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A LOS ASISTENTES A LOS CURSOS DEL CENTRO DE EDUCACION
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La Facul tad de Ingenieria, por conducto del Centro de Educacién Continua, otorga constan-~
cia de asistencia a quienes cumplan con los requisitos esrablecidosv para cada curso. Las per
sonas que deseen que apdrezca su itulo profesional precediendo a su nombre en el diploma,
deberdn entregar copia del mismo o de su cédula profesional a més tardar el Segundo Dia de
Clases, en las oficinas del Centro, con la Seforita Barraza, de lo contrario no serd posible.
El control de asistencia se efectuaré a través de la persona encargada de enlregar notfas, en
la mesa de énl‘rega de material, mediante listas especiales. Las ausencias serén computadas
por las autoridades del Centro.

Se recomienda a los asistentes participar activinnente con sus ideas y experiencias, pues

los cursos que ofrece el Centro estin planeados para que los profesores expongan una tésis,
pero sobre todo para que coordinen las opiniones de todos los interesados constituyendo ver-
daderos seminarios.

Al finalizar el curso se hard una evaluacién del mismo a través de un cuestionario disefiado
para emitir juicios andnimos por parte de los asistentes. Las personas comisionadas por al-
guna institucién deberdn pasar a inscribirse en las oficinas del Centro en la misma forma que
los deméds asistentes.

Con objeto de mejorar los servicios que el Centro de Educé:cic’in Continua ofrece, es impor-
tante que todos los asistentes Ilenen y entreguen su hoja de inscripcion con los datos que se

les solicitan al iniciarse el curso.

ATENTAMENTE

ING. SA LVADOR MEDINA RIVERO

COORDINADOR DE CURSOS Tacuba 5, primer piso. México 1, D' F.
: Teléfonos: 521-30-95 y 513-27-95 .

‘eds.






Duracidn

17 a 19 h

19 a 21l h
9 a 10 am

10 a 13 h

14 a 16 h

APLICACION DE MINICOMPUTADORAS
Tema
INTRODUCCION
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2.2.1 Direccién
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2.2.3 Direccidn directa

2.2.4 Indice

2.3 Fallas eléctricas
2.4 Autocargador

2.5 Entrada salida (E/S)
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INTERRUPCIONES

4.]1 Interrupciones siméles
4.2 Interrupciones miltiples
4.3 Vector de prioridades

Profesor

Ing. Marcial Portilla Roberton

Ing. Marcial Portilla Robertscn __

Ing. Marcial Portilla Roberton

Ing. José Ruiz Ascencio



APLICACION DE MINICOMPUTADORAS

FECHA DURACION TEMA PROFESOR
Nov. 29 l6 a 18 h ACCESO DIRECTO A MEMORIA DMA ING. JOSE RUIZ ASCENCIO

5.1 Robo de ciclos
5.2 interfases DM A
5.3 El Uni bus

5.4 Bus de datos
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Dic. 5 17 a 20 h PAGINACION DR. ADOLFO GUZMAN ARENAS

6.1 Memoria virtual

6.2 Paginacién

6.3 Organizacidén y Administracidén de 1la
memoria

Dic. 5 20 21 h SOFTWARE (PROGRAMACION DE SISTEMAS) DR. ADOLFO GUZMAN ARENAS
Dic. 6 9 a 11 am
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SISTEMAS OPERATIVOS EN TIEMPO REAL ,SR. RAYMUNDO SEGOVIA
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8. 1 monitor
8. 2 prioridades
8. 3 cambio de prioridades

Dic. 6 15 a 18 h INTERFACES ) ING. FEDERICO KUHLMANN
9.1 sefiales analdgicas

9.2 transductores
9.3 ruido
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INTRODUCTION

The number of areas in our modern society where digital computers’ are
now employed is truly rematkable. Computers are used in our banks; air-
lines and train companies.use them to make reservations, in schools the
bookkeeping and sometimes even class scheduling are done by computer,
They are used in the contro!l systems for large faciories and 1o navigate
and guide everything from space vehicles to submarines Computers
help design and then contro! the operation of nuclear reactors, help man-
age hospitals and monitor patients’ recovery, record our births and deaths
on government records. )

The widespread use of computers appears even more remarkable when
the life-span of the computer industry is considered In less than 30 years
the digital computer industry has grown from a few experimental machines
to a 50-to-100-billion-dotlar-a-year international industry. with a growth rate

-estimaled at over 15 percent a year. Further. as the price of individual com-

puters comes down. the number of application areas where the use of a
compuler s economically ati-active seems to rise correspondingiy. so that
s ehenomenal growth rate appears due to continue



2 INTECBUSTON TO COMT JITS TCITNCE

11 THE STORED PROGRAM

The history of mechanical and electronic ards to computation is long,
dating back to the abacus and progressing through the early mechanical
calculators and early punched-card data processing equipment The
modern digital computer has one characteristic, however, which really
distinguishes 1t from earlier devices. This characteristic, from which the
digital computer's advantages are largely denved, les in the computer’s
ability to perform long sequences of calculations without human interven-
tion Whereas, for instance, a conventional desk caiculator requires that
numbers be individually inserted and that operations on the numbers be
sequenced by an operator, the digital computer has a memory in which
resides a sequence of instructions detaiiing exactly what operations are to
be performed, including allernate paths through the instructions if deci-
sions are to be made '

The computer executes this sequence of instructions, called a program,
at its own speed, performing instructions at a rate of a few hundred thou-
sand to millions per second, depending on the computer.

