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Con el objeto de mejorar los servicios que la Divisién de Educacion Continua
ofrece, al final del curso "deberan entregar la evaluacién a través de un

cuestionario disefiado para emitir juicios anénimos.
Se recomienda llenar dicha evaluacién conforme los profesores impartan sus
clases, a efecto de no lienar en la titima sesiéon las evaluaciones y con esto

sean mas fehacientes sus apreciaciones.
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CHAPTER 1 INTRODUCTION TO
EXPERT SYSTEMS

1.1 INTRODUCTION

This chapter is a broad introduction to expert systems. The fundamental principles 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 (AI) 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
w Al was entirely in a research stage. However, today there are many real-world
pr  .ms that are being solved by Al and many commercial applications of Al.

Although general solutions to classic Al problems such as natural language trans-
lation, speech understanding, and vision have not been found, restricting the problem
domain may 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 texi-adventure games today
exhibit an amazing degree of ability in understanding natural language.

As Figure 1-1 shows, Al has many areas of interest. The area of expert systems
1s 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 solve problems that are diffi-
cult enough to require significant human expertise for thzir solution." (Feigenbaum
82). That is, an expert system is a computer system which emulates the
decision-making ability of a human expert. The term emilate 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 some
respects.

Ithough 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, journals, conferences and products dev~~d to
expert systems.

' "Artificial Intelligence

s o Visi
" Robotics 1sion
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Systems

Expert
Systems

Figure 1-1
Some Areas of Artificial Intelligence

Expert systems is a branch of Al that makes extensive use of specialized knowl-
edge to solve problems at the level 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 solve 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 systemn simply because it's
shorter, even though there may be no expertise in their expent 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 other information to the expert system and receives expert advice
or expertise in response. Internally, the expert system consists of two main compo-
nents. The knowledge-base contains the knowledge with which the inference engine
draws conclusions. These conclusions are the expert system's responses to the user's
queries for expertise. '
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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. 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 knowledge 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 that an
expert can solve problems in very well. Expert systems, like human experts, are
gencerally designed to be experts in one problem domain. For example, you would not
normally expect a chess expert to have expent knowledge about medicine. Expertise in
one problem domain does not automatically carry over to another.

The expert's knowledge about solving specific problems is called the knowledge
demain of the expert. For example, a medical expert system designed to diagnose
infectious diseases will have 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-
tic- “ip between the problem and knowledge domain. Notice that this knowledge
d 1 1s entirely included within the problem domain. The portion outside the
knowledge domain symbolizes an area in which there is not knowledge about all the
problems.
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One expert system usually does not have knowledge about other br  “es ¢
medicine such as surgery or pediatrics. Although its knowledge of infectiou. ase i:
equivalent 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 Relatonship

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_ _ prob-
lem. That is, given some 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
worthwhile to say. However, this is only one of several possible inferences.

As with any new technology, we still have a lot to learn about expert systems.
Table 1-1 summarizes the differing views of the participants in a technology. In this
table, the technologist may 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 tool, expert
systems have appropriate and inappropriate applications. As our expenence with expert
systems grows, we will discover what these applications are.

Person Question
Manager What can | use it for?
Technologist How can I best implement it?
- {Researcher How can [ extend it?
Consumer How will it help me?
Is it worth the trouble and expense?
] low reliable is it?

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

Expert systems have a number of attractive features.

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

Reduced cost. 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 humon. _

Permanence. The expertise is permaner t. Unlikc human experts who may retire,
quit or die, the expert system's knowledge will last indefinitely.

Multiple expertise. The knowledge of riultiple experts can be made available to
work simultaneously and continuously on a problem at any time.of day or night.
The level of expertise combined from scveral experls may exceed that of a single
human expert (Harmon 85).

Increased reliability. 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 always agree with the expert, unless a mistake was made by the
expert. However, this may happen if the human 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 all
the time. This increases the confidence that the correct decision is made.

Fast response. Fast or real-time responsc may be necessary for some applications.
Depending on the software and hardware used, an expert system may respond faster
and be more available than a human c¢xpert. Some 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, unemotional, and complete response at all times, This may be very
impontant in real-time and emergency situations when a human expert may not
operate at peak efficiency because of stress or fatigue.

Intelligent tutor. The expert system may act as an iatelligent tutor by letting the
student run sample programs and explaining the system's reasoning.

Intelligent Database. Expert systems can be used to access a database 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 put into an explicit form for entering 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

RS

The knowledge of an expert 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 i

IF thée light is red THEN stop ‘

b M
Although this is a trivial example, many significant expeit systems have been built by
expressing the 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/RI system of Digital
Equipment Corporation, know much more than any single human expert on how to
configure computer systems (McDemott 84). Many small systems for specialized
tasks have also been constructed with several hundred rules. These small systems may
not operate at the level 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 documentation.

In contrast, a classic expert system embodies unwritten knowledge thatn  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 (Michic 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::item are illustrated in Figure
1-4. The knowledge engin'éer' first establishes a dialog with the human expert in order
to elicit the expert's knowledge, This stage is analogous o a system designer in con-
ventional programming discussing the system requirements 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 the expert system and gives a
critique to the knowledge engineer. 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 may be used for the creation of either expert
systems or knowledge-based systems. However, like the term artificial intelligence, it
is common practice today to use the term expert systems w hen referring to both expert
systems and knowledge-based systems, even when the knowledge is not at the level .of
a human expert.

Expert systems are generally designed very differently from conventional programs
because the problems usually have no algorithmic solution and rely on inferet 0
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 explanation facilities may be designed to allow
the user to explore multiple lines of "What if...” type questions, called hypothetlcal
reasoning and even translate natural language into rules.

Knowledge
:  Engineer

Explicit_:Knowledge l :

W

Knowledge-Base
of
Expert System

Figure 1-4
Development of an Expert System

Some expert systems even allow the system to leamn 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 represent the knowledge in an expert
system. )

Human experts also know the extent of their knowledge 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 explicitly designed to deal with uncer-
* 'y, they will make recommcndations with the same 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 boundaries of ignorance instead of abruptly.
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A practical limitation’ of many expert systems today is lack o'  wusal
knowledge. That is, the expert systems do not really have an understandinyg 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, For exam-
ple, it is much easier to program an expert system to prescribe an aspirin for a person's
headache than program all the underlying biochemical, physiological, ahatomical ant.
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 response time
of the system would probably be extremely slow because of ali the information that the
system would have to process.

Ope type of shallow knowledge is heuristic knowledge, where the term
beuristic 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 may aid in the solution but are not guaranteed to work. However, in many field:
such as medicine and engineering, heuristics play an essential role in some types ot
problem solving. Even if an exact solution is known, it may be impractical to usc
because of cost or time constraints, Heuristics can provide valuable shortcuts that car
reduce time and cost.

Another problem with expert systems today is that their expertise is limit~ to the
knowledge domain that the systems know about. Typical expert systems can >ner-
alize their knowledge by using analogy to reason about new situations that ine way
people can. Although rule induction helps, only limited types of knowledge can be pui
into an expert system this way. The customary way of building an expert system by
having the knowledge engineer repeat the cycle of interviewing the expert, constructing
a prototype, testing, interviewing, and so on is a very time consuming and labo
‘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 the
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 have
been unable to solve, especially those dealing with uncertain or incomplete informa-
tion. The important point is to be aware of the advantages and limitations of this new
technology so that it can be appropriately utilized.

1.5 CHARACTERISTICS OF AN EXPERT SYSTEM

An expert system is usually designed to have the following general characterie”” -
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«  High performance. The system must be capable of responding at a level of compe-
tency equal to or better than an expert in the field. That is, the quality of the advice
given by the system must be very high.

+ Adeguate 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.

«  Understandable. 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 important for several reasons.

One reason is that human life and property may depend on the answers of the
expert syslem, 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
snclusion was reached. Thus, an explanation facility provides 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 important in debugging since the
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 to read a significant program listing and understand its operation,

An additional source cf error may be unforeseen interactions in the expert system,
which may be detected b running test cases with known reasoning that the system
should follow. As we will discuss in more detail later, multiple rules may apply to a
given situation about wh:ch the system is reasoning. The flow of execution is not
sequential in an expert sy stem so that you cannot just rcad its code line by line and
understand how the systen. operates. That is, the order in which rules have been entered
in the system is not nccesarily the order in which they will be executed. The expert
system acts much like a pa -allel program in which the rules are independent knowledge
processors.

“Flexibility. Becausc o+ the large amount of knowledge that an expert system may
have, it is important o have an efficient mechanism for adding, changing, and
deleting knowledge. 'Ine reason for the popularity-of rule-based systems is the
efficient and modular torage capability of rules.
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o
i

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 .  .hat
made the latest rule execute. More elaborate systems may do the following.

»  Listall 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 all the hypotheses that may explain the observed evidence.

» Explain all 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
hypotliesis.

»  Give q prognosis or prediction of what will occur if the hypothesis is true.

o Justify the questions that the program asks of the 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 some 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 claims . ..c 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 mle
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 knowledge
about rules. The prefix meta means above or beyond. Some 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
knowledge base can grow little by little 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 important feature because it main the
expert's and management's interest in the project. Rapid prototyping also yuickly
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eXposes any gaps, inconsistencies or errors in the expen s knowledge or the system so
that corrections can immediately be made. o

1.6 THE DEVELOPMENT OF EXPERT SYSTEMS
TECHNOLOGY

AI has many branches concemed with speech, vision, robotics, natural language 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
information processing, called cognitive science. Cognition is the study of how
humans process information. In other words, cognition is the study of how people
think, especially when solving problems. '

The study of cognition is very important if we want to make computers emujate
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 solved, it's not possi-
ble to encode the knowledge in an ekpen 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_ Y induction and artificial neural systems, to be discussed
later.

Human Problem-Solving and Productions

The development of expert systems technology draws on a wide background. Table 1-2
is a brief summary of some important developments that have converged in modem
¢xpert systems. Whenever 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 Intelligence (Feigenbaum §1).

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

One of the most significant 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 a bad mood THEN don't appear happy. A rule corre-
sponds to a small, modular collection of knowledge called a chunk. The chunks are
organized in a loose arrangement with links to related chunks of knowledge. One theory
1s that all human memory is organized in chunks. An example 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 Algorithm 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 (McCarthy)
1962 | Rosenblatt's Principles of Neurodynamics on Perceptions
1965 Resolution Method of automatic theorem proving (Robinson)
Fuzzy Logic for reasoning about fuzzy objects (Zadeh)
Work begun on DENDRAL, the first expert system (Feigenbaum, Buchanan,
et.al.) : '
1968 | Semszatic nets, associative memory model (Quillian)
1969 | MACSYMA math éxpert system (Martin and Moses)
1970 | Work begins on PROLOG (Colmerauer, Roussell, ef. al.}
1971 | HEARSAY I for speech recognition
Human Problem Solving popularizes rules (Newell and Simon)
1973 | MYCIN expert system for medical diagnosis(Shortliffe, e. al.)
leading to GUIDON, intelligent tutoring (Clancey)} and
TEIRESIAS, explanation facility concept (Davis) and
EMYCIN, first shell (Van Melle, Shortliffe and Buchanan)
HEARSAY II, blackboard model of multiple cooperating experts
1975 | Frames, knowledge representation (Minsky)
1976 | AM (Artificial Mathematician) creative 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 on XCON/R1 (McDemott, DEC) to configure DEC computer
systems
Meta-DENDRAL, metarules and rule induction (Buchanan)
1979 | Rete Algorithm for fast pattern matching (Forgy)
Commercialization of Al begins
Inference Com. 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 computers
1983 | KEE expert system tool (IntelliCorp)
1985 | CLIPS expert system tool (NASA)

Table 1-2
Some Important Events in the History of Expert Systems
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IF the car doesn't run and
the fuel gauge reads empty
THEN £ill the gas tank e
Newell and Simon popularized the use of rules to represent huvman knowledge and

showed how reasoning could be done with rules. Cog’iiiti'v‘e psychologists have used
rules as a model to explain human information processing. The b.sic idea is that sen-
sory input provides stimuli to the brain. The stimuli mgger the appropriate rules of
long-term memory which produce the appropriate response. Long-term memory is
where our knowledge is stored. For example, we all bave rules such: 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. The fire may
be out, but there may still be smoke in the 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
smoke, 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,
.u fact, a Grand Master chess expert may know 50,000 or more chunks of knowledge
about chess pattems. In contrast 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 this,
try visualizing some numbers in your mind. Most pcople can only see 4 to 7 numbers
at once. Of course we can memorize many more than 4 to 7 numbers. However, those
numbers are kept in long-term memory. R :

One theory proposes that short-term memory reprcsents the number of chunks that
simultaneously can be active and considers human problem-solving as a spreading of
these activated chunks in the mind. Eventually, a chunk may be activated with such
intensity that a conscious thought is generated and you say to yourself, "Hmm..
something's buming."

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 siren. Only a rule which matched the stimuli
would be activated. If there are multiple rules that are activated at once, the cognitive
processor must 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
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then the actions of one rule will be executed before the other. The inference ‘ne
of modemn 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 today. The individual rules
that comprise a production system are the production rules. In designing an expert
system, an imponant' 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.makes the expert system difficult to modify since several
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 little on domain knowlédge and greatly on powerful methods of reasoning. Even
the name General Problem Solver illustrates the concentration on machines that were
not designed for one specific domain but were intended to solve many types of prob-
lems. Although the methods of reasoning used by gencral problem solvers were very
powerful, the machines were eternal beginners. When presented with a new domain,
they had to discover everything from first principles 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 facter than people in doing  u-
lations. Studies have shown (Chase 73) that human expert chess players do not have
super powers of reasoning but instead rely on knowledge of chesspiece patterns 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-
terns such as pieces on a chessboard. Instead of trying te 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 remzumng 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 some
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 level of human experts.
Although methods of reasoning are important, 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
solve a problem based on expertise, then it is necessary for the expert to reasor “~om
first principles 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 led to the success of expert systems. The 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 development of expest systems has also led to the
development of knowlec ge-based systems that do not necessarily contain human
expertise.

While expertise is considered knowledge that is specialized and known only to a
few, knowledge is generally found in books, periodicals and other widely available
resources. For example, the knowledge of how to solve a quadratic equation or perform
integration and differentiation is widely available, Knowledge-based computer programs
such as MACSYMA and SMP are available to perform automatically these and many
other mathematical operations on either numeric -or symbolic operands. Other
knowledge-based programs may perform process control of manufacturing plants.
Today the terms knowledge-based programming and expert systems are often
used synonymously. In fact, expert systems is now considered an alternative
programming model or paradigm to conventional 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/R1). The news that PROSPECTOR had dis-
covered a mineral deposit worth $100 million dollars and that XCON/R1 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 impcrtant for several reasons. First, it
demonstrated that Al could be used for practical re: i-world problems. Second, MYCIN
was the testbed of new concepts such as the explai ation facility, automatic acquisition
of knowledge, and intelligent tutoring that are fc ind in-a number of expert systems
today. The third reason that MYCIN was imp rtant is that it demonstrated the
feasibility of the expert system shell.

Previous expert systems such as DENDRA . were one—of-a—kind systems in
‘hich the knowledge—base was intermingled with he software that applied the knowl- -
Jge, the inference engine. MYCIN explicitly sep. rated the knowledge~base from the

inference engine. This was extremely important (o the development of expert system
technology since it meant that the essential core of the expert system could be reused.
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That is, a new expert system could be built much more rapidly than a DENDRAI 2
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 medical 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 !-5. These concepts are rules, the shell, and
knowledge. ..

Production Rules Seﬁmation of Knowledge Knowledge As the:
To Model Human _.-and Inference Engine Key To Expertise
Problem Solving inayy  The Shell

EXPERT SYSTEMS

Figure 1-5
Convergence Of Three Important Factors To Create
The Modem Rule-based Expert System

By 1930 new companies started to bring expert systems out of the university
laboratory : nd produce commercial products. Powerful new software for expert system
development was introduced such as the Automated Reasoning Tool (ART) by the
Inference 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
LM introduced computers referred to as LISP machines because they were designed for
LISP, the underlying base language of the expert systems development software. In
LISP machines, the native assembly linguage, operating system, and all other
fundamental code were done in LISP.

CLIPS -

Unfortunately, this high technology also ¢ ) mmanded a high price. While a single-user
LISP machine was much more powerful ar d productive than a general purpose machine
running LISP, the single-user machine an¢ a single-user software license cost a tot-~ €
$100,000. Establishing an Al lab with a half-dozen programmers could easily ¢
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 CLIPS by NASA. CLIPS is written in C for speed and
portability, and also uses a powerful pattern matching called the Rete Algorithm.
CLIPS is free to Government users and Governiment contractors. The cost to other
users is $312 (as of 1988) which includes the complete 25,000 lines of CLIPS source
code. *

Any C compiler that supports the standard Kemigan and Richie C language can be
used to install CLIPS. CLIPS has been installed on the IBM PC and compatibles,
VAX, Hewlett-Packard, Sun, Cray and many other makes of 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 L.I'Sll?lbased development software
and LISP machines, : SN

17 EXPERT SYSTEMS APPLICATIONS AND DOMAINS

Conventional computer programs are used 10 solve many types of problems. Generally,
these problems have algorithmic solutions that lend themselves well to conventional
ngrams and programming languages such as FORTRAN, Pascal, Ada, and so on. In
4ny application areas such as business and engineering, numeric calculations are of
primary importance. By contrast, expert systems are primarily designed for symbolic’
reasoning.

While languages such as LISP and PROLOG are also used for symbolic
manipulation, they are more general purpose than expert system shells. This does not
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 diagnostic systems because of its built-in backward
chaining. Rather, it is more convenient and efficient to build large expert systems with
shells and utility programs specifically designed for expert system building. Instead of
"rc-inventing the wheel” every time a new expert system is to be built, it is more effi-
cient to use specialized tools designed for expert system. building than general purpose
tools. ’

Applications of Expert Systems
Expert systems have becen applied to virtually every field of knowledge. Some have
been designed as rescarch tools while others fulfill important business and industrial
functions. One example of an cxpert system in routine business use is the XCON sys-
tem of Digital Equipment Corp. (DEC). The XCON system (originally called R1) was
veloped in conjunction with John McDermott of Camegie-Mellon University.
-«CON is an cxpert configuring system for DEC computer systems (McDemott 84).
The configuration of a computer systcm means that when a customer places an
order, all the right paris—software, hardware, and documentation—are supplied. For
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large systems, the customer‘s system is set up or configured at the factory andt  {to
insure that it meets the customer's requirements. Unlike the purchase of aTV . ora
home computer, there are: many options and interconnections possible with a large
computer system. In putting,. ‘together a large system, it's not enough to just ship the
requested number of CPU's, disk drives, terminals and so forth. The proper
interconnections and cablmg .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
important concemns 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 reported in computer journals,
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 literature, certain broad classes of expert systems applications can be
discemed, as shown in Table 1-3.

Class . General Area
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

What If type questions just as 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 Expert Systems

Examples of some 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 .
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Chemistry

CRYSALIS
DENDRAL
TQMSTUNE
CLONER
MOLGEN

Interpret a protein's 3-D structure
Interpret molecular structure
Remedy Triple Quadruple Mass Spectrometer (keep it luned)
Design new biological molecules
Design gene-cloning expesiments
Design complex organic molecules
Plan molecular biology experiments

Table 1-4

Chemistry Expert Systems

Name Electronics

ACE Diagnosis telephone network faults

IN-ATE Diagnosis oscilloscope faults

NDS Diagnose national communication net

EURISKO Design 3-D microelectronics
PALLADIO: Design and test new VLSI circuits

REDESIGN- Redesign digital circuits to new

CADHELP Instruct for computer aided design

SOPHIE Instruct circuit fault diagnosis

Table 1-5
Electronics Expert Systems
Name Medicine

PUFF Diagnosis lung disease
VM Monitors intensive-care patients
ABEL Diagnosis acid-base/electrolytes
AI/COAG Diagnosis blood disease
AI/RHEUM Diagnosis rheumatoid disease
CADUCEUS Diagnosis internal medicine disease
ANNA Monitor digitalis therapy
BLUE BOX Diagnosis/remedy depression
MYCIN Diagnosis/remedy bacterial infections
ONCOCIN Remedy/manage chemotherapy patients
ATTENDING | Instruct in anesthetic management
GUIDON Instruct in bacterial inféctions

Table 1-6 o
Medical Expert Systems *"
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Name Engineering
REACTOR Diagnosis/remedy reactor accidents
DELTA Diagnosis/remedy GE locomotives
STEAMER Instruct operation - steam powerplant
Table 1-7
Engineering Expert Systems
Name Geology
DIPMETER - | Interpret dipmeter logs
LITHO Interpret 0il well log data
MUD Diagnosis/remedy drilling problems
PROSPECTOR Interpret geologic data for minerals
S Table 1-8
... ...Ceology Expert Systems
Name : Computer Systems
PTRANS - Prognosis for managing DEC computers
BDS " Diagnosis bad parts in switching net
XCON Configure DEC computer systems
XSEL Configure DEC computer sales order
XSITE Configure customer site for DEC computers
YES/MVS Mon tor/control IBM MVS operating system
TIMM Diagnosis DEC computers
Table 1-9

Coraputer 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 concern is whether an expert system should
be used instead of an alternative paradigm such as conventional programming. The
appropriate domain for an expert system depends on a number of factors.

» Can the problem be solved effectively by conventional programming? If the
answer is yes, then an expert system is not the best 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 problen d
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 some characteristics of an ill-structured
problem as indicated by the person’s responses to the travel agent's questions.

Travel Agent's Questions - Responses
Can I help you? I'm thinking about going somewhere
Where do you want to go? I'm not sure where to go
Any particular destination? I just like to travel; -destination's not important
How much can you afford? I don't have encugh money to go
Can you get some money? I don't know how to get the money
When do you want to go? I must go soon
Table 1-10

An Example of an Ill-structured Problem
Although this is probably an extreme case, it does illustrate the basic concept of an
ill-structured problem. As you can see, an ill-structured problem would not lend itsclf
well to an 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
expert 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 setting the priorities of many rules. Forcing a rigid control structure on the
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
1s, 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 candldate for
recoding as a conventional program.

« Is the domain well-bounded? It is very important:to have well-defined limits on
what the expert system is expected to know and what its capabilities should be.
For example, suppose you wanted to create an expert system to diagnose
headaches. Certainly medical knowledge of a physician would be put in the
knowledge-base. However, for a deep understanding of headaches, you might also
put in knowledge about neurochemistry, then its parent area of biochemistry, then
chemistry, molecular biophysics, and so forth perhaps down to subnuclear physics.
Other domains such as biofeedback, psychology, psychiatry, physiology, exercise,
yoga, and stress management may also have pertinent knowledge about headaches.
The point of all this is—when do you stop adding domains? The more domains,
the more complex the expert system becomes.
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In particular, the task of coordinating all the expertise becomes a major task. 1
- real world, we know from experience how difficult it is to have coordinated teams of
experts working ont 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 programming an expént system to have the knowledge of multiple experts.
Attempts have been made to coordinate multiple expert systems in the HEARCSAY II
and HEARSAY 111 systems. However, it is a complex task that should be viewed more
as research rather than producing a deliverable expert system product.

« Isthere a need and a desire for an expert system? Although it's great experience to
build an expeit 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 scarce 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. This is even more
critical for expert systems than conventional programs because expert systems is a new
technology. This nieans 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 solve the problems that cannot be done by conventional
programming. The risks are greater but so are the rewards.

o Is there at least one human expert who is willing to cooperate? There must be an
expert who is willing, and preferably enthusiastic, about the project. Not all
experts are willing to have their knowledge examined for faults and then put into a
computer. Even 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 experts may have different ways of solving a problem, such as requesting
different diagnostic tests. Sometimes, they may even reach different conclusions.
Trying to code multiple methods of problem-solving in one knowledge-base may
create internal conflicts and incompatibilities.

»  Can the exper: explain 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
contract a finger 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 particularly acute with medical 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 exp’ ‘t
computer code.
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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 on 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. If the problem can be solved simply by logic and algorithms, it is
best solved by a conventional program.

1.8 LANGUAGES, SHELLS AND TOOLS

A fundamental decision in defining a problem is deciding how best to model it. Some-
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. Expericnce 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—conventional programming.

reason for doing this is because of the vast amount of experience we have with

zntional programming and the wide variety of commercial packages available. If 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 Al languages such as
LISP and PROLOG. While many others have been developed, such as IPL-1I, SAIL,”
CONNIVER, KRL and Smalltalk, few are widely used except for research (Scown 85).

An expert system language is-a higher order language than languages like LISP or
C because it is easier to do certain things, but there is also a simaller range of problems
that can be addressed. That is, the specialized nature of expert system languages makes
them very suitable for writing expert systems but not for general purpose prograni-
ming. In many situations, il is even necessary to exit temporarily from an expert
system language to perform a function in a procedural language.

The primary functional difference between expert system languages and procedural
languages is the focus of representation. Procedural languages focus on providing
flexible and robust techniques to represent data. For example, data structures such as
arrays, records, linked lists, stacks, queues, and trees are casily 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 methods such as operators and

"ol statements to yield a program. The data and methods to manipulate the data arc
v _ .y interwoven. In contrast, expert system languages focus on providing flexible
and robust ways to represent knowledge. The expert system.paradigm allows two levels
of abstraction: data abstraction and knowledge abstraction. Expert system
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el &
languages specifically separate-the data from the methods of manipulating the dat n
example of this separationi:is ‘that of facts (data abstraction) and rules (knowleuge
abstraction) in a rule-based expert system language.

This difference in focus also leads to a difference in program design methodology.
Because of the tight interweaving of data and knowledge in procedural languages, pro-
grammers must 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 of code, the
inference engine, is used to apply the knowledge to the data. This separation of
knowledge and data allows a higher 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 deal of specialized
knowledge or expertise to solve a problem, while Al emphasizes a problem solving
approach. Expert systems often rely on a pattern 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 expenrtise 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. There
were only about a half-dozen languages available, and they were generally free orc 1
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 language is no longer so simple. Today there are dozens
of languages available ranging in price up to $75,000. While it is still possible to
obtain some of the older languages such as OPSS5 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 modemn features and support. :

Besides the confusing choice of the many languages available today, the terminol-
ogy used to describe the languages is confusing. Some 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-
ment tie, convenience, maintainability, efficiency and speed determine what language
software is written in. .

* . tool: 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 aiso be provided to port the developed code to different hardware. For
exampie an expert system may be developed on a D1g1tal Equipment Corp. VAX and
of dlffetent paradigms such as forward and backward chalmlig in one application.

In some cases, a tool may be integrated with all its uulity programs in one envi-

ronment to present a common interface to the user. This approach minimizes the need
for the user to leave the environment to perform a task. For example, a simple tool
may not provide facilities for file management and so a user would have to exit the tool
to give operating system commands. An integrated environment allows easy exchange
of data between utility programs in the environment. Some tools do not even require
the user to write any code. Instead, the tool allows a user to enter knowledge by exam-
ples from tables or spreadsheets and generate the appropriate code itself.
» shell: A special purpose tool 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 expert system.

