n::1dinp dme~t to <X, p. nlong wirh two value~ rhnt encodc <.'<,y> 

in pol.1r coordm.Hc~ rel.nive to tht· robot (ang\(' to thc first of the four \en~or~. 
:md di~T:lnce). The nutput r:1rgt't /Or the nerwork i~ l. if <.\',y> i~ occupicd, and 
O otherwi~c. ll.ur11n¡.; example~ can be oht:~ined by operating a robot in :1 

known cnv1ronmc1H .111d rccord111g and labding it~ ~cmor rcadtngs, note that 
e.1ch son.1r sc.m can be med to comrruct many trainmg cxarnples for differcnt x­

Y toonlinnte~ In our unplememation, traming example\ are gener:ucd with :1 

mohile robot ~irnubtor. 
Onte traincd, thc nctwork generare~ valut·\ rhat can' he interprctcd a~ proba­

hdit}' for occup.u1cy l'igme 2 show~ rhree exnmple~ of ~onnr scam (tnp row, 
hi11l\ c~·e \'ll'\\') :~lnng with rhcir ncm.1l nctwork intcrprctatinn (bouom row) 
The d:uker a vahll' in the circular rq~ion arnunJ rhe robot, the larger rhc occu­
p.lncy v:Jluc cnmputed by the ncrwork F1¡;ure~ 2a ami ¡, 'how snuarwns 111 a 
corridor Hcrc rhe nerwork prcdicr~ rhe w,1ll~ correcrly Notice the mrerpret:Hion 
nf rhe crroneous long readm¡; in thc lefr siJc of figure 2:1 :lnd the crroncous 
..,]mn r~·.tdin~ in 2h. ¡:nr tht· :lfl'.l l'OV<'fl'tl hy du"t' fl'.Hling\, dw nctwork nu![Hit~ 
tnughly 0.5, whith indicare~ its uncertnmty. Figure 2c ~how~ :1 dinerent ~iwa­
rinn in wluch rhc interpretntion of the SCil\Of value~ 1~ le~' ~traightforward. Tlus 
e-:.unple illu~tr.ues rh:u d1e net\vork interpret~ scmor~ in thc contcxt of neigh-

~: 

' t,. 

! 
... -.. 

¡•, 

; 
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F(r,urr 2 Sonar smior imrrprrtot10n. 
Tl,rrr rxompfr Irmnr mms (rop mw) nnd local ocmp,mry mnps (lmumn row), 

gmrmtrd lry thr nrurnl nrtwor!·. lln:cr/>1 rrgiom indimtr Jrrr Ipncr, ,mtf 
dark rrgwns mdimrr u•alls and olmndn (rn/argrd hy n rolmr mdrm). 

horing ~en m~~ Long rcading~ are inrcrpreted a~ free space nnly if thc neighhor­
ing semor~ ;1grec. Otherwi\c, rhc nctwork returns valuc~ dme to 0.5. which 
again indicare~ uncertainty. Smmtion~ ~uch a~ thc onc ~hown in ligurc 2c-that 
defy simple inrcrpret:nion-arc typic;'ll for clunercd indoor cnvironmcnts. 

Training a neura! nerwork to interprct mnar sensor~ has two kcy advantage~ 
ovcr hand-crafred :1pproachc~ to sensor interpretatinn. Fir~t. ~ince neural net­
works are traincd b:m:d on cxamples, thcy can ea~ily he adaptcd to ncw Clrcum­
~lances. for cxample, rhe wall~ in the competition ring of the 199-1 AAAI robot 
cornperition (Simmom 1995) wcre much ~moother than the wall~ 111 the build­
ing in which thc soft\varc wa~ origina!ly devcloped. Evcn though time wa~ ~lwrt, 
rhe neur;1l network could quickly he retr:1med to :Jccmnmodate tht~ ncw sirua­
tiun. Secondly, mu!tiplc semor reaJinr,~ are iruerpreted ~inm!t:Jncomly. Mmt cx­
jqing appro~ehes intcrpret e:1eh ..,cn~or rcading indlvillllal!y, one-hy-one, whid1 
can he proh!ern:nic m pr~e11ce. Fur t·x:unple, thc rcllection propcrtic~ of rnmt 
~urf.1ces depend ~tror~g!y on tht· anglc nf thc q¡rf.1ce to rhc ~onar hcam. wluch 
can only he dctectcd by inrcrpretmg muhiplc mn;1r ~emor~ s1mulrancnmly . 

Sterco Camera lntcrprctation 

A ~econd source of occup:lnty inrurmation i~ rhc ~H·n·n c.mJcr:~ ~r~rem, which 
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providl'' p.ur~ of 1111:1~l'\ recorded ~imuh:mcomly from different spatial view­
poillt~ . .Srereo irna~l-~ :u e rrammirrcd via .1 r.1d1o lmk ro a Daracuhe, a spen.¡]­

purpn~e cmnpmer l~lr muge proce~'mg. J.ike the hum:1n vi~ual :tppar:nus, ~terco 
irn.1gc~ cm he u~nl ro cornpmc deprh mlinrn:uinn (i c., pro'(imi1y). Put ~honly, 
our Jppro:1ch (Frnhlmgh.lu~ .u1d Buhm.mn 199Cia, Friihlingham and fluhm;~nn 
1 ')'J{)h) .1n.1l}7e~ ~terco 1111:1gt:~ for ul-occurrl·nce~ o( vntical edge~. fly analping 
rhc di~p.1rity of \'l·nic;~l t"dgcs found in h(l[h im;~ges, 1hc prn'(imuy of nbsradc~ 
prnjec1~ dw ohqadl· on10 a two-dm1emion.1l occup;~ncy grid. 

hgure} illmtr.u~-, tlw ~terco una~e analy~j,_ lrnage' an·lir\t ptcpron·~~ed (~cp­
.u.Jil'ly for horh ch.1111K'l~) ming .1 ser of thro:c hori7o1Jt,tl Gahor filler~ {S:mgcr 
1 '>SS). ( ;;~hor fihl·r~. wlnch are ~imil.n w loc.1f Fouricr transfnrms, h;~sic;~!ly 
h.w;l-liltn irn;~gc' ro ohrain rwo loe.¡] cocOicil·nts: Tl1e :1mplirude o( a cerrain 111-
ter-\pecdic fi-l·qucncy .. md ir, ph.1\~- V,·nic:tl cdgc~ charactcri!cd hy a \harp hon­
wnr;~l hrigl~tm·~, diffcrencl' yidd brge ampliwde~; rlldr precise locnion 111 rhc 

inugc 1~ dl·terrnim·d w11h suhpixd accur.IC}' hased on rhc pha~c. Figure J:1 dcpicr~ 
one nf rhc im.1ge~ .. 1nd figtrre Jh ~hows 1hc vcnic:1l edge~ extracted from thi~ im­
.1ge U\in¡\ C.i1Hlr flltlr\. '/(, lq,¡h/,,¡, <:cnrre,poml'-nce l><·twecn tlll le/l ~1nd the 
rtghr inuge, both .unplirudc Jnd ph;~~c infornwinn i~ mt·d 10 id<:ntify rhe projec­
uon of tht· ~.1m e r~·.¡]-wnrld cdgc In hoth tntagc~. Once ~uch a VCTIJCal edge ha~ 
hcen t<k-ruilil·d 111 h(l[h inugt·•. ir, di~p.1riry (,p.tti.tl ~luft bctwcen both im,Jgc~) 1~ 
wcd to l''lim.uc ir~ p1nximity 10 thc ~amer.1~ (dqnll). A •implc ~cmnetric projcc­
tlon ytclds rhc X-)' locar ion of rhc l'(lge rebtive to the rohm. Figure Jc •lwws rhe 
prn¡cned locar ion (hird'' l'}'C vicw) o( the l'dge' found in figure Jh; noricc rha1 
the information conccrnl!lg t!w hctghr uf :111 edgc ¡, loH whcn projccting rhc 
cdge infonn.HIO!l omn rhc n\'o-dunemion.11 plan~·. '](, con~truct rhe /in;¡] occu­

Jl.I!IL)' grid {l1ke the onc \IJOwn in figure _ld), cdgc~ :1rc cnbrgcd by :1 robot r:.­

dtm, ami thc arca hctween rhc cdgc projcniom ;~nd the robot is markcd ;~s free 
~fl-Kl'. Thc faq ~tcp rcl¡c~ un rhe .t\\Uillptinlt dur verric.1l cdgcs corrc.\pond 10 

corn('f\ of oh\t.ldc,, \Íiltl' lll'lUp.1ncy ma¡l\ repfl·•cnt uml1guration ~pan·, the~e 
nlge' .He incrl·.1qd hy ,¡ rnhot r.uliu, ·¡¡, cnlllJll'tt~.Hc r,,t \ornc nf d1l llllú'fl.limy 
111 depd1 C\tim.Hton, corncr~ of ohstaclt·s ,\fe 'fllootlwd wirh .1 Gam~ian, and rhc 
frcc-~p.ltc hetwecn ohq,¡c]c~ :.nd thc rohor ¡, mworlwd with .1 lo¡_;1~tic funcr1on 

(/(1:)"' (1 ~ r''')-
1
}. NotÍLt' in our implemcnt:HIOil, the lbr.tcubc preprocc~~e~ un­

a¡.:e~ .u ahom 4 Hl'Tt7. The cnttrc ¡~encratton of nccupancy lll.!Jl~. rno'r of which 
¡,done on a SUN Sp.1rc ~t.UJon, a·quin·s currl'IHiy le~~ rh:m :1 ~econd. 

\\!lwn dH· original im.1gc 1~ C'Oil1[l,lfl'd (ll¡~wt· l.t) with rlw re,ultin¡•, lll',tp (lig­
tur: 'h), dll' door po\t\ ,¡m/ two of rhc pm1en cm dearly ht identifit·d m rhe li­
n.ll m.tp (l.ugl' d.uk Jrt·J~ in thc rn;~p). The region dose ro rhc wlure posrcr doc~ 
nor mnuin de;~r vnrical t·dge~: tlw~ the rohnr fitil~ ro idcmi(v rhe wlme w.tll. 
Tlm t"(.tmpk· dhmr.u~-~ that ~rricrly spe:1king, occup.1ncy map~ Jcrived from 
~tereo VJ\1011 conram only edgt·~ nf oh~t:1dl.'s-large un~tnlcturl·d oh,uclc~ ~uch 
.t~ \\;~!!~ afl· winvt~ihlt'" .mJ hence wtll not he map¡K·d Con~t'<]ucnrly, qerco vi­
~lon :~lone woufd not he ~uffiCiettt for huddiJlg accur.He map~ On thc other 
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Fignrr 3. Esmnlltion o[ ormpanry 11111/'1 JIJÍII,'( Jttr~o I'IJ~on. 
7Up !if¡(a)· l.rji mmml imngr 70p ngl!l (f,). Spnn~ dllprmty mnp. 

llottmn lrft (r): 7iuo-dimrmirJ11tt! rdgr pm;rrtwm. 
f/otrnm ngl•t (d) 1 O< al mmpmuy 11111!' 

. more ~ccurarc ob~r:.clc inform.uion dl:lll ~nn:lr 'eomrs 
h:md, Hl'TCO VI~IOII gtVC~ , • ( • it Jso (TCIJIICildy dt·rcct' oh~t:lcl(·~ 
do duc ro thc higher rl·~olutmn n camera~. .l 1 1 1 1 A· w< 

' 1 ]' 1 1 1:1t -¡1mr1 ~num · ' 'HC "inviSible" ro ~onar \t'nmr~. me 1 ;¡~ OJ¡cc ~ . , . 
that · . . . , !l-\tlÍtcd ro augment sonar mformauon. wil! demon~u;¡tc la ter, ~reren Vl~lon ~~ \\C 

lntegratinn OverTime 

1 . l I\TT time 10 \'icld :1 single, comi~-S wr imer¡ner:nion' mu~t )~· mtq~r:un ' . . . r 1 1 
. en . . 't ti . IIHeriHCtatlon o 1 lC t-t 1 'J' l 't -~ CO!lVCillellt {O 1111erpre 1C , 
tcnt map. o t (1 ~(), 1 

l . . 1 'd .¡¡ \'y> 1~ ne-
J. (J. ·1 hj' J'tl) ,1, the ¡Hoh,thdny t 1:11 .1 gr1 te <. • ~en~or reJ 111g ~110!~1 

1 dm<• sft). cupicd, condltloncd on r lt' H'IHnr rc.t r> 

flro/J(occ, ,! ¡fl)) l 1 1 • f Jl ,IV,UI.thJc 't'JWlf 
1 1 1,), imc<'T.HIIl[', thc\t' pro 1.1 11 111e~ ora A m:1p ¡, o ll.ll!ll'< ¡-, 
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F~r,mr ·f Grul·bflfrd map. romtmctrd r1t rJ,, 19911111111 
tiii/OII{J/JimtJ mol11lr mlmt comprriti1111 wuh t!Jr trchmqun drJrribrd hrrr. 

(lfrr:~;,, 1123.1 mrtm. I'V'idth u 32 2 mrrm.) 

ll'.H!ing~. dl::noted by fll, sf~l •... , sUl, In other word~. the dcsircd oc1.up:mcy val­
m· fnr t.Kh grid cel! <t', .P can be writtcn a~ rhe prnhahdirv 

' /'I(•Mncc,,,lslll,J2l, .. .,s!11), · 

which i~ coiHiitioned nn :rll ~en~or rcading~. A str.riglrtforw:ml apprnach ro c~fl­
rn:umg thrs qrranriry i~ to apply Bayt·~· rule. TOdo ~n. onc ha~ to .mumc indc­

J'l'lldcnlc of drc rwi~c rn drlfcrcrn rc.rding~. More ~peciflc;¡!ly, givcn rhe rrue oc­

nrp.urcy of .r grid ccll <\',p. tire condition:tl prob:tbilnr Prob(l'llocr ) mmt be 
1 1 . 1 1 . '-' .mrrnu·< to 1c rnr epenrmt of Prob(l'llorcq) if r '#.l. Thi~ Markov :tmrrnption 

~~lnrng. IIJ(iO) i~ commonly made in .rppro:r.dre~ ro hui!dmg occupancy grrrk 
1 lrt· dcml::d proh.rhrlrry c.m now he conrrurcd a~ fi:rllows; · 

=
1
-(1+ /'roU,orr.,) n l'roll{otr,,l/") t-/'ro/A.orr,,,)j_, 

1-l'ro/A.orr,,J .• , 1 l'•o/l..orr,,lr') l'roiA.orr,,,) 

(1) 

llcrc /'ro!J(acc,) denotes tire prror prohabrliry for occupancy (wlrrch, if ~et ro 

O. S, can he urnittcd in this t:<]U:Hion) Thc deriv:won of rhr~ formula. is strarght­
forw.rrd and can be found in Moravec ( 1988) ami Pearl (1988). Notice rhat this 
formula can he rt~ed to upd:rte occurancy v:rlrrcs incrcrnentally 
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Fi_~rm 5. Maps bm!t in 11 smglr nm l.rfi (a) U$ing onfy snnnr srmon. 
Crlllrr (b): U$ing only $Urro mformatwn Rt¡!,ht {e) lmrgmring lmth. 

Nflfl<'r tl~r~t J(lllflr morir/$ thr rmll!tlmnrr romtJirllt~y lmt mmrJ rhr 
ttvo snnnr-nbsorbmg chmrs ll'lnrh 11rr ji111nd ming surro t'ision. 