The existence of a stored program consisting of instructions to the com-
puter implies. of course, that humans have prepared these instructions, and
it 1s the way such programs are prepared that occupies most of this book,

Before a computer can be used to “solve a problem” in science or to
“process data” in business. someone must prepare a program detailing
exactly how the computer is to proceed. The preparation of this program is
called programming,' and the amount of effort and expense currently
going Into programming exceeds the amount currently expended on hard-
ware. (The computer industry calls the actual physical electronic machine
and its associated peripheral devices, such as printers or card readers,
hardware Computer programs are then called software. In computer jar-
gon, software costs now exceed hardware costs)

Other digital computer attributes are less obvious, and perhaps more
matters of degree, but contribute considerably to the computer's worth.
These lie in the computer's ability to store large volumes of data, including
names, addresses, sentences. and other nonnumeric data, as well as
numeric data and programs The computer is able to find specific data in
short periods of time, ranging from less than a millionth of a second to
perhaps seconds, depending on the amount of data and the types of com-
puter memory uscd

Still other important computer attributes include the abilities to read data
and write results quickly and to communicate complicated results to users
in various forms, including 1n some cases graphical devices which display
curves or “pictures” of various kinds.

. "o use a computer, it 1S necessary to learn how to prepare computer programs, io use a computer
well, 1 1s necessary 1o leamn something more This tl-delined “something mare™ hes in the area called
“computer science " '
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12 THE STRUCTURE OF GENERAL-PURPOSE COMPUTERS

Before studying actual pro jraraming, it 1s useful 1o examine the overall
structure of cornputers. Particular attention will be pad to the input and
output devices, for it 1s by means of these that we eammunicato with the
computer. Later chapters will examine computer memores and archi-

- tecture!

A general-purpose digital computer can be divided into five major
parts: input devices, oulput devices, memory, arithmetic-element, and
conlrol section. Figure 1.1 shows a block diagram of a general-purpose
computer with system block diagram symbols for some of the typical de-
vices used.

Input Devices
The most used input device is doubtless the punched-card reader. an
electromechanical device that accepts a deck of punched cards, separates
single cards from the deck in order, and senses the presence or absence of
a hole in each of the positions on the card where a hole can be punched
A similar device is the perforated-tape reader, which senses the pres-
ence or absence of holes in a strip of tape (commonly made of a reason-
ably sturdy paper or plastic) Reading devices use (1) metal “pins” which
either enter or do not enter punching positions, thereby indicating the

*Computer architecture concerns overals orgamzalion with emphasis on the ardhmetic element,
control of and interaction between sections, and the instruchion repertoire
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Figure 11 Block diagram of a digital computer




«

: RSN o8 KT Lo W oL A CNE S N

prescnee or absence of a hoie in a given position or (2) photociectne cells
and a hght source arranged so that the light passes or does not pass
through the holes activating or not activating the cells Readers using
photoelectiic ceils tend to be much faster

Other inputs to digital computers include magnetic tape. phr'jtugrdpfné:

film. microphones and keyboards such as the Teletype keyboard in Frg i2
which |slof( n used o entér typed characters directly into a computer by
means of electrical connections Most Teletypes can also be used to pié-

. pare punched paper tapes and to read tapes inté a computer Input dévicés

also ihclude thé push buttoris on the orfiputéf console, Liséd to start and
stop the machine and sometimés to enter data.

Special types of input device§ afe uded i réal-lirie cortrol systerfis
which procéss data in a dynariic ystefri anid useé informatién supplied by
sensors to make decisions and to céiitrdl the systéns’ epératsns The
inputs to real-tinie syslems include &cceléfométers or gyroscopea i nis:
siles. fadar sets in if-traffic Contidl 67 ai-:defensé Systeris, and _théfimom:
etérs or blood flow Measunng dévices in hospital equrpment These de-
vices afe likely to bé analog in Aaturé: and i ofder fof information o be
entered into a digital €omiputér §ysteri, the analog data must be &dRverted
into digital form. Dévicés that cohvert analog §ignals te digital form are
called analog-to-digilal corvertéis.

Output Dévices

For human intefpretation, thefe 1§ no Substituté for the printéd ward. Digital
computers thereforé come équippéed with printifig dévices fanging from
typewritefs to large high-spéed (line-at-a-time aid 1,000 lihés pér mrnute)
printers; these make up the majority of butput dévices. The Teistype i in Frg
1.2 can, for ingtance; be used to typé computer generafed daia via the
typing mechanrsm Prmtmg devrces alsg rnclude specral prmters for pay-
speed (with cost versus speed always a factor) becausé the computer can
usually supply output faster than prifters ¢an repfoduce it This has 1&d to
widespread use of ' ‘offline” printing Systems, whiére the céiputér wites
its results on magnetic tape and the tape is later read and reéproduced by
one or more relatively letharg:c prmters The speed attainablé by the com-
puier in writing on magnetic tape 1 much greater than that of the printéf,
and the tape mechanism i1s more reliable than are the printing devicés
Other output devices include escilloscope displays; lights. and loud-
speakers