MYCIN was designed as a backward chaining system to diagnose disease. By sim-
ply 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-
~ard chaining. The EMYCIN shell demonstrated the reusability of the essential
MYCIN software such as the inference engine and user interface. This was a very
important step in the development of modern expert system technology because it
meant that an expert system would not have to be built from scratch for each new
application. . -

There are many ways of characterizing expert syslems such as representation of
knowledge, forward or backward chaining, support of uncertainty, hypothetical reason-
ing, explanation facilities and so forth. Unless a person has buift a number of expert
systems, it is difficult to appreciate all of these features, especially 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 invest in a more
sophisticated tool 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 discussed in
1apter 2,
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INFERENCE
ENGINE
KNOWLEDGE WORKING
BASE MEMORY
(RULES) (FACTS)
AGENDA :

o KNOWLEDGE
EXPLANATION ACQUISITION
FACILITY - FACILITY

USER
INTERFACE

Figure 1-6
Structure of a Rule-Based Expert System

An expert system consists of the following components:

» user incerface - the mechanism by which the user and the expert system
communi cate.

» explanation facility - explains the reasoning of the system to a user.

* working memory - a global database of facts used by the rules.

» inference engine -makes inferences by deciding which rules are satisfied by
facts, prioritizes the satisfied rules, and executes the rule with the highest priority.

» agenda - a prioritized list 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 havmg the knowledge engineer explicitly
code the knowledge.

The knowledge acquisition facility is an an optional feature on many systems. In
some expert system tools like. KEE and First Class, the tool can leam by rule induc-
tion through examples and automatically generate rules. However, the example
generally 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 exanple, 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 AT
the light is green — go

The production rules can be exptressed 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

Each rule is identified by a name. Following the name is the IF part of the rule. The
scction of the rule between the IF and THEN part of the rule is called by various names
such as the antecedent, conditional part, pattern part or left-hand-side
(I.LHS). The individval condition

the light is green o -

is called a conditional element or a pattern.
Some 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



28 Chapter 1 - Introduction To Expert Systems

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

THEN '

There is weakly suggestive evidence (.4) that the

identity of the organism is pseudomonas

XCON/R1 for configuring DEC VAX computer systems

IF
The current context is assigning devices to
Unibus modules and i
There is an unassigned dual-port disk drive and
The type of controller it requires is known and
There are two such controllers, neither of which
has any devices assigned to it, and
The number of devices that these controllers can
gsupport is known
THEN
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 chairing 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 principle, and constraint handling.

Forward chaining is reasoning from facts to the conclusions resulting from those
facts. For example, if you see that it is raining before leaving home (the fact), then you
should take an umbrella (the 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 enters 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 g
to be proven.
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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. Some 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 current 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 may be in working
memory if there is a malfunction in the light. Notice 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 past of the green light rule and put this rule
on the agenda. If a rule has multiple patterns, then all of its patterns must be simulta-
neously satisfied for the rule to be placed on the agenda. Some patterns may even be

isfied 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 firimg. The term firing comes from
Neurophysiology, the study of the nervous system. An individual nerve cell or neuron
emits an efectrical signal when stimulated. No amount of further stimulation can cause
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 prevent trivial loops.
That is, if the green light rule kept firing on the same fact over and over aga_m the ex-
pert system would never accomplish any useful 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 fired on a fact, the inference
engine will not fire 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 fires. This part of the rule is known as the consequent or right-hand side
(RHS). 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. For example, in OPS5, ART,
and CLIPS, the action to add a new fact called "stop" to working memory would be

‘et stop). Because of their LISP ancestry, these languages were designed to require
+-sentheses around patterns and actions.

The inference engine operates in cycles. Vanous names have been given to
describe the cycle such as recognize-act c¢ycle, select-execute cycle,
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situation-response cycle, and situation-action cycle. By any name !
cycle, the inference engine will repeatedly execute a group of tasks uatil certain crmei1a
cause execution to cease. The tasks of a cycle for OPSS3, a typical expert system shell,
are shown in the following pseudocode as conflict resolution, act, match, and
check for halt.

WHILE not done .
Conflict Resolution: If there are activations, then select the one with
highest priority else done. '

Act: Sequentially perform the actions on the RHS of the selected activation.
Those 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 activate them. Remove activations if the LHS of their rules are not
satisfied any more,

Check for Halt: If"a'halt action is performed or break command given, then
done. A

END-WHILE R
Accept a new user command

Multiple rules may be activated and put on the agenda during one cycle. Also,
activations will be Ieft on the agenda from previous cycles unless they are deactiv !
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 sclected for firing. 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, then the next highest priority activation and so on until no activations are left.
Various priority schemes have been designed into expert system shells. Generally, all
shells fet th: knowledge engineer define the priority of rules.

Agend:t conflicts occur when different activations have the same priority and the
inference engine must decide on one rule to fire. Different shells have 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 OPSS, rules
with more complex pattemns have 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 returned 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
user interface for control of a manufacturing plant that shows a block diagram of the
plant with a high resolution, bit-mapped color display. Warnings 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 implemented by rules or in another language
called by the expert system. -

An explanation facility will allow the user to ask how the system came to a cer-
tain conclusion and why certain information is needed. The question of how the system
came 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 may allow the user to ask "What If" type questions
to explore alternate 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. It is easy to build explanauon fac:lhues 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 led to a certain conclusion.

»  Similarity to the human cognitive process. Based on the work of Newell and
Simon, rules appear to be a natural way of modeling how humans solve problems.
The simple IF THEN representation of rules make it easy to explain to experts 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 the 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 important and amazing result that any system of mathematics
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or logic could be written as a certain type of production rule system. This result e
lished 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 linguistics 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 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 some
transformation of the input. -t >

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 THEN take aspirin
The production rules can also 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 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 AND battery bad — replace battery

(4) check gas AND no gas — £ill gas tank
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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 may be applied, both or none. If
there is another string "battery bad" and a string "check battery", then rule (3) may 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) check gas AND no gas — fill .gas tank

(2) car won't start — check gas, .

(1) car won't start — check battery

(3) check battery AND battery bad —» replace battery

Although Post production rules were useful in I:iyihg part of the foundation of
expert systems, they are not adequate for writing practical 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
“e applied.

As an analogy, suppose you go to the library to find a certain book on expert sys-
tems. At the library, you 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 find the book
you need. Even if you find the section of books on expert systems, your next random
choice could take you to an entirely different section, such as French cooking. The sit-
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 algorithmn is an
ordered group of productions which are applied in order of priority to an input string. If
the highest priority rule is not applicable, then the next one is applied and so forth.
The Markov algorithm temminates if either (1) the last production is net applicable to a
string or (2) a production that ends with a period is applied.

Markov algorithms can also be applied to substrings.of a string, starting from the
left. 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 A represents the null string of no characters. For ex e,
the production KR
TN
A A -
deletes all occurrences of the character A in a string.
Other special symbols represent any single character and are indicated by lower-case
letters a, b, ¢, and so forth. These symbols represent single-character variables and are
an important part of modern expert system languages. For example, the rulé

AxB — BxA

will reverse the characters A and B.

The Greek letters ¢, [3, and so forth are used for special punctuation of strings. The
Greek letters are used because they are distinct from the alphabet of ordinary letters.

An example of a Markov algorithm that moves the first letter of an input string to
the end is shown following (Elson 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) Oxy — yox
{(2) o0 —2>A. -

{(3) A= O

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

Rule Success or Failure | String
1 F ABC
2 F ABC
3 S cABC
1 S BaAC
1 S BCoA
1 F BCoA
2 S BCA

Table 1-11

Execution Trace of a Markov Algorithm

Notice that the o symbol acts analogously to a temporary variable in a
conventional programming language. However, instead of holding a value, the o is
used as a place holder to mark the progression of changes in the input string. Once its
job is done, the « is eliminated by rule 2. The program then ends when rulr ~ is
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 algorithms 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 create
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 problem 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 pattern-matcher that obtains its speed by storing information about the rules
in 2 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 speeds up the matching of facts to antecedents since the static data that doesn't
change from cycle to cycle can be ignored. This topic will be discussed further in the
c -s on CLIPS. Fast pattern matching algorithms such as the Rete completed the
fc  .tion for the practical application of expert systems. Figure 1-7 summarizes the
foundations of modern rule-based expert system technologies.

Rule-Based Expert Systems 'I
| | l

Rules j Inference Engine ] Focts

 —

| -

I ——]

Post . Efficient Confllict | | Exccutionof the }
Production 5 Pattern Resolution 1 | Right-Hand-Sie |
Rules : Matching 3 of Rules

"

Rete ]
Algorithm |

Markov
Algorithm |

Figure 1-7 .
Foundations of Modern Rule-based Expert Systems
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P T

Different versions ofﬁtﬁé OPS language and shell have been developed

OPS2, OPS4, and OPS5. A newer commercial version developed by Forgy is Or583,
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 lan-
guages. Figure 1-9 shows a taxonomy for nonprocedural paradigms. These figures
lustrate the relationship of expert systems to other paradigms. These figures should be
considered only as a general guide and not as strict definitions. Some of the paradigms
and languages have characteristics that may place them in more than one class. For
example, some people consider function:l programming a procedural paradigm while

others refer to it as declarative (Ghezzi 87 1).

PROCEDURAL (SEQUENTIAL)
LANGUAGES
IMPERATIVE FUNCTTONAL
ADA PASCAL C LISP APL
Figure 1-8 -
Procedural Languages

NONPROCEDURAL

. LANGUAGES

DECLARATIVE NONDBCLARATIVE
mmama\m INDUCTION-BASED
SMALILTA.U( PROIIDG CLIPS AA‘R’T\PSS KIEE RULE'_MAS'IA'IFICIAL
NEURAL SYSTEMS

Figure 1-9

Nonprocedural Languages
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An algorithm is a method of solving a problem in i finite number of steps. The
implementation of an algorithm in a program is a procedural program, The terms
algorithmic programming, 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 Aow 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 whar the goal is and let the system determine how to accomplish it.

Imperative Programming

The terms imperative and statement-oriented are used synonymously. Languages
-=ch as FORTRAN, Ada, Pascal, Modula-2, COBOL, and BASIC all have the domi-

at characteristic that statements are imperatives or commands to the computer tefling
it what to do. 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 varables, assignment operations, and repetition. These
are all low-level operations that modem languages attempt to hide by providing features
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 all languages is the difficulty of proving the correctness 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 number-crunching very 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
thern 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 ones. As an illustration of
this problem, consider the problem of encoding the information of a real-worid problem

"t hundreds or thousands of rules. For example, the XCON system used by Digital
,dipment 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 langnage w !
require 7000 IF THEN statements or a very, very long CASE. This style of coaing
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.

The 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 would 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. It would also be helpful to have an IF THEN syntax that
was more conducive L0 representing knowledge and had powerful pattem matching
tests. This requires the development of a parser to analyze input structure and an
interpreter or compiler to execute the new IF THEN syntax.

When all of these techniques for improving efficiency are implemented, the result
is a dedicated expert system, If the 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 all of this development from scratch, today it is much
easier just to use an existing shell which is documented and extensively tested.

functional Programming

The nature of functional programming, as exemplified by languages such as LISP
and 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 contrast 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 geal wvalues

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 cube function. The symbol = means "is equivalent to" or "is defined as". The
following notation is a shorthand way of writing that the cube mapping is from the
domain of real numbers, symbolized as R, to the codomain of real numbers.

cube: R - R

A general notation for a function f that maps from a domain S to a domain T is
F:5—>T (Gersting 82). The range of the function f is the set of all images f{s) where
5 is an element of §. 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 codomain are the same for the
cube function. However, this may not be true for other functions such as the square
function, x*x, with domain and codomain of real numbers Since the range of the
square function is only non-negative real numbers, the range and codomain are not the
same. .

Using set notation, the range of a function can be \'w'ri_'lien as

3z
H

={f(s) | s € 5}

The curly braces { } denote a set. The bar, |, is read as "where". The above state-

*nt can be read that the range R is equivalent to the set of values f{s) where every

ment s is in the set §. The association is a set of ordered pairs (s,7), where 5 € §,

t € T, and r=f(s). Every member of § must have one and only one element of T

associated with it. However, multiple ¢ values may be associated with a single 5. As a

simple example, every positive number # has two square roots, + ¥n.
Functions may also be defined recursively as in

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

Recursive functions are commonly used in functional languages such as LISP.

Mathematical concepts and expressions are referentially transparent because
the meaning of the whole is completely determined from .its parts. No synergism is
involved between the parts. As an 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. Even other functions can be substituted for x and the
result is the same. For example, let /i{y) be some. arbitrary function. Then
h(y) + (2 * I(y)) would still be equivalent to 3*i(y).

Now consider the following assignment statement in an imperative compuler
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 ¢
fix), 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 another evaluates left-to-right. In this case, fx)+x would
not evaluate the same as x+f{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 functional language:

+ 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 returns a value and

* naming procedures to identify new functions.

Functional languages are generally impiemented 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 Programmir~
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 some 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 return 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 very efficient for writing programs. Non-functional
additions have been made to LISP to increase the efficiency of writing programs. F- -
example, SET acts as the assignment operator, while LET and PROG can be uset
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Function

Predicates . |

QUOTE
CAR
CDR

ATOM

EQ
NULL

create local variables and execute a sequence of S-expressions. Although these act like
functions, they are not functional in the original mathematical sense.

CPR

CTR
CONS
EVAL
COND
LAMBDA
DEFINE
LABEL

" Table 1-12
Original LISP Primitives and Functions

Since its creation, LISP has been the leading Al language 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, several companies offer machines specifically designed to execute LISP
code. These LISP machines use it completely, even as their assembly language. How-
ever, the LISP machines 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
delivery problem. It is not enough just to develop a great program if it cannot be
delivered for use because of high cost. A good development workstation is not
necessarily a good delivery vehicle due to speed, power, size, weight, cnvironmental or
cost constraints. Some 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 problem
with some Al and expert systems tools that require special hardware to run. It's better
to consider this possibility in advance rather than have to recode a program later.

An additional problem is 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 languages written in LISP or PROLOG.

Unless special provisions are made, expert systems which are written in LISP are
‘erally difficult to embed in anything other than LISP programs. One major consid-
.don in selecting an Al language should be-the language in which the tool is written,

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



42 Chapter 1 - Introduction To Expert Systems

being written in or converted to C. This also eliminates the problem of requi
expensive special hardware for LISP-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:what is to be accomplished and letting the systcm
determine how to accompllsh it -
Declarative Programming!v.‘

AR ket
The declarative paradigm separates the goal from the methods used to achieve the
goat. 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 today 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 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 important data
objects are current 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 all 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 apphcauon
For the payroll case there is a definite sequence of steps to follow.

1. Obtain ime-card data
2.  Account for sick-leave and vacation time
3. Muliply hours worked X rate of pay
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Multiply overtime hours X overtime rate

.. Add bonus or sales commissions, if applicable

Subtract deductions for taxes, insurance, dues and retirement
Issue paycheck

=~ o

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 features to encapsulate data in
modules and packages. :

The term object-oriented programming was ongmally used for languages
such as Smalltalk, which was specifically designed for ob_]ects The term is now ofien
used to mean programming of an object-oriented deSIgn even in a language which has
no true object support.

Smalltalk has features to support objects built into the language. In fact,
Smalltalk has a programming environment entirely built using objects. Smalltalk is
descended from SIMULA 67, a language developed for simulation. SIMULA 67 intro-
duced the concept of class which led to the concept of information /iiding 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 came from class. An instance of a

* <s is a data object that can be manipulated. The term instance | as carried over to
:1t systems where it denotes a fact that matches a pattern. Likewi se, a rule is said to
be instantiated if its LHS is satisfied. The terms activated and instant ated in rule-based
Systems are synonymous.
~Another significant concept that came from SIMULA 67 is inheritance. In
SIMULA 67, a subclass could be defined to inherit the propertics of classes. For
example, one class may be defined to consist of objects that can be vsed 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 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 whiere objects can inherit from
their classes, which can inberit from their classes, and so on. Inheritance is very useful
since objects can inherit properties from their classes without the programmer having
to specify every property. Many expert systems tools today such as ART and KEE
allow inberitance because it is a very powerful tool in constructing large groups of
facts.

Logic Programming

One of the first Al applications of computers was in proving logic theorems with the
Logic Theorist program of Newell and Simon. This program was first reported at the
‘mouth Conference on Al in 1956 and caused a sensation because electronic com-
.1s 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 powerlul algorithms that co.
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 their famous cryptarithmetic (secret arithmetic) puzzle
1 ST '

i PRI

DONALD wr

+ GERALD no
ROBERT B

and it is known that D=5. The object is to figure out the arithmetic 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 today, 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 fc
"conclusion if conditions”, it was powerful enough for significant theorem provi"f‘é;f‘fé;?.
The conditions can be thought of as representing patterns to be matched as in produc-
tion rules discussed earlier. Sentences expressed in this form are called Hom clauses
after Alfred Horn, 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-
resentation 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 satistied. These subgoals are then further broken down into smaller subgoals and so
forth. -

An sxample of declarative knowledge is the following classic example.

.11 men are mortal
“ocrates is a man

can be «xpressed in the Hom clauses

gomeone is mortal

if someone is a man
ocrates is a man

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 pattern to match. Contrast this with the
mortal case in which someone must be a man for the pattern of the if condition to be
satisfied.

Notice that a Homn 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 determine if
someone is a man. As a slightly more complex example,

A car needs gas, o©il 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 run has been reduced to three sim-
pler subproblems or subgoals. Now suppose there is some additional declarative
knowledge as follows.

The fuel 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 fuel gauge shows not-empty

The dipstick reads empty ‘

The air pressure gauge shows at least 13

These can be translated into the following Horn clauses.

x has gas
if the fuel gauge shows not-empty
% has oil
if the dipstick shows not-empty
x has inflated tires .
if the air pressure gauge shows at least 20
Fuel gauge is not empty
if (in all cases)
Dipstick reads empty
‘Alr 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
because there is no oil and insufficient air pressure.

One of the advantages of backward chaining systems is that execution can proceed
in parallef. That is, if multiple processors were available they could work on satisfying
subgoals simultaneously. This 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 Fifth Generation Computer project (Moto-Oka 1982). This is
an ambitious project to develop the next generation of computers for the 1990's with
capabilities far surpassing-current models. The se machines were to be programmed with
declarative techniques, but this approach has :un into difficulties. The Fifth Generation
project was announced by the Japanese in 1931 with a budget of $850 million dollars.
The 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 current machines, ability to read handwritten text, understand pictures,
intelligent access of huge databases, and to converse in natural language. '

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

* aninterpreter or inference engine

» adatabase (facts and rulcs)

» a form of pattern matching called unification

* abacktracking mechanism to pursue alternate subgoals if a searchtos:  y a
goal is unsuccessful

More elaborate versions of PROLOG such as TurboPROLOG from Borland are tools
because of all 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 subgoal is checked to see if you have
cash. If there is no fact that you do have cash, the backtracking mechanism will then
explore the other subgoal to 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 pattern 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 Hom clauses produces an executable program.
This is very different from conventional programming in which the requirements doc-
ument does not look at all like the final executable code. Newer imperative languages
such as Ada attempt to circumvent this problem by offering the capability of using Ada
itself as the program description language (PDL). The PDL can be used as as'  *on
on which to build the rest of the program. If the PDL does not work right, ther. Jer
will the program.
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Expert Systems:

Unlike production rule systems, the order in which subgoals, facts and rules are
entered in a PROLOG program has significant 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 bave 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 level of an algorithm. For
example, in a rule-based expert system, any of the rules may become activated and put
on the agenda if its LHS matches the facts. The order lhat the rules were entered does
not affect which rules are activated. Thus, the program slatemem order does not specify
a rigid control flow. Other types of expert systems ate l_)ased frames, discussed in
chapter 2, and inference nets discussed in chapter 4"

There are a number of differences between expert systems and conventional
programs. Table 1-13 lists some typical differences.

Characteristic

Conventional Program

Expert System

Control by ...
Control and data
Control Strength
Solution by ...
Solution search
Problein solving

Statement order
Implicit integration
Strong

Algorithm

Small or none
Algorithm is correct

Inference engine
Explicit separation
Weak

Rules and inference
Large

Rules

Input Assumed correct Incomplete, incorrect
Unexpected input | Difficult to deal with Very responsive
Qutput 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

Some Typical Differences between Conventional Programs and Expert Systems

Expert systems are «:ften designed to deal with uncertainty because reasoning is one

of the best tools that we have discovered for dealing with uncertainty. The uncertainty
ay arise in the input data to the expert system and even the knowledge-base itself, At
drst 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
part of the time. In addition, the input data may be incorrect, incomplete, inconsistent
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and have other errors. Algorithmic solutions are not capable of dealing with sitr '8
like this because an algorithm guarantees 'he solution of a p: oblem in a finite ser.__ of
steps. w

Depending on the mput data and the Inowledge-base, ai expert system may come
up with the correct answer;:a good answer, a bad answer or n) answer at all. While this
may seem shocking at ﬁrst, the alternative is no answer all the time. Again, the .
important thing to keep in’ mlpd is that a good expert syste n will perform no worse
than the best problem-solvér for problems like this—a huinan expert—and may do
better. If we knew an efficient algorithmic method that was better than an expert sys- -
tem, we would use it. The important 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 programmins. In
this paradigm, the program learns by example. One application to which this par n
has been applied is database access. Instead of the user having to type in the specific
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 program infers the
characteristics of he data and searches the database for a match. ,

Expert systc n tools such as 1st-Class and KDS offer induction-learmning by which
they accept exanm: >les and case studies and automatically generate rules. ‘

1.13 ARTIFICIAL NEURAL SYSTEMS

A new development in programming paradigms arose in the 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 simulated 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 microcoi by
obtained a very good solution to the Traveling Salesman problem in 0.1 seconds



Expert Systems: Principles and Programming 49

A d ey

LY i
]

compared to the optimum solution that required an hour.of CPU time on a mainframe
(Port 86). The Traveling Salesman problem is important because it is the classic
problem faced in optimizing the routing of signals in a:telecommunications system.
Optimizing routing is important in minimizing the travel time, and thus efficiency and
speed.

The basic Traveling Salesman problem is to compute the shortest route through a
given list of cities. Table 1-14 shows the possible routes for one to four cities. Notice
that the number 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
1-34-2-1
[—4-2-3-1
1-4-3-2-1

Table 1-14

Traveling Salesman Problem Réi;tes

While there are 9! = 362830 routes for ten cities, there are 291 = 8.8E30 possible
routes for thirty cities. The Traveling Salesman problem is a classic example of
combinatorial explosion because the number of possible routes increases so
rapidly that there are no practical solutions for realistic numbers of cities. If 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. 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 items.

A neural net can solve the ten-city case just as fast as the thirty-city case while a
conventional computer takes much longer. For the ten-city case, the neural net came up
with one of the two best routes and for the thirty-city case, it came up with 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
optimum answer, they can provide a best guess in real-time. In many cases, a
99.999999999999999999 % correct answer in one millisecond is better than a 100 %

orrect answer in thirty hours. i
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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 an ANS
is the weights associated with each element. It is the weights which represent 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, 1. The
weights can be represented as a matrix and identified by subscripts.

I = Neuron input; = 2 W I,
i ]
1
~(I-6
o ( )

Neuron Output =
R 1+
Wu

Threshold

0

Figure 1-10
A Neuron Processing Element

The neuron output is often taken as a sigmoid function of the input. The sig-
moid is representative of real neurons which approach limits for very small and very
large inputs. The sigmoid is called an activation function, and a commonly used
function is (1+e 'x)'l. Each neuron also has an associated threshold value, 8, 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 all true or not all false. The
number of nodes in the hidden layer will vary depending on the application and design.

Output
Layer

Hidden
Layer

Input
Layer

Figure 1-11
A Back-propagation Net

Neural nets are not programmed in the conventional sense. There are about thirteen

known neural net learning 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 learns 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 may take
hours or days depending on the number of pattemns that the net must learn, the hard-
ware, and software. However, once the leamning 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. AT&T and other companies are fabricating experimental 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

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 grou e
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 rep res::ntation of information is
similar to that of a hologram in which the lines of the holcgram act as a diffraction
grating to reconstruct the stored image when laser light is passed through.

A neural net is a good ‘choice when there is much empir cal data and no algorithm
exists which provides sufficient accuracy and speed. ANS 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 degradation in quality of the stored dati. ' "his occurs because the
information is stored in a distributed manner.

« The quality of the stored image degrades gracefully in p. oportion to the 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 asseciative nemory. An associative
memory is one in which partial data is sufficient to rec Al of the complete stored
information. This contrasts with conventional memory in which data is recal  »y
specifying the address of the data to be recalled. A partial or noisy input may still
elicit the complete original information.

* Nets can extrapolate and interpolate from their stored information. Training
teaches a net to look for significant 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 skill level if enough neurons remain. This is also a charac-
teristic of the brain in which portions can be destroyed and the original skill levels
can be relearned in time.

These characteristics make ANS very attractive for robot spacecraft, .oil" field
equipment, underwater devices, process control and other applications that need to
function a long time in a hostile environment without repair. Besides the issue of reli-
ability, ANS offer the potential of fow 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-suite] for applications that require number-crur ~"-g
or an optimum solution. Also, if a jractical algorithmic solution exists, an £ .
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 leaming 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 wélght of connections between
neurons is changed to simulate the changing conductance of natural neurons,

In 1961, Rosenblatt published an influential book dcalmg with a new type of arti-
ficial neuron system he had been investigating called ‘a perceptron (Rosenblatt 61),
The perceptron was a remarkable device that showed capabllmes for learning and pattern
recognition. It basically consisted of two layers of neurons and a simple leaming algo-

rithm. The weights had to be manually set in contrast 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 came to an end in 1969 when Minsky and Papert pub-
lished a book called Perceptrons that showed the theoretical limitations of perceptrons
as a general computing machine (Minsky 69). They pointed out a deficiency of the .
Jerceptron 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-OR. Although they had not seri-
ously investigated multiple layer ANS, they gave the pessimistic view that multiple
layers would probably not be able to solve the XOR problem. Government funding of
ANS research ceased in favor of the symbolic approach to Al using languages such 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
modermn integrated circuit technology.

ANS research continued on a small scale in the 1970's. However, the field finally
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 solve a wide variety of problems. 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 Problem in constant time as compared to the combinatorial explo-
sion encountered by conventional algorithmic solutions: An electronic circuit form of
an ANS could solve the Traveling Salesman Problem in 1 p second. Other combinato-
rial 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 implemented as a three-layer net, although additional 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 external world. An important
theoretical result from mathematics, the Kolmogorov Theorem, can be interpreted as
proving that a three-layer netvﬁi.)rik with 0 inputs and 2n + 1 peurons in the hidden layer
can map any continuous mncgjaggi(ﬁecht-Nielsen 36). ‘

v
P;E"

Figure 1-12
A Hopfield Artificial Neural Net

Applications of ANS Technology

A significant example of learning by back-propagation was demonstrated by a neural
net that learned correct pronunciation of words from text (Sejnowski 86). The ANS was
trained by correcting its output using a Digital Equipment Corp. text to speech device
called DECTalk. It required twenty years of linguistic research to devise rules for correct
pronunciation used by DECTalk. The ANS taught itself equivalent pronunciation skilis
overnight by simply listening to the correct pronunciation of speech from text. No
linguistic skills were programmed into the ANS.

Investigations of the ANS are under way for recognition of radar targets by elec-
tronic and optical computers (Farhat 86). New implementations 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 parallelism of light. That is, light rays do not interfere with one another as
they travel. Huge numbers of photons can easily be generated and manipulated by opti-
cal components such as mirrors, lenses, high-speed programmable spatial light
modulators, arrays 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.



P
.....