An example nr.1p uf a compctitiorr ring cormnrcted :rr thc 199'Í AAAI au­
tonomous mohtle robot compctrtion i~ ~hown in figure 4. Thi~ m:rp h;r~ hccn 

consrructed exclusrvcly from sonar information. Fi~ure 5 illtmrate~ rhc advan­
tage of integrating sonar and qcreo vi~ion. All tlrrcc map~ ~hnwn there ~hnw the 
same cxperirncnt. Thc m.rp ~hown in rigure Sa ha~ het"n comtmctcd b.1~cd purc­
ly on sonar infnrmatiun. Whilc mn:tr rnodc!~ wall~ wdl, it mi~se~ thc two 
sound-ah~orhing chairs in thc mithllc of rlrc hallway. Srcrcn vi~inn (figure Sh) 

Jetects thc~e drair~. but firil~ to dctect :r gla~~ door at tire tnp nf thc diagr.tm. 
Tire rnap in rigwc Se, which i~ mpcrior tn horlr singlc-~cmor nr:1p~ ~inLe i~ con­
tarns the chairs .llld modcl~ thc wall~ conmtcntly, i~ ohtaincd hy integr.rring 
both map~. Nonce dtat both maps wen· rntegr.m·d hy t.rking the rnaximum oc­
cupancy v:1!rrc at e:rch grid cc!l. Takin¡~ tire rna>:imum i~ thc mmt comervativc 

W:l}' to intcgrntc nr:rp~. ~ince all oh~mclc~ .rrc prc~~·rycd In prrncrplc, tire mar~ 

could :rl~o have hccn integr:rtcd hy (1); howcvcr, then the re~rrlt i~ influcnccd hy 
thc rebtive frequency ;Jf ~onar and camera mt·a~urcrnent~. which in 1hi~ cxarnplc 

makc~ the oh~tacle~ di~appear 

Topologic:tl Mar~ 

Topological rnap~ represcnt rohot crwironmcnt~ a~ graphs, whcre nodc~ corrt·­
spond to diqrrrct rl.rcc~. :'llld are~ rl'prc~ent adj~lerrcy. A key :~dv.urmge of lopo­

logical reprc~entations i~ thcir compactrre~~ In our approach, ropological rnap~ 
are built on top of the grid-ha~ed rmp~. Tire h.r~ic ide:~ i~ ~irnpk· hur ver y dfec­

rivc; Thc- frcc-~pacc of a grrd-ha~ed nr.1p i~ partitioned intn a ~mal/ nurnl>er of 



¡o T1rrnJN n ,11. 

rcgiom, \CjlJf:ltcd hy crmc.¡J lincs Cntic.1l linc~ corre~pond ro n:trrow p:mag:es 
~uch :1~ doorw.1y~. Tlw p:~rritinrwd m:~p i~ thcn m:tppcd intn :m i~onwrphic 
gr.1ph 'J lw prl'Ó\l' .dgoriduu worh ,1\ dl'Knill'd in rhc Jollowing p.uagr;¡ph~: 

Tluc~holtling. lniri.dly, e:~ch nccupJncy vJlue in rhc occup:~ncy grid i~ dm:sh­
oldl'd. Cdl~ who~c occup.mcy \',lluc i~ bdow dll' thrc~hold Jre considt·rcd free­
sp.Kc (denorcd hv C) Al! otht·r poirm Jn• cnnsidcrcd occupicd (dcnotcd hy C) 

Voronoi Diagram. Cml\idn an :~rhi~r.uy pmnt <x. J'> E C in frcc-~pace. The 
ha,r~ pomt\ of <x, )'> :uc thc clo~est poinr(~) <x', y'> in thc occupicd space C. 
r.e' ,¡JJ pnint\ <:/,y'> E e tll.ll minrmiJe tllc Etldtdc:~n dr\tancc [O X, y. Wc will 
cal! dll'w point\ <:o.', y'> tlll' h.tm point~ of <X, y>, .md thc di~tance bctwccn <X, 

}'> Jnd it' h;¡,¡~ poirns thc clc;u.mn· of <X, _p. Thc Voronoi dmgram, which 1s a 
fonn of skdetoni7.1tion (Luombc 1991 ), i~ rhe ~cr nf poirm in free sp:~ct· that 

!uve .11 lt".l\1 two ddTcrenr (<"quidi\l:mr) h.1~is point~. Fig:utc (Í,¡ sketchc~ thc 
\/mono¡ di.tgr:un fi1r rhe nup \hnwn in figure 4. 

Critit·al Point~. Thc key idt•:t for p:~rtitioning the frec-~p<Kt' j~ 10 find "crittc;t[ 
pnitH\ ... c:rirJu! poim\ <\,y> :tre JlOIIII~ lltl rlw VorotHll dra¡\r:utt t]¡;¡{ minimize 
~k.lr.IIKt·loc.¡lfy. In mlu:r worth, c:~ch crnic,¡l poinr <X.p• h,\\ thc folluwin¡:; rwo 
propenic, (:~)ir i~ p.1rr of thc Voronoi di:1~rJn1, <lnd (h) thcre cxms ;¡n e> O for 

wl1tdt dtl' dcar.mce of .tll 1'('1111~ in Jn t'-ncighborhnod nf <x. y> i~ not sm:~!ler 

Critital Linc~. CJiti~.tllrrwl :trt• oht:~ined hy conrwcring l':Jch crittc:~l pnmr wirh 
11\ h.1,¡~ poum (cf. figure (ih). Critic1l point~ h:~ve e·utdy two h.l\Í~ poirm {mh­
crwtw they would not ht•loc,¡J minmu of rhe dt·ar.tnce funnion). CrittC:lllme~ 
p.mrrion thc free ~p.1ce inrn dt~joint regrnm (~ee .tl~o figure Gc). 

~Opnlo~~cal Graph. TIH' p:~nitioning i~ m:~ppt·d mto an isornorphtc graph. 
L.ll'h rq.;ton corrc~pond~ m <1 node m d1e ropologtcal gr.1ph, and each critic.1! 
!me tn .m :~re. 

F¡gu.r~ (id \how~ .111 ex;¡mpk· nf .1 ropologKal gr.1pll. The cornpression i~ enor­
nwm: 1 he topnlogtc.ll gr.tph h:~s G7 nodc~. whcrt·a~ rhe original m:tp cont:uns 
27,21W nlcttpled u·ll~ N('!Ítc rh.n critic:tl hrH'\ are u,ef[¡J for dccompming mcr­

nc m.lp~ r.lfl~l.lrily [(Jr two H',l\nm. Flr~t. whcn p.t\\in~ rlnough ;¡ cnrical line, 
rhe rohnt Js forced fO tnol't' m :1 comtdcrahly ~maller rcgion Hence, tlw lm~ in 
J'l rl;>rtll.tllCl' rnf~·rrl'(l hv pl.uming u'ing tlw tnpoln¡;it·.d mrp {:1\ oppmu!to the 
gnd-b.1wd lll.ljl} l\ f,Hht'f \!11:1JJ. .)l'COtHJJy, ll.lllOW ll)_;IOil\ :lfC llHHt' JtkcJy 
hlolkl·d hy oh\l.tcll'\ huth J\ donr~. which C:ttl ht· opcn or clml'd). 

Localization 

Loc¡J¡J.tltou i~ tht· proct'S' of :1ligning thc rohor's loe:~! cnordm;¡tc ~yHcm w11h 

tht gl1 1k11 cnotdin.ltL' ~y,tttll of rhc nup. l.oc.lltJ,ltron i\ p.trtilul:uly nnport.tllt 
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Fir,urr (} f~WrtiNm,r; rhr ttJpologur~f f,rttpf, fimn tf,r ""'/' rlrprNrd i11 fi.~urr 1. 
70p lrji (ti). Voronoi tlmgmm 70/' nght (b) Cririm/ pmntJ amllmn 

Rortom frji (r}: Rtgiom Rouom rrg/11 {d)· 'l11r fina/ gmplr. 

(and p:trticul:~rly difliculr) for rll:lp-b:~~ed ,1pproadw~ rhar k·Jrn their m:~p~. ~incc 
the accuracy of a mctric m:~p depend~ crucially nn thc alignmenl of the rohot 

wirh ir~ map (Feng, Rorcmtein, and Evcrett 1991; Rcncken 1993). Figure 7 
gives an cnmple that illu~tr:~rc~ the imporr:~nce of locJit7Jtion in rnhot m:tp­

ping. In figure 7a, the pmition i~ detcrrnmed b:t~ed solcly on tlead-reckoning. 

After apprn'<imatcly fifreen minutes of rohot oper:~tion, the pmition error i~ ap­
proximarcly eleven :uu! one-halr meter~. Olwmu~ly, thc re~ultin~ map i~ too er­

roneou~ to be of practica! me Ftgure 7b i~ thc re~ult of :1pplying the pmition 
tracktng methoJ dc~crihed hclow. In facr, none of the m:~p~ presentcd in dte 
previou~ ~ection wnuld h:1vc hct'll pm,ihlc witlmut nur mcthnth for loct!iting: 

rhe rohot hJ~rd on \CtWH input. ldentrfyu11; ;¡mJ corrccting f(H ~lippa¡~e :md 

Jrift ~~ thu~ :1 moq important i~1uc tn m:tplmildmg. 
An t·xcdlent oven•tcw of difTcrrnt .1pproache~ tn locJil7~11inn c:~n he found in 

Fcng, l\orcmteir1, :~nd Evcrctr (1 1J94). 'li~dttiona!ly, loca!Jntion :~ddn·~~e~ rwo 
~uhprohlt·nH. whrch are oftcn ;tt!:Jckl'd ~ep.tr.Hcly: pn\ition tr:~tkrng ami ¡;lohal 

loc:~li7~1tion. 

Position Tracking. Pmttmn tr,1cking rcfcr~ ro rlte prnhlcm of e\ltm:Jttng tltt' lo­

c:ttion of thc robot wlule ic i~ moving. Drift :~nd ~lipp:~ge impo~c limir- ·lrc 
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1~'?.1'" 1. /lt,¡p 111/Hfl 1u lrtl /f•lfhout (n){/if¡) and lfllfh (b)(r~(/1¡) rhr 
pmttwn Hlllt/r/111111 11/r.J,,¡mHI/ rlr<cnf,rd 111 tlm clltlf'ltr. 

In. (,¡), 11//(y thr u,J, d 1'111 l!tltrr arr mrd to drtrmunr t!Jr m/!(Jú /){)!lfiOII. 

1 l•r ¡•m1tunw! ~•Tm •llfllllllll,tfn ro mort' tl"m r/,.¡•rn 11/t'Un, nnd rhr 
rrwl!mg map 11 t!rmly llnmnf,¡,. 7 hn illmtrntt'J thr ¡mponm¡rr 

nJ !ri/J/Jr-hmrd pontirm rstmtflt/()11 jor mnp fnuldmg 

·ih1l11y to csum.ue d1l' lor.1t1on of thr rohor wid11n it~ ~loh,1 1 m;1p A, figure 7 
dt·l.non~tr.nt·~ .. ".ven thc ~m:dlc~1 error~ in thc robnt's odomctry c.m have dev;J~· 
~·lllng e~CCI.~., J flc prohlem of po~ition {T,Jckinh ~~ p:!rtÍCubrly difficuJr to solvc 
1f nupp111¡.; ~~ mterlc.n·ed wirh locali7 ... Hion. 

~l.obal Locali7ation. Glob,¡IJoc;J!inrion i~ the problem of dctermining rhe po­

\llH~n o( t!H" rohm undcr gloh:J!uncen.un¡y This prohlcrn ari~,·~. fi1r examplc, 

whu1 a r~1hor mt·~ a map rh.n l1:1~ hccn genera red in a previo u\ run, and when ir 
J\ nnt mformnl .thom JH initi.JIInc:uion witllin the map. . 

Cloh.111nc.11i7.llltlll a!HI po~itiOIJ tr.lckin¡.; are 1\VO ~idc~ or rhc ~:une coin· local-

1~.11101! undn l!lltrlt.ril11)'. l11 LHir tllncnr implt·ml'llt:I!Jon, difl(:rlnt compu¡,1. 

(IOtl.l! rnech~lll~.ln~ ,Jrl' t!~cJ (or )oc.JJi7:ltÍo!l wid11n :1 preVIomJy JearoeJ 111:1p 

(glohaJ l~lc,JIIt~1tmn .ami pn,irinn tral"king), and po~irion tralklllg when inter­

I~ ... IVed w1th :xplor.Hion anJ mapping. E.1l"h of rhe~c approad1cs cxploirs rht: ~pc­
nfic properue~ or the two prohktm. 

r•rohahilistic MoJd 

Thc prohlem of loc~lr7-1tion i~ mmr generally deKriheJ in probabili~ric rcrms. 

MAt' LtAI\NI:-.It: ANil H~t.rr-.Srn D NAvtCAlr<lN IN RIHNO JJ 

Let (o•l denote the lot"ation or the robot ~~ lime r. For mohrlc robots, 1 is usu:llly 

three-dimension:rl (x-y [ocation and hcadrng Jrrection). 1 is nm directly acce~~i­

blc; i.e., the robot Joe~ not know whcre ir·~~. lnsread, 11 mainrains an 'mternal 

bclief asto where ir miglu he and use~ ir~ semor~ periodically tn upd:uc thi~ bc­

licf. h is convenicnr to denote rhe belief a~ ~ probability Jcmtty /'rob!'l([J over 

locations /. The problem of localinuion is rhen ro estimare Prob(•l([J so that ir 

ma.rches a~ doscly as possihle tbc truc location, ~·l. lnitially, at rime t"' O, 

Probt0l({) mny he disrrihmcd uniformly. a~~mning rhnr rhc rohot does not luww 

irs initiallocnrion, or, alrcrn:nively, Pro/J!Ol([J may conrnin :'1 single pe:tk :tt f0l if 
the robot happens to know liS loc:uion. Jlroh({) is updated whencver the robot 
sc:nses, u~ing rnosdy ad hoc approaches to dcierminc 1he conditional proh:rhility 

Prob(sf•) 1 /): 

(2) 

Here a is a normalizer, sfrl is rhc sensor mpm at time t, ami l'rob(J.•l 1 [) i~ the 

probabiliry or observing ¡lrl whcn ar /. Stricrly spca.king, thc upJ.ue formula (2) 

is only valrd undcr a conditional independence (Markov) as~umprion· Givcn the 

nue locntion of the robot nnd rhe ttlle rnmlrl of the environmem, mb,cquent 

sensor rcadin~~ must he condirion:~lly indepcndent. In practicc, we havc found 

rhis approach ro be fairly robusr ro variom kmds o( viobtions of rhi~ a~mmp­

tion (dependencies are duc ro nonstationary environmcnt~ modd error~, cruJe 

repre~entations of rhe space of locariom, or unmoddcd robot dynamic~). How­

ever, the key tlung ro note hcre 1s th:u thc prohlem of locali7ation rer¡uirt·~ (a) 

sensors {ro obtain s(1l) and (b) knowlcd~c ahout flroh(/ 1l llJ, i e., thc prohahiliry 

of obscrving i•l at /. \Ve currenrly employ and integrare n vnriety o( di!Tercnt 

sensor modalirie~: wheel cncodcrs, map matching. ~onar modeling, mancuver­

ability, wall oncmation, and bndmarks. 

Wheel F.ncoders, \Vheel cncoder~ mea m re thc revohuion o( the robot\ whccl~ 

Based on rheir meamrcmcnts, odometry yields an c~timate o( rhc rubor'~ loca· 

rion [l•l wh1ch, whcn exprc~~cd relativc to the robot'~ previnm locarion, [1.•· 11, ~~ 

impressively accurare. To moJel errors in ndomcrry, we a~~umc rhar thc pmirion 

at rime t i~ dJ~tnbureJ normally around tl1e vcry locanon mea~ured by ndnme­

try. The prohahillt}' Pro/J(s(•) 1 (), rhm, i~ normally d1mihurcd. 