Memory _

A computer has the ability to store its program. the input data. and the
interrechate and final results of its calculations. The computers ability
to operate in ah autonomouc manner, aftér the program and iAput data have

e A e e e w———— e v e~ %

Pager 4y v [ R TR LI TN P TP
“hotd cLpy atdre st el

N ‘t \\

i’aper-tape Paper-tape ; Keyboard
punching reading
mechahism fnechanism

Figuie 12 Téletype
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¥
been read. is made possibie by a memory that éontains thésé data during
the processing

Large general :putpbse computérs comé equippéd with several kinds of
Memory. Thé madst impértant is the high-spéed mémory, which is integral
to the Eoritrdl and arithietic sections and with which thése sections can
commiunicate diréetly High-speed memdriés afe generally magnetic-core
of integrated-Circuit devices' They can be réad fiom or written into at
relatively high speeds, but are fairly expensive in térms of initial cost and
also becausé of space requirements, complexity. and power consumption

Slower backup memories are usually magnetic tapes or disk storage
devices, which use magnetic disks resemibling phonograph records {The
disk reading and writing device looks somewhat liké 2 jukebox ) Photd-
graphic film and magnetic cards are also used The characteristics of these

O

"Halails are Givan in later £k iR



6 INTRODUCTION TO CC**7uizd SCIENCE

and other mass or backup rmemory devices are low cost per digit stored,

simphcity of the mechanisims required to read from and write on the storage
media, and, generally, the zbility to store information for long panicds of
time without regencration Trere are no hard-and-fast rules that determine
what is a backup memory cesice and what is to be used as part of the com-
puter's high-speed memory Speed and cost are relative magnatic drums
orice served as high-speed memory devices for low-priced computers and
are now used primarily for buffering or bulk memory in the most expensive,
larger computers.
" Arithmetic Element ’
This section of the digital computer performs the arithmetic and other
operations on the operards (data) stored in the memory These operands
are delivered to the antnmetic element from the memory at the direction of
the control element, wh.ch sequences the operations performed

Most arithmetic units can perform the operations of addition, subtraction,
multiplication, and division, and some can do such operations as finding
square roots It 1s important to note that the anthmetic unit can perform not
only arithmetic but also logical operations and can help the control unit
make decisions

Control Element

The control element obtains the sequence of instructions which direct the
computer in order from the memory and then controls the operations of the
other parts of the computer The contro| section interprets the instructions
and converts them into actions, durectmg the operation of the arithmetic
unit, input-output devices, and memory. An important attribute of the com-
puter is its ability to change the sequence of calculations it performs as a
result of its calculations The control unit provides this facility.

1.3 INPUT DEVICES

This section describes several of the more popular input devaces in more
detail. Some consideration is also given to the preparation of data for entry
into the computer,

Perforated Tape
When the first computers were designed, telegraph systems had been
using perforated paper tapes for some time, and as a resuit. devices for
punching and reading pzper tapes had already been fairly well developed,
leading to wide use of tape Today. minicomputers make considerable use
of punched tape Itis an economical input medium

The tape used 1s of many types and sizes. A medium-thickness paper
tape has bec ced & groat cdeal, and oiled tapes and plasuc tapes are
also uscd. The widths of the tapes used have varied from 3 to 3 inches
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Figure 13 A section of punched-paper tape

Information is punched into the tape a Iine at a time Figure 1 3 illustratesa
section of a perforated tape Multiple channcls are used (a channel runs
lengthwise along the tape). and the code for a single char  or s puached
as a pattern of bits in each lateral ine
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The preparation of nput tapes is generally referred to as keyboarding A
typical paper-tape punching device was shown in Fig 12 The tape-punch-
ing device used may be one of a number of types. however, the more
popular devices resemble a typewnter, and the keyboards of these tape
punches contain conventional symbols, similar to those on an ordinary
typewriier The keyboards of many tape-punch machines are identical with
the keyboards of manual typewriters used in businesses, and sometimes
electnic typewriters are converted to tape-punching machines by attaching
-a punching device which is actuated by the typewriter mechanism.

The coded symbo! for a character is punched into the tape eachtime a
key is depressed. and the tape then advances to the next line. In most
cases. the tape-punching device also prints on a separate piece of paper,
in the same manner as a typewriter, the character which was punched, thus
making a typewrilten copy of the pragram, which may be checked for errors,
in addition to the paper tape punched with the coded symbols This printed
copy of the program is referred to as the “hard copy " Many of the tape-
punch machines are able to read a perforated tape and to type printed
copy from it A punched section of tape may be placed in the tape reader
attached to the tape-punch machine, and a typed copy of the information
which was punched in the tape may be made

Several codes are used in punched tape systems One of the most
popular 1s shown in Fig 14. This figure shows an 8-channe! code where
there are eight channels running lengthwise alo § the tape

Most of the tape readers used in Teletypg-fachines and office equip-
ment are electromechanical devices Of?‘é‘gchamcal “sensing pins” are
used to determine the symbol punched into each line of the tape in a
system of this type, there will be a sensing pin for each information channel,
plus a means of moving the tape and positioning it for reading. The tape is
not moved continuously but only a single line at a time, stopped while the
coding is sensed, and then moved to the next line. The motion of the sens-
ing pin operates a switch the contacts of which are opened or closed, de-
pending on whether there s a hole in the tape