Expert Systems: Principles and Programming 55

.Commercial Developments in ANS

A number of new companies and existing firms have been organized to develop ANS
technology and products. Nestor 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 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 IBM PC compatible machine 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 expert systems using ANS. In one system, the ANS is the
knowledge-base constructed by training examples from medicine for disease (Gallant
92 In this system, the exp :rt system tries to classify a disease from its symptoms

~one of the known disc.ses that the system has been trained on. An inference
engine called MACIE (Matri: 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 user for any additional data needed to produce a solution.
'Although an ANS by itself cannot 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 informaticn in its knowledge-base. by example. Induction is the
process of inferring the gencral case from the specific. Besides ANS, there are a number
of commercially available expert systems shells that explicitly generate rules from
examples. The goal of inductive leaming is to reduce or climinate the knowledge
acquisition bottleneck. By placing the burden of knowledge acquisition on the expert
system, the development time may be reduced and the reliability may be increased if the
systern 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 .used for are generally not
able by conventional programs because they lack a known or efficient algorithm.
£ 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 disadvantages of expert systems were also discussed in ¥’
context of selecting an approp:iéte problem domain for an expert system applicati.
Criteria for selecting appropriate.applications were given.

The essentials of an expert 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 of each
paradigm. The important point of all this is the concept that expert systems should be
viewed as another programming tool that is suitable for some applications and unsuit-
able for others. Later chapters will describe the 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 of Expert Systems."

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

knowledge. '

b) Write a program that will give your expert's advice. Include test results G

show that each of the ten rules gives the correct advice. For ease of
programming, you may allow the user to provide input from a menu.

1-3, a) In Newell and Simon's book, Human Problem Solving, 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 the paper
and (b) crossing any dot? (Hint: you can extend the line past the dots)

L ] L [ ]
[ ] L] [ ]
L ] L] *

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

1-4, Write a program that can solve 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

T e e e e ettt et s

NTRODUCTION

er provides many techniques for increasing the efficiency of a rule-based
2m which uses the Rete Pattern Matching Algorithm. The reasons for need-
zient pattern matching algorithm are discussed before the Rete Algorithm is
Several techniques {or writing rules more efficiently are discussed.

i1E RETE PATTERN MATCHING ALGORITHM

i languages such as CLIPS, ART, OPS5, and OPS83 use a very efficient
or matching facts against the patterns in rules to determine which rules have
itions satisfied. This 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.
ferstand why the Rete Algorithm is efficient, it will be helpful to look at the
“matching facts to rules in general and examine other algorithms which are
ient. Figure 11-1 shows the problem addressed by the Rete Algorithm.

]

INFERENCE
FACTS ENGINE RULES

N

AGENDA

Figure 11-1
_Pattern Matching: Rules and Facts

i
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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 each rule and then search the set of
facts to determine if the rule's patterns have been satisfied. If the rule's patterns are sat-
isfied, then the rule can be placed on the agenda. Figure 11-2 shows this approach of
having the rules look for the facts needed to match their conditions.

-l
FACTS RULES
-
AGENDA
Figure 11-2
Rules Searching for Facts

In rule-based languages, however, the matching process takes place repeatedly.
Nommally, the fact-list will be modified during each cycle of execution. New facts may
be added to the fact-list or old facts may be removed from the fact-list. These changes
may cause previously unsatisfied patterns-to be satisfied or previously satisfied patterns
to become unsatisfied. 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 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 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 unnecessary computation since most of the
rules are likely to find the same facts in the current cycle as found in the last cycle. The
inefficiency of this approach is shown in Figure 11-3. The shaded area represents the
changes that have been made to the fact-list. Unnecessary recomputation could be
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by remembering what has already matched from cycle to cycle and computing

: changes necessary for the newly added or removed facts as shown in Figure
is the rules that remain static and the facts that change. Thus the facts should
rules and not the other way around.

Lt

FACTS RULES

N

AGENDA

Figure 11-3
Unnecessary Computations when Rules Search for Facts

FACTS RULES

AGENDA

Figure 11-4
Facts Searching for Rules
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The Rete Pattern Matching algorithm is designed to take advantage of the tempo.
redundancy exhibited by rule-based expert systems. It does this by saving the state of
the matching process from cycle to cycle and recomputing the changes in this state
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 that have already been found. Only the third fact is of interest. The state
of the maiching process is updated only as facts are added and removed. If 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 all the facts were compared
against all 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 third pattern of a rule,
then information about the matches for the first two patterns must be available to fin-
ish the matching process. This type of state information indicating the facts that have
matched previous patterns in a rule is called a partial match. A partial match for a
rule is any set of facts which satisfy the rule's patterns beginning with the first pattern
of the rule and ending with any pattern up to and including the rule’s 1ast pattern. Thus,
a rule with three patterns would have partial matches for the first pattern. the first and
second patterns, and the first, second, and third patterns. A partial match of all of t+~
patterns of a rule will also be an activation. The other type of state information sa
is called a pattern match. A pattern match occurs when a fact has satisfied a single
pattern in any rule without regard to variables in other pattemns that may restrict the
matching process.

The primary disadvantage of the Rete Pattern Matching Algorithm is that it is very
memory intensive. Simply comparing all of the facts to all of the patterns requires no
memory. Saving the state of the system using pattern matches and partial matches,
however, can consume considerable amounts of memory. In general, this tradeoff of
memory for speed is worthwhile. It is important 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 pattern 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 languages such as a recursive loop that never bottoms out or nested
loops that have a combinatorial number of iterations, this is a commonly made error in
rule-based programming.

The Rete Algorithm also improves the efficlency 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 patterns or groups of patterns. The Rete
Algorithm takes advantage of this feature to increase efficiency by pooling common
components together so that they do not have to be computed more than once.



PATHS AND TRAJECTORIES

A PATH WILL BE DEFINED AS A LINE IN 2D SPACE THAT IS TO BE
TRAVERSED.

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

FOR OUR ROBOTS, THE DEGREES OF FREEDOM ARE THE MOTIONS OF THE
DRIVE MOTORS AND THE STEER MOTORS.

Jrdededrddededk vk dkdk Ak Ak dhkkAkhdkdd ok dhkkhkkAdkhkk ki kkkiddkdhhkk

A FIRST PROBLEM IS ASSOCIATED WITH THE HUMAN AND/OR ROBOTIC
INTERFACE: NAMELY, HOW TO SPECIFY A PATH (e. g. in the
CARTOGRAPHER) AND HOW TO GENERATE 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 AND THE STARTING POSTURE AND THE "SYSTEM" SHOULD
DECIDE ON THE SHAPE OF THE PATH TO GET THERE AND GENERATE THE
TRAJECTORIES.
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THIS PROBLEM CAN BE THOUGHT OF AS A FORWARD COMPUTATION AND
AN INVERSE COMPUTATION.

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

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



A TRAJECTORY COULD BE CHARACTERIZED AS A "HISTORICAL
TRAJECTORY" OR A "PLANNED" TRAJECTORY.

A HISTORICAL TRAJECTORY IS A TIME HISTORY OF POSITION, SPEED, AND
ACCELERATION THAT HAS OCCURRED (IN THE PAST).

A PLANNED TRAJECTORY IS A SPECIFICATION OF PROPOSED VALUES OF
POSITION, SPEED, AND ACCELERATION THAT SHOULD OCCUR (IN THE
FUTURE).

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

A PLANNED TRAJECTORY MAY OR MAY NOT BE PHYSICALLY POSSIBLE FOR.
THE ROBOT TO EXECUTE!

THIS IS ILLUSTRATED WITH A SIMPLE ONE-DIMENSIONAL EXAMPLE:
GIVEN BELOW ARE SEVERAL PROPOSED PATHS FOR A VARIABLE (e. g. AN

ANGLE, THETA, THAT MIGHT BE THE ANGLE OF ONE OF THE DRIVE
MOTORS OR MIGHT BE THE ANGLE SPECIFYING THE POSE OF THE ROBOT.

Several possible path shapes




CONSIDER THE FOLLOWING PROBLEM:

_VE FROM THE INITIAL POSITION AT t = 0 AND AT REST TO THE FINAL POSITION AT t =
AND AT REST SUCH THAT THE PATH IS "SMOOTH".

8(0) = fo;
0(¢g) =19,

INITIAL AND FINAL SPEEDS ) 9(0) p— 0’

INITIAL AND FINAL VALUES

i(t,) = 0.

ASSUMED CUBIC RELATIONSHIP

B(t)-= ag + ayt + agt® + ast’,

DERIVATIVES é(i) =a, + 204t + éa,-,tﬁ’

8(t) = 2a, + Bayt.

INITIAL POSITION
90 =t oog
FINAL POSITION ] 3
0, = 6o+ 01ty + agty + 63_1‘-1.,
INITIAL SPEED
0 = a,,
FINAL SPEED

2
0= 04 +‘202t! + 303t['



NOW HAVE 4 EQUATIONS WITH 4 UNKNOWNS:

SOLUTION FOR a;:
(1.0 = 001
a, =4,
3
ary = (05 - B0 ),
ty
2
ay = —=(0; — 00)
Ly
AT AR A A AR A A AT A A EAAAXATAAARITR MAAMA AT NN AR Y ¢ v v v Jo g vk gk e vk e o do o o e de o ok e
O ()= S
FIND COEFFICIENTS AND PLOT: -
COEFFICIENTS: ag = 15.0,
a, = 0.0,
a2 - 200, B
a4 = —4.44.
POSITION

0(t) = 15.0 + 20.0t% — 4.44t>,

SPEED ) "
0(t) = 40.0t — 13.33¢",

ACCELERATION

(j(t) = 40.0 — 26.66t.
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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 AND THE MAXIMUM

DECELLERATION OCCUR AT THE END POINTS).
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WHAT IF THE MAXIMUM ALLOWED ACCELERATION IS (SAY) 30 DEGREES/SECOND (+ OR -)?
START WITH THE MAXIMUM ACCELERATION OF -r
&=30 = cousr

THE VELOCITY IS & =30t  (gamiel Sey= o)

AND THE POSITION 1S GIVEN BY

f 45
E(L)= 02 +S(e)= /S

NOTE THAT THE ABOVE SOLUTION IS ONLY VALID UNTIL THE TIME WHEN THE ANGLE
*CATCHES UP* TO THE DESIRED TRAJECTORY THE TIME FOR "CATCHING UP" IS

Z k4 K
= = /5—7_{ 7"//5‘ 6‘0& ='Z§\é ?,l/éff + 4
3o
__5% :—%"—/7'& :?-éz%—_—', =/,/254£¢,
. ONE FORM OF FULL TRAJECTORY COULD BE GENERATED BY USING "BANG-BANG®
CONTROL CON THE ACCELERATION. NOTE THAT WHEN THE ACCELERATION (S LIMITED, THE
MAXIMUM SPEED DURING THE TRAJECTORY 1S HIGHER TO REACH THE SAME END 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.

93.0=/5”52+'/5=3-?,azz=<§%¢ -

é_,f 33.#58 E— fEHER SPEED
e”- spt-17.337 =28.14 |

PR EXAMALE =

—> O
=

SEE 7RATECT2EY
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THE LIMITATION ON ACCELERATION THAT WAS APPLED IN THE ABOVE EXAMPLE 1S KNOWN
AS A CONSTRAINT. CONSTRAINTS ARE VERY COMMON IN TRAJECTORY GENERATION. THE
CONSTRAINTS CAN TAKE MANY FORMS. FOR EXAMPLE, SINCE ACCELERATION IS
PROPORTIONAL TO FORCE (OR TORQUE) A LIMIT TO THE AVAILABLE ACCELERATION 1S
QUITE NATURAL SINCE THE MOTORS MAY BE ONLY ABLE TO DELIVER A LIMITED TORQUE.

CONSTRAINTS COULD ALSQO 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 REQUIRING THAT THE ANGLE (OR A ROBOT FOR THAT MATTER) NOT
PASS A CERTAIN POSITION BEFORE SOME TIME. IN TWO DIMENSIONS, THE POSITION (S
VERY OFTEN CONSTRAINED BY THE PRESENCE OF AN OBSTACLE.

THUS, IF A TWO DIMENSIONAL PATH WERE TO BE CONSIDERED LIKE THE ONE SKETCHED
BELOW FOR A POINT ROBOT MANEUVERING AROCUND A CORNER, THE PROBLEM COULD BE
CONSTRAINED BY POSITION (NAMELY THE ROBOT IS NOT ALLOWED TO TOUCH THE
WALLS), BY ACCELERATION (THE ROBOT HAS A LIMITED AMOUNT OF TORQUE AVAILABLE)
AND BY VELOCITY (EITHER LINEAR OR ANGULAR) BECAUSE THE ROBOT HAS SAFETY
SPEED LIMITS OR IT MAY SLIP OR SKID AROUND CORNERS.

FINISH

£l o6t 2007777
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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 REALIZABLE BY THE ROBOT. THE "BEST" REALIZABLE
TRAJECTORY NEEDS SOME DEFINITION OF THE MEANING OF "BEST". THIS COULD, FOR
EXAMPLE 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 TC THE FUNCTION TO BE
OPTIMIZED AND THAT MEETS ALL OF THE SPECIFIED CONSTRAINTS.



WHAT IF THE MAXIMUM ALLOWED ACCELERATION OF THE SIMPLE ONE-DIMENSIONAL
EXAMPLE PROBLEM IS (SAY) 25 DEGREES/SEC?

AGAIN, START WITH THE MAXIMUM ACCELERATION.
THENATTHESTART: (&5 = 7S (CoNsE)
é =25 Z /é/ch /o) =@)

Z

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

S5 = /2.5 L5 1S= Gy 220l = S 9y Ty
R Ayt

L= BS _ /8 grorr S

77 >/ & SECONPS

Ere = (2.S)o.25)H/5= #3./25
THE DISTANCE TRAVELLED IN 1.5 SECONDS IS 28.125 DEGREES. AS =7 8/25

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
TIME FROM START TO GOAL (BOTH STOPPED) IS 1.549 x 2 = 3.098 SECONDS, Y= 2 S F)S

rd
N THAT THE MAXIMUM SPEED IS 38.725 DEGRE D.
OTETHATT P $ 38.725 DEGREES/SECON ' f"": I/»S_?-, 2.

THE TIME IS LONG TO GET THERE BUT THE MAXIMUM VELCCITY IS HIGH,



THE PREVIOUS EXAMPLE 1S 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 LATER THAN DESIRED (IF THE OTHER LEGS, FOR
EXAMPLE, ARE OPTIMIZED AND 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
INDEPENDENTLY OF THE OTHER LEGS.

THE WORD "PLANNED" IS USED ABOVE. HOW DOES PATH PLANNING OCCUR?
CONSIDER THE FOLLOWING SEQUENCE:

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

2) KNOW CONSTRAINTS ON MACHINE (ACCELERATIONS AND 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
CALCULATE 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 AND AN ITERATIVE PROCEDURE ADOPTED TO BEST MEET THE
REQUIREMENTS. .

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

THIS IS ATOUGH PROBLEM



USUALLY, 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 RELIEVE THE CONSTRAINTS
FROM THE ACCELERATIONS, £TC.

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

INITIAL SPEED:

9(0) = 901
FINAL SPEED:
CUBIC:

- g(t) = ao + alt + 02t2 + astS,

EQUATIONS FOR CONSTRAINTS:

INITIAL POSITION: 6o = ag
b
FINAL POSITION: 0; =ay + at; + a2t§ + aat'}, _
INITIAL SPEED: 6y = a,, -
FINAL SPEED: | ‘9.{‘ =a; +2a5t, + 3aat§.
SOLUTIONS FOR a;: ag = b,
a, = éOi
a2 = (0 - bg) - "2‘90 ',
1



IF THE DESIRED SPEEDS ARE KNOWN AT EACH VIA POINT, THEN IT IS A
SIMPLE MATTER TO APPLY THE EQUATIONS FOR THE a; TO EACH SEGMENT
TO FIND 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 1S MUCH TOO USER-DEPENDENT FOR OUR AUTONOMOUS
MOBILE ROBOTS.

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

3) THE "SYSTEM" [NAMELY, 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
GENERATE 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 VIA POINTS CONNECTED WITH STRAIGHT LINE
SEGMENTS - IF THE SLOPE OF THESE LINES CHANGES SIGN AT
THE VIA POINT, CHOOSE ZERO VELOCITY, IF THE SLOPE OF THESE
LINES DOES NOT CHANGE SIGN, CHOOSE THE AVERAGE OF THE
TWO SLOPES AS THE VIA VELOCITY. "
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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
CONTINUOQUS AT THE VIA POINT. TO DO THIS, WE REPLACE THE TWO
VELOCITY CONSTRAITS AT THE CONNECTION OF THE TWO CUBICS WITH
THE TWO CONSTRAINTS THAT a) VELOCITY IS CONTINUOUS AND b}
ACCELERATION 1S CONTINUOUS. CONSIDER THE EXAMPLE BELOW:

THE PROBLEM 1S TO SOLVE FOR THE COEFFICIENTS OF TWO CUBICS
WH@H ARE CONNECTED IN A TWO-SEGMENT SPLINE WITH CONTINUQUS
ACCELERATION AT THE INTERMEDIATE VIA PQINT. THE INITIAL ANGLE IS

90, THE VIA POINT IS%&ND THE GOAL POINT IS&}

FIRST CUBIC: 2 3
G(t) = ayo + ant + alﬂt + alat 1

SECOND CUBIC: 2 3
6(t) = azp T ant + agqt® + ag3t”.

EACH CUBIC IS EVALUATED OVER AN INTERVAL STARTING AT t = 0 AND
ENDING ATt = tf, WHEREi=1ori= 2.

THE CONSTRAINTS ARE:
8o = ay0,
0, = aiq +_a11tf1 + al2t?’1 + ‘113‘?’11
0, =ag,
By = azq + Gg1tsg + Ggatta + G2at}s,
0=a,,,
0=ag; + 255853 + 3ag3tta,
ayy +2a15t5) + 3a,3t%; = ag),

2012 + 60.13tf1 = 2(122.



THE PROBLEM IS TO SOLVE EIGHT EQUATIONS WITH EIGHT UNKNOWNS.
FOR THE CASE THE t = ty = tp THE FOLLOWING VALUES FOR THE
COEFFICIENTS ARE OBTAINED:

ajo =6y, - ago =8,
21 4t )
126, — 399 - 96, f

a5 = 5 , —-126, + 66, + 64,

4tf . 0_22 = 4 5 g ,
I —86,, + 36, + 56, . 9 59tf— 2 :

13 4t?— ! Ayy = v :;7 0
4ty

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

OBVIOUSLY, HIGHER ORDER POLYNOMIALS COULD BE USED.



LINEAR FUNCTION WITH PARABOLIC BLENDS

IN THIS CASE, ONE COULD CHOOSE THE PATH SHAPE TO BE LINEAR (SEE
FIGURE BELOW). THE PROBLEM WITH THIS CHOICE IS THAT THE SPEEDS
ARE DISCONTINUOQUS AT THE END POINTS. TO CREATE A SMOOTH PATH
WITH CONTINUQUS POSITION AND SPEED, IT IS POSSIBLE TO ADD A
PARABOLIC "BLEND" REGION NEAR EACH PATH END POINT.
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Linear interpolation requiring infinite acceleration.

AN

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

POSITION AND SPEED.

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

d | —a {
[+ ty tr= 1y 7

Linear segment with parabolic blends



THE RESULT OF APPLYING LINEAR INTERPOLATION WITH PARABOLIC
BLENDS TGO AN EXAMPLE PROBLEM:
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LINEAR FUNCTIONS WITH PARABOLIC BLENDS CAN BE APPLIED TO PATHS
WITH VIA POINTS. SEE THE FIGURE BELOW: (AGAIN SEE CRAIG FOR
EXAMPLES)

Multisegment linear path with blends.



PILOTING ALONG A SEQUENCE

OF STRAIGHT LINES:

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

DIMENSIONS.

FOLLOWING THE STRAIGHT LINES REQUIRES A TRANSITION FROM ONE
LINE TO ANOTHER. THIS IS ACCOMPLISHED BY A COORDINATE

TRANSFORMATION.

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



ESCRIBE POSTURE BY (x, v.8)
(X, ¥,€) = posture in XY frame
(X', y',e') = posture in X'Y’ frame
(x4, y4) = coordinates of new origin O’ in oid (XY) coordinate system
&, = angle between new and old X - axes.

(X1, ¥1.%41 = transformation from new to old coordinate system.
THE TRANSFORMATION EQUATIONS ARE:

T coséy —sindy, 0 z! I
y | = | sind coséy 0} y' 1+tiwn
z! cosd; sinf; 0 z 71
y' = - sin 91 COs 91 Q Yy - 1751
g’ 0 0 1 8 61



o

E)éﬁ%ﬂ&LE: THE ORIGINAL AND NEW COORDINATES ARE SHOWN

X,vY,e) = (1, 2,T/2)
(X4, Y1.81) = (1,1, T/4)

(9°) ORI& 14 3L 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=0
dy/dt =0
dx/dt = v

WHEN THE VEHICLE IS TO CHANGE DIRECTION, THEN THE
COORDINATE TRANSFORMATION (x4, y{, 4118 ISSUED AT AN
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 COORDINATE SYSTEM.

THE FOLLOWING FIGURES ILLUSTRATE SOME OF THE
ESCS)%E[E%TIES FOR TRANSITIONING FROM ONE PATH TO
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Path specification by directed straight lines.
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Effects of different exit positions.
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1. Introduction

1-1. Overview of intelligent control

Operation of an autonomous mobile robot (AMR) requires several hierarchical levels
of intelligent control which include planning, navigation, and piloting. These separate
levels of control are needed because not all control aspects can be done in the local AMR

environment.

The problem at the top or “plancing” level is to define the overall mission for the
AMR. including its initial and desired final locations and a prior: known obstacles and
constraints. During the planning operation the global path of the AMR is specified. Also,
there may be an overall maximum time specified for the mission.

The role of the “navigation” stage is to find a continuous motion that will take the
AMR from its initial position to its desired final position along a locally-defined (i.e.,
segmented) geometric path within the geometric constraints and that avoids obstacles
encountered with the AMR sensors. For the 2-D problem of interest to us, this means that
given two locally-defined positions (z,,y:) and (zf,y;) and the AMR initial orientation
f; with respect to the z-axis, find a continuous wall-avoiding motion between the two
positions or establish that no such motion exists.

[n 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.
Since a mobile robot will ordinarily negotiate any given path only once (as opposed to a
manipulator, which might perform the same task thousands of times), the navigator wants
to plan a path that can be negotiated “quickly” rather than “optimally.” In some cases
this means that the navigator can use straight lines for the paths, and angular rotations
at turns, to plan a path.

. A third level in the hierarchy is that of “piloting.” This is the problem of following the
path prescribed by the AMR navigator. To analyze the motion of the vehicle along a path,
it 1s 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 dvnamics of the
motion of the AMR can become important since the vehicle must be capable of negotiating
the path without tipping over. (Of course the AMR must have sufficient power resources
o enable it to follow the trajectory, and this leads to additional design considerations.)

One useful analogy may help us better understand the role of the planner, navigator,
an oilot of the AMR. This analogy occurs in the transoceanic shipping industry where
the pianner 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
tne ship, subject to known islands and reefs that may be obstacles.

The ship’s navigator is the individual responsible for kéepi.ng track of the local position
of the ship and monitoring its motion with feedback from local sensors (e.g., visual, sonar,

1



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, etec. 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 flying an airplane. In this case the airline company
plans the trips between two destinations, an on-board 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, it should be remarked that there is no uniform set of words or phrases in the
discipline of robotics to deseribe the different levels of intelligent control, so one is always
advised to read the literature carefully before 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 algorithms.

There are two basic models for navigation, those with %omplete inforination and
those with incomplete information. 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
such a model, sensors are needed to provide feedback information to the AMR during its &;. -
motion and that informarion is incomplete and imprecise.

Two types of feedback sensors are tactile, in which the AMR 1s allowed to come into
contact with obstacles (or to within an allowable distance controlled by seansors), and
prozimity sensors that provide a map of the locally visible obstacles within a finite range.
We shall look 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). Lhe 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 geometrical nature
and hardware independence: a kev limitation is that it does not take into account the
specific characteristics of an AMR. The presentation follows that of Ref. 1.

2-1. Path specification

We assume that the vehicle is a point, and that the objects are appropriately enlarged
so as to correct for the finite size of the AMR 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 “blooming” becomes more messy to implement.)

2



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 portion from one straight line to another
can be approprately 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 posture (z,y,8) can be described by its
position coordinates {z,y) and vehicle orientation £, measured counterclockwise from the
X-axis. Each directed straight line is the X-axis of a local coordinate system XY

Motion between two directed line segments, .X — X', is specified by a coordinate
transformation from (z,y,8) to (z’,y',8'). Also, let (z;,y;) denote the coordinates of the
origin O’ of X'Y’ in the XY coordinates, and 4, 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 (z1,y1, ;] between the new posture
and the old one can be written as a composite of the translation (z,,y;) and the rotation

919

z cosf; —siné; 0O z’ T
y | = | sinéd cosd; 0 y 1+t wn |- (2-1)
) 0 0 1 g’ 61

(Note 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,

T’ cosd; sind; O T z ‘
"l =1 —sinf; cosd; 0 yi—twun . (2-2)
g’ 0 0 1 8 6

Examples of transformations are shown in Fig. 2-3.
-2. The MITCHI locomotion command system
Piloting along a path is complicated for the following reasons:

¢ Since the dead reckoning capability of a vehicle is hnnted the AMR must contmuously
re-calibrate its current posture (z,y, §).

» 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 MITCHI command svstem (for “road” in Japanese) is one such system designed
w conus wie AMR through a sequence of commands sent via the comrnunication interface
between the vehicle and the master control. A command is a unit of operation; for example,
< go > is a commmand that specifies a transformation [z1,y1, 6;] together with an ezit z,.
The motion of the AMR is influenced by the position of the exit, as seen in Fig. 2-
4. An erbitrary path for a sequence of straight lines can be defined by a sequence of

transformations as in Eq. (2-2) and exits.



The commands afe broken down into two types: slow commands, such as < go >
and other commands that are executed sequentially one after another, and fast commands
such as < cancel > to cancel an earlier command, or < stop0) >, to decelerate immediately

until stopped, that need to be executed rapidly.

The vehicle control states in MITCHI are categorized in two classes, active and waiting.
When 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-stop, mouving-stationary, and transieni. In the active-stop state,
the vehicle remains stationary untl it receives a < go > or < spin > command: in the
moving-stationary state it travels 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 MITCHI command system is explained in Table 2-1 and is expressed with 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
order to maintain areasonable path following capability, and to avoid tipping and excessive
power requirements caused by “jack-rabbit” starts. Feedback control is necessary evenin a
stationary state because there are many types of disturbances to the motion, both internal
and external to the vehicle.

To keep the vehicle traveling along an intended axis X with speed v = dz/dt, the
y-coordinate should be small. Since dy = tanfdz, and since tand == 8 for § small, it?
follows that for a stable solution of Eq. (2-2) to exist when the vehicle speed is constant,
it 1s necessary that '

dy/dt = vf. (2-3a)

As a second necessary condition for a stable solution, a constraint must be placed
on the angular acceleration @ = dw/dt, where the angular velocity w = df/dt. Since y is
coupled to & via Eq. (2-3a), this can be satisfied by o

‘ ax —kiy — kb — by, (2-3b)

where k;, ko, 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) exsts if the

third-order differential equation for 4,
dsg/dfs -+ (k'_) - kg)ﬂp/dt + (L’kl - k2k3)9 = klk:;y (2-4)
is satisiied for appropriate ky, %2, 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. The control equaticn given i~ Ref. 1 for the
acceleration dv/dt is:

‘ 0, if v="Vga and g(y,8,v,o) >0,
dv/dt = 0, if v=—-Vgax and g(y,8,v,w)<0: (2-5a)

g(y)8! U,w)1 OtherWise,
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where

-—.4‘,, f v 2 vd(yiavw)v '
=A,, if v< Ud(yseaw):

oo =

with
Ud(y,B,W) = VdO - Cllg - fl(y)l - C2[wl'

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

0. if v=Qunax and f(y,0,v,w)>0,
dw/dt = 0, if v=-0g., and f(y,6,v.w) <0, (2-3b)
fly,8,v,w), otherwise,

where .
f(y,8.2) = max[min[dy, (= fi(y) — k26 = k3w)]
with

fily) = kymax[min{ye, y], —yo]-

The values Vimax, Qmax,. 4w, Ao, Vio, c1, €2, k1, k2, k3, and yg are positive constant
parameters. For the “Yamabico 9”7 of Ref. 1, actual values are

Maximum velocity: V. =33cm s™!