Map Matching. A\ dc\cribcd a hove, every \Cmor rending i~ convcncd imo a "lo­

ca.!" map (mch as rhc one~ shown in fiprrcs 2 aml3). The robot can loca lite it~dr 

by comparing rhc global with the locnlm:1p. More ~pccifically, thc pixcl-wi~e wr­

rebtion or rhc local and rhc global m~p-which j~ ~ runctinn of rhe rohor'~ lnca­

tion-is a meo su re of thcir corre~pondencc (Schide ami Crowley 1991) Tl1e 

more corre! a red the m:tp~ are, rhe more likdy i~ thc corrcspnmling locar ion of th!' 

rohor. Thm, rhe probabiliry Pmb(l•l 1 [) i~ a~~umed to h~ proportinnal¡o rhc cor· 
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rd.uion ofhorh map~ 1f the robot wne lT ¡ Ser TI<'<<<< ('o'<l . g), l ·¡ 
• · • • 11 , lCOnlltl mr < et:u s. 

Sonar Modeling. Anothcr ~ourcc of infnrm:ninn for locaiJntion wiHch 
ha\'C lwgun ro c·xplorc· more fl'Ct·ntlv (Burg·trd ct .,¡ 199' ) . 1 .' 1 . we 

1' · · ' "· n~ , 1~ o namct tmng a 
~;mp llltlc rnoJcl o( mn.H ~cn~or~. In e~~cncc, it 1~ a1~urncd thar e;¡ch grid ce!l m 

t ll' g obal map pm~c~~e~ a ccn.un prob,Jbilnv of bc·in<> dctccred b¡"" '''''" 
mr M . '(. 11 · t> ·• .. r ~en-

.. ore splcl IC.l y, our nmdd aHume~ thar wirh proh.lhiliiy l'roh(drtr'Cl ) 
rhc· 1·rf1 ~on.1r 1cn~or dctl'Cll .m oh~radt· ar <X' y> (wl<"'" f't l(" 

1 
);, .~., 

· r · · ·• ~"- 0 1 ucert !~a 
mnnotnnJC JunnJ<Hl nf jJ111J,(01 r' ) .¡ · 1 11 ·¡· 

1 
.. '· 1· Y . . '·y , \\ lit 1 1s 1 <X, y> t ncs nnr he 111 rhe pcr-

c.epn~al (i~k.l ol thc 1-riJ ~cn~nr, sce Burg.Hd, Fo-:, Hcnnig, and Schrmdt (199Ga) 
1 1·~~11r_ ~lrnplrclly, wc :ll~o as~umc that thC' dctcnion probJhrliry is independcnt fo; 
t 1 erent valuc~ nf 1, x, arul y 

. Stln.n ~em(HI ret~rrn the dilt.lllCe ro the lll':Jrc~r oh~t.Jde. Thm, the prohabih­
t;; th.H :m.nhlt.lcl.c· 1\ d~tcucd :11 d11f.1nce ,¡ i~ gtvcn hy rht· prnb.thility rhat one 
¡ r tn!lre nll~ .tt dtlt:tncc d re~pond, ttnu·~ thc prohabillt\' thar no oh~t:tcle at di~-
t.tlltC ~mallcr th:tu d is dett·crcd. Put m.nhcmuicall¡· ¡.:, ,•¡,· < y>) ·, . 1 
1 · · · · ~ ·1' • x. t cnnrc 11e 

t '".t~~~J:L.t'/1'1 t <\', )'> tn rh~ 1-.th son:~r scn~or Thcn tl1e prob,JhiJ 11y of nu::asunn¡; a 
~Jl~(l IL ( l~l.lllCe, ~.ly 5

1
, J~ giVt'l! hy 

ProU,r,) = f3( 1- n (1 - flroU,detm, .•.• ))) rr (1- flro/A.,det«r )) 
,¡¡, (• •)l"'· Jtr.(•.•)k

1
, ''•} 

wiK'rc•ai~an ¡··e ¡ ~-' · ornt.! l!.!llnn r,JCJnr t 1at C'n~urc' rh lt the 
1
,,,,¡,.,¡ ·¡· · e ¡·~ 

• , )1 I!IC'S tor ( l!lt'rCJH 
mc,\<,Jlft'llll'nt~ s \Uill llll ro 1 ¡ ¡, 1 JI ¡ 
(' ¡ j f J ' trC nn y tC ~ t 1.11 :lfC lll thc prÍrll:lfV perceptive 
IC t ~~ t le '.-th mn.u ~c·nsor art· cnnsideretl (.1 flftcen dcgrec cone) .. Noricc that 
the.t~tqnhunon. of l'm/,(s,) lw:us dnsC' re~emhl.mce ro :1 gt•omerric distribmion 

1 he proh,Jhllny o( oh~ervi11g rhc Clltlrc ~nnar K:ln 5¡,¡ 1, 1 l' /( l<l /, . ·
1 J J 1 • ' ' ' • ro J J 1), 1~ t lC 

JliO< llct o t le mdtv1du.1l ~l'lliOr proh.Jhtlttit·..,· 

" l'rt!IJj'
1 

1 (J = n Pn!U,s: 11
) 

,., (3) 

Notlt'e that rhc modelo( sonar serNm ~~ CXtrt•mdy simpli~ric, parrial!y hecause it 
C.Olhlder~ nnly the rnam conc o( \Ollar ~emon (ignorm<• the ~ide eones) " 1 
t11llv b · · ¡ r- • • H par-

. · ec.ul~c tt a~~umc~ llll <·pendcncc berween d1nCrcm gc"rrl" ¡¡ 
1 · rr; · ... e ~. 1gnormg cumu­
.1!1\'c: l'~t~ 111 tlll' rdlecllon of \Oimd. 1 lnwewr, it C":lll he ÚmlputeJ \'f'fV t·nicicnr­

ly, w!Jtth ~~ rmport:tnt lf the loc:Jtion o( the nJbnt ~h.tll be e~rirnatcd in re::l-time. 

Maneuverabili~y. A,~llrmng the 111.1p 11 concct, thc mere (,1ct rh.H ,1 rohot 

r;H:I·~·~ ffl,t loc:nmn <\',)'> mah·~ ir unlikdy tiJ.It tlm locarion is occupied. Thm, 
r 

1 ~ ¡.: obal .tn.lp C.lll he med to derive furt!Jt'r prnh.lhililtlc comtr.tints 011 the 
ro 101 I(~C.Hmn. Our appro~~h amttncs th.H rhe prob.1hdity 0 ( being ar <\', ¡~ 
pro~>ortmnal to the prohabr!ny o( rhi~ grid cell hcing unoccupicd: )'> 

lmM<x,p)=-y(l-Jlro/,(ocr )) 
J ,., 

w Jert· "Y rs :lll approprtate nnrm:tli7ation f.tctor. 

\Val! Orientation. A final ~ource of inform.uion, which CJ!l be meJ ro ,~. -~ct 
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rotational erran, i~ the glohal wall onentation (Crowlcy 1989, Hinkcl and 
Knieriemen 1988). This approach rC'st~ on thc restrictivc asmmprion that w~l!s 
are either par.tlld or ortho¡;onal ro cach other, or differ by morC' rhan frftcen de­
¡;rce~ from rhc~c canonical w.1ll dirccriom. In the bq:(inning of rohnt nrcr:nion, 
the global oricntation of walh is estima red hy se:uchin¡; smught line ~cgnH'nts in 
comennive sonar mC'asuremerm (cf. figure R). Once the global w:r.ll oricntJtion 
h:n been esrimatcd, ir is uscd to reacljuH rhc robot'~ oricnr:uion ba~ed on funrre 
son:u meJ~uremcnt~. Sce Thrun (forrhcnrning) for more details. 

Landmarks. L1ndmarks are used in variom approachc~ ro mobile robot loe.¡] .. 
Í7A1tion {see, for C'<ample, Betke and Gurvit~ 1993, Kortenkamp ami \'V't·ymomh 
!994, Neven and Schüncr 1995 and refcrcnce~ in Thrun 1996). Wc rcCC'ntly 
have bc¡;un tn explore mechani~rn~ that enahlc a robot ro ~ekct lt\ nwn land­
marks, ba1ed on ~onar and c;m1er.t input The kcy idea underlying thi~ .1pprnKh 

is to train anifrci:1l neurnl netv.'orks to rcco~ni1c landmark~ by minimi1ing the 
average locali7:ttion error (asmming that Uplbte rule (2) is applict! in localna­
llon). As a re~ult, our robot ~ucces~fully ~di~covercd" a varicty o( rr~cful vi mal 
bndmarks, such as doors. wall color, ceilin~ lights ami m on Dcrail~ of the al­
gorithm and performance rcsult~ are surveycd in Thrun (1 9%) 

Thi~ list of ~Ol!Tces for estimating 1 ha~ been developcd over thc bst fcw yC':~rs. 
Some of these mcthod~ makc strong amtmptions nn the correctne~~ of thc ~lob­
:llmap (o;uch a~ thc maneuverahiliry mcthod), and hcnce cannnt he imcrlcavcd 
widt m:r.p leJrning Thc~e approache~ Jiffcr significantly in computat'tnnal com­
plexiry. For example, the map- rn~tching approach, as 1t is currcntly irnplemem­
eJ, rcquirC'~ extcmive compari~om of m;¡p~. whereas wall orientatiom can he t!c­

rcrmmcd vcry dlicicnrly 

Global Localization 

Global localt7:.Hion addrt·~~es the problem of mobtle robot locali1ation under 
~loba! unceminty '10 locali1e the rohot globally, the cntire demity flrnb(l) for 

arbitrary locatmm 1 is computcd. In our current implcmcntation, flrob(l) i~ ap­
proxirnated u~in~ a grid reprc~cntation, jmt l1kc rhe occupancy grul~ de~n1bcd 
in the nest ~ection. Thc orient.HI0/1 of thc robot i~ repre~ented wirh 1° rc~olu­

tion. Currcntly. only rhe wheel encodcr~. 1nnar rnodelin¡; and mancuverahiliry 
are u~cd ro loc:Jii7C' the rohnt. '!O upd.m· l'rob((J in re:~l·tlmC whilc thc rohor i~ 

in mOtion, only a ~~~h~et of \onar re:tdin~\ i~ currernly comidcrcd in ~lolul pmr­
tioning, ~intc thc procC'ss of updatiti~ /'rn/J({) i~ cmnputarionally expen~ive. 
¡:ro m the previo m li~t of \cnsnr nmdal1uc~. 1hc ¡;lohallocalinrion approach utl­

li7c~ wheel t·ncoders ami ~onar ~cmor~. u~in~ the ~onar modelrng :tml rn:lneuver­

abdiry approach. 
Figure 9a ~how~ a patlr takcn by 1he robot in rhc arena Jepictetl in figme 4 

(~:r.mc :r.rC'na, diffcrent run). As \hown in rhat figure, rwclve sonar ~"" •ere 
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ligu" N IY:d/, drunrtf l~r a11mdrrin,v,j¡,•r tlff}'IU/11 mnnr 
11/l'¡/r/11'r"!lt'JII< \\'1¡// (OfiOifttlfiJJI< tlrr mrt! fo mrrnt jiJr 

tfttlll-n·dr>lll!lg rnms 111 thr Hilmt nnrntatum 

u~cJ ff,r rhc global pmition eqim:uion, each of which comi~ted o( eigln ~cmor 
reading~. Figure 9h ~hows rhc log.nidun of rhc dl·nsiry /'ra/¡(1} (maxJmi7cd over 
all orit·r11ation~) aftcr cv.rluaring ~rx of rhe~c rwd\'t' ~cmor ~ca m. Alrhough rhmc 

~ix rc.rding~ app('.tr ro he in~unicicnt IOr umqucly locali1in~ tire rolmr, rhc demi­

ty ind1cm·~ thar rhc rnhor ~~ mmr l1kdy in a corri<ior. After ev.rlu:nmg all 1welve 
scmor reading~ (figure 9c), rhe pmition of rhc robot is uniqudy Jercrmined. 
Noricc thar rhc proh.rhil11y ofdrc "corrcct'' grid ccllm figure 9c i~ approxim:ncly 
O.<J(,, whrll· the v.rhrc of'rhc ~ccnnd l.1rg(·~r J'l".rk i~ re~~ dr.ur R JO r._ No1kc tire 
.II'JHtl.ttlr (lc.rl~ .tdl'ljll.t!cly wirh unccrt.1Ín¡y ami amhiguirie~. a~ dt·momrrated 

hy dw l·mpirical examplo:~ The globallocal1ntinn appro.rch ha~ alm givcn vcry 
rcli.thlt· rc~uln for n·.rl-!lmc po~1tion oacbng (Burgard et al. 199Gb). Howcvcr, 

'sinct· th!';; :rpproach c~rimatc~ rhe rohot'~ locarion 111 .1 previomly learned m:~p, it 
1~ not applic;Jh]e durin~ nplor;¡tÍon and map lc;Jrning. 

Po~ition Trad<iog Whcn Lcarning Ma¡n 

Wlrcn k-.rrning rn:1p~. rhc robot know~ ini¡j:¡] locarion by ddinirion (J.c., is dc­
finnl tn be origrn of the global conrdinate sysrcm). Thm, during exploration, 
pm1tion cnmrol ~eck~ tn cornpem.tte for ~horr-term loc:l!IJ:ltlon erron ~uch as 
~Jipp.tgc :urd drifr. Tire h·y ammiption here i~ th:H rhe posrrion of the robot JS 
known t'xccpr for ~ome ~mal] error, so rhar inqc,rd nf cqim:rrin~ an cnrirc prob­
:thJ!uy JimJhlluon, Jt mnice~ to kcep tf;JCk of thc f!lOH likdy Jncation of the 
robot Our currenr he\! npproach fiH pos1tion trackmg difTcr~ from drc ahove 

approad1 rolocaliJation in two a~pects (cf. Thrun 1993, Thrun [forrhcoming]): 

Fim, tire apprnach e~rim:rre~ only rhe point 1 th.lt m.tXJillÍ7es l'rob(f}, inue:~J 
of 1he cruirc dcns1ry. The :rdvanr:rge of tr:zcking nnly one val u e is twofold: rhe 
'pace of localit:Hion doe~ nor h:1ve ro be rcpre~cmed diKrercly (or by p:rrametric 
dcmiric~) .. uHI rhc ap¡mmdr ~~ cnmput:ttlonally muclr more cfficicnr. lt comes ar 

thc ohviom <li~adv:zmagc rlr:~t complcx disrriburiom, such as mulrimodal Ji~rri-

¡• 

MAl• LIJ\RNtNG A~l) ]IH:lt-S!•FrJ) NAVH;AliON IN ltlll~O 37 

* .\ • i ' • 

.1: • 
J ' ~ 

' 
1 • - t t ~ ~ 

~~---1 ,~--:-• , 

Ft'{Jtrr 9. lmtÍid rr/flow!tvllion l.rfl (tr}-l'ath oj't!Jr rohnt. 
• Crntrr (b): l'rob({) njirr n'lllullling st~ sonar mtdr~.~· 
Rr(/Jt (r): l'rob(/) t1jirr rl'tlllltltin,'l, flllf'h•r sonnr rrt~dm,v,s. 

. borh rlnnrd lnr.nrithmimlly. 

b d Thu~ once thc posirion ~~ Ion, rhis approach ¡~ bu no m cannot e represente · · • b 
unah!e ;o recover. Howcvcr, if rhe initia! !ocation ¡~ known, we almmt nevcr o -

' 
.. ~·cd that rhe locar ion wa~ csrimated maccurarely. . . k" 
-~·· 1 ~1nnntrK1ngre· Sccond prirnarilr for hiqnnc.rl rcamn~. our ap¡Hoac 1 tn po ·. 