The motion of the tape through the reader I1s generally controlled by the
_computer Each time the tape is to be advanced and a new character read,
the computer supphes the reader with a signal which causes it to advance
the tape to the next character To read characters as fast as possible. a line

is generally read at the sanie tune as the advancing pulse s transmitted
Since there I1s a delay due 1o inertia before the tape is aclually moved, thef
reading of the state of the sensing relays occurs during this delay penod
In this case. when a STOP character is sensed. the reader proceeds to the
next character before actually stopping

High-speed tape readers use photoelectric celis or photodiodes to
read the characters punched into the tape. In these readers, a light-sensi-
tive cell is placed under each channel of the tape, including the "tape
foed hole.” or “sprocket channel.” A light source is placed above the tape

—— —————
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Figure 14 Amencan Standard Code lor Information Interchange (ASCUI) 8-channol papar toone
code

so that the hght-sensitive element Leneath a hole in the tape will be ener- '
gized and will produce a s.gnal indicating the presence of a hole The
signals from the hight-sensitive eiements are then amplified and supphed
to the computer as input infermation
The tapc fced hole 1s uscc to determine when the outpsuts of the hight-
« sensitive elemeonts are to be sonsed The tape in a reader o this iype 1$
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generally friction-driven and moved continuously until a STOP character
1s sensed Extremely tast starting and braking of the tape are very desirabls
features, and most readers are capable of stopping the tape on any given
character

The speeds attainable with various tape reaclers are generally expressed
as the number of charactars per second which can be read Mechanicz!
sensing readers have bzen designed to operate at speeds as high as 203
characters per second, although speeds of from 10 to 60 characters per
second are more common Present-day photoelectric readers operate at
speeds of up to 1,000 characters per.second.,

Punched Cards
The most popular punched card at this time is an 80-column card 3%inches
wide and 7-3- inches long

Just as with tape, there are numerous ways in which punched cards may
be coded Frequently used 1s the Hollenith code, an alphanumeric code! in
which a single character is punched in each column of the card The basic
code s (flustrated in F:ig 15 As an example, the symbol A 1s coded by
means of a punch in the top and 1 row of the card, and the symbol 8 by &
punch in the 8 row of the card.

There are other typ€es of cards with different hole positions on the cards
just as there are many ways of preparing the cards to be read into the co~-
puter. The most commen technique is very similar to that for preparirg
punched tape. n that a card punch with a keyboard like that of a typewriter
is used. Generally, the card punch prints the characters punched into a

t An alphanumenc code 1S one which includes alphabeltic and numernic characters Generally, speciat
characlers such as periods, commas elc, are included
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card at the top of the card itself In this way, a card may be identified with-
out examination of the punches Each character is usually printed at the
top of the card directly above the column in which the character is punched.

The card punch contains a hopper in which the blank cards are stacked
(refer to Fig 16) The operator of the card punch causes a card to enter the
punching area, and the section of the program or data to be processcd are
punched into the card laterally, a column at a time, starting at the left. Ifa
key of the card punch is depressed, the code for the character is punched
into a column of the card, and the card 1s then moved so that the next
column on the right i1s under the punch.

When a program is punched. often only one instruction or statement to
the computer is punched into cach card. Then if an error is made in pro-
gramming, the erroneous instruction may be changed by throwing the in-
correct card away and replacing 1t with a correct card.

The preparation of cards containing data for business systems is highly
developed Large businesses such as insurance companies, credit agen-
ctes, and banks must gather and process almost incredible amounts of
data Most of the processing of these data is now done by electronic com-
puters, but even prior to the advent of the digital computer;punched cards
were extensively used, and a considerable technolog“jz': for handling
punched cards was developed a

Whenever punched cards are used, the data—be it checking account
records, income tax rates, or whatever—must first be entered into a punched
card by a keypunch operator. To give some idea of the magnitude of this
Speration; over 500,000 keypunching consoles are in existence at this
ime,

Because of the enormous amount of keypunching which ._ done in large
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Figure 17 1BM 129 card punches in operation

businesses, many special features have been introduced into card punches.
Figure 17 shows a card punch with a small memory capable of holding all
the data which can be punched into two 80-column records and six program
cards The keypunch operator keyboards the data into the small memory
and can backspace and change characters until the data kayboarded are
correct After all the data are in the small merory, an ENTER DATA key Is
depresscd, and the card s then punched from the characiers in the
memory. Faciliies for controlling the format of the card are included by
means of integrated-circuit logic .
Most punched-card readers are eiectromechanical devices which read
the information punched nto a card, converting the presence or absence of
a hole at each punching position into an electric signal wnich is read by
the computer. The punched cards are placed into a hopper. and when the

- - ——
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command to read 1s given, a lever pushes a card from the botiom of the
stack Generally, the card is tnen moved lengthavise over a row of 80 “read
brushes ™ These brushes rear! the information punched along the bottom
row of the card 1t a hole i1s punched in a particular row, a brush rmakes
electrical contact through the hiole in the card, providing a signal which
may be used by the computer. The next row up is then read, and this
process continues unlil all rons have been read, alter which the next card
is moved into position on the brushes.