Maximum anguiar velocity: Qgax = 2757}

Default velocity (changeable by a < velocity > command): vgg = 30cm s™?

Parameters for deceleration during rotation: ¢, =30ecm s™!/7randc, =30em s71 /(27571
Acceleration: 4, = 30cm s~2

Angular acceleration: A; = 27572, ~

The architecture of the feedback control system is shown in Fig. 2-3.



2-4. Example of the MITCHI locomotion command system

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

(1)G0,0,0,0;

(2) G 100,100,0, 90;
(3) G 90,100,20,180;
(4) G 100,130.0, —90:
(3) G 200,170,0, —90;
(6) G 120,130, 70, 180;
(7)G 170,180,0,90;
(8) G 100,100, 40, 0;
(9) P 150;

(10

10) . | (2-6)
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2-5. Figures and tables for Section 2
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Path specification by directed straight lines. (From Ref. 1.)
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Table 2-1. MITCHI command system. (From Ref. 1.)

(slow command) / {fast command)
(go) / (stop) / (reverse) / {spin) /
{wait) / {velocity} / {controf}

(command) o=
{slow command) ::=

(go) 2= G(e), (x),(¥),(8); 7/ G,(x), (»). (8),
(stop} 2= Plx);

(reverse) =>= R

(spin) 2:= N{(8);

{wait) r:= W

(velocity} ::= V{(u);

{control)y ::= C(pl), {p2);

= (start) / (adjust) / {set) /
(global-ger) / {stop0) / {velocityQ) /
{cancel) / (servo) / {freemotor) /
(setbrake) / (resetbrake)

{fast command) .

(start) ::= S :
(adjusty 2= A(x) ). (0))
(ser) o= H(x), (7),(6);
(g!oba!—ser) 2= T, ). (8)
(get) o= T

(globai—ger) = J
(stop0) 2= Q

(veioc:ryO) c= U{v);
(cancel) ::= L

(servo) = E

{freemotor) ::= F )
(setbrake) ::= B
(resetbrake) 1= K

{x) :r= (integer)

(v} :o= (integer)

(8) 2= (integer)

(e} :r= (integer)

(v) :r= (integer)

(pi) ‘= (integer)

(p2) ::= (integer)
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1) {go): In the meving-stationary stite, causes the trans-
formation [{x), (»), (0}] w0 be executed and the vehicle 1o
atlempt 1o ride on the new X-aais, when the condition x = {e)
is sanshied, i.c., the vehicle passes the exit (Figs. 5, 6, and 7).
In the active-stop state, it causes the transformation [(x), (y)',
{0)} 10 be immediately executed and the vehicle to attempt to
ride on the new X-axis. In this case, the parameier (e) is
ignored (Fig. 11).

2) {stop): Stops the vehicle at a given X" coordinate of (x).
If the vehicle poes beyond that point, it goes back up 1o the
poiat.

. 3) {reverse): Exchanges the front and back faces of the
vehicle. This does not cause any coordinate transformations
(Fig. 12).

4} (spin): Makes the vehicle turn (8} degrees. This (spin)
is cffective only in the stop state and does nol cause any
coordinate transformations {(Fig. 13).

5y (wair): Changes the vehicle stale from active 10 wait.

6) (velocity): Scts the vehicle’s traveling speed 1o (v) cm/
5. The default value is specified in the initialization.

'7) {(conitrol): Sets the control parameter (pl) of MITCHI
the value (p2). The details of specification arc not given here.
Some are discussed tn Section V-E.

8) (start): Changes the vehicle state from waiting to
active.

9) (adjust): Immediately cxecutes the transformation [{x),

(), (8)). An exit need not be specified as in the slow (go)

command, because the current position is considered an’

“eait.”” This command is uscful for dynamically adjusting the
vehicle's pasition or local path in both moving-stationary and
stop states. For example, an (adjust) command **A0, 50, 0"
causes an effcet similar to the transformation shown in Fig.
6(d).

10) {ser): Changes the current local posture inio ({x), (),
(8)) immecdiately. The cffect is similar to an (adjust)
command. Suppose the vehicle is in a stationary state and is al
posture (100, 0, 0,). Then a (ser} command **H100, - 50, 0;*
causes the same effect as that of the (adjust) command **AO,
50, 0;"" as shown above.

11) {(global-ser): Changes the current global posture 10
((x), (o), (0)) immediately.

12) (get): Asks the vehicle to transmit the current local
posture (x, v, 0).

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

14) (stop0): Decelerates immediately to stop the vehicle,

15) (velocity0): Changes the vehicle’s traveling speed (o
(v) em/s immediately.

16) {cancel): Clears all commands in the command buffer
which have previously been sent from the master,

17) (servo): Starts motor servoing in order 10 try (o keep
its current position even in the stop state.

18) {freemoror): Kills motor servoing so that the vchicle
can be moved manually.

19) (serbrake): Applics the mechanical brake.,

20) (resetbrake): Releases the mechanical brake.
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3. Navigation with tactile sensors

Tactile sensing is the simplest form of sensing in which the AMR, modeled as a point
object, is assumed to operate in a straight line from its sfarf position S until it reaches its
target T or interacts with the ith obstacle at Ait point H;. (Note that an actual collision
with an obstacle need not take place if the “bloomed” obstacles incorporate a nonzero
minimum interaction distance as a safety factor.) The AMR then follows the perimeter
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 which direction
to circumvent ihe obstacle, one can assume for simplicity 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. We shall consider two algorithms proposed for AMRs with tactile sensors, Bugl
and Bug2. The algorithms differ according to the available information.

3-1. The Bugl algorithm

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

1. From the point L;_; (with Ly = §5), move toward T along the straight line, (S T)
until one of the following occurs:

(a) T 1s reached; the procedure stops.
(b) An obstacle is encountered and a hit point H; is defined; go to step 2.

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

3. If the straight line segment between L; and T crosses the obstacle at point L,,
stop because the target is not reachable. Otherwise, follow the shorter path along the
boundary to L, and set i =1 + 1; go to step 1.

Bugl requires the algorithm be executed at every point of a continuous path. The
procecdure uses three registers, Ry, B2, R3, to store intermediate information until reaching
a new hit point, whereupon all three are reset to zero. Register R, is used to store the
current coordinates of the point, @, on the boundary at which the distance d(@Q,T)
between a point on the boundary @ and T is a minimum, while R; integrates the length of
the obstacle boundary starting at H, and R; integrates the length of the obstacle boundary
starting at Qm.

For Bugl it is sufficient if the AMR knows its direction toward T and its distance from
T instead of its exact coordinates. This can be incorporated into the algorithm by storing
in register R, the minimum distance d(Qm, I} of the current point Qm to T, rather than
the coordinates of Q,,; then in step 3 the AMR can compare its current distance to T with
that stored in R;.



It is of interest to check the upper bound of the necessary distance of travel of the
AMR to reach T with Bugl. The length of the path will never exceed the limit

P=D+15Y p, (3-1)

where D is the straight line distance d(§,T) between the points S and T, and p; is the
perimeter of the ith obstacle. Here the sum over i includes all obstacles intersecting the

circle of radius D centered at T.
3-2, The Bug?2 algorithm
The procedure for Bug? to be executed at any point of a continuous path consists of
the following steps (see Fig. 3-3): .
1. From the point L;_; (with Ly = §), 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. Using the accepted local direction, follow the obstacle boundary until:

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

(b) The straight line (S,T) is met at a point @ such that the distance d(@,T) <
d{H;,T) and the straight iine {Q, T') does not cross the current obstacle at the point
Q. Define the leave point L; = Qm, set j = j + 1, and go to step 1.

(¢) The AMR completely traverses the boundary and returns to H; without having
defined the next hit point Hj4;, in which case stop since the target is trapped and
cannot be reached.

Unlike Bugl, with the Bug?2 algorithm the same obstacle can be hit more than once,
as seen in Fig. 3-4. (That is the reason the index j was used for a hit, to distinguish it from
the index for obstacle 7.) Also, the relationship between the perimeters of the obstacles
and the length of the paths generated by Bug? is not as clear as in the case of Bugl. The
path around an obstacle is sometimes shorter than the perimeter, as in Fig. 3-3, but with
obstacles as in Figs. 3-4 and 3-5 things can get much worse.

It is of interest to check the upper bound of the necessary distance of travel of the
AMR to reach T with Bug?2. The length of the path will never exceed the limit

P=D+03) njp;, . (3-2)
j

where D is the distance d(5,T) and n; is the number of intersections between the straight
line (5,T) and the jth obstacle. The sum over i refers to the obstacles intersecting the
straight llne segment (5. T). :

While n, = 2 if the jth obstacle is convex, examples of n, = 10 and n, = 16 are shown

13



in Fig. 3-4. If all obstacles are convex, then in the worst case the length of the path is

P=D+) pj (3-3)
J

while on the average the path length is

P=D+05Y% p;. | (3-4)
J

On a practical level. Bugl is rather “conservative” while Bug?2 is more “ageressive”
P &
and more eficient in many cases.

3-3. Figures and tables for Section 3

Siart

Fig. 3-1. A lefi local direction AMR path. From Ref. 2.

14



Fig. 3-2. AMR path (dotted lines) under the Bugl algorithm, with obstacles obl
and ob2, hit points H; and H,, and leave points L; and L,. From Ref. 4.

Fig. 3-3. AMR path (dotied line) under the Bug? algorithm, with obstacles obl
and ob2. it points H; and H,, and leave points L; and L. From Ref. 4.
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Fig. 3-4. AMR paths (dotted lines) around two maze-like obstacles under the Bug?2
algorithm. While both obstacles (a) and (b) are equally complex, the straight line
(S, T) crosses the obstacle 10 times, n; = 10, and for (b), n; = 16. (From Ref. 4.)

Fig. 3-3. AMR path when § 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 reponse to a changing environment as the vehicle moves
along its trajectory, the AMR must be able to make decisions quickly., These decisions
must include consideration of the kinematic and dynamic constraints of the AMR. It is
within this framework that satisficing 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 minimum requirements necessary to achieve a particular goal”
(as defined in the Supplement to the Oxford English Dictionary, 1982). Thus satisfcing
décision 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 down 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 AMR until the next subgoal is generated. )

4-1 Subgoal selection algorithm

The objective of subgoal selection algorithm is to enable the AMR to move using
feedback information about the locally visible environment while avoiding collisions with
unanticipated 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 she AMR to “stop, look, and move,” i.e., to stop and generate a new coilision-free
path before again moving. '

The AMR is modeled as a point object that is to be steered from an initial position
Po to the final goal p, through a 2D space containing a finite number of obstacles. The
obstacles are appropriately “bloomed” convex polygons; the minimum physical distance
between points on any two obstacles must exceed the smallest circle encompassing the
AMR (so that the vehicle is capable of passing between them). The AMR is assumed to
have an SDA and a servo control system capable of following a reference trajectory with
a known accuracy, provided that trajectory satisfies the necessary kinematic constraints.
Also. estimates of the AMR position, orientation, and velocity in the global coordinate
frame must be available for piloting decisions at reguiar time intervals.

For the kth iteration of the SSA, the AMR position is denoted by p; and a local
map is presumed to be created that consists of a set O(py) of line segments representing
obsiacle faces that are visible from py, as illustrated in Fig. 4-1. (Note that the AMR
need not be stopped at p; since the time delay caused by operation of the sensors and
map processor can be accounted for by the evaluation of the safeness of the subgoals.) The
dynamic state of the AMR at time f, including its position, can be denoted by x(t).

In order for the SSA to generate the next subgoal. it is necessary to define a candidate
subgoal g* to be safe at time ¢ with respect to local map O(py) and the current dynamic
state x(t) if the SDA can bring the AMR to rest at g* along a collision-free trajectory in
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Fig. 4-1. Local obstacle map from the position pi(+), together with the cor},e-
sponding “bloomed” local map (dotted lines). The bold lines indicate the faces of
the visible obstacles. From Ref. 7.

O(pk). Note that the safeness of a subgoal is eveluated at the current time ¢, which is
cifferent from the time at which the sensor data for local map O(py) were taken.

he SSA has been developed using functions-and data structures in a pseudopro-
gramming language in which small bold-faced letters represent points_in the plane, large
bolcd-faced letters represent other data structures, and small capitals are used for function
names. with brackets <,> delimiting function arguments. A straight line {unbounded)
containing two points a and b is denoted by ab, with the open or closed termination of a
line segment indicted by a parenthesis or bracket, respectively. For example, (ab] denotes
the line segment from a to b that contains b but not a, while [ab) is the ray beginning at
and inclucing a and reaching b.

The following 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 all the notation and functions.
We will not discuss the proof of convergence of the algorithm given in Refs. 5 and 6.

L



The function INT<ab.cd> equals the point at which the two lines ab and ed intersect. If
the arguments of INT<...> do not intersect the function returns the symbol NIL, which is
used throuchout the algorithm definition to indicate empty sets or vacuous conditions.

At the K execution of the SSA, the local map consisis of a set O(p;) of line segments
represen'ting obsiacle faces which are visible ircm p.. Connected tines in O(p,) are
faces of the same obstacle. Given two points a and b, the function OBs«a.b> is defined
2s the line segment (obstacle face) in O(a) which intersects the line segment (ab), aiong
witn all other taces in O(a) connected to the intersected face. When point b is visible
from point a, CBS<a.b> equals NIl

Cbsiacle edges in the local map with respect to the position p, are defined as the
exireme points of the connected lines in O(p,), that is, they are the extreme points on
each conneciad set of obstacle faces visible from p. Wa cenotethe set of edges at
iteration k by E{p,). Note that if obsiacle A is only partiaily visible from p,, due to the
presence of another obstacie, B, then at ieast one extreme point on obstacle A is not
actually visible. To distinguish edges which are actually vertices of the obstacle models
from extreme points arising from obstructions, we let E'(p,) denote the set of edges
which are actually visible extreme points on the visible obstacies in O(p,). Given two
points a and b, if CBS<a,b> = NIL, then the two extreme points on the connected lines in
OBs<a.b> comespond to two edges in E{p,), but not necessarily in E'(p,). From the
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perspective of p,. we distinguish the two edges on CBS<p,.b> as "right edge" and “left
edce”, with the obvious meaning. Note that a particular physical obstacle can lead to
more than one set of connected faces in O(p,) when it is partially obstructed from view
by other obstacles, but it can lead to no more than two visible edges in E'(p,).

Subgoals are always associated with obsiacle edges or vertices in a local map. A
subccal g and its associated obstacle edge (or vertex) e make up the fundamental data
structure referred to as a subgoal-edge pair, dencted by (g.e). For an edge e< E,, the
associatad subgoal is defined as a point g a distance €20 from e. The precise locations
of subgoals g with respect to associate edges e are given below in the cescriptions of
the functions NEXT_VERTZX, CHOCSE_EDGE, OTHER_EDGE. EXTEND_FACE, OTHER_VERTEX,
and SUBGOAL. We choose e£x/2 to assure that the subgoal for an edge is not on
another obstacie (which must be at least a cistance x from e}, The purpose of sefting
the subgoal a cerain distance from the edge is ‘o guide the AMR around a vernex to a
vantace point {rom which it is guaranteea that further subgeoals will be generated.

Subcoal-edge pairs generated in the SSA are stored on a dynamic stack S which is
cperated on using.the siancard funetons POP<S> and PUSH<(g.e),S>. In the remainder
of the parcer {g.e} dencies the subgcal-scge pair cumrently being pursued oy the SDA,
and (gT.e”) denctes the icp of the stack S, that is, (g*,e1)=POP<S>. The function
‘HEIGHT <S> equals the numper of subgdal-2dge pairs in the stack S.

Cla,....2,} denotes the open convex hull of 2 set of n points in the piane {a,....a,}). L
is 2 carticular subset of subgoals cenerated by the SSA. The meaning of the points in L
is described below in the ciscussion of step 4 of the SSA.

The SSA is given in Fig. 5-2. In the remaincer of this secton we discuss each siep in
‘um, providing further definitons of vanacies, cata structures and functicns &s needed.

The aigonthm is initigiized in st2p 1 when =0 and the AMR is at rest at p_. If there are
rno ctstacies between the AME anc the final ccal Py the subgceal g is set equal to P,
and the S3A terminates. ltis assumed that the SDA can drive the AMR frem rest to any
visibie point. Thus, P, is a safe subcoal at this stace and no other subgeals are needed.
When P, is not visible inizlly, it is cushed on the stack (with a defaul value of Pg tor the
ecge), L and h (cefined oelow) are imtaiized. anc the aigonthm is continued at step 5. It
will be shown in the fellowing saction that in this case more subgoals will be put on the
stack in step 5 and a safe subgoal-2dge pair will be g'enerated.

The SSA terminates zt step 2 when the final goal is already being pursued (no further
subgoals are nesded), or when the ray from the goal on tep of the stack g’ through Px
does not intersec: the ray from the current edge e through the goal g. As illustrated in
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siep 1:

sep 2:

step 3:

siep 4:

step S

step &:

step 7:

stap B:

H {&=0) then
i {oas<p°_p'>-~u.) then
(g.e) « {p,.P,)
exit
else
PU5H<(?,.P,)-S>
L « NLL
hep,
(g', 8") « CHOCSE_EDGE<OBS<P,. P>>
gotostep 5
f (g=p‘ of INTg'p,. (eg=wN1L) then
exit
SAVE<S.(g,e).[ab],L.h>
i (REIGHT<S> 2 3) then
goto step &
K (HEiGHT<S>=1) then
H (OE'.S(pk,p‘>-NIL) then
geto step 7
1O~ Clp,.g.e)=N1)then
goto siep B
(3", @) «— NEXT_VERTEX < O(p,), (g, e)>
H{nT < (ge”), (ep‘} > = NIL or @'=e) then
if (035<pk.p‘> N C[g.e.pl]leL) then
goio siep 8
else
{9, &) «= CHOOSE_EDGE<DBS<p,, p,>>
L Luih)
heg
H (lh’?<(hg'].(p‘b==ﬂll_ and WT<(hg'L{p,x}>=NiL for some x € L) then
(9’8"} «= OTHER_EDGE<C(p,).(3".e")>
eise
# (0, nCip,57.e7)=NL)then _ B
goto step & -
(', ) « EXTEND_FACE <O(p,). (g".0")> -
i (ua‘r.:(hg‘],(p‘x.:-:nn_ and xNTc(hgj.(p‘x)>-HlL forscme xe L) then
(§°.8") «— OTHER_VERTEX<C{P,).(g'.e)>
PCP<S>
fab] « {p,e
(3.) « (.. P
pUSH < (g, €7, S >
whiie (O(p,) N C[pk.ng. e’} = NLor oaSqu.gT:» = NIL)
(g'.e) + CREATEG<P,.(g".e").(g.e)[ab]>
H({g’.eYwNIL) then
gote siep 8
else
PUSH<{g’,87,5>
(g.e} «— POP<S>
H (sAFE<g, x(1), O(p)>then
exft
RESTGRE<S,(g.e).fab],L.h>
end

Figure 5-2: Subgoal Selection Algorithm (SSA)
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Fig. 5-3, this second condition assures that a new subgoal is sought onty after the AMR
has gone beyond the current edge e so that visibility of the subgoal g7 on the top of the
stack is not blocked by the obsiacle face that produced e.

Figure 5-3: Condition tested in step 2: p, must be past current édge e before the
visitility of sutgeal g7 is evaluated. :

In step 3 the function SAVE stores the current context which consists of the stack S, the
current subgoal-ecge pair (g.e), line segment [ab)], a sat of previcus subgoals L and
vector h ([ab], L. and h are cefined beiow). After the context is saved in step 3, the
algonitnm jumes 10 step § if there are three or more subgcal-2dge pairs in the stack S, |f
it is cetermuined in stecs 4 thrcugh 7 that 2 new subgeal should net be selected on the
current iteration, the context stored in step 3 is retneved by the funclion RESTORE in step

o

Step 4 is executed for 'wo mutually exclusive cases. namely, when cniy the final goal
P, remains in the stack (HEIGHT<S>=1) or when the stack contains one subgeal in
accition to the final ccal (HEIGHT<S>=2). In the first case. if the final goal is visiple from
p,. the aigonthm jumgs !0 step 7 to evaluate whether the final goal is safa. If the final
goal is not visible, the next condition in step 4 assures the line segment (e, g) is visible.
i it is not visible. the SSA jumps to siep 8 to restore the original context. Otherwise,
siep 4 continues and the function NEXT_VEARTEX generates a subgcal-ecge pair (g°, e}
where e’ is the next visible vertex on the obstacle containing the cument edge e in the
cirection of g. The associated subgeai g’ is on the extension of the face containing e’, a
disiance ¢ from e’. If the current edge e is an extreme point in O(p,), then NEXT_VERTEX
retumns {g’, e =(g, e}, the current subgoal-edge pair.
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The next If condition in step 4 determines whather the ecce e: is on a face between the
current edge and the gecal This condition s illustrated in Fig. 5-4. 1
iNT<(ge').{epg)>=NlL or e’=e, the current edge is the last one that must be circumvented
on that costacie. |In tnis case, cefore choesing an ecge on another ctsiacie, a test is
periormec to see if the obstacie between p, and P, intersects the region C[g.e.pg}. The
purpese of this test is to assure that the next obstacle lies between the cument subgoal
and Py It ces<pr. P> C{g.e.pg}=NlL;the SSA jumps to step 8 anc terminates. |f
c'55<p‘,,pg>mC{g.e,pg} = NIL, a subgoal-edge pair is generat.ed by the function
CHOCSE_EDGE from one of the two edges for CES<p,p,>. Since only locai information is
Deing used in the SSA, there is no "optimal” choice between these two 2dgess. In our
impizmentation of CHOCSE_EDGE we select the edge closest to P, We show in the
following section that the SSA steers the AMR to the final goal no matter which edge is

ssizziad by CHOCSE_ZDGE.

Figure 5-4: Concition tested in step 4! if veriex e is not a face blocking the view of Pgr
a8 new oCsiacle is used to generate a subgeal.

When a new obsiacle is used to generate the potential subgecal-edge pair, h is added
to the set L. The variabie h is then set equal to the curent subgoal g. Thus, h is the
finzl subgoal generzted in siep 4 for a pariicular cosiacie before swiiching 10 a2 new
obsiacle and L is the set of previous values of h. The set of subgcals L serves as a
"memory” of where the AMR has been so that it does not cycle around the final goal
incefinitely. This is assured by the next condition tesied in siep 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
condition is illustrated in Fig. 5-3. If it occurs, the ftunction CTHER_E£DGE generates a
subgoal-edge pair from the other edge on the cbstacle containing e’. This concludes
step 4 when HEIGHT<S>=1.

Figure 5-5: Examcle of cancidat
subgoal hinLin sie

In the second case cf siep 4 (when HEIGHT<S>=2), if the line segment {g'e’) is not
cempietely visible from p, (which is the casa when ther2 are obsiacles in C[pk.gT,eT}.
the SSA jumzs to siep 8. Ctherwise, function EXTEND_FACE chooses e as the mest
exirame visitie point cn the face calinear with (gTe’) in the direction of g7 rom eT. The
subcoal g’ is cenera:eZ zs ine extension of this face a cistance e from e’. Before going
te s:2p £ to push this new subocal eace pair on the siack, the same ‘est is applied as
descrined acove for case cne of step 4 to make sure the subgcal generated by
EXTEZNDC_FACE is net t2king the AMR behind a previous subgoal in L. 1f #t is, the other
venex of the face is chesen by CTHER_VESTEX to generaie the subgcal-ecce pair (g°,e”).
This subgoai-ecae pair will replace the subgcal-zdge cair on top of the stack (gT.eT)
which is "popeced” anc discarded. -

Step 5 updates the appreprate vanables with the subgoal-2dge pair (g7, e7) generated
in step 4. The line [ab] is set scual to line segment (p.&7, which is guaranteed not to
intersect the intericr of any costacles. The current edge e is set equal o p, for use in
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the function CREATEG-In step 6. The subgoal-edge pair (g'.e’) is then pushed orA:V the
stack. We shall see that the line segment {ab] provides the "memory” required to zssure
that if any other subgoal-2dge pairs are pushed on top of (g',e"), they will guide the AMR
to a point from which the subgcal g’ is visidle.

In step 6, the function CREATES generates subgoal-edge pairs wnen the stack already
contains a subgoal-edge pair generated previously in step 4. The function CRZATES is
defined in Fig. 5-8. An edge selected by CREATEG must satisfy conditions related to its
proximity to the current edge e, the edge eT on top of the stack and the iine {ab). f no
such eoge exists, NIL s returned. The function CREATEG chooses the edge e’ in E'(p,)
{the set of visibie edges) which is ciosest to the line [ab} while being in the region
Cig.e.g'.eil. The significance of these conditions is explained in the foliowing section
whare we prove tne trajectory converges to the final goal in finite time.

CREATES<p,.(5 .e7).(g.e}.[abl.E'(p,)>

A — E'p)nicieg el gjuiga’]

If (A=nNIL) then
(g’.e) « NI

else
g’ «— MIN_DIST <A [ab]>
g’ «— SUBGCAL<e'jabj>

" return (g".e")

Figure 5-6: Function CRZATES

As illustrated in Fig. 3.7, funclion SUSGCAL generates a subgcal g’ a distance € from e’
cn a line perpendicular te, and in the direction of. the iine segment [abl. Subgoal-edge
rairs are ganerated by CREATES and pushed on the stack until the line segment [gTe’) is

restored.

In siep 7 the top of the stack is popped and the (visibie) subgeal is evaluated by the
function SAFE which retums the logical condition TRUE if the SDA can drive the AMR to g
aiong a coliision free path given the currant system state x(r.} and the local obstacle
map Op,). If g is a safe subgoal, the algorithm terminates and this new subgoal is
pursuad by the SDA. If g is not safe, step B is executed znd the original context is
restored.
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a

Figure 5-7: Location of subgoal g’ generated by function SUBGOAL for edge e”.

In the following, we list the notation, parameters and functions that have been defined
in this section. They will be freguently refered to in the next section.