1 lie~ only ;n whe.cl encodcrs, map mnrchinR, :md wa!l oneruarion ro ~~~unat~ o­

c:rtion Pmirion control ba~ed on whed encoders ami mr~p m:rtc Hng ~ on·c¡ 
• • 1 · 1 rr cea~c~ m funcuon 1 worh wdl jf rhc rohot travels through m:rppcl rcrr.un.' '1 · . l . h 

1 1 k lown terr:rin. The thrrd mechanrsm, w uc ar· the robot exp ore~ am map~ un J . r. 1 nvi-
uabl relies on a re~tricrive :u~umption concermng the nature o lfll o~r e 

g Y 1 n e tremdy valu:rhlo: wht·n autonomomly explnrrng :~nd ronments, ras provc x 

rn.rppinr, l:rr¡:c-~crlc ilrd()or l'nvlrnnrnenr~. . . , •r:rdicnr de· 
PmitiOil trackrng ¡~ imp!ementcd m an any-urne fa~luon, mrng g · d 

· · ¡• b([) \Vhcn a new ~onar rca • scenr to e~tltn:rte rhe Jocation that maxlllli7C~ ': · . ' . . r o-
in,.. arrivcs the prcvious ¡;radrcnt ~carch ¡~ terlntnared ~nd lt~ re~ult ~~ mcol PI . 

t> ' • • • • ¡ r e we h:rve HHIIH t 11~ ratcd inro the current po~1tron e~umatron. n prac IL • . . '( h 
a, roach ro be faH enough to accurarcly track rhe robot pml~!On evcn 1 t e 

~~l~nt ·¡~ nrtpping unknown terr.rin with nuximum vdncity. Nouce tlr:H allt;l:rp~ 
shown in ;hi~ chaptcr (wrrh rlw cxccption of rhe map ~hown in figure 7a) rave 

hecn gt·ncr:lted u~ing rhi~ po~itinn-rr.rcklng apprnach. 

Navigation 

This secrion is concerned with robot motion. RIIINO'~ navJg.1tion .~r~rem .c~n­
. . r odule~· A global pbnner (Thrun 1993) ami :r reawve coll151on SIS[S O fWO m ' • 
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.1Vo11l.mce module (Fox, llur~~rd, :111d Thnm 1995 Fox ¡¡,,."'"J ., ¡ 'l'h 
1997) ~ · · ' • 't>''•·rH run 
.. · Control r~ ~rncr:ucd hrer.m:lrrc:JIIy: "Jire gloh.rl p:uh pbnnrr gcner:rtc~ 

~rllnrnnrn_r-cmr p.rdr\ ro rlll" go.rl{\) ming rlrc nrap A~ .1 n·sult, ir communic:Jtes 

IIH~·rmnlr.Hc ~uhgo.rl~ ro tlw cnlll\lnn :rvo1d.urn· rourlrlL', wlriclr control~ thc ve­

locuy :r.nd tire cxan llHHinn directron nf tire rohor reactiwh•, b:r~ed 011 the mo~t 
Tl'ter~t ~l'JWH _mt·:r.surt'mt·nt~ nnly Horlr mnduk·~ adjmt drt·;r pbm and control~ 
Cn1H11111nu~ly tn rc~pon\c to tire currcnt ~in 1 .n 11111 , 

lloth .rpprn.rtlre~~drr glnh.rl p.uh pl:rnnt·r .rnd rhe n·.rcrivc cn!l1\ion avoid­

~~K~ :rppro.r~h~art' ch:Jr:rctcrr7ed hy ortlrognn:JI ~rrrngtlr~ ami wcaknt·~~es: Thc 
tollr\1011 .wn1d.rncc .rpprn:rch i~ c.r~ily rr.rpped 111 local minttn:J, such :r~ U-\lr,r ed 
ohlt,lclt ConflwlrariO/l\ (J .l!Oillhe J<)l)l) J-inwcvrr '' .... • ¡ · p ¡ · ,.._,l(;r~ m re:t -tlllll' to un-
~rrc~t-en_ oh\t:tdc~ ~~~~Ir ,1\ lmm:1m :rnd is c:r¡l.lhlc of changing the motion J 1rec­

tron whrle thc robo_t r~ movin~. Tlrt• glob:1l pl.u11wr, rn comr.ur, dne~ not ~uiTer 
frnm dll' lnc.rl nr1nmmm prohlem, ~ince ir pltm r•lobrlly ¡1 :1l 1 ] 
I)O[ j¡' 

1 1 
' t'> ' • ' ( llC, lOWe\'CT, l~ 

'-lt 111 L'IIt !O contro t rt· robot, ~mee it doc~ not ukc robot dyn.rm 1 c~ intn 
:lt"lOliiH :rnd ~lllCl' lrlnll'd •' ! 1 r . . ·¡ · rnap~ .rr~ lllClp~ le o c.lp!tirrn¡!; mnvm¡; nbH:tdt·~. 
1 111~. glob.rlpl.mn1ng .1lnne wnuld ~imph· nor :1void colli~wm witl ¡ d 
otiK"r r.rpidly rnoving oh\t.rdt·~ · 

1 Htl11,\ll~ an 

Path Pl:tnning with Grid-Based Maps 

Tire id~~ fn1 p:rth fll.rnrriiH• i~ ro lct ti • 1 ¡ · to lC fll l(l[ .1 Wa}'~ lllOVC <111 ~ llllll!llll!lll-CO\r 
~'·11 h ro thc gn.d (or drc m·.~re~r go:rl. if rmrltiplc goal~ exi~r); The cmt fnr tr:wcrs­

mg .r grrd cd~ 1s determincd hy ir~ occup:1ncy valuc. Thc mininmm-cmt path i~ 
~·ompurcd u~m~ :r modr!ied ver~ion of v.rlue rrcr.nion, a popubr dvn.umc pro-
gr.rmmlng:JI¡.;orrtlun (Bdlm.m1957; llow:r.rd 11)60): ' 

lnitiali7ation. Thc grid cdl tirar cont;~im the t;~rger Joc:rtion 1 ~ initi:rliled with 
O, .rll othcr~ w1rh oo, 

11( \' .. r) rarr,<'l <di 

otlrnwiw 

Update Loop. For aliiHlJH.rr¡.;et grid rdl~ <\",y> do: 

¡,:' +- 111111 (1 '··! , .. + ,.,(J¡.( .. .-. '' l} '... ' . , .. , 
V.due itn:HIOil upd.m·~ tht· v.due of.111 grid n·ll\ by rhe v:rlue of rhcir he\t lll'lgh­

hor~ ~'lus dw tmt~ of movin~ to rhis ncrghhnr (¡u~t likr A') (N1Jsmn 1982). 
Co~t rs here el1ltl\alenr ro tllt' probahilin· /'rob(orr ) th:Jt a,.,,·¡ e fl · · '•!TI . ' ~.Y • •o{ e <\'.y>t~oc-
cuplu re upd.1re rule 1~ 1rcr.m·d. \XIhen drc upd.ue corwcrgc~. e:~ch valuc V 
mc.r~trre~ thc cumubttve en;¡ for movrng 10 rlre ne:rre~r ''(' •l ¡.¡0 ,,.... ~-'r ¡ · ¡-, • • .._ver, comro 
C.HJ 11.' gl·ncr.HI.'d .u :~ny rime, long hcforc v:~lue itcration converges. 

Dctermin(' M !' o· · ·¡· ¡ o too tri!'CtJOn. o { ctcrmttll" whcre ro nrove, the robot gener-
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ates a mintnmm-con p.nh ro dre go:~l. Thi~ is done hy sreepest dc~cent in V, 

starting :r.t the :r.ctu:~.l robot positton. The stecpc-sr descenr path is then pmtpro­

cessed ro m:~intain a mínimum clearance ro the w:~lls and, if pos~ible, to move 

pamllcl to w:~H~. ming thc glnb:~l w~ll orient:Jtion dc~cribed tn thc previou~ ~ec­
tion. Detcrmming the mntion direction i~ done in rcgubr ttme inrerv:1ls :1nd is 

fui! y interle~ved wirh upd:uing V. 

F1gurc 1 O ~how~ V :~frcr convergen ce with one :rml two go:~l~. re~pecrivcly, ming 

the m:1p shown in figure 4. The gr.ty leve! indic:rtes rhc cunurbtive com V for 

moving roward the nearest goal pornt. Notice tirar every loc:1l minimum in the 

value function corresponds to :1 go~l. Thm, for every poi m <.\",y>. ~teepe'r de­

scent in Vlc:1d~ to the ne:r.req go:1l poim. 
Unfortunarely, pl:rm value iter:l!Íon is roo incffic1ent ro nllow rhe rohnt ro 

n:r.v1g:~tc :rnd le:1rn maps in re:~l-rime. Stricrly ~pe:rk1ng, the ba~ic nluc iter.rtion 

~lgorrrhm c:r.o only he :r.pplit·d rf rhe cmr functinn doe~ not incren~e (which fre­

quently h:1ppem when rhe m:rp i~ mndified). Thi~ is bcc:~mc when thc cost 
functinn incre:t~es, previou~ly adjuned \'alues V might hecomc too sm:1ll. \XIhilc 

vnluc iter:uion qmck!y decre:t~es v:r.lucs th:Jt are too l:rrge, incre;~~mg wo m1:11l a 
V:Jlue c:r.n be :r.rhirr:r.nly s1ow (Thrun 1993) Cnmcquenrly. drc b.r~ic v.rluc iter:J­

tion algnrithm requirc~ rhar dre V:Jiuc functioo he inirial11ed completely (initiai­

Í7~1tion ~tep) whenever rhe map-:r.nd thm rhc cost functton~i~ upd;~tcd. Tlm 
i~ very inef!icient, ~rnce dre m:~p i~ upd:~red ~lmmt comt:r.nrly. ·¡o :1void wm­

plere reinrri:rlintions, ami tn further mcre:r~e the efficiency of the appro;~ch, rhe 

h:r.~ic parad1gm was extended in dre following way: 

Seleetivc Reset Phase. Every rime rhe m;~p is upd;~ted, values V~. 
7 

dr:tt :~re too 

sm:r.ll are identiflcd :1nd rc~er. Thi~ i~ achicvcd by thc followin¡.; loop, whith r~ it­
eratcd· 

For :rll nongoal <x, p do: 

v,,,+-<><> lf v .. ,< mrn {v .. :,.,+l'mh(occ,~,.,)} 
~- . " ;·-••t 

Notice th:Jt rhe rcm:r.ining V_.. r-v~htt·~ :r.re not affl·cted Rc~ctting the value 1.1hle 

i~ :1 vcr~ion of vrrlue itcr:r.tion. 

Rounding Rox. To focu~ value iter:rrion, a rcctangul:u hounding hox [xnun' x,.) X 

lr,.,,. )'
111

,.] is rnaint:Jincd th:lt com:lin~ :~11 grid cdl~ in which Vxy m;~y dr:tnge. 
Thi~ hnx ~~ c.r~ily ma1nt.rim·d tn drc v:~luc iterarion upd.rtc. A~ :1 rcmlr, v,tlue ir­

er:nion focu~c'> 011 :1 srn:rll fr.rcuon of rhc grid only :~mi herrcc conver¡.;c~ rmrch 

f.,qcr. Notrcc dr:n rhc houndin~ lmx he:~n ~imrl:1rity tu priontiJed swecping 

(Moorc ami A1ke~on 199.~). 

V:rlue rteration r~ :1 vcry general procedure which !1:1~ ~evcral propertic'> tfr:1t 

makc it :Jitt:JCt1ve for real-time mohilc rohot navig:1t1nn· 

Any-time Algorithm. A~ prev1omly ment1onnl. v;~hre rtcr:nion c;~n he under-
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1·~~1117' lO 1\uh p/,mmng wuh dyn,tmir pro¡;rnmmmr;. 
Valur fimowm {~ rom/'111rrf !~y t•,¡/ur tlfrrttwn _for (,1)(/1ji) ;mr r;na/ 

nml (L}{~tgln) tuVJ :?o"!J {g0t1/s nrr nmrhd lry KO) • 
fly fidlowmg thr gmy-smlr gmdmu, tf,r robot mor•rs lo thr 

1/t'\llllli''Cf'/ornl ¡/rM 011 11 minim1111Host pat/1, 

~wnd a~ an :mv-rimc pbnncr (Dt·u¡ and Boddv 1988) C 1 1 · . . · · . . onst·qucnr y, va ue Hcr-
atmn :11low~ rlll· robot to rnnvt· in re:tl-timc, cvcn rhou~h ~o me of ¡ 1 ~ mor ion 

cornmand~ m1giJt he ~llhoprim.ll 

r:ull r:~ception Handling:. V.1luc itt·r.Hion prcpl.tm for arhinary robot loca­

tlniK 1 lm ~~. bcc:m~e Vis compmed for evcry lncation in d1c rn:~p, not just rhc 
curren! lncatmn nf rhc rohot. Cnn~eqm:ntly, thc robot c:m quickly react jf ir 
find\ l!~df 111 :111 tmcxpcctn! lncarion, ami gt'!Jcr.He nppropri~rc motion direc­
unn~. wnh~ut :1ny .ufdi~ion.1l cnmpur.Hion:ll dlorr. ']fu~'¡, pnnicularly impor­
Lilll 11 1 0111 .1p]'ro.Kh,_ \llltL' tlu: robot U\~~ .1 f.l\t lnutin~ lnr .lvoiding coJii, 1011 ~ 
(llt'\LIIhnl hdow) wluL11 .Hiju\t~ thc rnmiun din·uion cnrnrn.tiHkd by rhc pbn­
ncr h:J~t·d on ~cmor rcndmg~ 

E,;plo.ration. 'Ji) auronomom!y :IC(Jilire a m.1p, rhe robot hn~ 10 explore. For cx­

~lor.HH~n, thc ~.une v~luc iterar ion :~.lgorirhm is employed, wuh rhe only exct:'p­
tlon bcmg thnr gnnl~ corrc~pond 10 uncxplored ~rid celk Figure 1 1:¡ ~lww~ an 

amonomom e'<plnr.Hion run. Ar rhe currcnr poim, rhe robot hn~ alrendy cx­

P~~Hcd rhc maJor fulhvJy~ and i~ :1hout ro continue to explore an interior room. 

Cntul.u rnonon, \UCh .1~ found in rhe bottorn ofthi~ plot, occurs when rwo un-
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explorcd regiom :1rc :~.bout cqt1ally f.u away (::: ~ame cn~t\), No rice th~t tlw wm­
plete explora!ion run shown hcre took lc\S tl1:1n fifrcen minutes The rnbm 
moved comtandy and frequently re:~ched :t velociry of RO to 90 centimcrcrs per 
second (~ee alm Ruhmann er :ti. 1995: Fox, Rurg.ml, :mJ Thnm 1995). 

Figure !lb shows rhe exploration value function. All whire rcgrons are unex­
plored, :md rhc gray levd indicares rhc cunmlative cost~ V for moving townrd 
the neare~t uncxplorcd point. The v:tluc fuoction mdic:ttes rhe robot would 

continue explomfion hy moving srraigln :thead. 

Multi:tgent Explorntion. Smcc valuc itcration gcncrate\ va!uc~ for atl grid-cclls, 

it can easily be meJ for cotlaborative multiagem explorar ion. 

In grid maps of sin~ thirry by thirry merers, optimized value 1reration done from 

scr:uch require~ :tpproximarcly two to ten ~econds on a SUN Sparc station. In 
cases where rhe sdective reset ~tcp doe~ not re~et largc frncrions of the map 

{which is thc common sttu.uion), valuc iterarion converge~ in lc~s than a second. 

For examp\c, the planning time in rhe map shown in figure 4 lics generally un­

der rwo seconds, :md mosr of the rime under a tenrh of a ~econd. In lighr of 

rhe~e results, one might be inclined ro rhink that grid-ha~cd map~ are ~unicient 
for autonomom robot navigation. However, value ireration (and similar plan­
ning approachcs) rn¡uires rime quadraric in rhe numhn of grid ccll~. imposing 

intrinsic scalmg !imirarions that prohibir efficient planning in large·K:Jie do­

maim. Duc to their compactne~~. ropologica\ maps scale much hencr to brge 

environments. In wh.H follow~ wc will de~crihe our approach to path pbnning 

with topological maps. 