Faster card readers have been constructed that use photoelectric cells
under the 12 punch positions along a column and an illuminating source
above the card. As each column on the card 1s passed over the 12 photo-
electric cells, whether a given position is punched is determined by the
presence or absence of light on the corresponding cell. Card readers
operate at speeds of from 12 to 1,000 cards per minute.

14 PREPARING DATA FOR COMPUTER USE

As has been mentioned. the preparation of data for use in businesses can
be expensive and complicated Insurance companies, for example, employ
hundreds of operators to keyboard data concerning policies and claims for
computer use Banks must process hundreds of thousands of transactions
each day, and each must be prepared for entry to the computer.

In many cases it 1s desirable lo buffer large amounts of data by first
recording the data on some medum that can be quickly read and which is
more easily handled than large stacks of punched cards One form of but-
fering consists in first recording the data to be read 1n on magnetic tape and
then reading from the tape inio the computer. A number of devices are
available which will read punched tape or cards and transfer the informa-
tion punched into them onlo magnetic tape. This process takes place out-
side the central computer. Since the magnetic tape may be read much
faster than punched cards or paper tape, the time required to read in
information is reduced

Converting from punched cards to magnetic tapes has been bypassed
by a number of input devices Several companies now offer a line of key-
board-to-magnetic-tape devices Figure 18 shows a console of thistype in
its simplest form, when the operator depresses a key. the character se-
lected appears on a display and 1s also entered on the tlape When the
magnetic tape has been filled or all records have been transcribed, the
tape can be read by the computer

More advanced systems permit the keyboard operator to type a number
of characters, thesc characters are displayed on a console where they may
be read and checked and also are stored in a small memory The char-
acters can be edited (changed). and when the operator is satisfied that
the data are correct, a RECORD button 1s depressed, the data are entered
on magnelic tape, and new cata may be kevboarded
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Figure 18 Keyboard-to-magnehc-tape device

Larger systems use a number of keyboards, all connected to a small
memory and processor equipped with a magnetic-tape recorder. This per-
mits extensive editing; checking by the small processor-computer to com-
pare inputs, error detection, particularly format checking of many types,
and many sorting and collating operations The magnetic tape prepared by

a system of this sort has had many “preprocessing” operations already |

performed, and the data have been subjected to considerable check.mg
and preprocessing For companies with extensive data processing require-
ments, such systems are gaining populanty.

The use of magnetic tapes, including cassettes and cartridges, has
gained 1n popularity because tape s cheaper than cards for bulk storage
and more convenient for system operation. However, the absence of cards
containing printing which can be stored, examined, and manually handled
still meets with some resistance

Some idea of the importance of input data preparation can be seen from
the fact that 30 to 50 percent of installation cost is often for data preparatiorn.
This is especially true, of course. for the larger business systems, but in
even stric'  ~ientific instatiations of modest size as much as 20 percent of
tha rvaten.  _osts can Qo it preparation of data for computer input. As a
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turther example. in 1968 the Internal Revenue Service alone used about
400 muhion punched cards

*Nurnerous spectal devices and media are used to rcduce the cost to
business for data entry For example, firms such as Amerncan Express use
a combination of punched cards with printed characters for their billing
The customer returns the punched card with his check, and the card 1s then
given directly to the computer ’

Many companies use identification cards with specral coding for ther
employees In these systems, the employee inserts his or her card in a
special reader which reads the identification and also enters the ime from
a clock. These data are recorded on tape or a disk. and later the computer
reads ali the check-in and check-cut data recorded during the day St .
other .systems use a time clock to simply punch check-in and check-out
time in a card which has the empioyee’s identification already punched
into it. These cards are then collected at the end of the week. Each of these
schemes reduces the expense of employing operators to punch the data
Gas pumps which read customers’ credit cards and record the amounts of
sales, cash registers which carry sales data to a central tape file in a large
department store, and many similar devices are being used to alleviate the
problems and expense of preparing data for computer entry.

1.5 CHARACTER RECOGNITION
Techniques for data entry extend in many directions The reading of hand-
written or typewritten characters from conventional paper appears to offer

an ideal input system for many applications. The systems currently in use
work primanly as follows

Magnetic-Ink Character Reading (MICR)

The recording of characters by means of an ink with special magnetic
properties and with special forms for the characters was originally used in
quantity by banks The American Banking Association settled on a type
font, and several of their characters are shown in Fig 19a A magnetic
character reader "reads” these characters by examining their shapes
using a 7 by 10 matrix and determines, from the response of the segments
of the matnx to the magnetic ink, which of the characters has passed under
the reader’s head This information 1s transmitted tn the system The deter-
mination of the character which 1s read 1s greatly facilitaléd by the careful
design of the characters and the use of the magnetic ink*

Optical Character Reading (OCR)

The most used optical character readers require that a special type font
(or fonts) be used to print on conventional paper with conventional nk
The printed characters are passed under a strong light and examined by
a lens system that differentiates hight {no ink) from inket cas and by a
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Figure 1.9 (0] A s=* =! characters to be used in @ magnetic-ink charccter reading (MICR) system.
(b) Type =t tor optical character reading (OCR)

logical system "3t attempts to determine which of the possible characters
in the system is czing examined The systems in actual use depend heavily
on the fact that sniy a imited number of characters in a particular font are
used. but such =z, siems are still quite useful The stardard type font agreed
on by the USAZi cptizal character committee 1s shown in Fig 1.9b

The ideal sys'zm would, of course, be able to adapt to many different
type fonts Somz systems, particularly one developed by the Post Office,
read handwrizn characters The success of these systems has been
limited, becaus2 of the many shapes that a given character can have; con-
sider the ways you can write an a and the similanfy between a handwritten
a and an o or 2 b and an . These problems are increased by the optical
reader's aifi.c. iy with the porosity of paper, ink smearing at the edges of
lines, etc. Much work continues in this area, and much more i1s needed, but
the advantagzs of such systems continue to spur research.