Notztion
NIL
empty set or vacuous resul
£
distance between a subccal g and its associated edce e
ab -
straicht line {unbounced) through points @ and b
[ab .
ray from point a throucn zoint b contaimng peint a
(ab]
line segment from point a 1o point b ¢containing b but not a
X
minimum distance betwean cbsiacles
(g.e) |
subgcal-2dge pair curmently being pursued
(97.e7) -
subgcal-edge pairon tcg zfsi=ek S
h
most recent extreme subgoal generated in step 4
Pa

initial pesition
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Pg

final goal position

Px

position at beginning of the k¥ execution of the SSA

X

dynamic state of the AMR at beginning of the k¥ iteration
(a....a))

open convex hull of points a.,....a,

Eia)

set of obstacle edoes in Ofa), that is, exirema poinis of the connected obstacle
faces in O(a)

E'(a)

sat of visibie ecoes in E{a)

L
set of extreme supgoals generated in step 4 of SSA

Ofa)
local map: set of obstacie faces {line segments) visibie tfrom point a

S
stack of subgoal-edze pairs mainained by SSA

Funcuons

CHOCSE_EDGE<OES<p,.po>>
returns subgoal-eoge pair (g'.e”) with e’ on2 of the two edge in E{p,) on O2S<pu.p>
&nd g’ a distance E from e’ on extension of the fact terminating at e’
CRE4TZG<p,.(g".eT).(g.e).[abLE"(p,)>

cenerates subgeal-edge pairs in siep 6, as defined in section 3
EXTEND_FACE<O(p,}.(g.8)>

returns subgoal-edge pair (g'.e”) where g’ is the venex (extreme point) of the face in
O{py) containing e in direction of g and g’ is defined as in CHOOSE_EDGE

HEIGHT<S>

number of subgcoal-edge pairs in stack S

MIN_DIST<A {ab]>

chotses one point in set A ciosest to line {ab]

NEXT_VERTEX<O(p,}).{g.e)>

retums subgoal-edge pair (g'.e’) with e’ as the next vertex on obstacle in O{p,)
containing e in the direction of g and g’ a distance ¢ from e’ on extension of face
[ee]

CcBS<a.b>

set of obstacie faces in local map Of{a) connected to and including a face
intersected by line segment {ab)

OTHER_EDGE<O(p,).(g.e)>

returns subgoal-adoe pair (g".e") where €’ is the other edge in E{p,) on the obstacle
in O{p,} with edge €', and g’ is defined as in CHOOSE_EDGE
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OTHER_VERTEX<QO(p,).(g.8)>
retums subgoal-edge pair (g’,e") where e’ is the other vertex (extreme point) for the
face in Q(p) containing e, and g’ is defined as in CHOCSE_EDGE

POP<S>
removes and retums top subgoal-edge pair from stack S

PUSH<(g,e).S5>
puts subgoal-edge pair (9,e) on stack S

RESTORE<S.(ge).[ab],L.h>
sets arguments equal to values store by SAVE

SAFE<g.X(1).O(py)>
returmns logical TRUE if the SCA can bring the AMR to a stop at g from state x{t)
along a path in the visible obstacle-free space in O(p,)

SAVE<S,(g.e),[abl.L.h>
stores context of SSA

SUBGOAL<e.[ab]>
generates a subgoal g a distance ¢ 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 AMR. The
two general types are the omnidirectional AMR (OAMR) in which the vehicle is capable
of pure rotation as well as translation, and the conventionaily-steered AMR (CAMR) with
front wheel steering and rear wheel drive. Since the Denning robots in our laboratory are
of the OAMR type, we shall only examine the SDA for this type; fortunately, the algorithm
is easier than :hat for the CAMR. The following 12 pages is an explanation taken directly
from pp. 11-22 of the Ref. 6 manuseript, which also contains a discussion of the SDA for

a CAMR which is not incinded here.

4. An SDA for Omnidirectional Mobile Robots

In this secucn, attention is fccused con the realizaticn of the SDA for z2n omnidirectional
gutcncmeus mecile reoot {CAMR). CAMRAR s cnaracienzsd ty three degrees of ireecem in the
Flane, in conirast 10 tne twe gegrees of frescdem of normal wheel-based AMRs. Staning from
rest. an CAMR s czpacle of ranslating aiong any cirecticn in the glane. In addition, it can aiso
rciate. Examcles cf AMRs constructed with Cmnicirecuonal characteristics include ¢
Unimation rcbet (23], Uranus [34], and the flonater Cart [EC.

¢.1. CAMR Reference Mcdel

Fer the curpese of reference trgjecicry generation, we ccnsicer the CAMR as a point in the
gictal coercinate frame. When navigating through cEstacle environments, the finite size of the
CAMR can te ccmpensated for by mezans of excanding the cbstacle regions in the local map.
(Simulation examgles using excanced crosiacle macs o naviczte AMRs of finite size are given
in Secuon 6.) Because ¢f the ocmmiciracicnal precerty, we consicer only the gosition of the
CAMR wnen cenerzung the reference trzjecicry. Thus. the reference state variables are the
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position vecior r=p, and velecity vecter r=v, cf the retet in R2. The steering vecter is U=a, the
zcceleration of the point p, also in R2. Thus, we can medel the reference trzjecicry dynamics
- by two-dimensional double integrater dynamics:

*)-CHE)-Q)

Integrating equaticn (2), we cbiain the reference trgjeciery ierih

(2)

D
o
®
5
e
[14]
2
YY)
m
"
3
k]
'
n
i

() = P, = (=1, V(e,) = 0.5(—¢ "2z,
vy = v(t) + (=1 )alr,)

We represent the CAMR's cgerziing limits by magnituce consiraints on the acceleration and

velccily veciors given by:

la<a__ (4)
ang
R ; (5

These limis constitute the system constramnt set U, fer the CAMR,

4.2. OAMR Free-space

Eefore cdefining the free-space for the CAMR, we first intrccuce some notation. A straight,
uncounced line cgntaining two peints a and b is Cenotag oy ab. The cpen or cicsed terminatien
¢f a line segments is incicaied by g parenthesis or bracket, respectively. For example, (ab)
cercies the ling segment rcm a to b which centains b tut not a, and [ab cdenctes the ray
teginning at ard including a passing threcuch b, In the {clicwing, we cescrice a set of rules for
consiucting the free-space tor the CAMA.

Tne CAMR irge.space is celingd in assccanen wiln ithe current suzgezal g, the current
refzrence siz!2, and the current iccal mao cf the envirenment C(Y). Consicer the situation
when a scbgeal g nas just teccme the currently pursued subgeel. Suppese the OAMR s
currently zt reference state p, v &nc Ceginning 0 pursue the subccal g as shewn in figure 4-1,
The local map is indicated in the figure by the ocid lines on the cfstacles, which are the
obs:acle faces visitle from the AMR position p. The subgeal seleclicn algenthm guarantees that
g s a safe anc wisicle frem p. We cnoose one ¢f the {ree-space bouncaries o be the line
segment [pg). The seccnd Souncary is cetermired by the ray emitting frem p in the direction of
ine velocity veclor v. Thesa becuncary cneices are motivaied Ty the following coservation. With
refsrence o figure 4-1, wnren the velocity vecicr v is peinting into the haif clane to the right of
the line pg, then the trajecicry iewarg tne succcal shouid stay in the right half-plane determined
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by pg. otherwisg the resulting path weuld te lenger than necessary. A similar argument can be
made for the uncesirability of the trajectery Deing to the right of the ray emitting from p in - -
cirecticn of v.

Figure 4-1: Ccnstruction ¢f free-space for CAMR, czse 1.

The last beuncary is cefired by a ling segment gz where the peint zis chosen such that gz L
gp and zp I1s czlinear with v. Chocesing the touncdary gz o te perpencicular o gp constrains
the trajeciery frem cversnceting the geal, For the case shewn in figure 4-1, the free space is
cefined &s the canvex huil of three peints p, @, and z cencted by C(p.G.2).

For the casa.sncwn in figure 4.2, the abcve cefinnicn weuld resuits in a free-space that
inigrsacis obstacie regicns. In this case. 1o exciuca the cosiacle regicn frem C(p.g.2), we rotate
reunc g iowarcs punul Cip.g.2)n0=2. A fres-zoace that has its veriax 2 10 the right(ieft) of

gcal g 25 viewez {rem the peint pas caileg 2 ngni{left)-hanc fres-space. 25 is the case in

Once an intial free-scace s cefined for g susgezl the subseqguernt free-spaces feor the
subgeal are defined win rascect ‘o the first free-scace as the CAMR meves toward the
supgoal. Censicer the situagticn shown in figure 4.3, The first free-.scace s cefined for the
subgoal g at r, as Cip(r).g.z(r,)). For the CAMR siate p(t,), v{t,), the free-space for the
subgoal g is cefired as Cip(: ).g.zrr)) where the point 2(r,) is the intersectcn between the
extension of the velceity vacior v(t ) from p(t,}) anc the touncary Gz(r,). Thl._'s. ne seguence of
free-spaces fer a subgoal ail have a single ccmmon Seundary [gz(r,)] cefined wren the fin
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Figure 4-2: Ccnstruction of free-space for CAMR, case 2.

free-space fer the subgeal is constructed. Each free-space may differ from the others in the
cther two boundaries which are determined by the subgeal and the CAMR state at the time
wren the free-space is consiructed. Therefore, we can simzlify the notation for the free-spaces

fer a panicular sutgeal to C(r,). For example, in figure 4-3, the free-space C(p(t).g.2(c,)) is
cenotec oy C(r,) and the free-space C{p(r, ., ).g9.2(t,_,)) is cencted by C(r, ).

The free-space can te representad analytically as a set of linear inequalities of the form

Clry=laineyifqsd(,) i=1.2.3.

where the vecters n(t,) are normal te the bouncaries gz}, {zp{t,)], [gp )], resgectively, and the
cohsiants ¢ (1) cetarmine the bouncary lines in the piane.

4.3. CAMR Default Maneuver and Safe States
The cefault maneuver fer the CAMR is cefined by applying the maximum constant
Ceczlerztion opcesing the current velccity ¢f the OAMR untl the OAMR comes {0 a step. This
maneuver resuits in a straignt line trgjectory. For an CAMR with velocity v(ty), the time required

o cring the OAMR 0 a stcp using the cefault maneuveris:
(6)

v

am..::
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Figure 4-3: Construction of fres-sgacs for CAMRA aiter the initial free-space.

The steering vector for the CAMR cefault maneuver is given by

amv(ro) )

v (r )l

rSig:”,

aln =-— o

We cdenote the pesition of the CAMR when it comes tc 2 rest by p}:(p(:o).v(ro)), which is given
Ly: ] -
(N
fhv(r, )0

By (R(L,).¥(2,)) = P(z,) = v(z,).

amcx

-

Ey the general cefiniticn c¢f safe state civen in secticn 2, an CAMR stzte in 3 lree-space is
safe if the CAMR can bte brought to a sicp zlong the cefault maneuver trgjeciery which lies
entirely within the free space. Thersfere, an CAMR siat2 v(r,), p(r,) is a safe state in a free
sgece C(N) if

*p(t,) e C(7) and

B, (BUIVI)) e C(O).
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4.4. OAMR Environment Constraints
In this section, we present a method for mapping the constraints on the state of the OAMR

due to the free-space boundaries into constraints on the steering vector at each time interval to
precuce the environmentz| constraint set U, for the SDA. We first ccnsider the mapping of the
ctsiacle censiraints at a time to when a new subgeal g is to be pursued.

Given that p(s), v(¢,) is safe in C(¢)) (which is guaranteed by the SSA), we want to constraint
the steering vector a(z) so that the state p(ty), v(t,) remains safe in C(r)). In other words, the
sieering vector a(t,) is constrained so that the celault maneuver trajectory starting from Pty
v{l;) remains within the bouncaries of C(r,). Using the cefiniticn of the safe state for p(t,) and
v(ly). the free-space censtraint can be expressed s

Nt TR, (RGNS, @)

wnerz i=1.2, and 3 for the first, secend, and third bcuncaries of the free-space C(r)
sscectively. By equations (3) and (7). the term p " (" (R(r V()P )V(e)) can be writlen in
term ofp ). () andaity) as

pf {p(ri).v(:l))

1 5 v y+aai i
=P = Av(ty) - 73(-’0)'-\' + ——(V(r )22 ).
- an’!.’.::
Scostituling this expressien for P (p(: V() in inequality (8) we cbttain the following constraint
cn at,)
; I liv(r y+Aa(r
NG [l ~ avin,) + 3a(:o).f_\- ——————(v(:o)ﬂ_\auo))] £d(1). )]
fcri=1.2, and 3. Tress constraints on a(t,) guaraniee the trajeclory remains in the free space

]

nd that the AMR is in a szfe state at t=t,.

Aithcugh the constraints on the sizte of the CAMR have been magped into the steering
vecisr sgace, the resulting constraints (S ) are nenlinear. These constraints are ‘co complicated
fer c.pphcanon in a reai-time feeccack scheme. Thus, we simplify these censtiraints to obtain

lingar constraints of the form

c;Ta(r)<a..
This simpiification is descrited as follows:

First, consicer the case fari= 1 corresponding to the free-space boundary gz. This constraint
s nenlinear due to the magnitude constraint on the acceleraticn a(t,). By consicering cnly the
ccmpenent of the CAMR velocity norma!l to the boundary, the noniinear consiraint can be

zccreximated by a linear constraint. |f we apply the constraint () only !0 the cemponents of the
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OAMR reference state and the steering vector tat are perpendicular to the third boundary of
‘he free-space C(t,), the constraint becomes a scelar ineguality:

[Aa, (1)) 2+(Q2Av (1 )+8%a, 1 )a) (4 )+ (v (40528, (Av((8)) S 2a 4|
where z,(z)), vi(t,). and p (r) are the projeciicrs cf a(r,), v(r). and p(;) cnto ny(r). This
quadrztic inequality can be represented by the linsar inequality

cl(ro)Ta(rn)SEl(ro) C o an

where ¢,(r)=n,(s,) and

_ —(2+4Aa,, Y%, rav(1)a, =34y, (1,)-2d,(t,))a,, -
31(t) = 34

The linear approximations to the nenlinear constraint (9) are pletied for comparison in figure
4-4. We note that althcuch the appreximaticn is an cuter approximation, it is very close to the
oricinzi constraint in the vicimty of the system ccnsiraint set U, (the circular ac:eleratioﬁ limit),
and can e compensated for in the steering vectcr selection procedure.

250 -

200 =

1.50 -

L
-3.00 -2.00 150 1.00 2.00 3.00

Figure 4-4: Censtraints cdue to the third bouncdary of the fres-space znd their finezr
acproximations.
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From the geometry of the free-space, we note that the constraint (8) for i=2 (corresponding
to the free-space boundary [pz]) can be replaced by simpie linear censtraint. To illusirate the
acpreach, we consicer the right-handed free-space C(r,) shown in figure 4-3. The purpose of
constraint (9) is to constrain a(t,) éo that the cefauit maneuver trajectcry stariing from the state
p(t,). v(t,) remains in the left half plane cefined by the line p(t,)z. Since the cefault maneuver at
time ¢, weould generate a trajectory that is celinear with v(t,), censtraining the velecity vecter
v{l,) to pcint into the left-half plane, away from the line zp(t,), has the same effect as constraint
(9). Thus, we can replace constraint 8 for i = 2 by '

(1) V(e )=Ca(r YT alr ) <0 (12)

where ¢.(r)) = N.(r,). This constraint is consisient with the goal to reach the subgeal g since in
orcer to reach the gcal we must effect 2 change in the cdirection cof the velccity vecier so that it
rotates tcward the direction of the subgcal, as is reguired by the constraint (12).

plt,)

Figure 4-5: Simpiification of the constirzints cue to free-space touncary.

Sy gzometrical ctservaticn, we ncte that the constraint 8 for { = 3 {corresponcing to bouncary
{pg]) czn be replaced by linear consirzint similarly as in the case cf i = 2. Again without loss of
generaity, we consicer the situation show in figure 4-5. The consiraint (8) for i = 3 is designed
to prehitit the cefault maneuver trajectory staniing from the siate p(t,), v(t,) from crossing the
first beuncary cf the free-space C(: ). that is, the line {gp(4,)]. The same effect can be achieved
if we cznsiraint the velocity vecter v(z)) to point to the right of the fine {gp(r,)} as shown in figure
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4-5. This would ensure that the default maneuver starting from p(), v(z,) te unable to exit the
free-space through boundary [gp(r)]. The constraint on the velocity vector v(r;) can
expressed as the inequality:

[{(g-ple )T () <0, -

where “g-p(:))) is the vector (g-p(r) rotated SO0 degrees to the left. In fact,
lg-pl)y = Ig-pG gz, where ns(z)) is the unit vecter that cefines the crientation of the first

boundary of the free-space C(y). Therefore, the inequality (13) can be written as:
et ) alr, ) <3, (14)

(g-pt NTw(r) L ) )
where €3(r)) = g=P(1,)+0.58V(r,) and @3 = ~—— ‘fo.f.:.va:’)ll' This is a linear constrzint on a(t,) that

is parailel to the vecter g-p(r )+0.24v(z ).

Thus, we have transicrmed the constraints cue to the ctsiacles, as represented by the free-
space, into consiraints on the stzering vecter a given by the environmental censtraint set
U,={atcTa<a, fori=1.23). We note that the thres bouncaries of the set U, are completely
cetermined by the siziz of the OAMR, the current sttgoal and the third boundary of the free-

space.

4.5. Cbjective Vector and Steering Vector Selection
Having transicrmed the cbstacle censtrainis into the envirenment censtraint set U, an.
represanied the sysiem consiraint By the set U, the acceleraticn veclor a(¢,) for generating the
reference trajectory over the time interval (1.1} can be computed by chocsing an acceleration
vector a(l,) that approximates the objective vecicr d’(r) subject 1o the censtraint a(r e UNU
The cbjective vecter is {0 precduce a "good” reference trgjectory to the-subgeal. It is desirable
that the objective vecter procuces a sequence cf siteering vectors leading {¢ a cirect and smocth
trajecicry to the goal. To this end, we ccnsiruct the objecuve vegler {rom two cempenents,
basedcna ger"neralized cotential fieid, as
d* () =0.(g".v(t,).p(:,))~d (C.v{ )Pl (15)

where d, is an attractive potential gracient cetermined frem the goal, and d, is the repulsive
potential gracient caused by generzlized gctential tields assigned to the free sgace bouncaries
[1€].

The attraciive potental gracient vector towards the subgoal is construcied heuristically based
on the time-cptimat control solution to tne goubie integrator dynamics in cne dimensional space
(15]. Give the subgoal g, and the OAMR reference state p(t,), v(t,) the attraction vecter d, is
defined 0 be:
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. (16)
d_(g”.p(r).v(r,)) =T N +150,

where ny and n, are unit vectors that are normal and cclinear, respectively. to (gp(r,)] subject
to:

n{v(r,)s0. and
nllg-p(,)]s0

The gains t, =12, are the minimum times required to crive the one-dimensicnal couble
integrator from an initial state n7p(r), nfv(r) to the final state n7g.nTv with maximum
acceleration magnitude of a.,,,. Thus the gains T, and 1, reflect the urgency !o accelerate in
each direction in orcer to bring the AMR to rest at the subgceal.

The repulsive potential gracient d (C.v(r).p(t)) is the sum of repulsive potential gradients
from each of the three boundaries of the free space C(¢). A repulsive accelerating vector is
normal to the beundary which generates it. Assuming the geometric relationship between the
AMR reference state p(r,), ¥(r,) and the ith boundary of the C(z,) at a distance of 4; away from
the pesition p. the repulsive potantial gracient for the ith beundary is given by:

n;
(17)

T,

dri =
where n, is a unit vecter nocrmal to the ith boundary and is pecinted away from the free space.
The parameter 7., is the time it takes to reduce the speed of the AMR towards the ith boundary
to zero with maximum ceceleraticn, given by '

v(r,)In,

1 . (18)

m
am

The parameter 7, is the tme it takes to recuce the speed to zero just before hitting the
Beundary with a constant deceleration, given by
2d
= ' (19)
[V(ro)]‘n‘

-
.

M

Substituting 1, andt,, in equation (17) with expressions (18) and (19) and summing over | from

1 0 3, we cbttain the reguisive petential gradient for the free-space boundaries as,

3 am(nirv(:o))nl- .

d =3

=1 2d;d

maz = (VG

The parameter v in equation (15) is used to balance the effects of the attractive and the
repuisive vectors cn the objeciive vectcr. Simulation experiments show that 0.1 is a reasonabie
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value for v.
7

The final stage of the SDA is 10 select a steering vecior to approximazed':he chjective ve
subject to the constraints posted by U, and U,. This problem is il!ustra{ed in figure 4-6, .
system consiraint set U, is show as the circle. The two linear boundaries {Cue 2 the free-space
boundaries 1 and 3) of the environmental constraint set U, are shown. The other boundary is
located very far frcm the crigin of the steering vector sgace in this case, and is not shown in the
figure. The task is to select a steering vector a(ry) that best approximates the cbjective vector

d"(z). This pretlem can te fermulated as an optimizatien preblem by cefining a objective

1ay ‘

R Ve s T s ety 3

R e SR T (AR 1T M e s

et Tald>a,

1

-1

Figure 4-6: Sclving the steering vecicr.

functicn and sclved using standard numerical precedures, However, because of the nonlinear
censtraint U, such a fermuiaticn does net lead to a simgie sclution procecure. Cn the other
hand, the scec:al structure of the censirzints can be expicited to allow a reasonzble steering
vec:or 1o be selecled with minimal cemputation burden using the huerisuc procecure presented

in figure 4-7.

The computztion requirement for this procecure is very smelil. It needs to test at mest 3 linear
inequaiities and solve at mcst 2 linear equations {regresented by the procecure LINESOLVE).
The early activat’cn cf *he defzult maneuver at line 1 in figure 4-7 compensaias for the outer
approximaticn cf the constraint cue third bouncary ef the free-space. As shown by the
simulaticn examples in secticn 6, the default maneuver is not nermaily invoked.
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1 if (3, <0)
v(t)
-a”‘-’-"::v(:n)u

else
2 ar = amud*:

if (cyfa"<3;)
a(r y=UNesoLve(La® 0.c4.d,)
i€ (c,Tag)<3,)
a(r,)=LINESOLVE(C(r,).3,.La(1,).0)

6 else if ( ¢,7a(1)<3,)
alt,)=LINESOLVE(La " ,0.6..34)
12 (¢, a(r,)<a,)
' &(r, )=LINESOLVE(C(s,).3 . La(r,}.0)
7 else
a(s,)=a’
if (c,7a()<ay)
a(e,=LNEsCLVE(e(r,).ay LAl ).0)

Figure 4-7: Procedure for selectng the steering vecior sutject to the environmental and
sysiem ccnsiraints
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- SEARCHING i
FOR yfsl
PATHS
AND

OTHER THINGS

ARTIFICIAL INTELLIGENCE
P. H. WINSTON



ONE MAY SEARCH FOR:

1) SOME PATH

2) OPTIMAL PATH

3) WAYS TO WIN THE GAME

—— Depth-first
— Hill ¢limbing

Some path Breadth-firsta-

—— Beam

— Best-first

— British museum

Search— 1 Optimal pathe—J Branch and bound

Dynamic programming

— As

— Minimax

—— Alpha-beta pruning

— Games Progressive deepening

—— Heuristic prunin

—- Heuristic continuation

\

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 (NODE)

2) THE GOAL POINT (NODE)

3) A MAP OF NODES AND CONNECTIONS

GOALS:

1}  FIND _SOME PATH OR FIND THE "BEST" PATH [MAYBE
SHORTEST]

SOME PATH MAY BE THE CORRECT PROCEDURE
IS TRAVERSED ONLY SELDOM AND THE JOB OF
BEST PATH IS DIFFICULT.

BEST PATH MAY BE THE CORRECT PROCEDURE IF THE TERRAIN
IS TRAVERSED OFTEN.

2) TRAVERSE THE PATH

IF THE TERRAIN
FINDING THE

A COLLECTION OF NODES AND LINKS AS SHOWN BELOW IS
CALLED A"NET".

A basic search problem. A path is to be found from the start node.
S. to the goal node. . Search procedures explore nets like these. learning about
connections and distances as they go.



A COLLECT!ON OF NODES (MAY BE REPEATING AND BRANCHES
IS CALLED A "TREE". THE TREE BELOW {S FORMED FROM THE

PREVIOUS NET.

NODES CLOSER TO THE TOP OF THE TREE ARE CALLED
"PARENTS". -

'I[II-({)IIE:)EIODE AT THE TOP WITH NO PARENT IS CALLED THE "ROOT

THE NODES AT THE BOTTOM WITH NO CHILDREN ARE CAL
"TERMINAL NODES". HED

THE TREE BELOW HAS EIGHT "LEVELS".

1

—
o i

| 17

19 19 17

4

[$4)

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 also 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
nodes are accumulated distances.



DEPTH FIRST SEARCH:

1) F%%l\géﬂ\ ONE-ELEMENT QUEUE CONSISTING OF THE ROOT

2} UNTIL THE QUEUE IS EMPTY OR THE GOAL IS REAGHED
DETERMINE IF THE FIRST ELEMENT IN THE QUEUE IS THE

GOAL NODE.

2a) IF THE FIRST ELEMENT IS THE GOAL NODE, DO
NOTHING

2b) IF THE FIRST ELEMENT IS NOT THE GOAL NODE,
REMOVE THE FIRST ELEMENT FROM THE QUEUE AND ADD
THE FIRST ELEMENT'S CHILDREN, IF ANY , TO THE FRONT

OF THE QUEUE

3) IF_THE GOAL NODE IS FOUND ANNOUNCE SUCCESS;
OTHERWISE ANNOUNCE FAILURE.

SEE EXAMPLE BELOW:

An example of depth-first search. Que alternative is selected and
purued a2t each node until the goal is reached or a node is reached where further
downward motion is impossible. When further downward motion is impassible,
search 15 restarted at the nearest ancestor node with unexplored children.




HILL CLIMBING:

1) FORM A ONE-ELEMENT QUEUE 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

GOAL NODE.

2%) IF THE FIRST ELEMENT 1S THE GOAL NODE, DO
NOTHING

2b) IF THE FIRST ELEMENT IS NOT THE GOAL NODE
REMOVE THE FIRST ELEMENT FROM THE QUEUE, SORT
THE FIRST ELEMENT'S CHILDREN, IF ANY,_ BY ESTIMATED
REMAINING DISTANCE_ AND ADD THE FIRST ELEMENT'S
CHILDREN, IF ANY, TO THE FRONT OF THE QUEUE

3} IF_THE GOAL NODE 1S FOUND ANNOUNCE SUCCESS;
OTHERWISE ANNOUNCE FAILURE.

SEE EXAMPLE BELOW: Srom G gty el

An example of Lill chmbimg. Hiil elimbing is depth-first search with a
heuristic measurement that orders chowes as nodes are expanded. The numbers

beside the nodes are straight-line distances to the goal node.



PROBLEMS WITH HiLL CLIMBING:

— |

Hill climbing 1s a bad idea in difficult terrain. In a, foothills stop
progress. In 4. plains cause aimless wandering. In ¢, with the terrain described
by a contour map, all ridge points look like peaks because all four east-west and
north-south probe directions lead to lower quality mcasurements.




BREADTH FIRST SEARCH:

1) F%%hgé\ ONE-ELEMENT QUEUE CONSISTING OF THE ROOT

2) UNTIL THE QUEUE IS EMPTY OR THE GOAL !S REACHED
DETERMINE IF THE FIRST ELEMENT IN THE QUEUE IS THE

GOAL NODE.

2a) |F THE FIRST ELEMENT IS THE GOAL NOCDE, DO
NOTHING ‘

2b) IF THE FIRST ELEMENT IS NOT THE GOAL NODE,
REMOVE THE FIRST ELEMENT FROM THE QUEUE AND ADD
THE FIRST ELEMENT'S CHILDREN, IF ANY, TO THE BACK OF

THE QUEUE.

3) IF_THE GOAL NODE IS FOUND ANNOUNCE SUCCESS;
OTHERWISE ANNOUNCE FAILURE.