Path Planning with Topnlogical Maps 

Thc enormous compactnes~ of rnpological maps-when compared to rhc un­

derlring grid-ha\ed map----incrcases rhc cfficicncy of planning. To replace rhe 
grid-bascd planner by a topolo~ical pbnner, rhe pl.uming problem is ~plir into 
t!m~e subproblcm~. :~11 of which can he r.1ckled ~cp.u:ttcly :tnd vcry efficienrly. 

Topological Planning. Pir~t. pnd1~ nn· planned ming thc ah~tract topoln~lcal 
map. Shorte\t parh~ ¡n rhe topolo~lcal m:tp~ can C:l\lly he fmmd ming one of 

thc ~tandanl graph ~earch a!gorithm~. such :1~ Dijksua'~ or ¡:Joyd and W.mhal'~ 
~hnrtr~t pnth :~l¡~o11thm, A•, or dyn:umc pro¡;r:1mming. In our impkrncntation, 

wc u~nl the vnlue itcration appro.1ch dc~cnhcd in rhe path pbnnin~ wi1h grid­

hJ\ed maps ~ccrion. 

Triple! Planning. 'JO uan~l.Hc topological plans into mminn comm.unk a ~n­
callcd "rriplct pl:tnncr" gencr:ltC'~ (metric) path~ for cnch ~et of duee adj:Kenr ro¡m­

logical regio m in thc tnpological plan. Specifically, let Tl' 1'1, ... , 7~ denote thc 
plan genera red by rhc ropolog1cal planner, where each ·¡; corre~poruh ro a rt~ion 
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l~r.urr 11 Aurmwmour rqdrmtflon. trft (t~) ¡~,plomtwn pt~th 
Rt.f.l•l (f,) \l',r/ur jilllctton durmg r\Jo/omtimt NrJ/Jfr t!Jtttthr {

1
trgr 

b/,ul· rrrtJtn.r:lr in (f,) mdrmttJ thr g!ohnlll•ll/1 onrntmum ' 

in Illl' tnJp Tfwn, for c.1ch mplct <T T T ,. ('- 1 1 1 T 
'j') J ,. "1' "' 1- ' . '11- ,lll( 1 ·= 
• , • •

111 c:td1 ~rid. cdl_in _7;. the trrpfcr p!anne; gcnC'r:ttc~ shortC'sr p:tths r~ tl;e 
co~r-nearcq_porm rn 7,~ m thc grid-h:t~ed map. undcr rhe cnmtr:lint rh:n rhe 
rohnt cxclu~1Vd\' rnm·cs throtwh T and T For _,,...1, ,.·,11·t 11 1 1 1 . ' • t> ' ••l' ,., ... • Jc ,:t SlOrt<'stp:ttlscan 
1~· ~t'llt'r.Hcd 111 a ~1nglc V,lluc lter.Hion ruw E:Kh pninr in T ¡~ ,, ••k ·J ( · 1) 1 · ,.z r . , t .1~ J pn-

fl~ll-!1,1 go;~ po~nt. :lntf V.1fuc lf('r:ttion i~ med ro propngnre co~g rhrough T 
10 

7,- ¡ust a~ descnlwd 111 the parh pbnning wirh grid-hased map~ secrion. rr;;J!ct 
pbm are med ro "tr:m~brc" dw wpolngJC.If pl.m mto condct(' motion command~ 
~:'hcr~ .rhe rohot ¡,in '1,, ir lllOVC'~ .1ccordm~ ro thc tripb plan nhrained for <T, 

,,1• l.',:_"· \X'hcn t_hc rohot crm~c\ rlw hound.1ry of two ropolog1c:d rcgions, tf 1 ~ 
nexr rrrpler 11bn <7 T T · · 1 N · · ,.1• .. ~· ,.J" ~~ acuvatc¡ ot1cc th,u rhc tnplcr pl:mncr can 
he u~ed ro lliO\'C rhc rohm 10 thc rcgion dl.lt conr:~im rht· go.tl loc.Hion. 

Final G~al Planning. TIH: final qcp involw~ moving to rhc JCtu:1J go:~l !ocJ-
llon, whrch J<•ain i~ done · h 1 · · N · 

• t>' Wlt va ue Hcratlon. once thar rhe computanonal 
~mr for rlm final pl~nning ~tep does nor dcpend on the ~i7c of rhc map. lmtcaJ, 
lt dt'~Jcnd~ on rhc me and rhc shapc of rhc fin:~l tnpological rcginn T, and r!1c 
loc.Uir>JJ of !he g¡uf. " 

Tlw kt-y :ulvanr:~gc of tlm dccompo~ition i~ rh:~r all d1c C"(pcmive com 
"' 
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~ rcquircd for parh planning C.ltl he done orf-line, for :~11 p:tth pbnning prohlem~. 
~As documentcd in Thrun {forthcoming), pbnnrng ming rhe topo!ogica! m:~p is 
!xtwecn dlfcc and four order~ of magnirude more cffic1enr rhan pbnning with 

grid-based map, for map~ S1m1br ro thosc shown in this chapter. On the oth­

er hnnd, pbns generated with the topological m:tp are typically hetwccn one and 

· four pcrcenr longcr th:tn pbm genera red u~ing the grid-ha~cd map, numhcr~ th:tt 
:1re considerably small given rhc huge compmarionnl s:~ving~. 

Colli~ion Avoidance 

Thc r:1..~k of the colli~ion avoid:mce routinc i~ ro navigate the robor ro ~uhgoal~ gcn­
er.:tted hy rhe pbnner whilc :tvoidmg colli~iom with olmacles. Ir :~Jjum 1he actual 

vdociry of rhe robot ami chooscs rhe concrete motion direction. For ohviou~ rc:t­

som, the colli~ion nvoi,bnce module mu~t operare in reaf-r1me. \'V'hcn thc robot 

moves :ts fast as 90 cenrimetcr~ pcr scconJ, it is imperativc th:tt the rohor dynamics 
(ineni:l, Wf(jllt:: limir~) he takcn rnto accomu, p:~nicubrly hccm~e thc p:tth pbnncr 
comidcrs only robot kincmatics. Thc rcmainder of thi~ ~C'Ction describes thc \fy­
n:lmic wmdow approach" to co!lision :~vokbnce (Fox, Burg:~nl, :1nd Thnrn 1995; 
Fox, Ourgard, nml Thrun 1997), curremly our bcst colli~ion ;¡voidancc rourinc. 

Thc key idea of rhe dyn:~mic window :tpproach i~ 10 choosc control in rhc ve­

locity space of tf1C' robot. F1gure 12 ~hows an cxarnple of rhe robm travrling 
down a hallw:~y wnh a ccrtain vclociry, ami figure 13 ~lww' thc corrc~ponding 
vclociry sp:~cc The vdocity ~p:1cc is J prnjcction ofthc cnnfigur:ltion ~pace (with 
a fixcd kinem:~tic configur:~tion). Thc hori70nt:tl 3XÍ~ in figure 13 meJsures rhc 
rotJtional velncity, denoted hy w, :~nd thc vertical axi~ dcpicr~ thc rramlarional 
vclociry, dcnnted by v ThC' :Jctu:~f vdociry of rhc rnhnt i~ a ~mgle poi m in rhi~ 

diagram (tn the centcr of rhc whirc region). The robot ~er~ irs vcfocities in rcgu­
br u me inrerv;¡]~ (in our currenr impft•mcmarion cvery 0.25 seconds) 1{¡ emurc 

that the rohor tr:tveh safdy :1nd makc~ progre~~ row:tnl rhc goal, ir has m ohcy a 

varicty of comtr:~ints, which :~re dcscribcd in mrn. 

Hard Constraints. ll:trd conqraints are imposcd hy the rcquirement ro nor ro 
col!ide with ohst:~cles ami hy thc dynamic~ of rhc rohot. 

Torque Limits. TiHCJUC lirnit~ impo~e hound~ a~ to how rhe robot might change 
its vdociry in du• irnmediatc nt•"(f dcCI~inn imerv:~L In the example shown in fig­
ure 13, rhc~t· hounds are vi~mli?eJ by thc rcct.mglc V,. 

Snfcty. Oh~t:l<.k~ imposc :~ddirional con~tr.11nt~ on thc vclocity Vclocities Wlth 
which rhc robot would rncvuahly cnllidc, cvcn if decdcrarcd maxirmlly afrcr the 

deci~ion inrerval, are nor allmi~s1ble. The Jark re~ion~ in figure 13 ilfmtratc 

such regions in rhe vcfocity spacc. Noticc that ob~taclc~ such a~ wall~ :~re dircctly 

m:tppcd tnln !he vrloc1ty "Jl·lU'. 
Thc~e conqrainrs are hard eonstraints, i.c., for nlwwu~ rc;amn ·nhor 
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mmt o:wy ~ht·rn .. ln fi~un: ]J, thc ~pace of :~t/mj~,jh]e vclocntc~ undcr these 
comrr.unt~ 1~ dt-ptcrcd 111 wlmc color. The~e tomtr.tinr~ do not , ·r e 
en-· ¡ 1 . spc:ct y preu:r-

n~. 1111r t 0 1 H:y con u m ~n:tl-rd:ucd mfonnarion. 

Soft Con~traints. Sofr cnmtr.tint~ irn¡lo~c ¡ncfcn:nces n•• ,¡,, n . 1' . ¡ ¡ · f · ,_ IOtton t m:ctmn 
·: 11~Fw onry o. th~ ~nbot. Cut rcntly, duce soft con~rrnitHs :m: uscd: 

-HJ.:t>t ht•.tdmg. 1 he target ht·.ulmg, denorcd fwndiii"IIJ, ttl) is ddin~ 1 ,, tlt' 1 
Jut J f h .~l ' ü " :llSO· 

e :mg e o t e targer (~uhgo.ll) rcl.l!lve ro rhe rohot\ 1•-d'•••g d' . ' 0 J') J . . . - ,_., trccwm attcr 
,[/ ~ccon ~ of robot mouon. 1 he t:nget poiru ¡~ mu:tlly ~t by rhe p.uh pbnner. 

Jnulm.~t\ 1' 1) = O, tlw rarget would he righr in fronr of rhe roh 1 ¡ . 
11
¡

11 
r 1 · orar 11e -.egrn-

1 
~ n t ll" ncxt tl!ne ll11.~:rv.JI. T¡, rnakr: progre~~ toward lf~ target, ir i~ tlesirrd rhat 

t le rohnt move fO\vatJ'> 1¡ 1 e th. ¡ J' ¡ l 
2. Ckn.mce. ThL· cle:n.mc:. d~·not:¡t~~~:~,::;,, 1:1;)• 1~ a;~ m~ l:t'> pol\>lbflr wl~.cro. 

f f 1 1 ' ' ' ' 1 <.: llllt :1'> t 1{' a·e l l~tance 
m ront o t ~l' ro lO!, :l'>'>tlllllll~ rhat t!Jl' robot~ '>Ct'> il'> vdocir~· eme' a¡] J ' 
not eh 111 ,.c H 1 ~ ll , e •' l oes 

• " 1 lerc.J rer. v maxirni1in" deannce the rohot ·¡ ¡ . 
cfo,¡· tn nh'>t.Jde'>. ' 0 

' ' • :JVOil '> lemg 

3. 'li-:u¡~l.uion:J! velocirv Th r ¡. 1 1 • . , e rans .HIOna ve ocHy 11 1 ~ :~lm m:r~timin·d which 
cau'>e~ the rohot to nlwa · · f. ' ' •}'> move a'> .m a~ pennmcd hy rhe other constraint'>. 

Nut1ce thnr .11! tl1rce '>ofr constr.unr~. hmdiny;(t• hl) rlm(v. ül) ;¡ ¡ r 
uon<; of ¡ '1'1 ' ' · • • nt t•, are tunc-

'' a m toJ. H' :lctual vclocirv dcnored lw <t•' hJ' · 1 · d l . 
l
. h •' , • >, 1s o lt:lllle l}' rnax1-

11117mg :1 IOt'.H com in:J.tlon of thesc constrainrs: · · 

(',."")="""'"(-a 11 d ( )1 · ( ) ) I'.W 1 Jtn mg t•,w + a 1 dm ,,w + a 1 • v (4) 

llerc a,, lrz, :1nd (t 1 :lrc consranrs wh1ch tr:11l, oiTth• 1 d·rr e . . · ~ t Hee H1erenr '>Oit con-
'>tr:'llnt'>, rhm determmmg the over.111 beh:J.Vior of th b 1 
· · · d h e ro ot. n our approach (4) 
15 nptlll117c }'di serete grid scarch · ' 

V, 
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Figure 14 dcptcts thc value (argument of the "argm:~.x") corre~ponding to the 

snu:uion dcpicted in figure 12, :1'> :1. function of rhe velocitie~ 11 :md w. Valuc~ 
th:n would violate thc safcty con'>traltlt are set ro 7ero The ~ha pe of rhe rcmam­

in¡; function indicare~ thar higher translational vdocirie~ are gencrally prcferable 

ami that the rot:wonal vclucity posscs~e~ an "nptimal" valur, which ¡, dictatnl 

by thc r:uget hcading (ridge toward the right Lll figure 14}. Thc global maxi­

mum, markcd by thc verticalline in figure 14, corre'>pond'> toa sharp right turn 

for moving directly rhrough thc door (sce figure 12). Norice tlm the dynamic 

window (torque limits) i~ not shnwn in figure 14. lf the dyn:1mic~ of thc rohot 

do nnt permit ~uch a rurn, rhc robot would in'>tead move Str:light, deceleratc 

and cvcnm:ll!y hackup' Noticc rhat taking thc robot dynamic'> into account i~ 
importa m if the robot travcls at mure rhan 30 ccnrimeteH pcr ~ccond-if rhe 

dynamics were ignored, an attcrnpt ro turn ,1f high spl."cd could ca'>ily rc'>uh in a 

collision. 

Using Scnmrs. Wh1lc thc con~tr:ling are '>ufficienr to generare colli~ion-frl."l." 
robot control if rhc moJel of rhc cnvironrncnt i~ corrcct, '>t'LHors :1re erro neo m 

and modcl~ crr Thm, our approach cmploy'> a vancry of :~dditional suategie~ to 

rccovcr frnm errors in pcrceptloll. 
Smsor fJnt11. In re:~liry, exact loc:Jtmm of nh~tacles are unknnwn. Maps rcact 

very ~]owly 10 ciJ:~ngc~ in rhc environmcnt, rhcy are mc:1pable nf nmJding r.l~t­
moving olmaclc~. :~nd they typiGl.l!y b~ hchiml hec:~me of the comput:~.tinn:1l 
cm!'> mvolvcd in semor intcrprctation and locali7.:Uion Thm, dte dyn:unic wm­

dow apprnach works with r:1w proximny data, a'> oht:~ined hy mnar '>emnrs or 

computcr vi~ion (~ce below). Every sensor re:~ding c:1n potcntia!ly con'>train rhe 

motion of the robot: however, senmr re:1ding'> are only memorin·d {(¡r :lppro:d­

lll:ltdy rhrec seconds. Such an appro:~.ch is ma'(im:~lly comcrv:~tive in rhe semc 

.,1 
.1 

,, ,, 
i 
' ' 1 

¡ 
! 
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1 
1 

·1 
·¡ 
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1-i.~urr 11 l~·wmplr o{m1 ol'}rctiz·r fimrrirm 7 hr r•ti/Íull 1t'(t< drpuu mlur. 

th.n no ~l'!Hor _rc.1Jin~ i~ ignorcd Ncvenhdc~~. 1hc rd,Hivdy ~hort rempor:tl 
wmdnw rnakc~ u :t(bpt q111ckly ro moving ob\t:tclc~. 