1.6 OUTPUT DEVICES

Many types of ouiput equipment are now in use, but the most popular form
of output remz s the printed word. Other types of display devices in regu-
lar use incl. =2 - zon hghts and oscilloscopes. and some computers are
even equippet with loudspeakers (Attempts have been made to compose
music by mea-s of a computer. Many banks have computers which "talk”
with tellers)

Figure 1102 shows the lights and switches on the console of the IBM
System/370 !.'z%el 155, a large machine, and Fig 1 10b shows the console
of the smal'z- '2'A Model 7. These lights can be used as output devices
for very simple orograms where the answers may be read visually, however,

Tt stem s cmmmently niead ae mointenance aids often to troubleshoot
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the operation of the machine Toggle switches and push buttons can be
used to enter data nto computer registers and to sequence operations of
the computer (as well as to startand stop i) The lights are someumes used
to troubleshool programs for small machines. If, for instance, a program
works tself into an enc.z2ss loop, the machine can be stopped and the loca-
tion of the faulty insir.=1.0n sequence in the program can be read from the
lights on the console
Details of the operztions of the two most used output devices; printers
and oscilloscopes, foiioy.
Printers |
For the sake of convenience, a printer should have the ability to print char-
acters, decimal digits and common punctuation marks
A printer is said to te operated online when it is directly connected to a
computer and prints craracters directly given it by the computer. A printer
is said to be operated cffine when it prints data which have previously
been recorded on purched cards, magnetic tape, or some other media by
a computer The information delivered to a printer operated online will be in
the form of electncal s gnals directly from the machine 1f the printer is oper-
ated offline, the reading and decoding of data stored on punched tape,
punched cards, or mz3nelic tape may be a part of the printing operation,
Since the electronic cirzuitry of a computer 1s able to operate at speeds
much higher than thcse of mechanical printing devices, it is desirable that
a printer operated on ne be capable of printing at a very high speed Even
if the printer is operz:ed offline, speed s highly desirable, since the volume
of materia! to be printad may be quite large
Most of the onginal printers were converted electric typewniters or Tele-
type machines The speed of such printers is relatively low, perhaps from
10 to 30 characters per second
There are many c-iferent ways to construct printers Perhaps the two
most basic types are impact printers, which use hammer or type bars or
balls to pnnt, and nomimpact printers, which squirt ink, use some photo-
graphic process, or €.20 burn marks on the paper. Impact printers have so
far been the most used
impact printers vary greatly in construction, cost, and capability. One
type has a number cf pallets,” each with a raised character on the surface
nearest the roller or 2=-1ant drum, mounted In a movable type basket This
basket 1s positioncz 2icctromechanicatly, and the back of the pallet is
then struck by a ha~er which forces the pallet against the page An inked
nbbon is positionzd tzatween the pallet and the page (like a typewriter
nibbon), the character ¢ca the palietis thereby printed on the page, the roller
is moved to the left, a~d another character is printed Sometimes the pallets
are conlained in a r2ctangular “type box” which is also positioned by the
action of the deccs - mechanism, and the correct palletis then struck by a

hammer \ the tvo- s nter mechanisms and type bar and type box mech-
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anisms are capable of prnting up to perhaps 40 craracters per second

If @ number of type bars are located i a row alotg the drum and post-
tioning mechanisms and harvimers are provided for each bar, a line-at-a-
“tme printer may be construcled Thus type of printer can print up to four
lines per second, a speed much tugher than that of the character-at-a-time
printer

Even faster printers are constructed in which the raised characters are
distributed around a “"print wheel” that revolves constantly (refer to Fig
1.11) In this case, the print wheel does not contain moving parts hike the
pallets just described, but consists of a motor-driven drum with a number of
bands equal to the number of characters printed per tine A set of all the
characters which are used 1s distributed around each band The grut ~heal
is revolved continuously When the selected character 1s in posttion. the
print hammer strikes the ribbon agamst the paper and thus agamst the
raised character on the print wheel located behind the paper Printers of
this type can print up to 1,250 lines per minute with 160 characters per hine

Figure 112 shows a printer for the ledger cards used in accounting
systems This printer 1s typical of those used in many business-oriented
systems The ledger cards are dropped in the feed slot in the center just
above the keyboard This printer 1s often used in conjunction with a disk
file, automatically posting data from the files in the ledger cards.