SEE EXAMPLE BELOW:

- - - -
* -
[
(4
Ll T U
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-
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. <

An example of breadth-first search. Downward motion proceeds level
by level until the goal is reached



BEAM SEARCH:

LIKE BREADTH FIRST BUT SEARCH ONLY MOVES DOWNWARD
FROM THE BEST W NODES AT EACH LEVEL WHERE W 1S CHOSEN
EXTERNAL TO THE SEARCH ALGORITHM

- ‘ ©
SEE EXAMPLE BELOW: '
10.4 o 89

Fiqure 4-3. An example of beam search. Investigation spreads through the search
tree level by level, but only the best w nodes are expanded, where w = 2 here.
The nurmbers beside the nodes are straight-line distances to the goal node.




BEST FIRST SEARCH:

1) Fcl)\l%'\[d)é ONE-ELEMENT QUEUE CONSISTING OF THE ROOT

2) UNTIL THE QUEUE IS EMPTY OR THE GOAL IS _REACHED
DETERMINE IF THE FIRST ELEMENT IN THE QUEUE IS THE

GOAL NODE.

2a) IF THE FIRST ELEMENT IS THE GOAL NODE, DO
NOTHING

2b) IF.- THE FIRST ELEMENT IS NOT THE GOAL NODE,
REMOVE THE FIRST ELEMENT FROM THE QUEUE AND ADD
THE FIRST ELEMENT'S CHILDREN, IF ANY, TO THE QUEUE
AND SORT THE ENTIRE QUEUE BY ESTIMATED REMAINING

DISTANCE.

3) IE_THE GOAL NODE IS FOUND ANNOUNCE SUCCESS;
OTHERWISE ANNOUNCE FAILURE.



FIND THE SHORTEST PATH:

1) Eéli-l;%l:lj')STNE SEARCH (EITHER DEPTH FIRST OR BREADTH

2) BRANCH AND BOUND SEARCH (EXPAND THE LEAST COST
PARTIAL PATH)



BRANCH AND BOUND SEARCH:

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 QUEUE
REACHES THE GOAL NODE.

2& IF THE FIRST PATH REACHES THE GOAL NODE,
DO NOTHING.

2b) IF THE FIRST PATH DOES NOT REACH THE GOAL

NODE:

2b1) REMOVE THE FIRST PATH FROM THE
QUEUE

2b2k FORM NEW PATHS FROM THE REMOVED
PATH BY EXTENDING ONE STEP

- 2b3) ADD THE NEW PATHS TO THE QUEUE

2b4) SORT THE 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.



Figure 4-10. In branch-and-bound scarch. the node cxpanded is the one at the
end of the shortest path leading to an open node. Expansion continues until there
1s a path reaching the goal that i1s of length equal to or shorter than all incomplete
paths terminating at open nodes. A sample net is shown in a. along with partially
developed search trees in b and ¢. The numbers beneath the nodes in the trees
are accumulated distances. In 4. node A might just as well be expanded. for even
if 2 satisfactory path through B 1s found. there may be a shorter one through A.
In ¢, however. it makes no sense to expand node B. because there is a complete
path to the goal that is shorter than the path ending at B-




* 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. Searc’  ops

when all partial paths to open nodes are as long as or longer than the co..plete
path S-D-E-r-G.




BRANCH AND BOUND WITH UNDERESTIMATES:

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 QUEUE
REACHES THE GOAL NODE.

2a) IF THE FIRST PATH REACHES THE GOAL NODE,
DO NOTHING.

NODEz'b) IF 'I;HE FIRST PATH DOES NOT REACH THE GOAL

2b1) REMOVE THE FIRST PATH FROM THE
QUEUE

2b2) FORM NEW PATHS FROM THE REMOVED
PATH BY EXTENDING ONE STEP

-2b3) ADD THE NEW PATHS TO THE QUEUE

2b4) SORT THE QUEUE BY THE SUM OF COST
ACCUMULATED SO FAR AND A LOWER-BOUND ESTIMATE OF
THE COST REMAINING, WITH LEAST-COST PATHS IN FRONT

3) IF THE GOAL NODE HAS BEEN FOUND, ANNOUNCE SUCCESS;
OTHERWISEANNO UNCE FAILURE.

SEE EXAMPLE FOLLOWING:



DEFINE:
e(total path length) = ESTIMATE OF TOTAL PATH LENGTH

d(already traveled) = KNOWN DISTANCE ALREADY TRAVELED
e(distance remaining) = ESTIMATE OF DISTANCE REMAINING
e(total path length) = d(already traveled) + e(distance remaining)

AN OVERESTIMATE OF e(distance remaining) CAN BE VERY BAD!"

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:



Branch-and-bound scarch augmented by underestimates determines
that the path S D E F G is optimmal. The numbers beside the nodes are accu-
mulated distances plus underestnnates of distances remaining, Underestimates
quickly push up the lengths associated with bad paths. In this example, many
fewer nodes are expanded than withh branch-and-bound search operating without

underestimnates.




SEARCHING USING THE DYNAMIC PROGRAMMING PRINCIPLE:

" FOR THE BEST PATH FROM S TO G, ALL PATHS
Fvlylg%/lN IS-O'I'OanﬁY INTERMEDIATE NODE, |, OTHER THAN THE
MINIMUM-LENGTH PATH FROM S TO |, CAN BE IGNORED.

SEE EXAMPLE BELOW:

Expand next

An illustration of the dynamic-programming principle. The num-
bers beside the nodes are accumulated distances. There is no point to expanding
the instance of node D at the end of S-A-D because getting to the goal via the
instance of D at the end of S-D is obviously better.




BRANCH AND 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 QUEUE
REACHES THE GOAL NODE.

2a) IF THE FIRST PATH REACHES THE GOAL NODE,
DO NOTHING.

NODEz'b) IF THE FIRST PATH DOES NOT REACH THE GOAL

2b1) REMQVE THE FIRST PATH FROM THE
QUEUE

2b2) FORM NEW PATHS FROM THE REMOVED
PATH.BY EXTENDING ONE STEP

..2b3) ADD THE NEW PATHS TO THE QUEUE

' 2b4) SORT THE QUEUE BY COST ACCUMULATED
SO FAR. WITH LEAST-COST PATHS IN FRONT.

2b5) IF TWO OR MORE PATHS REACH A COMMON
NODE, DELETE ALL THOSE PATHS EXCEPT THE ONE THAT
REACHES THE COMMON NODE WITH THE MINIMUM COST.

3) IF THE GOAL NODE HAS BEEN FOUND, ANNOUNCE SUCCESS;
OTHERWISE ANNOUNCE FAILURE.



BRANCH AND BOUND WITH DYNAMIC PROGRAMMING EXAMPLE:

Branch-and-bound search, augmented by dynamic programming,
determines that path S-D-E-F G is optimal. The numbers beside the nodes are
accumnulated distances. Many nodes, those crossed out, are found to be redun-
dant. Fewer nodes are expanded than with branch-and-bound search operating
without dynamic programming.



THE A" ALGORITHM (IMPROVED BRANCH AND BOUND):

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 QUEUE
REAGHES THE GOAL NODE.

2a) IF_THE FIRST PATH .REACHES THE GOAL NODE,
DO NOTHING. o

2b) IF THE FIRST PATH DOES NOT REACH THE GOAL

NODE:

2b1) REMOVE THE FIRST PATH FROM THE
QUEUE

2b2&l FORM NEW PATHS FROM THE REMOVED
PATH BY EXTENDING ONE STEP

-2b3) ADD THE NEW PATHS TO THE QUEUE

b4y SORT THE QUEUE BY SUM OF COST
ACCUMULATED SO FAR AND A LOWER BOUND ESTIMATE OF
THE COST REMAINING, WITH LEAST-COST PATHS IN FRONT.

2b5) IF TWO OR MORE PATHS REACH A COMMON
NODE, DELETE ALL THOSE PATHS EXCEFT THe ONE THAT
REACHES THE COMMON NODE WITH THE MINIMUM COST.

3) IF THE GOAL NODE HAS BEEN FOUND, ANNOUNCE SUCCESS;
OTHERWISE ANNOUNCE FAILURE.
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This paper describes a collision avoidance algorithm
for planning a safe path for a polyhedral object moving
among known polihedral objects. The algorithm
transforms the obstacles so that they represent the locus
of forbidden positions for an arbitrary reference point
on the moving object, A trajectory of this reference point
which avoids all forbidden regions is free of collisions.
Trajectories are found by searching a network which
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1. Introduction

The problem of avoiding collisions when operaung
on computer models of phvsical objects is central -
model-based manipulation svstems. This paper describe.
an alcoruhm for planning safe. that is collision-free.
paths for a polvhedral object among similarly described
obstacles.” The aigorithm is required to:

(1) find safe paths that might involve going near ob-
stacles, and '

{2) guarantee that these paths are short relative to a
prespecified distance metric. '

The simplest collision avoidance algorithms fali into
the generate and test paradigm. A simple path from start
to goal, usuaily a straight tine. is hvpothesized and then
the path 1s tested for potential collisions. If collisions are
detected. a new path is proposed. possibly using informa-
vion about the detected collision to help hyvpothesize the
new path. Thisis repeated until no collisions are detected
along the path. Roughly. the three steps in this type of
algorithm are

( I'+ calculate the volume swept out by the moving ob-
ject along the proposed path.

(2) determine the overlap between the swept volume

and :he obstacies. and
131 propose a new path,

The second step, determuning the overlap between th-
swept volume and the obstacles, 1s also known as an ir.,
tersecuon orinterference calculanon (2. 3). Current com-
puter modeling techniques employ larse numbers of sim-
ple surfaces to model accurately even the mest common
objects. It can be quite difficult 1o determine whether two
such models overlap This general method, which we will
calt the swepr volione method. has a more fundamental
drawbach. The problem isin the retztionship between the
second and third steps. Each proposed path provides
onhy local information about potenual collisions. for ex-
ample. the shape of the intersections of the volumes in-
volved. or the idenuiy of the obstacie piving nise to the
colhmion. This information suggests focat path chances
but 1s not sufiicient 10 determine when a radically differ-
eat paih would be better. This lack of a global view can
result 1n an expensive search of the space of possible
~athe with g very large upper bound on the worst case
length of the path,

A radiczl alternative 10 the swept volume method 15
0 compute exphicitly the constraints on the posinion of
the moving object relutive 10 the abstacles. The desired
trajectory is the shortest path which satisnes all the posi-
nen consiraints If the objects are modeled as collections
of comvex polvhedra. the position constraints can be
siated 1 terms of the position of the vertices of the mor

"We will hencefrrn <o tke toem “polvhedron T for closed
frures bounded by “flais 10 two or three dimensions,

Communicatigns October 1979
- Violume 22



ing obiesr relative 1o the glanes of the obstacle surfaces.
The trajectory problem can ihen be posed as an optimi-
zation problem as 1n lgnat'vev [3]. The difficulty with
this formulation is that these position constraints, al-
though hinear, do not all apply simultaneously. it is not
necessary for each point on the moving object to be out-
side alf the planes of the obstacles: it is sutficient for each
point 10 be ourside ar leasr one of the planes of each ab-
stacle, This property makes traditional hmear oplimiza-
iion methods inapplicable.

The algonthm presented 1n this paper 1s closely re-
lated 0 the opuimization approach. The constrainis on
the position of an arbitrary reference pomnt on the mov-
ing object are computed. Polvhedral obstacles in two or
three dimensions yive nse to sets of polvhedral forbid-
den regions. that is. regions corresponding 1o posiiions
of the reference pomt where colhisions would occur. This
transformation reduces the problem of finding a safe
path for the palvhedron 1o the simpler problem of find-
ing 2 safe path for a point This last task is accomplished
" hy finding a path through a graph connecting vertices of
the forbidden regions.

The technique of computing the posinon constraints
on an object as constrainis on a reference point Is ex-
iremely powerful and has been applied independently to
diTerent problems. It has been used by Udupa {9] for
slanning <afe paths for computer-controlled manmpula-
tors, by Lozano-Perez [6] for identifving feasible grasp
20ints on an object. and by Adamowicz and Albano {1]
for two-dinensional iemplate lavout,

Udupa uses a simple "growing™ transformation on
obstacies 10 compute approximations (o the forbidden
regions for the three-dimensional reference point of a
three degree of freedom subset of a mampulator. The
sistem maintains a variable resolution description of the
legai positions of the reference point (the jree space)
Safe paths for the subset manipulator are found by re-
cursively introducing mniermediate goals into a straight
Line rath unul the complete path is in free space. This
wethad has two drawbacks:

(1) Because the complete manipulator has more than
three degrees of freedom. the three-dimensional for-
bidden regions cannot model all the constraints on
the mampulater, When a trajectory fails. Udupa’s
system makes a correction using manipulator-de-
pendent heunstics. The use of heuristics tends to
limit the performance of the algorithm in cluttered
spaces.

* (2) The recursive path finder uses only local informa-

ilon to determine a safe path and therefore suffers

from some of the same drawbacks as the swept vol-
ume method.

The algorithm presented in this paper uses a more
accurate growing operation to compute the forbidden
regions in both two and three dimensions. It introduces
a graph searching technigue for path finding which pro-

561

Jduces optimum two-dimensional paths when only trans-
iatiens are involved. This technique is then generalized
10 deal with three-dimensional obstacles and extended to
deal umiformly with more than three degrees of freedom.
The resulting algorithm no longer guarantees optimum
paths. This algorithm has been used to plan safe trajec-
tories {or a seven degree of freedom manipulator. These
iratectories have been successfully executed.

A detatled survey of previous work in collision
averdance, specifically in connection with computer-
controlled manipulators. can be found in Udupa [9].

The nature of the models used for the obstacles af-
fects the details of anyv collision avoidance algorithm.
-For concreteness. the detailed discussions and examples
11 this paper assume that all objects are modeled as sets
of, possibly overlapping. convex polyhedra. Any object
can be modeled 10 any desired degree of accuracy in this
fashion. A method for finding colliston-free paths for a
single convex polvhedron among seis of convex poly-
hedra can be simpiv extended to plan safe paths for a
complex moving object among complex obstacles. The
extension involves finding the constraints due 10 each of
the convex components of the moving object relative 10
each of the components of all obstacies. The constramts
for the composite moving objeet are the umon of the con-
sIraints on its components.

The collision asoidance algorithm s defined for three
dimensions, However, the presentanon is easier to foliow
in two dimensions; for ¢larity the neat sections first de-
velop the complete afgorithm for the two-dimensionai
case and then consider the extension to three dimensions.
Szction 2 presents a simple form of the algornthm for the
case of a polyvgonal object translating in the plane among
polvgonal obstacles. Section 3 considers the effect of al-
lowing the mowving object 1o rotate as well as translate.
Section 4 deals with more complex moving objects with
more degrees of freedom. Section 5 discusses generaliza-
tion to three dimensions. Discussion of the two steps of
the algorithm that are directlv affected by the choice of
modeling methodology is relegated 1o the appendices.
These steps will be functionally described in the body of
the paper.

2. Collision Avoidance on the Plane

Consider the problem, shown in Figure 1. of moving
a point object A from position § to position G while
avoiding the obstacles (shown shaded}; the shortest col-
lision-fres path from S to G is also shown, The important
property of this path is that it is composed of straight
lines joining the origin to the destinauon via a possibly
empiy sequence of vertices of obstacles. In the case of
monon in the piane with arbitrary polygonal objects, the
shortest collision-free path connecting any two accessible
points abways has this property.

The undirected graph VG(¥, L) is defined: The node
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Fig. 3(a).
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set Nis Voo {8, G) where V is the set of ail vertices of
obstacles and the L:nk set Ls the set of all links (1, 11,)
such that a straight ine connecung the ith element of N
‘o the nth does not overlap any obsiacle. The graph
VGIN. LYyis called the visibiliry graph (NGRAPH) of v
«ince connecied vertices in the graph can see each other.
The N\ GRAPH s shown in Figure 1. The shortest colli-
sion-free path from § 10 G on the plane is the shortest
rathin the VGRAPH from the node corresponding 10 §
0 that corresponding 10 G when the euchdean metnic is
vsed on the hnks. We will call this method for finding
collisron-free paths for 2 point by finding the shortest
rath 1n a viability graph the VGRAPH aleorithm. This
Tethod wes used for navigating SHAKEY {81, an earh
robog vehicle, znd s also described in some detail 1
Tenzitses (3]

The amphcity of the VGRAPH algonthm stems
irom the fuct that the moving object 4 15 a point. This
& d 2000 Lppronimatan for moving b pre s b m e
small in relation to the obstacles, but causes problems
otherwise. Ignatvev [5.p 241] puts it as follows

The robot bzpins to move from the point ap 547 our evemple
slong the direction 10 the s (averten), Here he mus! consder
“1s dimensions in order not 10 fun into the obsiacies 2nd woils

This paper shows how a more general form of the soll-
sion avoidance problemcan bereduced (o the NV GR APH

(7.1
o
[ F]

problem. In other words, it concerns how the robot
“must consider his dimensions.™

A simple generalization of the problem in Figure 1 is
to make the moving object A a circle with nonnegligible
radwus ry. The VGRAPH algorithm capn be adapted 1o
this situation by moving the veruices awav f{rom the
obstacles so that theyv are at least r, awayv from all the
sides (Figure 2). Moving .4 so that its center point moves
through the new displaced vertices will still produce a
mimimum distance, collision-free path. Notice. however,
that the path found is different {rom that in Figure 1.
This technique of displacing the vertices was also used
in SHAKEY [8].

The VGRAPH algorithm requires that the moving
object be a point: the obstacles then represent the for-
bidden regions for the pesition of that point. If the mov-
ing object 15 not a point, a new set of obstacles must be
computed which are the forbidden regions of some ref-
2rence posnt 00 the mosing object. These new obstacles
must describe the locus of positions of this reference
point which would cause a collision with any of the
original obstacles. The displaced vertices of Figure 2 are,
in fact. approvimations to the veruices of these new ob-
stacles when the reference point is the center of A4,

The operation of computing a new obstacle O from
an original obstacle O and a moving cobject 4 will be
called growing O by A. This nanie jefiecis ihe fact that
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ine uDSLacies are peIng grown SO Lhat the MOVIng Oojed!
can be shrunk to the reference point. The resuit of grow-
ing a set of obstacles by A will be indicated by GOS(.4),
1.e.. the Grown Obstacte Set of A. Note that the growing
operation is closely related to that of deriving the path of
a machine tool to cut out a part.

Consider the situation :n Figure 3{a). The same ob-
stacles in Figures 1 and 2 are shown but the moving
object 4 15 now a reclangular solid. Figure 3{b) shows
the obstacles after they have been grown by 4 It also
shows the shortest collision-free path for A's reference
point from § to G. This figure demonstrates how the
process of growing obstacles allows representing 4 as a
point. Notice that the boundarv of the obsiacle space is
treated as an obstacle and is also erown, thus avoiding
paths which involve moving cutside the space

The growing operation was defined as computing the
locus of positions of the moving object’s reference point
that would cause a collision with a given obstacle, The
position of the moving object has been interpreted as its
(v, ) position. 1.e., the grown obstacles are polvgons in
{x, v) space. This is an arbitrary but nawral choice. Dif-
ferent 1vpes of mosing objects would call for different
choices. Figure 4(a) shows one such case in an (., v) co-
ordinare svstem. The moving object 4 can rotate about a
fixed point and can change length. This defines a polar
coordinate svstem {r, a). Figure 4(b) shows the region of
ihe (r, a) space which is forbidden to the tip of A bv the
presence of the obstacle in Figure 4{a); an aliernative
wav of representing this region is shown in (, v} coordi-
nates in Figure 4(c). The choice of representation de-
pends on:

(1) the ease of compuung the forbidden regions, 1.e.,
growing the obsiacles, versus

{2) theease of building the VGRAPH from the grown
obstacles. '

The use of poiyhedra as the basic unit of shape de-
scription influences our choice of obstacle representa-
tion. Polyhedra (poivgons when on the plane) have
boundaries which are linear equations in the coordinate
variables. This property makes them computationally
attractive. In this section we have represented objects as
polvgons in a planar cartesian coordinate system, The
natural choice is 1o express the grown cbsiacles in the
same space, thus making the growing operation a map-
ping from polvhedra to polvhedra. Notice that in Figure
4(b) the object O was interpreted as a polvgon in (x, 3 )
space and the resulting grown obstacle 0" 1n (r, n 1 15 NOt
a polvgonn that space.

Another factor in the choice of obstacle representa-
uon 1s the shape of the path between two nodes 1n a
VGRAPH. Alink connecuing two nodes in the VGRAPH
implies that the path between the corresponding loca-
tions does not overlap any of the obstacles Paths have
so far been shown as straight lines in cartesian space:
since the grown obstacles were in this coordinale space,
the use of straight lines simplifies the detection of over-
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lap. Of course. paths could be more complicated curves
which are best expressed in different coordinate svstems.
For example. the object in Figure 4 might move in
siraight lines in the (r, a) system. In that case it might be
more efficient to use the polar form of the grown ob-
<tacles in detecting overlap.

The choice of representation for the grown obstacles
depends on the geometric details of the application do-
main. The choice should be made so as to simpfifv the
overall compuianon. For the sake of simplicity the next
section will continue to assume that the grown obstacles
are polygonsin (x, y) space.
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Fig. 5.

2. The Effect of Rotation

It isimportant to nonce that the growing operation as
shown in Froures 2 and 315 sensitive 1o the onentation of
A. This wag not apparent1n Figure 2 because the moving
abject was a circle The onentanon dependence follows
irom the fact that a grown obstacle i§ defined as the for-
tidden revion for a reference point. The position of 2
proint on the plane can encode only 1wo degrees of free-
dom. whereas differenvating the legalitv of twao posi-
tons of 4 with diferent cnientations requires at least
three decrees of freedom. Figure 5 shows that a different
arientaiion of A4 from thatin Figure 3 will produce dif-

rrent grown obsiacies and a different path. To make the
ortentaiion explicit, we will denote the result of growing
all the obstacles with a moving object A, whose ornenta-
1ion parameter s ine angie a. GOS(A.}. The et of ver-
iices of these grown obstacles will be called V..

To summarize. 2ny position of .4 a1 erientation a for
which A's reference point is outside all the elements of
the grown opstacle se: s free of collisions. The sides of
zach absacle 1n GOS(.4.) are computed by tracing the
path of 47s reference point around each of the original
objecis while keeping 4 in contact with the obstacle, Be-
“ore two obiecic coiide they must first wouch: therefore
<y positen of the reference pount that would cause a
colliston must b2 insude the obstacle, znd any posinon
outside must be sefe. Clearly this condition presupposes
‘hatthe orieniation of A4 does not change

Consider the rraclem of meving obiect A4 from po-
stion § with erientation o 10 G with a different onenta-
won 2 A sule rzjeciony cannot be found by simph

vrutng aopatt cRar s frze of colliviand o GOSN

[ (PR

and GOS(.A ) aince, 1n changing the orientution from .
10 2. .4 must pass through the whole ranee of imtermeds-
ate oriemtations. One way to find a path reguwires Wapwing
what possnions on the piane wiil zliow the Jedred roia-
tion o tahe place. The zlgorthm can then plin o paih
Srom the siart 1o ane of these posilions. roaic o the
desired orientation. and move mn that orienizton to the
coal.
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For a position to allow a change 1n orientation there
must be no overlap between the rotating object in any of
1ts intermediate orientations and anv of the obstacles.
Figure 6 shows the area that A traverses in going from
orientation o to 3: this area may be approximated by
another polvgon A, 3 shown rectangular for simplicity,
This new object. called an em elope, can be used 10 grow
a new obstacte set GOS(A . :). also shown in Figure 6.
which représents the forbidden regions for the reference
point of 4 in any of the orientations within the interval
fee. 21, We will refer to this as a transition obstacle set.
Bv analogy 10 the vertex set V.. the set V. 3 represents
the set of vertices of obstacles in the transinan obstacle
set. In general we can associate with all the elements of
a vertex set an orientation interval {possibly singular) as
well as a position.

The problem in Figure 6 can now be solved by:

(1) finding a path starting with erientation a at § which
avoids the obstactes in GOS(A..)-and which ends at
a point clear of the obstaclesin GOS(A;. /).

{2) rotating to orientation 3. and ’

{3) finding a path to & avoiding the obstacles in
GOS(A4;).

This can be stated as a VGRAPH problem of finding the
shertest path from S 10 G in a visibality graph defined as
follows:

NG. (N L)

where

Noo= 1 L LV
P =1 o {S)
Ve = V.U (G)

V;... 2 defined as above
and
L,oy={(n.n))}

noe Vo andn, eV, sy whemo o~ b dareeitheroor 8
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such that the following viubifuy condutions held on tne

(1) the orientation intervals [a, &#] and [c, 4] must not
be disjoint.

{2y n,isoutside all the obstacles in GOS(.A ., .:).

(3} n,isoutside all the obstacles in GOS(A,. . ).

{41 the path from n, 10 11, either:
ta) doesnotoverlap anvobstaclein GOS(A . ).

ar

(b} doesnotoverlap any obstaclein GOS(A:. . ).

A solution path in VG. ;is a sequence of nodes start-
ing at S and ending at G

Sonn., .. ..n.G

in which adjacent nodes are connected by alinkin L. .
Each n, e Vv, s denined such thatif 2,15 outside all
obstacles in GOS(A.,. ,;). then the reference point of the
moving object A can be a1 position 11, in any orientation
within the interval [a, ] without danger of collisions. Fol-
lowing the Link from #, 0 »,., means that the reference
point of A must make the corresponding transtation.
Also.:f 7, and n. ., belong 1o different vertex cets. V..
and V', _ respectivelv, then a change of orientation may
also be required. The conditions on L. 3 require that the
orientation intersals corresponding 1o the endpoints of a
ink must not be digjoint. This means that there 15 some
onentatien A, such that:f @ €6 and ¢ < d then max(a. ¢)
< v < mingh. d). for which A can safely be at enther node
of the link. Moving along the link requires first rotating
10 the orentation v and then translating from the first
nede to the czcond. Since the transiation happens in an
orieptation compatible with both nodes of the link. the
visibility conditions on the link require only checking for
overlap with the obstacies in the obstacle set of erther one
of the nodes. Alternatively, if the path from i, to i, 18
outside all obstaclesin bothGOS{4,, .;)and GOS(A,. ..},
then the rotauion may take place in conjunciion with the
translauon along the link.

The use of transition sets, e.g., GOS(A .. 3.), has two
important drawbacks. -The shoriest solution path in
VG. ;isno longer guaranteed to be an optimum soluticn
to the original problem, and failure to find a solution
path in the VVGRAPH does not necessarily mean that no
safe trajectory exists. The reasons are iwofold. The first
and most basic is that paths found in this VOGRAPH will
change the orientation of the moving object only at loca-
tions where the full rotation can be performed. If the
opumum path involves (raversing a narrow passage
where the orientation of 4 must be within a smail sub-
range of the ornentations between a and 2. then this path
could net bz a3 <olution path in this version of the
VGRAPH algorithm. Secondlv, even if the first problem
were avoided, the current formulation considers ornenta-
uons only in the range [« 2]: 1t could not negonate a
passage where the moving object could only fit at an
orientation outside the specified range. The latter prob-
lem can be solved simply by expanding the orientation
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intersab, put only at the expense of making the former
prebiem worse

The two problems mentioned above can be alleviated
0y replacing the single transition obstacle set. GOS
i4[...]). by the union of several other obstacle sets. each
cenerated with a smaller ortentation interyal for the mos-
ing object. In this fashion the range of tegal orientanons
can also be extended bevond the interval [a. 2], AS
the number of transition obstacie sets increases. the
VGRAPH becomes a better match 1o the original prob-
lem. Unfortunatelv. the compurtational burden also in-
creases rapidly, Each new obstacle set requires growing
all the obstacles with the moving object in a new con-
figuration, though the growing operation can be speeded
up by using approvimations, as will be shown later. Also,
the added vertices from the extra obstacle sets make
searching the visibility graph much more time consum-
ing. Alternativelv, it mayv be possibie to derive auto-
matically transition sets to handle narrow passages spe-
cifically, and combine these with wider-range transiion
sets.