Smootlmw The ohJcctivc ~ · · 1 1 ,, uncrmn 1~ ~moot lC( ro mcrc:1~c rhe s!dc·clc:amnce 
o( l~le.rohm :tn_d r.o. det:rl".l~c thc ~en~irivi1y w nor\e in thc scn~or re:tdin¡.o:~. 

.\tt/l'f)'.l>/ll¡gnr_ lo tr:rwl .,,~fdy :lf high ~pced, rhe robot i~ cnlar~nl hy a ~.lfl. 1 y 
m.rrg111 l]u, ~.de!~' m:ngm IIKrc:t~cs with the liHw,ml vclocny A~ a re\tdt, rhc 
rolmt kccp~ ~.J(e dm.mcn from ohqacle~ whcn n:tvelin<• ar hi<>h spc··l 1 ·1 

'111 · 1 ~ · ~" ~t, wu e 
~11 :cmg a1lc ro nmvc rhrough n:trrow door~ wirh low ~rccd 

:?ottlft' Au•tty A1odr. lkcau~c of ~cmor noi~c and ch:mges in rhc cnvironment, 

IT C.lll h:~ppcn th:tt cvery non?cro vrlocity viobre~ :¡ hard constra 111 t. In \tJch CH· 

e~. w!uch .'trc rare In pr.Jcucc, the rohot num complctdy away from rhc nc:uesr 
oh~~.'Kle, lrmn which poim on ir rcmmc~ norm:1l oper:ttlon 

hgurc 15 slww~ :m r.·xamplc of rhc robot rmvelm~ tlmmgh 3 cfum·rcd cnvi­

ronmcnt, b.1~nl purely on sonar inform.Hinn All oh~t:1clc~ in rhe corridor are 
\lllOOtfll)' CITC\1111\'CJitl'(l w•'tl • 1 1 f90 • . 1 .1 m.lxun,¡ ~pcct o ccnt1mctcrs per ~econd. 1\J. 
thnu~h In dm expr.·nmcnr rhc rnbot <lccdcr.ued ro :tpproxirnJtely"20 ccnr¡rncrcr~ 
per \l'Wnd whcn pa~sing through rhc r1.1rrowc~t passagc. ir qjll m:tmtaincd :~n :tV· 

cr:~gc ~pccd o( G5 ~cnurnctl·rs per ~ccond. In extcm1vc r.•xpcrirncms, wc found 
rhar thr.· d~·nam1c wmdnw appro:~ch control\ rhc robot vcry reliahly cvcn in 

0 
_ 

ui.Jtcd cnv1rnnmenr~ w1rh 1 t 1 1 · 1 1 J P P n ~~ :te es r J,lt .He 1.1n ro etcct li)r ~ot!.lr senmr~ 

Real· Time Vision 

~onar~ are cnnvenicm wmor~ in rhat thcy direcrly gcncr.ltc proxinmy inform:t· 
tmn. l lowcvcr, thcy f.u! W de[!:ct oh~t~Jdl'~ out~!de rlre1r pcrccpruaf 1,111 
~m.!l! ohjcct~ nn. rhc flnor, and thcy al~o frcquendy f.11l tn detccr ob~tacfc:· ;¡~j~ 
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l~f,llrf !5. Trajrrtory ¡J,roup,h 11 cf¡¡ttrrrd ((Jrridor 

sound·ah~orbing mrraces. To supplemcnr rhc ~on:u inrnrmarion, a rc;J.I·time vi· 
sion module for olmadc dctectlflll i~ inrq~r:ttcd irno r.nlli~ion avoid:mcc. Our 
monncul;,r v1~ion module is ahlc ro rohu~tly dctccr and locare oh~r:~clc~ on thc 
floor, based on 1magc segmentation and discnmmant :~nalym Thc tn:tin pro· 

ccs~ing ~ragcs nrc :1~ follows. 
1 Prrprocming. The color imagc i~ !ow·p:tss fi.lrercd and ~ubs;,mpled, typically 

ro ISOx 120 pixds 

2 F.rf.gr !JrtrcttOn. The ~ub~:tmplcd imngc i~ convolvcd Wlth ~ gr:t(hcnt opcrator 
w (!ctcct vcrtically ami horinmtal\y one11tcd cd~e~. 

3. Prrsrgmrntt~tion A rn~t. ptxd-ha~cd trn:tgc ~c~rncnt:ttion cvaluntc~ thc loe:~! 
conlrn~t bcrwcen pi"<els nnd link~ thcm togcthcr tf rhc comrnsr i~ hclow a ccr· 
ratn rhrc~hold 0

0
(lhllard and Brown, 1982). Thi~ prc~egmcnr:ttion mually re­

su!t~ in ;,n ovcr·~c~mcmed imagc IVIth many sm~ll rq~tnn p:~rchc~. 

4. Sr,r,mrnttltton. Neighhoring rcgiom ~re mcrgcd (Zuckcr 1976) if thc mean 
contrasr along thctr common hordcr is hdow a rhrc~hnld H,. :tnd if thcir :tvcr· 
agc color diiTer~ hy le~~ than a scccmd rhrt~hold, rr1 1\orh dHcshold~ :trc itera· 
tivdy incrcascd (0

1
, 1, a,, 1) = (0

1
, rr,) + (L!.O, iltr) ro a final thrc~hold ruple 

(0 l' rr 1). 

5. ln!rrprrttltion Thc scgmcntcd imagc i~ inrcrprcted to ¡Jcmify rhe 111:1jor floor 

rcgion and ro dcrcct rcgion~ rh:tt pos~ihly corrc~¡mnd to oh~t;,dc~. Ba~cd on 

knowlcdge nbout thc hcight anJ the 11fring anglc or thc C:JIIll'Ta, thc robot 
flr\t locatc~ thc hori?On wirhin it\ c:uncra im.1gc Ir thcn idcntiflc~ floor 

p:uchc~ u~mg ~il(.' :md lnc:tt1f111 rd:ttivc to thc rohot and thc horimn :1~ rhc 

m;J¡or crircri.1. Thc rcm:tining nnnlloor rCg1om are oh~r.1cle camlidarr.·~. givcn 

th:~t thcy rouch rhe floor ;md g1vcn rh;H thcy lit ccn.lin ~11c comtr.IÍng. 

G. }(tltur? f'Cimctinn. For cach rcgion o( rntert·st, thc rollowing fcaturcs are ex­
tr,tr.tr<l· (1) thc heighr. (2) rhc w1dth ami (3) the tot;!l arca, (4/5) two tolor 
componcnt., (thc "U' :tnd "V' ch:Jnncl nf thc NTSC sign.1l), (G) ;¡v¡·rngc 

hrightneS~ :tnd (7) hrightnc~~ V:Hi:JilCC; ¡he f.mcr rc,\1\lrC prov1des fl'X(UT 
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h1rmacion. Height, widd1 :md ;¡re:t are e-..:prc~St·d in world-coordin:ttc~. com­

puted 11ndcr rhc as~um¡nion th.u ob~tncle\ exrcnd .di rhc way to the floor. 

7 Nt•togmtirm. Ful:llly, n:giom :nc ci.Hsifit:d hy a Bay(·,i.m d,t\lificr. In 1hc "u,tin-

111{-\ ph:1~e." thc fc.uurc me:tn ~md cov;¡ri.mce of typical oh~t:tdc~ th:n rnay 

hlock thc rohot\ p~th ;JTC t·~tirn.ucd frorn 50 toJO() l''Clmplt·,. Dt~nng rccng­
nition, :1 rq;inn 1~ con\idncd .m obn.tck-:md p:!~\Cd ro thc coiJi,ion :Jvnid­

ancc modulc-if ir~ M.thnbnobi\ dist:lncc 10 one nf thc prc-tr:11m·d nh\t:~de 
nwdd\ t·xcccds a ccrt:tln thrt·\hold. The M:~h;Jianohi~ di\tancc corre\ponds ro 

dw proh<1hdiry of oh1crving :1 fearurc vector a\\lltning norm:tl di\trihurion 
(1 )uda :md l-l.ur r ')7J). 

Onn• :1 rc1-:ion h.1• lwcn Li,l\\ificd a• ohq,Kic, 1t• world coonlinnres nrc pa~scd 
w tht· col1151011 avoid:tnce, ro ~upplcmt·nt rhc •onar inform:nion. Thc vi•wn 
llJ<l<ltlk cv.duare• lln<l~C\ with a frci.Juency of more rhan 1 Hz on a Pcmium 

computcr. Obsr:~clcs of rhc ,¡7<' of a hmtlc are mu:11ly Jcrccted at a maximal 

r.m~c of five mercrs, which i~ •ufficienr filf rl·al-timc cnlli\ion avoid:~ncc cvcn if 
nur rohm 1\ opcrarrd .u¡,, maximum •pccd. ¡:¡~urc IIÍ ,fww• twn rypic.1l 1mngc~ 
togcthl'f wirh r.mdnm color rcprt·•t•nt.nion• of rl1c ~cgmcntntion rcsult. In van­

Oll\ cxpcrimcnr~. wc found thi• :1lgorithm to rcliahly dcrcct sm,11l, cnn-~i1cd oh­
~t.lCk'\ i11 our univer•ity huilding. 

Tlw lt',\dcr may noticc that thi• :~lgorirl1m ha~ bccn •ucce<>sfully uscd for detC"Ct­
ing and gra~ping free-standing object<; on rhc floor (Bulunann et al 1995). as 

dcmormrnrcd at thc 1994 :\t\AI rnnhile rolmr compt•tition (Simmom 1 995). 

Example Application 

Thc RtiiNO-<;ofiwarc dc~cnhcd in rhi• ch.lptcr ha• 'nved a~ :t low-levcl pbrforrn 

ft1r \'ario u<; indoor rnoh¡ft· robot applic.niom A complete covcr:tgt· of our cur­

H'nt .1pplic.H1nm 1s ht·yonJ the <;cope o( thi~ chaptcr. Onc of the most reccnt 

anJ rno<;t inrcrcHing .1ppl1cations, howcvcr, is th:tt of a robotic "tour gt11dc:" 

(~imti.H ro thc onc prnpmed in Hor~will 1 994) Tite tour gnidc offers tour\ to 

vimon .1nd expl.1rr1<; room~. loc.uion~, :tnd rhe1r rc!:ttion {(f each orher. For rhi~ 
purpn~r. RHINO i• cquippnl wirh a CD RO~vl for storing :tnd replaying rnusic 
and te>:t. 

J=i¡.:¡rrl· 17 depict\ one of tht· m.1p• tht" robot u~nl wl1cn giving tour• tl1rough 

our unÍ\'Cr~ity buildmg in Bonn ,\bp~ are rccoulcd hy rdeopcr.ning (jny-•tick­

lllg) dw rohm through the building, u'!ng '<lme of dw tl'dlllit¡ue~ de\cnhcd 111 

thi~ dupter bth loc.Hulll or olijl'ct of inrercH {~uch n~ an oHicc) t<> r:mghr hy 
mm·mg tow.nd ir .111J pre~\mg :1 hurtnn when the r"!JOt i~ f:King !he ohject or !o­
l:lti>>ll :11 tl1e di'!,lnce of one meter The gr.1y \h,1dcd numher~ 111 lrgure 17 drpict 

eleven r.1rger lnc:ttmm, and the corre~pondmg numher~ with white hackgrouml 

~how thc pnmiom ar wl11d1 tite rnbot was raughr Thc cmirc H:ach-m rt·quires 

'i 
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Figurr !6· 7íi'O inrfoor srn1ts lt'ith of,slflrln 
ttnrf thr mrrrspmulmg imttgr sr¡,mrllltt/1011 

less than ten minute~. nnt counting thc time rcquircd for recordmg rhc vcrh:tl ex­

pbnariom of thc different tour itcm~. \'V'hcn rhc robot give~ a tour, Ít\ loc:tlin­

tion rmmne~ quickly :tlign ir~ posit1on with ir~ prcviously comrructt'd map. Ir 

thcn ~equcnrinlly n:tvigat<'' ro thc mrget lncuinm :tnd repb~~ pr~\·.iomly re~oJed 
tcxr for each of rhcm (with mcr-controllcd k·vd• of granubmy) 1 he dur:Hion of 

the complete tour Jepend~ on rhc arnomlt of inforrn:ttion .thc mcr ~.mt• ro nb­

r:~in :tnd i~ rypic.1lly in tl1c order of fivc n11nure•. lf rhc. v1mor .lo•c~ mt~t('<;t.' rhc 

tour can he rerminarcd at any time. In apprnxim.udy th1ny tcsun~ rum m dlfTer­

t'nt building~. wc never oh•crvcd a f.1ilurc of rhc nav1gation routin~~. ev<'n. in pop­

ulatcd hallwap. \Ve found rhat the intcgr:uion of •peech, ~ound, uHcracuon, ami 

f.1,¡ rnotion conmbmes ~ignilrcuuly to rhe inrerl'<;tingnc~~ of rhc guidc 

Condusion 

Th 1 ~ ch;1prer pre~t·nt~ our currcndy be~! :1pproache~ ro amon:HlHIU\. rnohile 

robot navigarion. Our curren! appro:tche~ are map-ha~cd In p~rucular, 1111cgrar· 
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ni l!H:tric-topolnr,icll rn:1p~ ,¡re lc~rned amnnomo¡¡~ly u'in~ ~n11ar ami camt·ra 

inf;lrt11.1Uon B.1yc,i.m .111.dy~i~ pcrmit\ tlw rubor to rr.1ck jg pn~HIOll .1Ccttr.11ely 

dmin~ na\'ig.mon ami rn.tpping .md w localin~ it~dfin ca~c~ whcre iris globally 

igllOLlllt :1hnll! Ít\ pn~iuon. !'ath pbnning i~ pcrforrncd by a f:."r Jynamic pro­
¡:r.¡mnung rourinc, :md colh~ions are avoid(.'d by a module dut i~ capablc of rc­
.tuing to tu-1forc~er:n nh~r:-~des hy .1Jjmting thc morion dircction :md rhe vdoci­
ty nfrhe rohnt 

Thc ~oflw.m; h.t~ hccn tc~tcd thoroughly ming variou~ nwhdc rohor~ ar dif­
fL·rrnt \ltC~ ami i~ now di,mhured :md rcgularly e-:!uhited hy a nujor mnhilc 
rohot rnanuf:¡ctun·r (Real \Vorld lmcrf:Kc) along wtth thcir robot~. The ~ofr­

w.m· provide~ rhe "low-lcvd" comrol th:H .11lows st•vcml Al rc~c:nchers m~ide 
.md olH~ide our univcrmy ro pcrform high-level Al expcriments without having 
to p.1y rnuch attcntion to rhe low-leveln:wig.uion . 
. ( :ertalllly, rhere :1rc .1 v.tnety of lmnt.uion\ .md Je,ldnara th.n warr:mt fururc 

~t'\t'.HCh. The following !1\t addrtN'~ \ollle of rhe mmt si¡.;nific.uH and challeng-
111)~ 011<.'': 

Dynamic cnvlmnmt·nt~. ¡\ I.Jps, :1.~ prt·~t·ntnl tn thi~ ch:1ptcr, :tre gcnerally in­
CJ¡',lhle nf Jnodt·ling moving olm:Kics. In .1 reccnr tllt'~¡, (Schneidcr 1994), 
s~·hneidcr <"Hended nur .tppro:~ch w moJel 'cmidyn:~mic o\Ht,Jcles such :t~ 

door,, Su eh oh, rack' are dyn:~mic hm appear on!y .u fi~cd loc:~tlom :md thm 
L':lll he derecH:d hy :m:11}'11ng lnng-tt'flll tlqwndencit·' m rhe occup.1my grid. 
MoJdmg moving oh¡t·n' q1th a' human' ~~ :1 ~igndicant open problcm rn 
rn.lp-h.l\ed n·.l\·ig.1t ion. 