Oscilloscope Display Devices
Cathode-ray tubes were first used to display curves, the coordinates of
which were caiculated by programs More recently, the cathode-ray tube
has been used a great deal to display characters as well The cathode-ray
tube 1s a very fast output device but does not deliver permanent copy
Therefore such tubes are sometimes used in conjunction with a camera,
so that the display on the tube face can be photographed and recorded
permanently

The cathode-ray tubes used in computer displays are the same type as
those used in oscilloscapes and television sets, and entire television sets
are sometimes used For these display systems, the displayed points are
made by positioning and turning on an electron beam in the tube, as is
customary in television sets or oscilloscopes The displays are called
oscilloscope, or “scope,” displays Figure 113 shows a cathode-ray tube
display with a keyboard A

An oscilloscope dispiay or printer together with a kcyb’bard 1s genacraily
called a terminal. Terminals of this type are often used in systems where
the terminal is directly connected to the computer and the user types di-
rectly into, and receives responses directly from, the computer Such
fystems are frequently called interactive systems because they promote
interaction” between the computer and the user :

In some cases the terminal is connected to the computer using tele-
phone lines When a key is depressed on the keyboarc sequence of
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Figure 112 Printer for ledger cards

o

electrical signals representing the character on the depressed key is
generated These signals are converied to a form suitable for transmission
on a telephone line by a device called a data coupler. Figure 1 13 shows an
oscilloscope display. keyboard, and a data coupler for connecting the
terminal to a conventional telephone receiver At the computer, a recewver
connected to the end of the telephone line converts the received signals
back to a form suitable for introduction into the computer.

Similarly, signals generated by the computer are transmitted to the
oscilloscope display, using a data coupler on the same telephone line at

the computer, R
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1.7 PROGRAMMING LANGUAGES
When computers were first introduced, computer users found great dif-
ticulty in prepaning programs Despite the cornputer’s speed and memory
capacity, each individual instruction causes it to perforn a relatively
simple operation—perhaps adding or multiplying two numbers, or per-
haps moving some numbers from one part of memory to another As a
result, in order to perform a calculation of any complexity, quite a few
instructions are required, and they must be carefully written In addition.
the instructions that the computer actually performs are in what is called
binary form and must be written in machine language. which generally
seems most unnatural to humans. (This subject will be explained in detail
in later chapters) -

As a result, computer users wrote special programs which assisted n
the writing and running of programs There were then programs of two
types. (1) Application or user programs, which were the programs written
by the user of the computer to solve his problems, and (2) systems pro-
grams,’ which were programs written by professional sysicms program-
mers to aid the user in preparing and running his programs and in removing
errors from them

The first systems programs were translator programs which translated

the user programs from a language closely resembling machine language

into actual machine language The language in which the programmer
wrote his instructions before translation was calted assembly language
The systems program which converted a program wrntten in assembly
language to machine language so that it could be run on the computer
was called an assembler program or simply an assembler

Having noted the advantages of assembly language over machine
language. computer scientists decided it would be possible, using system
programs, to perform even more complicated translations on the computer
As a result, languages were nvenled which were called high-ievel lan-
guages?

In order to use a high-ievel language, a systems program ts required
which translates a program written in the high-level language into a form
in which it can be run on a computer A systems program which translates
a high-level language program is referred to as a compiler

The best known of all high-level computer languages s Forlran, an
acronym for FORmula TRANSslation System This language was hrst
specified in 1954, its developers included John Backus along with several
other illustrious men Fortran is the most widely written high-level language

tSysterns programs now Include progrims which control computer operaion (calied operaling sys-
tems) programs (o aid in troubleshooting when the computer develops problems and many o.her kinds of
useful programs Thesc will be dealt with in later sections

*The designer of a high-level 1anguage tnes to make the language transfatable by any computer not
just soine particular computer Assembler 'anguages are very closely welded (o
rellacting thoir structure

scular computers,
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in the world, and it is remarkable that perhaps the first high-level language
could be so useful and durable

The ability of Fortran to stand up through the years is a real tribute to its
inventors It should be neled that the Fortran we now write has been
modernized, improved, and enlarged (just as present-day Enghish differs
from elizabethan English), but most of the features in the original Fortran
language remain

There are many other high-level languages (a recent survey uncovered
over 500), but only a handful have been used very much. Fartran is primarily
intended for scientific and enginecring calculations and for general
problem solving invoiving numeric calculations The next best known
language. and the most widely used in business circles. is Cobaol (for
COmmon Business Onented Language) Cobol is particutarly suited to the
demands of the business community ard for military logistics (the lan-
guage was initiated at a conference called by the Department of Defqnse
in the Pentagon) [t 1s designed to facilitate data processing of large files,
including inventory maintenance and banking operations Whereas Fortran
uses mathematical notation [A={E- C) -D, for mstange]. Cobol is f"?fe
like English (MULTIPLY X BY Y AND ADD Z). Further comparisons will be
" given after Fortran has been explained ‘

Other igh-level languages which are widely used include Basic. a com-
puter language for use in “time-shared” or “interactive” systems, PLI1,
which 1s IBM's new language combining many of the features of Fortrgn
and Cobol, Algol, a language invented by an international comrmttee with
some special features, and APL, a language for scientific use with stroqg
matnx- and vector-handling capabiliies Each of these is discussed in
later seclions The intent here is to note that there are a number of lan-
guages and that each has its advantages, disadvantages, adv.oca.tes. and
delractors In general, each has a particular area of application (l.e.,
science. business) in which it is particularly strong. and thus has qu to such
languages being called problem-oriented languages since a given lan-
guage is oriented toward a certain class of problems

1.8 RUNNING A PROGRAM .
After a program has been written in a programming language, it must
somechow be introduced into the computer There are several methods for
preparing programs for a computer, and the chorce of the exact methqd
depends upon the computer input devices available and the manner in
which the computer is operated This section examines several alternatives

The most used procedure for preparing programs for computer opera-
tion involves punched cards A Fortran program is normally written on a.
specizl coding form as shown in Fig 1 14. This form has 80 columns'. and
each hae on the oy thus contains up to 80 characters, each hgv:ng a
urngu~ position Ea b e on the coding form is then punche'd into an
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Figure 114 Fortran coding form

individual card The program on the form in Fig 1 14 would thus be punched
into 16 cards.