4. More Degrees of Freedom

Transiion obstacle sets can be used whenever the
moving object has more degrees of freedom than can be
represented by a point in the obstacie coordinate space.
The only requirement s that it be possible to compute
znenvelope 4 - ,, whichis an object of the same type as
4, e.g.. a poligon. such that any point inside an A..
x <<y s also inside A-. ... This object then can be
used in the growing operation to generate a transition
obstacle set. There are no other restrictions on the naiure
of the parameter range [x, 3]: in particular, 1t need not be
an orientation range and both x and v may also be vec-
ors. A point outside all of the obstacles in GOS(A¢: +1)
indicates a position where each of A.'s configuranon
paramerers, z,, can safely take on values such that
XL 8.

o=
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Figure 7 repeats the example of Figure 4 except that
now the moving object can translate in x and ¥ as well as
rotate and change its length. The choice of a coordinate
system for the grown obstacles will also determine which
of the coordinate variables is to be used for the config-
urauon parameters, For example. if the grown obstacles
are represented as polvgons in (1. 1), then (r. ) are con-
figuration parameters and vice-versa.

Configuration parameters can also be used 10 deal
with a moving object whose shape can change due 10
changes in the relative positions of its components. The
object shown in Figure 8 is composed of (wo rectangles
that are free 10 rotate about a commeon point. The shape
of this object relative 1o a stationary obstacle can be
described by :

(1y theshape of its components.
{2} theirrelative displacements,
t3y thewwoangies » and pindicated in Figure 8.

In this example onlv the angles can change during a
moton, therefore the obstacle set for this moving object
must be rarameierized by the value of both 4 and p. Gen-
eraily the contguration parameters describe not oniy the
olobal erieniation or posttion of the object but also 1he
refative pesiitons of 11 compenents.

In general, objecis need not be grown in the full di-
mensional cenfigurziion space: mslead, repeated use is
made of operztions on lower dimensionai. paruironed.
configuration spaces which allows the growing operanon
towork :n a convenieng subspace of the full configuration
space. The VGRAPH algorithm described in Secuons 2
and 3 remains unchanged except that the scalar para-
meters and :niervals are replaced by vecior parameters
andintervals,

5. Collision Avoidance in Three Dimensions

The A\ GRAPH zigorithm has so far been presented
as zn algorithm for coilision avoirdance on the piane
This section examines how three-dimensional obstacles
afiect the alcorithm This cenerahzavion dozs not affect
the statement of the zigonithm but does affect the detaris
of the obstacie growing and graph searching These sub-
lecis are discussed i the appendices

he gener:.i.z_-!..on 1o three dimensions has un un-
foriunzate ¢'de eres: The snoriest path uround o pois-
hedral obsiacle does notin general traverse only vertices
of the polvhedron (Figure 9). That is. the chortesi g m"l n
aVORAPH whose node set conins v, - Lo o0 L.
crown obstacles is not guaranteed 1o be the saories: coiii-
s:on-free path In ceneral. the shortest path wiii invoive
coing via points on edges of the obstacles. Qur —.:*;r(- acn
1s 1o introduce adcéitonal vertices along ed
grown obstactes so thai no edge s jonger than
cified mavimum leagth. This method ¢
a cood appronimaiion to the opiimum path
The use of three-dimensional obsiedier wlso huv a

—

eneralhv res
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Fig. 8~

Fig. 9.

significant effect on the execution nme of the algorithm.
The three-dimensional growing operation is much more
nume censuming than the corresponding operation in two
dimensions. Grown obstacles in three dimensions are
generally much more complex thap the underlying ob-
jects (Appendin 1), The larger veriex sets aiso increase
the time necessary 10 search the visibility graph. These
effects make the use of approaimations necessary for

.practical appiications

A great saving can be realized by using the detailed
crowing operation sparingly. Many apphication domains
have the propertyv that the moving object need only be
close to obstacles at a small number of points along the
path. These care pornis usually include the start and goal
of the path. Elsewhere the requirements on the path are
less s:irict, 1n {zct. t1s often undesirable to move close (0
the obstacles when away from the care points. This prop-
erty ¢can easily be eaploited in the VGRAPH algorithm,
merzad of exeruning the detailed growing operation on
cach of the known obstacles. it need only be executed on
those obstacles close to the care pomnis. Away from the
care points drastic approaimations can safely be used.
Complex objects. buslt up from many polvhedra. can be
appronimated by a single enclosing polvhedron. The
moving object can be similarly approximated so as to
further simphiv the process. In addition. a very simple
form of the growing aperation (Appendin i) can be used
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which, at the expense of accuracy, 1s faster and resuits in
simpler objects.

The kev 1o using this approximation technique 1§ an
e%eclive wav of determining which objects are close to
the care points. Clearly a care point 1s close to an object
if 1t is inside or close 1o one of the sides of the grown
obstacte resulting from it. This means that the moving
object when located at the care point is either inside or
clese 1o a side of the object. Approximating both the
moving and the sjationary objects will cause the care
point to be inside the grown obstacle, This condition can
be used as a criterion for careful growing. When the
moving ohject ts large relative to the obstacles, approx-
maung it as a single object results in detailed growing of
100 many obstacles, The larger the moving object. the
worse a simple approximation is likely to be. In particu-
lar. some pant of the moving object, relatively far from
ihe care point, will cause the grown obstacle (0 include
the care point. The solution is to have a hierarchic de-
composition of the moving object: that is. if the test fails
for the roughest description. then use a slightly better
approximation. In this wav the source of potential colli-
sion can be better isotated. The other components of the
moving object which are not involved need not be con-
sidered carefully. Udupa {9] proposed a similar varniable
level of detail approximation scheme.

Another way to increase the efficiency of the algo-
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rithm s 10 use heurnstics in the ¢raph searcn operdnon
This is discussed briefly in Appendix 2 which deals wuth
searciing the VORAPH.

6. Summary and Discussion

This paper has shown how the simple visibility graph
algorithm used for navigation of SHAKEY [8] can be
extended to more general collision avoidance problems.
The mechanism necessary to achiese this involves grow-
ing the obstacles and shrinking the moving object to a
point. This approach has the Jesirable propertv of pro-

_viding two subproblems. growing the obstacles and

searching a visibihity graph, which can be pursued inde-
pendently. A descrnipuion of our current approach to
ihese problems is included (n the appendices.

The most important remamning problem with the
VGRAPH algenthm is the guantization of configuration
parameters into intervals. Paths that require atmost con-
anuous changes of-orientation as well as posiiion require
smali quantization :ntervals. resulting 1n many transition
obstacle sets, and are therefore expensive 1o compute.

The VGRAPH algerithm as described in this paper
has been implemented in PL. 1 on an 1BM 370/ 168. It
has been used to plan collision-free trajectories for a
seven degree of freedom computer-controlled manipu-
lator [10]: these trajectaries have been successfully exe-
cuted in the laboratory

Appendis L: Growing the Obstacles

This appendix describes the component of the
VGRAPH algorithm that computes from an obstacle de-
scription the shape of the forbidden regions for the posi-
tion of the moving object’s reference point, This is called
crowing the obstacle. The ideas will be developed in two
dimensicns and then extended o their three-dimensional
counterparts. In the imtial two-dimensional case the de-
crees of freedom used for growing will be the v and »
position of the moving object.

Consider growing a polveonal obstacle by a circular
solid as in Figure 10. The simplest growing algorithm
moves each of the sides of the original obstacle by a con-
stant amount r, and then intersects the lines to obtain
the veruces of the grown polsgon. The drawbacks of this
algorithm are twofoid:

{1y It works well only for moving objects that are
nearly circular. .

(2) i gencratés wasted space near pointed corners, as
seen by the dark shaded regions in Figure 10. This
problem can be alleviated by clipping the corners
of the grown polvgon.

This was the form of the growing algorithm used by
Udupa {9].
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Fig 12(a}. -

Fig. 12(b)..

A simple variation of this procedure will solve prob-
jem | above. Figure {1 shows a comvex polveon O and a
moving obsect 4. both are rectangular and both are
zhigned with the global coordinate axes. R, the reference
point of 4, coincides with one of the vertices of 4, The
noundan of the {orbidden region for the position of 4 18
:he locus of posiiiens of R for which 4 is 1n contaci with
O This locus defines another convex polygen O shown
i Figure 11. Clearly anv point inside this polvgon im-
phes a collision between 4 and O. This grown pelygon
kas side nside, corresponding 1o each side wde, of the
oricinal obstacle. The distance from nside, 1o side, 15 the
~erpendicular distance of R from side, minus the perpen-
dicular distance 10 the point where A would first contact
side The distance from side, to this contact point on A
15 the mmmimum perpendicular distance of all of the ver-
tices of 4 from s:ide . Once the sides are displaced by
this amount. the lines can be intersected to generaie the
crown polvgon

This method only makes use of the distance from the
reference point 10 the contact peint for a side. In polv-
gons with inienor angles of less than a right angle the
method describad zbove produces wasted space at the
vertices, This wasie czn be reduced by simply cuiting the
corner at a conseniative distance A more accurale grow-
:ng procegdure czn 0 obtained by determining the actual
focus of motion of R along each side, as the contact
pomnt shdes atong the side. Ficure 12(2) shows the line
~euments traces out ™y this procedure 1bold hnes) No-
1ice that the hine segmenis do not intersect and :nat the
endnoinis of these hine cepments correspond to the pasi-
con of R when the contact pomnt of A4 with O e w3
vertey of . These posinions will be refeiied o er v
mal locus poinis

To complete the figure. notice that the locus of R as
A moves {rom 1is contact point with «de, 101is contagl
point with the adjacent side, traces successive edoes of
beiween the two contact points on A, In the course of
.onnecting all the mavimal locus points. all the edges of
A aretraced oulinreverse order theavy dached ismeer 3

simple sigorithm for growing convex poisgons caisty
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which 1s based on merging a list of displaced edges of O
with a reverse order hst of displaced edges of A. To
simplify the geometry of the grown object. the locus of
R between successive contact points can be conserva-
tivelv estimated by a straight hne ¢’,, which is paraliel to
the hine ¢., connecting the maximal locus potnts but dis-
placed o the posiuon of the point on the actual locus
furthest from the line ¢,, as shown in Figure 12(b).

The approximate method for growing a convex polv-
approach is to grow each face of the poivhedron inde-
pendenily and then introduce new faces to complete the
crown polyhedron. The steps in the process of growing
a rectanguliar solid O with a rotated reciangular solid A
are shown in Figure 13, The locus of R as the contact
point of .4 moves along each edge of face, is called the
maximal locus edge, Figure 13(a). Such edges define po-
tential new edges for the faces of the grown polvhedron.
Each edge of O generates two adjacent maximal loci.
These edges have to be connected in a'manner analogous
to the way 11 which maximal locus points are connected
ina grown polvgon. Figure 12(b). The edge has to be dis-
placed 1o compensate for points on 4 which are cioser to
O than the plane defined by the two adjacent maximal
locus edges and passing through the corresponding con-
tact points Faces are introduced to connect each pair of
edees of the grown faces arising from a common edge,
Figure |3(b}. These new faces introduce new edges, each
of which connects two points on the grown faces arising
from a commeon vertex of 4. All the edres corresponding
to a single vertex also define 2 new set of faces. Figure
13t¢y, The total number of faces yn a polyhedron grown
from an object O ia this fashion is equal 1o the sum of
vie suinbers of faces, edees. and vertices of 0.

The operation of growing a polvhedron 1s related to
an operation hnown as mixing poivhedra {7]. A mixed
pobvhedron is the set of points which can be expressed as
alinear combination of points from the two starting poly-
hedra. A polvhedron isomorphic 1o a grown obstacle can
he obtaimed by mixing the underlving obstacle with a
meoative image of the moving object. a< 1n con-
volution.
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Appendix 2: Finding a Path

A generahized vesibility graph VGIN, L) coniams a
node set .V and a hink set L., of inks between node pairs
(n,, n.) for which a visibility function {(n., n,) is true. A
node is a representation of a region in an n-dimensional
parameter space: for each node the associated region 18
represenied by (wo n-dimensional parameier vectors ¢,
and ¢,. Individual elements of the difference vector §6 =
« — =, wil| be zero when the cofresponding parameter
has a fixed value. or nenzero when the parameter has a
range of values.

The path finding problem 1s defined as: Given a node
set v with an associated parameler vector set, a siart
node ., and a goal node n,. find a sequence of nodes
from n. to n,, by wav of an ordered set of intermediate
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nogas 1, Sowmien mav re syl such thar e Vs
hility function far each nede pair in sequence:

L,=kn. n}
L,=ltn.n}
L. .=, n)

Is true. and that a cost funcuon

C=>xcin.n)

“wherec(n,.n.) = 01s mimmized.

A direct approach to finding an opumum path is 1o
enumerate all possible paths and choose one for which €
is mmimum. For node sets whose cardinality is of prac-
tical interest (e.g., > S0) the computational load of the
direct approach is prohibiine, and more etficient heuris-
lic based search methods may be used.

The A* algorithm of Hart et al. [4] allows use of
etficient heuristic informauion, For each node. an esu-
mate fitar1s made of the cosi 1 o travel from the node (o
the goal. Iniially. n. 1s placed on a hst of candidate
nodes for examination (the OPEN list) At each step of
the zigorithm, the node with mimimum total path cost
estimate {1.e., actual cost of reaching the node along the
trial path plus iifar) 1s moved onto a CLOSE hst and 1ts
minimum cost estimate wisible successor nodes are
placed on the OPEN list :

Hart et al. have shown that the 4 - algorithm finds an
opumum path when Aifar 1s a lower bound estimate of the
true cost o, When the esumator for fihaz 15 zero and some
cn,. ny— =0 n..n, €N the esumale gives no heuristic
informauen to assist in the choice of a path: as hhat — /1.
the heunistic information increases and the average num-
ber of unsuccessful trial paths 1s reduced. In the context
of this paper. the lower bound requirement {or fihat, 1.e..
hthar < i, may be met by assuming {(n,, n,) to be true and
computing fthar, = c(n,. n,).

The cost funcuion ¢fn . n,) mav be tailored to suit the
requirements of a particular problem environment, for
example:

—distance to be traveled in a subspace of the para-
meter space:

—funcuons of distances in parameter space. for ex-
ample. ume to complete a change based on allow-
able rate of change of parameters. with the option
of selecting the imiting (i.2.. slowest Ydimension,

—~special costs may be assigned to particular node
sequence pairs ta allow, for example, costs to be
assigned depending on whether the pair allows the
motion to proceed without a speed change, as op-
posed 10 pas reguiring a change of speed or an
mntermediate halt.

The form of the visibility function /(n,, n,} depends
on the semantics of the parameters. Two mutually ex-
clusive classes of paramelers' are considered as described
in Section 3:
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—those that may vary conunuousty, that is. those em-
bodied in the growing operation:
—those that may occupy only discrete ranges. that is,

those that are represented by transition obstacle-

sets,

Note that this distinction between continuous and dis-
crete parameters is an artifact introduced to ssmphify the
handiing of spaces of high dimensionality (i.e.. n>3)
and that the partitioning of the parameter set is not
unigue: In general. either linear or rotary motions may
be represented by continuous or discrete ranges. In the
case of discrete range parameters, specific values must
be chosen 10 enable [ and hhar to be evaluated. In all
cases of parameter change, a path funcuion defines the
motion efect of the change. as either linear or nonlinear
M0110Ns in parameler space.

In the formalization for path planning described in
the body of this paper. an obstacle A4 is grown under
some parameter dependen: transformation to produce
GOS(Ae, o:) where (o1, $2) represenis a range of para-
meters Three parameters represent continuous motion.
~and the rest represent discrete mounons. The wisibility
funcuion is line of sight 1n three-dimensionat orthogonai
cartesian space. with the provision that visibility 15 pos-
sible only when the discrete parameter ranges at the
start and end of the path segment overlap. and values
assigned 10 these parameters are 1n the overiap region.

In many practical situations. the computational cost
“f evaluating 71s very much greater than tha: of evalu-
ating hhar for candidate successor nodes. in such cases
it 1s computationally efficient 10 select a candidate suc-
cessor node 11 terms of minimum /fhiar before compur-
ing {.
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CHAPTER 7 INTRODUCTION
* TO CLIPS

7.1 INTRODUCTION

This chapter begins the introducticn of the practical concepts necessary to build an
expert system. The previous chapters have discussed the background, history,
definitions, terminology, concepts, iools, and applications of expert systems, In short,
they have provided an understanding of what ¢xpert systems are and what they can do.
This theoretical framework of concepts and algorithms is essential in building expert
systems. However, there are many practical aspects to building expert systems which
must be learned by doing. Building :in expert system is much like writing a program in
a procedural language. Knowing how an algorithm works is not equivalent to being
able to write a procedural program to perform that algorithm. Similarly, capturing an
expert's knowledge is not equivalent to building an expert system. For this reason,
practical experience using an expert system tool is invaluable in leamning about expert
systems.

The expert system language thi! will be used to demonstrate various concepts in
v st of the book is CLIPS. Th : chapter describes the basic components of an
e. . system (as discussed in Ch:er 1) that are found. within CLIPS. The basic
elements of CLIPS are:

1. fact-list: global memory for data
2. knowledge-base: contains 'l the nules
3. inference engine: controls cverall execution

These three components of CLIPS will provide the emphasis of this chapter. The frst
component, facts, will be covered n detail. Adding, removing, browsing, and tracing
facts will be discussed. Followiny; this will be a discussion on how the rules of a
CLIPS program interact with facts to make a program execute. Finally, the interaction
of multiple rules will be demonstrated.

To provide the basis for many examples throughout this chapter, a hypothetical
expert system that monitors the activities of an industrial plant will be used. This
expert system will monitor and respond to a range of possible emergencies. One such
emergency would be a fire. Another would be a flood.

7.2 CLIPS

¢ Sisa forward chaining rule-based language that has in“erencing and representation
¢ .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 programn_fi“‘pg\;mnong other features. CLIPS provides only the f rd
chaining capabilities of ART: Backward chaining, hypothetical reasoning, a s....ma
representation language and-object-oriented programming are not provided in CLIPS.

CLIPS was designedias NASA/Johnson Space Center with the specific purposes of
providing high portability, low cost, and easy integration with extemal systems.
CLIPS was written using the C programming language to facilitate these objectives.
CLIPS is an acronym for C Language Integrated Production System. The C Language
portion of the acronym can be somewhat misleading, however, since there is also an
ADA version of CLIPS.

Because of its high portability, CLIPS has been installed on a wide variety of
computers ranging from PCs to CRAY 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 some
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 followmg chapters will use the same notation for describ! e
syntax of various commands and constructs that are introduced. This notation cou.:sts
of three different types of text which are to be entered.

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 syntax description means that (example) should be entered as shown. To be
exact the character '(* should be entered first, followed by the character 'e’, then 'x’, 'a
Y 'p’, T, 'e’ and finally the character ')'.
Brackets, [ ], indicate that the contents of the brackets are optional. For examp.e,
the syntax description

{example [1]) -

indicates that the 1 found within the brackets is optional. So the following entry would
be consistent with the syntax

(example)
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as'would this entry
(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 w1lhm 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 important to note that spaces shown in the
syntax description should also be included in the entry.

Another notation is indicated by the symbol pair << >> enclosing a description.
This indicates that the description 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
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123
or with any number of integers, or with nothing at all.

A description enclosed by three less than and three greater than symbols indicates
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

<<<Linteger>>>
is equivalent 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
none —
or
some
7.4 FIELDS

As a knowledge base is constructed, CLIPS is required to read input from the keyboard
and files to execute commands and load programs. As CLIPS reads characters from the
keyboard or files, it groups them together into tokens. Tokens represent groups of
characters that have special meaning to CLIPS. Some tokens such as left and rght
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 exceptions. A word may not
begin with any of the following characters or groups of characters

< I & $ 0?7 o+ - { ) HN
In addition, a word may not contain any of the following characters
< I & ( ) ;

These characters have special meaning to CLIPS, 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

t2$nx

Notice how the underscore and dash characters are used to tie words together to
make them a single field. The last word shown demonstrates that words can have
unusual characters placed within them. i,

CLIPS will preserve the uppercase and lowercase Ietters 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 1o 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 CLIPS as delimiters.
The following shows some definitions of strings. -
"Activate the sprinkler system.™"

"Shut down electrical junction 387.°"
n I| ? # $ AN
<=; () ="

Spaces normally act as delimiters in CLIPS to separate fields (such as words) and
other tokens. Additional spaces used between tokens are discarded. Spaces included as
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part of a string, however, are preserved. For exaxhple, the following st s are
considered by CLIPS to be four distinct strings.

"fire"®

"fire "
" fire®
" fire "

If the surrounding double quotes were removed, CLIPS would consider each of the lines
to contain the same word since spaces other than those 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 line :
nn fire nn

would be interpreted by CLIPS as the three separate tokens shown following

nn

fire
mn

since double quotes act as delimiters.
Within a string, double quotes can be included by using the backslash operator, \.
For example, the line
"\"fire\"" -
will be interpreted by CLIPS as the string field
"nfiren
Only a single field is created because the backslash character prevents the following
double quotes from acting as a delimiter. The backslash character itself may be placed
within a string by using two backslashes in succession. For example, the line
"M fire\\"
will be interpreted by CLIPS as the string field

"\Eire\"

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 exponent. The sign and the exponent are op{ibnal. The sign is either
+ or -, The value contains one or more digits with a single optional decimal point
contained with the digits. The exponent 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
3.5el0

75 FACTS

In order to solve a problem, a CLIPS program must have data or information with
whic”  can reason. A "chunk” of information in CLIPS is called a fact. A fact
cons £ one or more fields enclosed in matching left and right parentheses. The
following are all examples of facts

(single-field)

(two fields)

(speed 38 mph)

(cost 78 dollars )3 cents)
{name "John Dce")

Although CLIPS will accept any combination of ficlds as a fact, good
rrogramming style dictates that a1 method be used to insure that facts are represented in
: meaningful manner. For example, consider the following sets of facis

{(fire)

(£lood)

{Tuesday) -
{Wednesday)

(emergency—-fire)

(emergency-£flocod)
‘ay-Tuesday)
ay-Wednesday)

(emergency fire)
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(emergency flood)
{day Tuesday)
(day Wednesday)

In the first set of facts, the facts (fire) and (flood) could be used to indicate t.
presence of these occurrences, as the facts (Tuesday) and (Wednesday) could be used
indicate days of the week. Notice that the facts (fire) and (flood) are related by be
being types of emergencies and the facts (Tuesday) and (Wednesday) are both days of ¢
week. However, 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 (fire) 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.-Since fields are treated as indivisible items, a rule will not t
able to access the prefix 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 ar
between Tuesday and Wednesday. The first field of the facts, emergency and day, is usc
to describe the relationship of the following fields. When used this way, the first fie
is called a relation name. The remaining fields of the fact are then used fr- specif
values. In this case, fire and flood are types of emergencies, and Tuesday and 1esda
are days. The use of a relation name explicitly states the relationship betweeu fire an
flood 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 using a template. A template for a fact shows the relation nam

followed by one or more general items or specific items. For example, the template fo
the emergency facts is :

(emergency <type>)

where the symbol <type> indicates a general item that could be replaced by a specifi
item such as fire or flood. More than one template can be used to indicate variations or
a set of facts. For instance, the following facts '

(action activate sprinkler-system)
{action activate fire—alarm)
(action notify fire-department)
{action shutdown-electrica_l—power)
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could be represented with the following three templates

(éction activate <device>)

(adction notify <group>)

(action <specific-action>)
More than one field can be represented with a template. The fact

(computer-components cpu disk-drive terminal)
could be described with the template ’

IR

(computer-component s <<component—li3t>>)

where <<component-list>> represents zero or more fields. The template could be
slightly modified to represent more than one component list. For example, these facts

(components computer cpu disk-drive terminal)
(components car tires engine body gas—tank)

a  scribed by this template
(components <item> <<component-list>>)
Templates are convenient for documenting facts and the expected fields that are found in

them. They are not accepted by CLIPS as commands and should only be used for~
documenting CLIPS code.

77 ENTERING AND EXITING CLIPS

CLIPS can be entered by issuing the appropriate run command for the machine on
which CLIPS has been installed. The CLIPS prompt should appear as follows.

CLIPS>
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

command is

{exit)



382 Chapter 7 - Introduction to CLIPS

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 Ianguage that was originally developed using LISP machines, it
retains these delimiters. The word exit without enclosing parentheses has quite 2
different meaning than the word exit with enclosing parentheses. The parentheses
around exit indicate that 2xit is a command to be executed and not just the word exit.
We'll see later that parénthes'es serve as important delimiters for commands.

For now, it is only 1mportant to remember that each CLIPS command must
having a matching number of left and right parentheses and that the parentheses are
properly 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
return 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
CLIPS and then immediately exiting. The example shown is for an IBM PC™ using
MS-DOS in which the CLIPS executable is stored on a disk in drive A and the current
drive is also A. The name of the CLIPS executable is assumed to be CLIPS. Qutput
displayed by MS-DOS or CLIPS is shown in regular type. All input that must be
typed by you is shown in bold. The carriage return key is indicated by the character J.
CLIPS is case sensitive, so it is important to type upper and lower case lette  -actly
as they appear.

A>CLIPS.I

CLIPS (V4.20 4/29/88)
CLIPS> (exit).]
A> '

7.8 ADDING AND REMOVING FACTS

The 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

(agsert <<<fact>>>)

As an example, let's consider a hypothetical expert system that monitors the
activities of an industrial plant. This expert system will monitor and respond to a range
of possible emergencies. One such emergency would be a fire. A fact representing that
a fire emergency exists could be added to the fact-list by using the following command
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CLIPS> (a: sert (emergency fire)}.d
CLIPS>

The facts command c:n be used to display the facts in the fact-list. The basic syntax
of the facts command is

{facts)
For example,

CLIPS> (facts}.J
f-1- (emergency fire)
CLIPS>
The term "f-1" is the fact identifier assigned to the fact by CLIPS. Every fact
that is inserted into the fact-list is assigned a unique fact identifier starting with the
letter f and followed by an integer called the fact-index.
CLIPS does not accept duplicate entries of a fact, Therefore, attempting to place a
second (emergency firc) fact into the fact-list will have no result. Of course, other facts
t+ "o not duplicate existing facts can be easily added to the fact-list. For example,

CLIPS> (assert (emergency flood)).
CLIPS> (facts).d

£t-1 {emergency fire)

f-2 (emergency flood)

CLIPS>

- As the syntax of the assert command indicates, more than one fact can be asserted
using a single assert command. For example, the command

CLIPS> (assert (emergency £fire)J
(emergency flood) ).l
CLIES>

will assert two facts into the fact-list.