Thrcc-d1mension:~l nl;JP'· Our currcnt ruap' :uc (\\'o-dimcn,ional, and nur 
pbnnmg .tlgorirhm' are ta1lored tow:~rd n.tV1jj-UÍon of a tircul.u rohot. Thi, 
duprcr dot'' not :aldH·,, m.unpul:uion ·¡;, f:KiiH.Ht' m:miptd.1tion, thrrc·dl· 
rnrmion:~! repre~cnt:uion~ :tre cle,1rly adv:mt:~¡;eou,, Exrcnd1ng nur current 

.rppronch ro 3D repre~entations i~ ;Jn npcn problem that de.uly warr:~nt~ fur-
• ther re~e.uch. Pbnning u'mg such rt•prt•,ent:uiom t~ nece,~:Hily more com­

ple,., .md more ~oph1q1cneJ :~pprn:Khe' are prob:~hly required 1f tl1e rohot i~ 

tn pbn and .Kt in re.rl-rime 

Self:n1ntr1¡.; \l'IJ\nr intt·rpn·r.¡¡Ínn. Cmrenrly. our 'emor rnodel~ are ,ldju,red 

once :md froten rhnt'.lftcr ft ¡, gL'llcr:tl!y dc~1r.1hle ro :td)l1\l 'cn~or mmkl, 
wlule dte rohur 1\ oper.nmg, tn lOlllJll'tH.Ile fi1r 'emnr ddCu~ ,rnd <lrrfL 

A ¡tnilin! :tppro.Kh w loc.JI1t.;-Jtum. Our JHl~t:'rll :~pprn.1t'h relit·~ on rwo t¡ttitc 
difl~·rcm mt·dwd, ¡;rr loctli7~nion, ont· nf which i~ ~peci.llitcd ro gloha! po\ition 
e~tinurion, the othcr of wl11ch 1\ dedic.Hn! m pm111011 lr:Kking during m;rp 

lt·.1rnin~. Smcc hoth :m.Kk thc ~.Hllt! gencr,JI prob!em-~cn~or-b:Jwd lncalita­
tion undn JHKt'rt.1imy-11 1' de,ir.Jhlt· to find .1 ,ingk, unified l!lL'l'h.mi~m. 

Unknown 't:lte 'P:ICt'\ At v.1riom Olt:.t,1nm throu¡.;lwlll thi' ch:lpter, wc 
m.1dc the :l~'umption th.rt rhe rohnt t·nv1ronnwnt ¡, 1-..hrknv .md panially nb­

wrv.thlc In particul.lr, :1ll our prob.thtliqic appro.Kllt'~, ~uch ;¡~ our nwrhoJ, 

.. 

Ft,r;urr 17 M.t/' mrd for ffltm rhroug/, nur lmrldmg 
Tltr numbrrs in gmy orrlt'1 mrlrrnu r!Jr dijfrrrnt fflJ"f.t'f oljrrfl. anrl rl•r numb,n 

tvith u•Mtr backgrn_rmd mnrk tlrr pmitinm at w!Jtrh d•ru trtry,ru u•rrr tntrght 

fM m:~pping ami loc:~li7atinn, rn.rkc ~trong a~'lllnptinm :t\ to wh:tr tlw non­

ob~crvable quantities (statc) o( thc environment :1rc that m:~ke rhe envirnn­

mcnt lvbrkov. Sincc in gcner:1l it i~ difficult 10 'pecify whar con~ritmcs the 
"st:lte" of rhc etwironment, metlwd~ th:~r can di~covcr !miden state ami mnd­
cl it frorn data :~re cle:~rly Je~ir,Jble (~ce for ex:~mplc, Chri~1mn [1992], Mc­

C:~llum [ JfJ9":i], lbhiner ! 1990]) 

Other ~cn~or~. lnregrating ~cmor~ othcr than 'onar a!l(l 1..11nera~ intn mobilc 

robot n:wigatinn i~ :~n importanr problcm, ~rnce dirferent senmrs havc diiTcr­

ent perceptttal ch:1racrerinic,, In principie, the general mecl1:~ni~m~ fnr m:tp· 

ping. loc:tl1ntion, and navig.uion :1rc not ~peci:~li7nl tn :1 particubr rype of 

sen~or. Howcvcr, incorporating nthcr ~emor~ i~ not trivial, :1ml we hclicve 

many intcrc~tin~ rc~c:~rch oppnrtuniue~ will cnnw up frorn :1ctually trying it 

Sc.tling u p. Thc brgc't cyclc-free m:tp that h:1' lwcn g('ncr:ncd with thi' :~p­
proach wa~ appro,.im:~tely om· lmm!rcd meter' long, thc brge~t 'ingk· cyde 

me:~mrcd :tppro'(Jtn;Jtdy fifry-cight by rwcmy meter~. What happcm i( the 

environmcnt 1~ .111 order of ttt.lgnimde brgcr? Clt·,trly. there are irnrimic lirnit\ 

:1~ to how wdl a rnhot C.HI lnc:dite Ír9.:lf incrt·me111:1l1y without :1 glnh.11 pmÍ· 

ttoning ~y~tt'!ll \Ve bd1evc rlwt hy lncal111ng rhc rohnt hackwarJ, in ttntt', wc 
c.m 11\Cft:,l\C the \Ítc o( tlw t'1WÍH•Itr!H'!It~ th.H 1.:111 !ll' m.1ppcd rtli.rhly. 1 low­

t•ver, thc gcncr:~l p1ohlem will 1lt'Wr tl1~:tppt·.tr, :md the he,t wc c.m hn¡w for 

are incrcrncn.t:tl improvemcnt' 111 thc ~i1e of <'tl\'ironmcnt~ that onr ~ofrw.ue 

can man~~e rcli.1hly. 

., 
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A~ dli~ dupte-r dorurucnts, we have found tlw map-h:~~cd paradi¡;rn to be 

smp11~Ín~ly pmwrful ;¡nd rcklhlc. \X'hilc to d.ltc, therc exi~t~ a v.mcty uf mc­
cc~~ful architccrurc for rnnbilc rnhot n:Jvlg.uion (mch a~ Rrook~·~ (1989) ~uh­
~urnption archirccturc, cach of which i~ char.Ktcriucl by rhfTercnt advantagc~ 
:~nd ,\i~.Hivanrages, wc hdicvc th:tt the map-bascd paradigm i~ p:uticularly we/1-
suiu:.l for fully auronomom rolmt~ thar are ro pcrform a mult1tude of tasks in 

!arge indoor crwironmcnt~. M.1p~ r~re wellundcrsrood, and ir i~ e.1sy to spcci(v 

ncw n,tvig:t1mn t.t~k~ u~ing a map \Y/e :tho hdicvc th:n prohahiliqic models, 
~uch :1~ thc m.lps dcscrihcd in tlm cluprer, are powcrful cnncept~ m robot navt­
g~lion, a~ long as rhcy cmnpde percep1s inw compacc reprcscnt,Hlom rhat cap­
lllre rek•v.ul( dct.lils ami .He l'a~y to acce~s. 
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Integrating High-Speed Obstacle 
Avoidance, Global Path Planning, and 

Vision Sensing on a Mobile Robot 

David Kortenkamp, Mamrs Huber, Charles Cohen, 
Ulrich Rmchke, Fmnk Koss, and Ciare Contdon 

T he flrsr Mobilc: Robot CompetJtion wa~ hel<l hy AAAI in 1992. whc-re :1 

toral of ten rohot~ competed in :1 series of cvcnr~ (Dcan aiHI Bona~m 
1993). Thc rnhot descrihed in this ehaptcr, CARMEl, won thi~ inaugural 

eompetilion. Ir did so hy cofnbining high-spced ~onar-ba~cd oh~radc avoidance 

wirh task-directed vision. In thi~ ca~e smdy, we will give a dctailcd de~cription of 
thc rohot and che algonthm~ rhat led it to victory. 

The cnmpetidon comi~ted of 1hrec stages The fir~t ~tage rcquired roaming a 

22 meter by 22 meter (70 foot by 70 foot.) arena .while avoidir~g.st.\t.ic and_ dy­
namic obstacles. Thc second ~ragc involvcd scarchmg for ten drsttncttve ob¡ects 

in rhe same arena and visiting each of thc ohjects. Vi~iting wa~ deflneJ a~ mov­

ing ro wirhin rwo rohot diamcter~ of rhc objecr The bst stage w:~s :1 timc-d ~ace 
ro vi~it rhrce of rhc ohjccts loc:~ted in rhe ~econd ~mr,c ami n·turn home. S mee 

che firH ~tagc ¡\ pnmarYiy a ~uh~l'l o( the ~econd ~r:~ge fC(]UÍremenr~ and. thc 
rhird stage implcmcmarion is very similar to rhe second ~tage rmplementalton, 

rhi~ c:~~e ~tudy w11l fncu~ on rhe secnnd ~ragc of the comperiuon. 

Thc arena hound:uic~ wcrc ddlm·d h~· threc·(;Jot high w;¡JI~ ;md thrn·-foot 

high cardboard boxc~ werc u~cd a~ ob~uclc~. Thc nbjcct~ tn be found wcn: fen­

~lOI t~ll duee-inch diametcr polt·~. ·)(¡ t•;Kh polc wc ,Ht,tchl·d an omnidircuinn:1l 

h.lltode 1,1~;. whid1 ,¡![owu! our LOTrl!lllll'f vi~ion \y\lcrn tn di~rin¡;uid1 Ollt' pole 
frnm :morhcr (\ce 1hc scct1nn on Vl\1011 ~cming). The nh¡rct~ could he sccn 
ahovc rhc oh\ladcs, while rhc cle:u.mce ht·twecn nh~tadc~ wa~ a minimum of 
1 .5 rnetcrs. 

CMt\1fl. (computer-aided robot le~ for m:,inren:~nce, cmcr~cncy, ~nd lifc ~up­
port) i~ ba~ed on :1 commcrCI:!Ily :1\'.tibh!c Cybcrmotion K2A moh1lc roho1 plar­
(orrn. Ir i~ J cylmdrical robot :~hom a mc1cr in dian]('ter, s¡:mding .\ !m le~~ tl1an 
a meter hi~J¡ whcn eqtuppeJ wi1h a brge hollow ~11dl (for ]¡nJding t·lcctrnnit~ 
ami othcr ;{]Uipmcrll) on top (~ce figure 1). h has a znp ~pct·d o( ~rrro'(im:ucly 

1 

'1 '¡ ., 



,.,. 

,,., ' 

~l! 1\tlKII NKAMI', IIUI\111, C11tiL:-J, IL\~r:IIKf, K11~~. ~ CllNt;llllN 
. " 

1\ 

l·igllrr 5 vn 1 j- pr>l,¡r lmtngmm !JttJ "mnumnim~ ¡, ¡}¡r dtrrctirm of obnnrlrs 
ClRMn tJ strard tm¡•flrd n "vnllry "m thr dirrction of thr ,t,nallocmion 

The ccrHr.t! idea bchind a cenamry grid 1~ ro fu~e sonar rcading~ over rime ro 
rhrntnatl' error~ in individual ~onar re.1ding~. In CARM['i.\ case, cach cell of rhe 

gnd arra y rrprc~ents :1 ten ccmimerer \!]U are, and rhe :uray cover~ thc entire en­
vironmcnt \p,Ke. A\ rhe 10hm (CAru .. m.) tr.wels through the cnvironment, its 
\on.n sen\or\ .He conliiHiomly bcing fin:d .md rcturning r.mgr rc:tdmg~ to ob­
¡cct\ Sr no: tlll' apprnx11nare locauon o( the robot :J.t any time i\ known dnough 
mlomctry and thc direcrion of each \Ollar \emor is knnwn, the location of ob­

jecr\ 111 rhc grid array can he l'Stimated. E:Kh time an object j\ detected at a p:tr­
tlct!LH cell loc,ltion, thc value of rhe cell i\ increa\cd ami rhe value\ of all the 

n·ll~ bt·t.,;,.ct'll the robot .md rhi\ cell are dccrcmentcd (\ince they mu\t be crnp­
ry). Thc ~di\ ~a~;c minirnum :1;1d nl.lximum value\, which have been chn\en ar~ 
hitr.nily.for compuranon.1l convenrence Crc:uer dc1.1il of the hiswgram mcthod 
can he {;¡Úrul in Rorcrmcin .md Korcn (1991). 

Ti1 pe~f(;rrn the actu:rl olmacle avc)l{l.mcl' u~rng thc hi~togr.rrn grid, CARf..1[l 

crcatcs an irnermediare data reprc~enrauon called the pnlar hi~togr.nn. Thc pur­
pn>e ,f drt· pol.u hiqogr.rm i~ to reduLe the ;~mnunt nf d.ua that m·cth w ht· han­
dlcd for rt·.rl-tirnc analysi> whilc at thc \:llnc time reraining the \t.lmric.rl in/(mna­
uorr uf thc h1\togr.1111 ~rid, wh1ch COillJH'Il~.l!C\ lin tire inaccuracic\ nf rhe 
ulrra~onic ~en~or~. In thi~ way, the VIII algorirhm produce\ a suiTiciently deta1lcd 

spari.rl reprt·~cnranon of thc rohor's cnvironnu:m for travd :mmng dcmcly e! u t­
. tered nlmacle\, withom compromising thc ~y~tern'~ real-time perf(mnance. The 
sp:tti.rl representation in tire polar hmogr:un can be v1mali1ed :lS a mountainom 

p.mnrama :uound rhe robot, whcrc tire hl·igln and Sl7e of the peak~ reprc\ent dre 
proxinuty of olmadc\, and rhe va !ley\ rcpre\enr pm~ihle travcl directiorH (\Ce fig­
ure 5). ·¡·¡,e \'1·11 algonrlrm ~reer\ tht· rnbor in the dircct1nn of one of the v.1lley\, 
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based on the dtrection of rhe targct location. The detad~ of CA!t,.,.lll.\ :rlgnrithm 
for creating and using the polar hisrograrn is detai!ed in Horenstem ami Koren 
(1991 b). A high-!evd description of thc algorithm follows: 
l. Collect curren; s~nar sensor reading~. 
2. Cre:tte rhe h1stogr:lln grid. For each sonar reading do the follow1ng: 

a) Giv('n rhe direcrion of rhe semor, rhe Jisr:mcc: rcturned, and dre rnbor's 
current !ocarmn, determine rhe ccl! in the hi~mgram ~rid in which the oh\t:t­
cle !ie~ lf rhc son,rr d1d not detectan ohsraclc, tiren determme t11c'ccll thar 
l1es at rhe m:r.ximum r:tnge ofthe sonar and skip thc next step. 
b) loctement rhe va!ue in that cell by a fixed amounr (we u~e rhrel' in our im­

plemenration) up ro some maxi.mum (we use fifreen). 
e) For each cell !ying on a srraighr linc between the robor and the cell derer­
mined in (a) above, ¡.lecrement irs va!ue by a lixed .mwunt (we use nne) down 

ro :t rninimum of zero. 

- 3. Calculare rhe polar hi\togram :l\ follows: 
:t) Define :tn active window surrOunding the center of the rohor (we me a 
window of stze 33 x 33). 
b) Fot each direction ttround tire robot, in fivc-dc~ree increment~, total the 

value in all cells in th:tt di recrio o within rhe active window. 
e) Smooth rhe hinogram by averaging neighboring directions. 

4. Ser a dueshold such rhat a pol:lr histogram value bclow rhat drreshold means 
that direcnon i~ "free,n while a polar lmrogr:tm v.1ltre :~hove that thrc~hold 
means rhat directlon 1~ "occup'1ed." This rhreshold c:tn vary greatly hetween 
robots and even herween environments 

5. Search rhe polar hi~wgr:un for a free di recrio o nf tr.tvd a~ follows: 
a) If rhe d1recrion ro the targcr is free ami enough neighboring hi~tngram di­
tectmm are free (to amrre thar dre padr i\ wide cnou¡_;h for the rohm), rhcn 

the target direction i\ the free direction. 
h) Otherwi\e, hcgin checking w rhc left and rr¡_;hr of rhe target direction {al­

ternaling) for a free ~cgrnent of rhc hisrogram rhar i~ wide enough for drc 

robot ro pa~\. Tht· [aH direcrron in sucl1 a free se¡~ml'nt can be returned :1~ rhe 

free direction 
e) If no frt·e ~cgrnent i\ found, drc robot i~ tr:rp¡wd (i.e, ~urroutHll'd on a!l 

wlc~ by obsraclcs). 

The combm:nion o( r:f f(UI :wd VI r r i~ uniqucly ~uited m high-~¡•t·cd olHt:rclc 
avoidancc; it h.t~ hcen demomtrated 10 perfOrrn oh\tade avoidancc in dre rnmt 
Jifficult ohH:~Lic cour\e~ at \pccd\ (')( up to 1.0 meren pcr ~('Cond. All of 

CARMI·t.'s e-:pcnmcmal runs wen· a! ~pecd~ of 7RO rnillimeters per \<'Cond or 
les\. Ar rhe acmal cnrnpemlon, CARMFI.'s maximum \peed w:1~ 500 millirneten 
per sccond alrhough 11 wmrld rün more \lowly wht'n in righr ~Jl;lCl'~ or wlren 

approaching an ohject. CAR..\11 L w:1s di~tinguished hy a ~racefulnrotion arourul 
ob\tacle~ in opcn terram. 
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Global Path Planning 

In ~dd!ri1lll ro. ~'111, CARMI'L tt~l'~ 'a glohal p:tth pl:tnner rhat searches the his­

rogr:~m 'gnd crc:lted durmg ohHatlc avoidance and crc:lte~ a lm of v1.1 poi m~ (in­

tcrmc,diary gn:1l. poirm) that rcprcscnt thc shone~t path tn rhe go:~l. Thc algn­
rithm was dcvclopl·d :tr rhe Oak RiJge National l.ahor:~tory·(Andersen ct al, 
1992) :tnd rcimplemenred ~n CAI~MU .. '!"he algorithm ~~ ~imple and f.1st: 

l. lnitiali7c a pl:mning grid of the sanie ~i7e ami granubnty a~ rhc hiswgr~m 
griJ. 

2. Thrcshold rhr hi~wgr:tm grid ro detcrrnmc occupicd cdl~ for planning pur­
po~c~ M:~rk thc'>c tcll~ a~ occupicd in rhc pl:~nnmg grid. 

3. Exp.md c.Kh m:cupicd ccll by tht· r:1dius of rhe rohnr 111 rhe pbnning grid 

4. lf rhc srarr or targct I<JCation~ f.1ll in~ide a11 ob~tade, movc them to the rw:treq 
cdgc of thc oh~t.tdc. 

5. Creare,¡ linkcd li~r of muctures of the rypc­
muctNODE / 

mt x.y; 
int diHance; 
srrucr NODE •ncxr: 

1: 

¡• coordinare~ of grid ccll •¡ 
t• d1q:mcc frnm rhc t;ugcr •¡ 
t• fi¡rward link •¡ 

IÍ: lniri,tli7e rhc hc,td or, rhc lin_k!',d Jjq w t!l(' coordinare~ r_1f the t:1rgcr cdl and 
rniti.tll1,c · tht· di,tancc fo' ?ero;,. · · 

'7. Whi!e i'h"cre is ~omething,i,n rlH~ li~t .tnd rhc ~tan cdl h~~ not yer bcen pro-
cc~scd:· · .. ' '' 

a) Pnp rhe hl'a1! of thc li,r. 

, h) Place rhc distann· or ~har irem 1:11o irs corrc~pondmg ccll (x.y) in thc plan­
ning gml. 

e) Put .1!1 ncighhoring cclh rhar :m:' still O and are not o!m:tcles at thc cnd or 

che linked list with a disr:tnce c<ptal 10 one plu~ thc di~tance or rhc poppcd 
,I[Cill, 

·R St.ming :11 tite q,lrt cdl, fi,llow dtl' minimum p.Hh !including diagon:tl dc­

lll{'llt~) fO thc t;lT!:l't cdl. lf ,¡JI thc ncighbor~ of tite st:m cell are 1ern rhcn 
therc i~ no p:uh. . 

1 > ... ' 

'J. Sdrcr thn<,e lt:Hs whcrc rhc slopc of thc p.tth d1.1ngcs and storc their coordi-
nare~ as VÍa poitm that the robot ~houiJ try lO rollow. ¡ 
lf a path is not found, ir is pos~ible tn irer:J.te rhe ]1Jih planner using higher 

and higher rhre~hohJsJg_r o:cCup1cdr cdk :rhis. ~l_g~ridun r~ ~vcry"1llr,ick, taking 
lt·~~ than one sccond to run on a grid ~i1e of 256 by 256 cclh (each cd! reprc­

~l'!lt~ 20 Ct"lltlrnctcrs in rhc crwironrncm). Thc spccd nf the .Jigoritltm lcts it run 
nn thc Ry ro extraer CArtM[I from poten ti:!! trap situatiom. \Vith :tn appropriate 
thrcshold, rhe algorithm rarcly f.1ils to hnd a parh~in cases whcre a parh is nor 

Ül\~ 1M"I.I. AVOI\MNCI, 1'11111 !'tJ.NNINC, & Vt\lnN.$1 N\! NI, (,¡ 

found CAJU-.11:1. is simply insrrucrcd ro hcad in the dirccrion or rhc goal. One 

characteristic of rhis algorithm i~ rhat the parh i~ not :t!way~ thc·~hortc~t p:uh; 

howevcr, VFJ-1 will cut corncr~ whilc rollowin~ via poims along thc way to :t 

goal, allowing a path ro be srraightcncd out. 

Grid-bast·d ~ystcms havc many limimtinns, including rhe amount nf memory 
rhcy requirc ami rhe need ro alway~ know vcry preciscly the loc:uion of the 
robot. In rhe compemiOil, a grid reprc~entation wa~ sufficicnt, as rhe arena was 
of a fixed (and known) sizc and we had mechanism~ for detcrmining rhe loca­
r ion of rhe robot. Civen a brger cnvtronment, or :m environmcnt of unknown 

extcnt, a dirfcrcnt rcpre.Sent:~tion, schcme mighr be hctter. 

Vision Sensing 

The ability ro accurarely detect and idcmify objcct~ in thc world wa~·important 
for earning rhc maximum numhcr nf poims, as well a~ ror kccping pmition ami 

orienrar1on errors within rolcrahlc limits The compcririon rule~ allowcd rhe oh~ 
jccr~ (rall pole~) ro be taggcd ro allow ror easicr recognition .. V:~riom rag¡.:inr, 
schemes wcre considernl, bur a vis10n-bascd systcm h:ul an importan! advamage 

in irs potcmi:tl for long-range ~ensing. A major conccrn wa~ rhc inhercntly 

hcavy compurarion gcnerally rcquircd for 1magc procc~~ing. By intc!ligcnrly dc­
sign111g rhe ohjt:Ct tags, wc grcnrly rcduccd thc rcqlllrt:d comput:ttion. 

Tag Design 

Thc objcct rag design ml'd for CARMI:r. consisrs of a bbck and white stripe par­

rern pbced on 4 inch I'VC.tuhing. Examples of rhc ohjeCt tag~ th:H wcr_e med 

are shown in figure 6. Thc ba~ic stripe pattern i~ six evcnly sp~ced hnmc~nt:~l 

1 bbck bands (which we rerer toa~ scp:~rator bands) of !00 mdlunercr~ hc1ghr, 

wirh rhc top of.the,rop ban4 :tnd rhe bottom ofthc horrom band spaced 1,\00 
miliimctcr~ ap;n. :!'he ~i1.c of thc ohjecr r:1g i~ 1101 impnrranr fnr the detcctinn of 

ohjccrs. Ir is importa m, howcvc: •. rhat thc algorirhm kt)OW the phy~ical ~i1c of 

rhc objccr so that ir can estimare ir~ di~tancc. , 
Thc whirc gap' bcrwcen thc hlaCk ~epararor h.uul~ corrc~pond ro hit pn~itiom 

in a five-b11 woal, and are aho !00 millimctcrs high. Awhire ~racc hctwcen twn 
Ubck separator b;mds corrcspond~ roan 01 1' hit, while :t hlack spacc corr:~poml~ 

roan ON bit. The five hit~ bcrwcen rhc si'l[ b:~nds can rhen rcpre~l:'n! thrrry-tvw 
un1quc ohjccr~ Although wc m·cdcd ro iJcnri(v only ten objecr~. wc utilin·d a 

five-bit ende ~o th:H we could ~clcct bit pattcrm that did not have cnmecutivc 

ON bits. Comccutivc ON bit~ creare long ~egment~ ofbbck, rcducin¡.: ti!C tHIIll­

bcr orblack anJ wlllte band~ in rhc object rag :lml, thenJore, rcducing rhc lltlrll­

ber or comtr:~int~ rhat an object ha~ ro ~amfy bcrorc bt·ing acccpted Hy u~ing 
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rnu\'l"tlll'nt th.H t\ f.l\t :md tniHÍilllllll~. di~pby!ng non~ of du: }no_v~·-~top-rnovc 
hch.wior of m:my.l){htr rohot\ .lt thc compet;tion. For the Object d~tt·crion sub-· 

rnoduk·, thi, rc~uft, m .m.ll)''" ofim:t~e~ th.H Llkt·~ nnly :1 fcw ~ecomk 
h ~~~¡~ \wc:unc .tpp.m:nt durmg thc rnur~c of impbncnting thc ~y~te·t;, th:tt 

rhc p~:!-fOrm;¡no.' of c.lLh ~uhmndulc ;'lfT~:crcJ rhc dc~tgn of the ~upt•rvi~mg exec- · 
ur;Vc.'ln,¡ur~it.ubr. {be oh¡ccr dctn:wm submodulc c-.:olv~l ovrr.rime :md be-
1._,\11H.' nnlch nH;Tl' .Kcuratc ami cnuld cxu:tn ob¡t•ct( at ffiuch g'rc:ttt·r r:Hige~. 
Th·j, ·n~lua·d -,,,c/m·t1.1 fi1r t!c.tling wnh uncnt.1inry .md cr'ror · 

rhe ~v~tcm ,V.t\ tc\tcd owr m;~m· rum in dmx· diflCrcm cnvironrncnt~. with 
tite l.trgt:,, lll·i11g':.!2 '.m•tr:r' hy 22 n~t·tt.-r~.'Ernú ·r.t'Cflvt'ry routinc~ liJJ: mcwcmc~r 
t•nor,:wcrc lt'~¡;_.;¡ by fi¡fcinl-: I'A.RI>111 mto tr.1p~.,Error rcrovcry rourinc~ fof Ob­
ku loc.\11011 error~ wnc lt'\tl'lllw nt.l!ll!.llh· nwvrng obJcn~ aftt·r thcir pmiuom 
h.ul htxn n·cordnl hv thc pl.111t;t.r·. In pra.cticc. tht· i:rror rccovcry .routill("'; for 
1'1\ilin¡..: ,,hjt~tl\ .lfl,,wt·ll ~~~ 111 tw k~~ Lnnccrncd with rhc pret'I\L' pi"itioil~frhc 
1ohnt, ~o rh.u we dtdn't m·nl w pcrfmm l.uulm.Hk'rnanpd.uion .1\ olit."n Sincc 
l.mdmark ni:mgul.H1on ¡, u me t:Oil\11!1\ing. rcc¡uiring a movcincm'~n(f three ii-n-' 
.l¡.:t·~. thc lt:,\ oftt·n th.u Lt nccth to h~ pcrfonnt·d, tht· hcttcr. ' ' · 

In thc ,\C\tt.ll tompt·litlon, CAlt)l.lll. fnund and vi,itt't all ten nh¡ect~ lll'ju't 
ovn. mnc minmc'. Tl11s f.¡r out-p.ICcJ thc competitinn, none of whom could 
u•ll;l'kl;';the t.l\k in the .tllot!l'd IWt'lll}' illll111h'\. l·or thc tt>lllf'l'lituln nm. 

C,\ltMII. u,cd two h:ml-codcd v¡cw pni11t~ from wluch 11 hópcd 10 ~ce aH ten oh­
jcct'; n wcnt irmm·di.nclv ro thCs'~ rwo pornt,, ~toring ohjects rhat ir found in its 
m.i¡, S[u:utd ~',\1(~11.1 .r:cH h,cvc fnun.d -.11! ft'll nhJCCI~ at,fhc~t· fir~~ 'rwo vj(.w 
po1nt~. rhen· Wl'Tt' 01hcr v1cw ¡lOint~ ró whkh cr could havc gnne. Rccause 
1 ,\ltMII wa~ ahlc ro,find :11! fen ohjcn~ at rlw fir~t two vicw point~. ~~~ [;loh.1l oh­
)l-u lll.lp \V,l, Vl'l}' .1l',lÍ.I~,HC ',( ,,((M!•( thcn ptclLl'l'tkd 10

0 
vi~il C.ILh c>hJt'tl 111 (llrll, 

going to jl:c.n~:Jrt·~r u¡mmed obji.'cr' firq, · '' · ·~ 

The t Alt.\11'1 pr'ojt·t-1 !t:.lthc, \L\l'r.tl; 1111pnn:t11! 1~·\\ol\\ 111 the dt'\lf,ll of ,1tll1:1l 

mnhdc 1nlmr ')''lt'lll\. Thc ri1\t '' th:tt .1 ,j¡_:niric.mr :idv:Jnt:l¡.:t· ¡, ¡.:.1innl hy keq•­
ing .1ll compm.uinu n1c-hll.tnl Scumd. cn¡;mn·nn~ the c11virnnntt'll\ w11h ~im­
plt• t:l~~ can grc:1tly ~implify m.lll}' robot t.c~k~-much :1' ha11ging ~rrect ~igm 

grc.nly ~impldit·' m.my hurn.cn n:wig.1tion t,,,k~ (~ce Millcr 199'Í (<,r furrhcr di~­
Lll\,ion of dm pnmt). ! hin!. rhc CAR)I.11 1 pro¡t·cr ¡;cw~ .1 hlucpnnt for dcvclnp­
cng mndubr rohor 'Y~tcm~ hy ('ncap'!!btmg (''<iqing ~uhrnndule' :md mregr:Jt-
m¡.; chun wirh .1 ,impk pl.mrwr. · 

l'in:1lly. CA1t~1R dcmomtr:ltc~ rh.ll in ordcr w havc .1 ~uccc~sful robot, mudt 
.lltemion nced~ !O he dcvotcd to 'cnsing. Fulfy forty perLcllt of CARMI i.'s C codc 

w.c~ dedic.ut•d ro vi,ion or ~onar pron·"mg, w1th nnly thirty-flw pcrcenr of thc 
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·codc.dcvorcJ tÚ highcr-lcvcl ~:1\k~ ~uch a~ phmr:lllg or tri:1ngubrion {!he re~~~¿ 
-· the co~.e .w:1~ dc;_vntcd, t~l i1sér imC&1cc, communic.nion, or nrh~r. lr~w-lt"vd. p'io:.' 

c~~sc~). In the ,CL«: Of (.~RI>11l ·~· vi~ion algimthm, we found that• f:t~r. rdtab_l~,c 
!long-range ~ensing C:lll ·havc a ~implifying effecr on t:1~k cxccutinn. lf CARMI:I. 

had not hcen ablc ~{¡ see as hr, wc would havc h.td ro' dc~lg!t much more corn­
piLc~ted expl~rariO'n ¡útterm t() a~~llre thar rhe entir~ ~rena w:1~ cxplnrt•d. 
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