An important point to realize is that identifiers in the fact-list are not necessarily
sequential. Just as facts can be added to the fact-list, there iz also a way to 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 sequential as a CLIPS program
executes. o

Since large numbers of facts can be contained in the fact-list, it is often useful to
L .le view only a portion of the fact-list. This can be accomplished using additional
arguments for the facts command. The complete syntax for the 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 argaments 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 <ent
are displayed. Finally, if <maximum> is specified along with <start> and <end>, 1
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 with the retract comman:
The syntax of the retract command is

(retract <<<fact-index>>>)

The fact indexes of one or more facts to be retracted are included as the arguments of tf
retract command. For example, suppose the fact-list is

f-1 (emergency fire)

f-3 ({emergency flood)

f-4 {(action .activate-sprinkler-system)
The command

{retract 3)

would remove the fact (emergency flood). Similarly, the command

{retract 1)

will retract the fact with identifier {-1 which is {emergency fire) and the command

(retract 4)

will retract the fact (action activate-sprinkler-system). Notice that to retract a fact , th
fact-index and not the position of the fact in the fact-list must be specified. Attempting
to retract a non-existent fact will produce the following error message

Fact <fact-index> does not exist

For example,

CLIPS> (retract 4).
CLIPS> (retract 4).
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RN

Fact 4 does not exist
CLIFPS>

A éingle retract command can be used to retract multiple facts at once. For
example, the command

(retract 3 1 4)

will retract 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
o *roduce document formatting characters into the source code since such characters
! it be accepted by CLIPS, For example, the non-document mode should be used
with Wordstar™ on an IBM PC, and the SAVE AS... with text only option should be
used on a Macintosh™ with MacWrite™.

Initially, the examples shown will be rules entered directly into CLIPS from the
top-level. The pseudocode for one of the possible rules in the industrial plant
monitoring expert system is shown following

IF the emergency is a fire
THEN the action is to activate the sprinkler sSystem

Shown following is the rule expressed in CLIPS syntax. The rule can be entered by
typing it in after the CLIPS prompt.

(defrule fire-emergency "An example rule®
(emergency fire)
=> -
(assert (action activate-sprinkler-system)))

If the rule is entered correctly as shown, then the CLIPS prompt reappears.
Otherwise, an error message, most likely indicating a misspelled keyword or misplaced
p hesis, will appear.

own following is the same 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 discussed in greater detail later.
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; Rule header
(defrule fire-emergency "An example rule"
; Pat.terns
(emergency fire)
; THIN arrow
=>
; Actions
{assecrt {(action actlvate sprinkler-system)))

The general format of arule is

(defrule <rule name> [<opticnal comment>]
<<patterns>> ; Left—-Hand Side (LHS) of the rule
=> ot

<<actions>>) ; Right-Hand Side (RHS) of the rule

The entire rule must be surrounded by parentheses. Each of the patterns and actior
of the rule must be surrounded by parentheses. A rule may have multiple patterns an
actions. The parentheses surrounding patterns and actions must be properly balanced .
they are nested. In the fire-emergency rule, there is one pattern and one action.

The header of the rule consists of three parts. The rule must start with  lefrul
keyword. Following defrule must be the name of the rule. The name can t 7 vali
CLIPS word. If a rule is entered with a rule name that is the same as an existing rul
then the new rule replaces the old rule. In this rule, the rule name is fire-emergenc)
Next is an optional comment within double quotes. For this rule, the comment is "A:
example rule”. The comment is normally used to describe the purpose of the rule ¢
any other information the programmer desires. Unlike comments beginning with
semicolon, the comment following the rule name is not ignored and can be displaye
along with the rest of the rule (using the pprule command introduced in Section 7.11).

After the rule header are zero or more patterns or conditional elements. Eac
pattern consists of one or more fields. In the fire-emergency rule, the pattemn i
(emergency fire). The fields are emergency and fire. CLIPS attempts to match th
patterns of rules against facts in the fact-list. If all the patterns o! a rule match facts
the rule is activated and put on the agenda, the collection of activated rules. Ther
may be zero or more rules in the agenda. If a rule has no patterns, then the specia
pattern (initial-fact) will be added as a pattern for the rule. The reason for using thi
pattern will become clear when the reser command is discussed later.

The symbol => that follows the patterns in a rule is called an arrow. It is forme
by typing the equal sign followed by the greater than sign. The arrow is a symbo
representing the beginning of the THEN part of an IF-THEN rule. The part of the rul
before the arrow is called the left-hand side (LHS) and the part after the arrow is calle
the right-hand side (RHS).

The last part of a rule is the list of actions that will be executed whe e rul
fires. 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 term fires means that CLIPS exccutes the actions of a rule from the agenda. A
program normally ceases execution when there are no rules on the agenda. When there
are muitiple rules on the agenda, CLIPS automatically determines which is the appro-
priate rule to fire. CLIPS orders the rules on the agenda in terms of increasing priority
and fires the rule with the highest priority, called sallence Salience will be discussed
in more detail in Chapter 9.

710 THE AGENDA AND EXECUTIONA':

A CLIPS program can be made to run with the run command. The syntax of the run
command is

(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 highest salience on the agenda is
fired. If 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 fire the rule has to do with the way CLIPS is designed. The design of
CLIPS is such that rules only see facts that bave been entered after the rules. Thus
pewly entered rules will not "see" the facts that are currently on the fact-fist. Only new
facts that are entered will be seen by the rule. This means that a rule can only be
activated by facts that are asserted after the rule is entered.

Activating the Rule

To activate the fire-emergency rule, the fact (emergency fire) must be asserted after the
rule has been entered. At first thought, this seems trivial since the fact (¢mergency fire)
just needs to be asserted. However, if the (emergency fire) fact is already in the fact-list,
asserting a new (emergency fire) fact will have no effect. In order to re-assert this fact,
the original version of the fact must be retracted. Once this is done, a new (emergency
fire) fact can be asscrted since no duplication will occur. This new version of the fact
"L have a different fact-index from the original and the fire-emergency rule will be
.&d on the agenda.
The list of rules on the agenda can be displayed with the agenda command. The
syntax of the agenda command is
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(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 fire) fact with a fact index of 2, an agenda command would produce th
following output ‘

CLIPS> (agenda).l
0 fire-emergency £-2
CLIPS>

The 0 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, {-2.

Rules and Refraction

With the fire-emergency rule on the agenda, the run command will now cause the rul:
to fire and produce the following output

CLIPS> (run)d

1l rules fired

Run time is 0.0167 seconds
CLIPS>

The message "1 rules fired" is an information message generated by the run
command indicating the number of rules that were fired. The message following that
indicates the amount of time taken to fire the rules. The timing message may not
appear on all machines on which CLIPS runs, since some machines do not have
internal 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
again? There is a rule and there is a fact which satisfies the rule and so the rule should
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 that CLIPS is designed. CLIPS was
programmed with a characteristic of a nerve cell (neuron). After a neuron transmits a
nerve impulse (fires), no amount of stimulation will make it fire for some time, This
phenomenon is called refraction and is very important 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 disappear.
For example, the fire would eventually be put out by the sprinkler system 01 2 out
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by itself. Hofvever, in the computer world, once a fact is entered in the fact-list, it stays
there until explicilly removed.

If necessary, the rule be made to fire again by retracting the fact (emergency fire)
and asserting it again. Basically, CLIPS remembers the fact identifiers that triggered a
rule into firing and will not activate that rul. again with the exact same combination of
fact identifiers. Identical sets of fact identifiers must match one-for-one in both order
and fact indices. In Chapter 8, examples will shown how a single fact can match a
pattern in more than one way. In this case, several activations with the same sel of fact
identifiers for a single rule can be placed on the agenda, one for each distinct match.

711 COMMANDS USED WITH RULES

Displaying the Rules in the Knowle Ige Base

The rules command is used to display the - urrent list of rules maintained by CLIPS.
Its syntax is

(rules)
For. .ple,

CLIPS> (rules).l
fire-emergency
CLIPS>

The pprule (pretty print rule) command is used to dJsplay the text representation
of a rule. Its syntax is

(pprule <rule-name>)
Its Single argument specifics the name of the rule to be displayed. For example,

CLIPS> (pprule fire-emergency).J
(defrule fire-emergency "An example rule"”
(emergency fire)
=2
(assert (action activate-sprinkler-system)))
CLIPS>

7 7S puts diffcrent parts of the rule on different lines for the sake of readability.
The  .ms before the arrow are still considered the LHS and the actions after the
urow are still the RHS of the rule.
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Loading Rules from a File

A file of rules made with a text editor can be loaded into CLIPS usmg the load
command. The syntax of the load command is

{load <file—-name>)

where <file-name> is a string containing the name of the file to be loaded.
Assuming that the firé-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

‘i mee
[ LR .
'

(load "B:fire.clp")

Of course, the specification of a file name will be machine dependent and so this
example should be taken only as a guide. A problem that may occur in loading is due
to the backslash character used on some operating systems 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, normally 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 all be kept in a single file. They can be stored in more than
one file and loaded using several load commands.

Saving Rules to a File

CLIPS also provides the opposite of the load command. The save command allows
the set of rules stored in CLIPS to be saved to a disk file. The syntax of the save
command is

(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 all the rules in CLIPS to the specified file. It is not
possible to save specified rules to a file. The save and load commands also save and
load deffacts (which will be discussed shortly). Normally, 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 CLIPS 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 used 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 begins with a semicolon and ends with a
carriage retum, The following is an example of comments in the fire program.

; *********************f;’*** rhhkhkhkhkAhk ki

;* *
;* Programmer: G. D. Riley *
;* ) *
;* Title : The Fire Program *
. % *
r

;* Date : 10/31/88 *
. % *
r

; AEAKAAAAR AR A AR AARAAAARAAA A A AR A AN AkH A XK

; Facts used in this program use the
; following templates

; (emergency <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 emergency
{emergency fire)
=> ; THEN
© ;7 activate the sprinkler system
(assert (acticn activate-the-sprinkler-system)))
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1 :

Loading this rule intg'CLIPS and then pretty printing it with the ppru! ~ 1man

will demonstrate that ‘every comment starting with a semicolon is elimin.. .. in th

CLIPS program. The oniy 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 th
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 command.
The following rule demonstrates the use of the printout command

{(defrule fire-emergency
{emergency fire)
(printout E:‘i; "Activate the sprinkler system"
5 erlfy)

It is very important to include the letter t following the printout command as thi:
argument indicates the destination of the output. This destination is also referred to as:
logical name. In this case, the logical name ¢ tells CLIPS to send the output to the
standard output device of the computer. Generally, the standard output device i
the terminal. However, this may be redefined so that the standard output device is some
other device such as a modem or printer. In Chapter 10, the concept of logical name:
will be fully introduced and the printout command will be used for disk I/O.

The arguments following the logical 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 crif is treated

specially by the printout command. It forces a carriage return/line feed. This is useful
in improving the appearance of output by formatting it on different lines.
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7.2+ USING MULTIPLE RULES

Until now, only the simplest type of program consisting of just one rule has been
shown. However, expert systems consisting of only one rule are not too useful.
Practical expert systems may consist of hundreds or thousands of rules. In addition to
_the fire-emergency rule, the expert system monitoring the industrial plant might also
include a rule for emergencies in which flooding has occumred. 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))

unce these rules have been entered into CLIPS, asserting the fact (emergency fire)
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 electrical 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 all fires can be extinguished using water. Some fires may
require chemical extinguishers. What should be done if a fire produces poisonous gas or
an explosion may occur? Should an off-site fire department be notified in addition to
the on-site firemen? Does it matter which floor of the building the fire is on?
Activaling the water sprinklers on the second floor might cause water damage to both
the first and second floors. Electrical power to equipment might have to be shut off on
both floors. A fire on the first floor may only require that power be shut off to
equipment on the first floor. If the building is flooded, are there watertight doors that
can be shut to prevent damage? What should be done in case a plant break-in is
detected? If all of these situations are included as rules, have all possibilities now been
cr ed?

nfortunately, the answer is no. In th: real world, things don't always operate
pertectly, Capturing all pertinent knowledge in an expert system can be quite difficult.
In the best case, it may be possible to recognize most major emergencics and to
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provide rules to allow:the expert system to recognize when it doesn't.rx  nize :
emergency.

Rules with Multiple Patterns

Most real-world heuristics are too complicated to be expressed as a rule with just
single pattern. For example, activating the sprinkler system for any type of fire mig
not only be wrong—it could be dangerous. Fires involving ordinary combustibles suc
as paper, wood, and cloth (class A fires) can be extinguished using water or water-base
extinguishers. However, fires 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 than one pattern could be used to express these conditions. Th
first pattern would determine that a fire 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

A
(defrule class-A-fire-emergency
(emergency fire)
(fire—-class A)
=5 ’
(printout t "Activate sprinkler system" crlf,,

(defrule class-B-fire-emergency
(emergency fire)
(fire-class B)
=>
(printout t "Use carbon dioxide extinguisher"
crlf))

Both rules have two patterns. Both patterns 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 the
facts (emergency fire) and (fire-class A) will cause the class-A-fire-emergency rule to b
placed on the agenda. Running the system would then produce the output "Activatc
sprinkler system".

Any number of pattemns can be placed in a rule. The important point to realize i:
that the rule is placed on the agenda only if all the patterns are satisfied by facts. Thi
type of restriction is called a logical AND. Because the patterns are of the logicaf
AND type, the rule will not fire if only one of the patterns is satisfied. All the facts

must be present before the LHS of a rule is satisfied and the rule is placed on the
agenda. - '
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7..« 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 instance in which it is useful to
automatically assert a group of facts. Groups of facts which Tepresent initial knowledge
can be defined using the define facts keyword, deffacts. For example, the following
deffacts statement provides initial information about the type of emergency

(deffacts status "Some facts about the emergency"
(emergency fire)
{fire-class A))

The gencral format of a deffacts is

(deffacts <deffacts name> [<opticnal éomment>]
<<facts>>)

Following the deffacts keyword is the required name of this deffacts statement. Any
v /mbolic field can be used as the name. In this case, the name chosen was status.
Fo...wing the 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 loaded
by CLIPS. 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) !
LT
Assuming that the starus deffacts had been entered, the following dialog shows how the
reset command adds the facts to the fact-list

CLIPS> {(reset) d
CLIPS> {(facts)d

£-0 (initial-fact)

£-1 {emergency fire) i
£-2 (fire-class A)

CLIPS>

The output shows the facts from the deffacts statement and a new fact generated by
th et command called initial-fact. Upon startup, CLIPS automatically defines a
defracts statement with the following format
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{deffacts initial-fact
(initial-fact}))

Thus, even if you have not defined any deffacts statements, a reset will assert ti
fact (initial-fact). The fact-identifier of the initial-fact is always f-0. The utility «
(initial-fact) lies 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 patte:
(initial-fact) added to.its,LHS. Thus any rule without LHS pattems will be placed ¢
the agenda when a reset is performed.

The reset command is the key method for starting or restarting an expert system i
CLIPS. The reset command removes all activated rules from the agenda and all fact
from the fact-list. It then asserts the facts from existing deffacts statements. Normally
this will cause the fact (initial-fact) to be asserted, since this is a fact found in th
initial-facts deffacts provided for you by CLIPS.

There are some additional commands that are useful with deffacts. For examplc
list-deffacts will list the names of deffacts that are currently loaded in CLIPS
Another useful command is ppdeffact that prints the facts stored in a deffacts. Th
syntax of these two commands are

(list-deffacts)
(ppdeffact <deffacts-name>)

For example

CLIPS> (list-deffacts).]

initial-fact

status

CLIPS> (ppdeffact status).

(deffacts status "Some facts about the emergency"
(emergency fire)
(fire-class A))

CLIPS>

7.16 REMOVING DEFFACTS AND RULES

Deffacts statements can be removed from CLIPS by using the undeffacts command,
The syntax of this command is

(undeffacts <deffacts—name’>)

For example, to remove the status deffacts, the command
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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.

(undeffactg 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 <£ule-name>)

For example, to get rid of the fire-emergency rule, ti;ie_following command with
the name of the rule as an argument would be used.

(excise fire-emergency)
The clear command can be used to remove all information contained in the
CLIPS environment. It restores the original state of CLIPS just as if it has just been
started up. The syntax of the clear command is

{clear)

The clear command causes all of the facts in the fact-list to be removed as well as
removing all rule and deffacts currently contained in CLIPS.

717 THE WATCH COMMAND

The watch command is useful for debugging programs. The syntax of this command
is
(watch {facts,rules,activations,allj})
Facts, rules, and activations may be watched in any.combination to provide the
appropriate amount of debugging information. The watch command can be used more

th-  -~nce to watch more than one feature of CLIPS execution. The word all can be
w s enable all of the watch features (facts, rules, and activations).
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If facts are being ‘watched, CLIPS will automatically print a message  licatir
that an update has been made to the fact-list whenever facts are asserted or retracted. Tt
following command dialog illustrates the use of this debugging command.

CLIPS> (reset).d
CLIPS> (watch facts).
CLIPS> (assert (emergency fire))}.
==> f-1 (emergency fire)
CLIPS> (assert (emergency flood)).J
==> f£-2 {emergency flood)
CLIPS> (retract 2)
== f-2 (emergency fload)

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 fired.

In addition, if the rules are being watched while loading a program, CLIPS wii
display a message such as

Compiling rule: cut-power-to—electrical-fire +3° "+j

As the rules are being loaded, CLIPS is compiling the source code. The "+j+)+]" strin;
at the end of the message is some information from CLIPS about the internal structux
of the compiled rules. This information will be useful to know for tuning a progran
and will be discussed in Chapter 11 which deals with efficiency.

The effects of a watch command may be tumed-off by using the corresponding
unwatch command. The syntax of the unwatch command is

(unwatch {facts,rules,activations,all})

7.18 THE MATCHES COMMAND

CLIPS has a debugging command called matches which indicates which pattems in 2
rule match facts. This capability is useful for debugging cases in which a rule appears
to have all of its patterns satisfied, but is nonetheless not activated. Those pattems
which do not match prevent the rule from becoming activated. One common reason
that a pattern won't match a fact is misspelling an element either in the pattern or the
assertion of the fact. The syntax of the matches command is

(matches <ru"le—name>)
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The argument of the matches command is the name of the rule to be checked for
matches. The following rule will be used to demonstrate the matches command.

; Class C Fires involve energized:electrical
; equipment. Remove the power to such a fire
; i1f possible. T
{defrule cut-power-to—electrical-fire

; Emergency is a fire

{emergency fire)

; Fire involves energized electrical equipment

{fire-class C)

; Power can be safely removed

{power can-be-safely-removed)

=> )

(printout t "Remove power from the fire™ crlf))

The following command sequence shows how the marches command is used.
Notice that the watch facts command is used to provide immediate feedback when facts
asserted.

CLIPS> (watch facts).
CLIPS> (assert (emergency fire))d
=> f-=1 (emergency fire)
CLIPS> (matches cut-power-to-electrical-fire).d
Matches for Pattern 1 RV
f-1 :
Matches for Pattern 2
None
Matches for Pattern 3 v
None
Partial matches for patterns 1 - 2
None
Activations
None

The matches command considers the patterns to be ordered sequentially as follows.

(defrule cut-power-to-electrical-fire

(emergency fire) ;Pattern 1
(fire—-class C) ;Pattern 2
(power can-be-safely-removed) ;Pattern 3
=>

(printcut t "Remove power from the fire™ crlf))
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The fact with fact-identifier f-1 matches the first pattern in the rule a1 so1¢
ported by the maiches command. Given that a rule has N patterns, the term partia
matches refers to any set of matches of the first N-1 patterns with facts. That is, the
partial matches begin with the first patten in a rule and end with any pattern up to bu
not including the last (N'th) pattern. As soon as one partial match can't be made
CLIPS does not check dny. further. For example, a rule with four patterns would havt
partial matches of the first and second patterns, and also the first, se¢ond and thirc
pattems. If all N patterns match, the rule will be activated.

The following commands continue this example

CLIPS> (assert (fire-class C))J
=> £-2 (Eire—-class C)
CLIPS> (matches cut-power—tb-electrical—fire) J
Matches for Pattern 1
f-1
Matches for Pattern 2
£f-2
Matches for Pattern 3
None
Partial matches for patterns 1 - 2
f-1 £-2
Activations
None

Notice that with the second fact asserted, there is now a partial match for patterns 1 and
2. Of course, if the fact (power can-be-safely-removed) had been asserted instead of
(fire-class C), there would have been no partiai match for patterns 1 - 2.

This next command sequence' asserts the final fact to match the third pattem in the
nile. R
CLIPS> (assert (power can-be-safely-removed)).
=> f-3 {(power can-be-safely-removed)

CLIPS> (matches cut-power-to-electrical-fire).
Matches for Pattern 1
f-1
Matches for Pattern 2
f-2
Matches for Pattern 3
£-3 ‘
Partial matches for patterns 1 - 2
f-1 £-2
Activations
f-1 f£-2 £-3
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With the addition of the third and final pattern, the Activations information shows the
fact-identifiers which canse an activation of the rule.

719 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
command is

(éét-break <rule-name>)

where <rule-name> is the name of a rule to make a Bfeaicpoint. 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.

CLIPS> (watch all).]
CLIPS> (reset).

==> f£-0 {initial-fact)

==> Activatiocon 0 first: £-0 ;
CLIPS> (run).

FIRE 1 first: £-0

==> f-1 (fire second)

==> Activation 0 second:; f-1

FIRE 2 second: £-1

==> f-=2 {fire third)

==% Activation 0 third: £-2

FIRE 3 third: £-2
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3 rules fired.
CLIPS>

All three rules fire in succession when the run command is issued. The following
command dialog demonstrates the use of the set-break command to halt execution.

CLIPS> (set-break second).
CLIPS> (set-break third).]
CLIPS> (watch all)J

CLIPS> (reset).J )

<== Activation 0 first: £-0

== f-—() (initial-fact)
==> Activation 0 first: £-0
CLIPS> (run).
FIRE 1l first: £-0
==> f-1 (fire second)
- ==> Activation 0 second: f£-1

Breaking on rule second
1 rules fired
CLIPS> (run).l

FIRE 1 second: f-1
==> f-2 {fire third)
==>» Activation 0 third: f-2

Breaking on rule third
1 rules fired
CLIPS> (run).]

FIRE 1 third: £-2 . -
1 rules fired
CLIPS>

In this case, execution halts before the rules second and third are allowed to fire.
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 all 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 chapter introduced the fundamental components of CLIPS. Facts are the first
component of a CLIPS system. Facts are made up of fields which are either a word,
string, or number. The first field of a fact is normally used to indicate the type of
information stored in a fact and is called a relation. Fact templates can be used to
document the type of information that is stored in a fact. Commands for adding,
removing and displaying facts were discussed. The deffacts construct can be used to
specify facts as initial knowledge. .

Rules are the second component of a CLIPS system. A rule is divided into a LHS
and a RHS. The LHS of a rule can be thought of as the IF portion and the RHS can be
thought of as the THEN portion of a rule. Rules can have multiple pattems and
actions. Commands are available for displaying the list of rules and the text of an
individual rule.

The third component of CLIPS is the inference engine. Rules that have their
pattemns 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 matches command will display the facts that have matched

atterns of a rule as well as the list of partial matches for a rule. The set-break

and allows execution to be halted before a rule is fired. The printout command
can be used to cutput information from the RHS of a rule. The ¢lear command is used
to re-inittalize the state of the CLIPS environment.

PROBLEMS AND PROGRAMS )

7-1. Convert the 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 Jdohn is Tom.

The mother of John is Susan,.

The parents of John are Tom and Susan.

Tom is a father.

Sugsan 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
1.... template should include information about the name or description of the set, the
list of elements in the set and whether it is a subset of another set. Represent the
following sets as facts using the format specified by your fact templates.
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1, 2, 3}

1, 2, 3, 4, 5}

red, green, yellow, blue }
CPU, memory, I1/0, address bus,
data bus, video display |}

o0 wPw
B

7-3. A sparsely populated array is an array that contains relatively ‘few non-zes
elements. It is more efficiently represented as a linked list 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 arra
using facts as opposed to using an array data structure in a procedural language?

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 template to 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 statement. Use several templates to describe the fac:
produced.

7-6. How might facts be used to represent Object-Attribute-Value triplets an
Attribute-Value pairs? Give examples for the sentences in Problem 7-1.

7-7. Convert the semantic net shown in Figure 2-5 to a series of facts in a deffact
statement. Use several templates to describe the facts. For example, the IS-A links an
AKO links should be relation names and each should have its own template.,

7-8. Convert the binary decision tree representing animal classificatio
information of Figure 3-3 to a series of facts in a deffacts statement. Show how th
links between the nodes can be represented. Do the leafs of the tree require 2 differen
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> (defrule matcher (a) (b} (c) =>)
CLIPS> {(assert (a) (c))

CLIPS> (matches matcher)

7-10. Convert the decision tree shown in Figure 3-3 to a series of CLIPS rules
Create patterns to match facts using the template (question <query-string> <answer>)
For example, if the answer to the question represented by the root node in the ““o¢ wa:
no, the fact representing this information would be (question "Is it very ' no)
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What information 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 important plant nutrieats that are provided by fertilizer 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 normally 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 rave 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 asserting 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 classif(ied according to their principal buming material, Translate the
following information to rules for detemining fire 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 C fires involve energized 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 fire depends upon the fire class.
Translate the following information to rules.

Class A fires should be extinguished with
heat-absorbing or combustion-retarding
extinguishers such as water or water based liquids
and dry chemicals.

Class 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.

Class C fires should be extinguished with a
non-conducting agent to prevent shock. If
possible the power should be cut. Extinguishe.
include dry chemicals, carbon dioxide, and
bromotrifluoromethane.

Class 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 buming material as a fact. The
output should indicate which extinguishers may be used on the fire and other actions
that should be taken such as cutting off the power. Show that your program works for
a material from each of the fire classes,



CHAPTER 8 PATTERN MATCHING

8.1 INTRODUCTION

The type of rules shown in Chapter 7 illustrate simple pattern matching of patterns to
facts. This chapter will introduce several concepts which provide very powerful
capabilities for matching and manipulating facts. The first concept will be the use of
variables in pattern maltching. Secondly, field constraints will be discussed and the use
of functions in CLIPS will then be introduced and basic arithmetic will be covered.

8.2 VARIABLES

Just as with other programming languages, CLIPS has variables available to store
values. Variables in CLIPS are always written in the syntax of a question mark fol-
lowed by a symbolic field name. Variable names follow the syntax of a word with the
exception that they must begin with a character. For good programming style, vari-
ables should be given meaningful names. Some examples of variables are as follows.

. ?speed
?3ensor
?value
?noun
?color

Spaces should not be used between the question mark and symbolic field name. As will
be discussed later, 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 the variable 7x is used in a printout command without having
been assigned a value.

(defrule test
(initial=-fact)
=>
({printout t ?x cxrlf))

In the above example, notice how initial-fact is used to trigger the rule. This is
convenient since (initial-fact) can be asserted by simply using the reset command. In
fact, for this rule, it is not necessary to place the (initial-fact) pattern on the LHS, since
a rule with no patterns automatically has the (initial-fact) pattern added to its LHS.

When the rule is entered, CLIPS will respond with the error message

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™ d
to 7x. The terms bound and bind are used to describe the assignment of a valuc .0 a
variable.

One common use of variables is to bind a value on the LHS and then assert the
bound variable on the RHS. The following rule demonstrates this use

(defrule grandfather
(is—a-—gz:andfa_ther ?name)
=>
(assert (is-arman ?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 7name 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 7name)))

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 Tname is used
twice.

Variables are also commeonly used in printing output, as in

{defrule grandfather ~
(is-a~grandfather ?name)
=>
(printout t ?name " is a grandfather" crif))

If the fact (is-a-grandfather Jack) is asserted and the rule is executed, the following
output would be produced

Jack is a grandfather

8.3 FACT ADDRESSES AND RETRACTION

Retraction 1s 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 be specified to CLIPS. To retract
a fact 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-grandfather 7name), a variable was bound to the value of a field. That s, 7name
was bound to Jack. However, if the fact whose contents are (is-a-grandfather Jack) is to
be removed, then CLIPS must know the address of the fact to be retracted.

The address of the fact is specified using 