Cards are prepared with a card punch as shown in Fig. 1 6. There are a
number of different kinds of card punches. but each has the propenrty that
depressing a key on the punch causes the code for a character to be
punched into a column of a card By “typing” a line from the coding form
on the key punch, we thereby enter the line into the card, and the same line
will be printed along the top of the card

Cards for the program in Fig 1.14 are shown in Fig. 115 These are
ready to be read by a compuier using a card reader There 1s more to
Operating a program than tlus, however. The Fortran compiler program
must also be in the computer. for 1t must perform the necessary translation.
At this point, a number of options are open._ |f the program is to be trans-
lated in a small system, it is possible that the Fortran compiler will first be
read into the computer and the program will then be read 1in and compiled,
and perhaps operated, under manual control. In large systems, where
many programs are operated and computer time 1s at a premium the read-
ing in and translation of the Fortran program is controlled by a set of sys-
tems programs which reside in the computer memory and are called the
operating system Itis the function of the operating system o sequence the
operation of input programs and to call and use such translator programs
as the Fortran compiler.

It we assume that an operating system 1s used. then we must notily the
operating system programs that we wish to use the Fortran comptiler We
must also give the operating system certain other data concernming the
program. These will include. Do we wish the translated program punched
Into a new set of cards so that we can operate 1, without furtner translation,

£ 8D, [ =
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Y O G Tt h O _____,____________%
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[ C - 1%L j

R=007% i)
fc THE PROGHA PRINTS THE INTERIST FOR EACH YEAR
/C THE VARIABL: N GIVES THE MAXIMUM NUMBER OF YEARS CONSIDERED
/~ C_THE VARIABLE C GIVES THE AMOUNT OF CAPITAL INVESTED
/~ C _THU V-AIABLF R GIVES THE INTCREST HATE
(c THIS PROGRAM CALCULATES THE INTEREST ON INVESTED CAPITAL

(a)

THE INTEKEST ON § 1560.00 AT A RATE ¢F 0.07S
INVESTED FOGR 1 YEARS IS § 112.50

THE INTEREST ON $ 1500.00 AT A RATE @F 0.075
INVESTED FOk 2 YEARS IS $ 233.44

THE INTEFEST GN $ 1500.00 AT A KATE ©F 0.075
INVESTED FGR 3 YEARS 15 $ 363.45

THE INTEREST €N $ 1500.00 AT A RATE ¢F 0.075
INVESTED F@GR 4 YEARS IS $ 503.20

THE INTEKEST €N §& 1500.00 AT A RATE @F 0.07S
INVESTED FOR S YFARS IS S 653.44

(b}

Figure 115 (¢ wched cords for progrom (b) Printout when program In (a} is run

- ——— -

STEAUCTON .

in the future? Do we wish to use the nrogram atonce, and have we therefore
supphied data so the program can be run? If data have been supphed.
where are they? Are we running more than one program, and where does
our "job" end?

Details such as these are punched into what are called system or job
control cards, and these cards must be read 1n with the program. A typical
set of job control cards is shown in Fig 116 These cards indicate ihat the
program Is to be translated by a Fortran compiler and the translated pro-
gram 1s to be loaded in the computer memory and immediately operated
This mode of operation 1s called load-and-go.

The data which are to be used when the program is run are also punched
into cards, and a contro! card announcing the end of the program is in-
serted between the program and the data A final controf card arino‘u“nc,:g
the “end of job” is placed at the end of the entire deck,

A complete set of control cards plus the program(s) to be run is called
a job. The operating system controls the performance of jobs in an efficient
manner. Running jobs in this way is called batch processing, and a group
of programs (or records) to be considered as a single unit by the computer
is often called a batch.

Control cards for the same program to be operated in load-and-go mode

These carcls toll

the syst: m the
job envds here Yf i
Data cards go hir —_— £

This says to execute
the program st once — ————————/" /7 GO S/t LD

TR TTTTTTS
ENDOF FILE ¢ ARD

The Fortran program goes here ————————"""""7 )
1 ORT Ay Sy 1 -

These cards tell the computer L0 ALK .

system the facilitios requnred TR A GaTort AR IAAT 1187 Bon

the programming langiage [Pty g

{Fortran), the name of the user Lo MDD UGEH g LAV

and card code used
L]

( I18ARTEE

e
“ﬁ'\lr_

o

Figuro 116 Job contiol cards for 18M 3607370 In O5 i
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Thus 111y the system
the job ends here

The thiti cards .

are hore
This says “loud and go.”
meaming 1o r on i and \ / " |

un ther program now
The Fortran pragrarn /%% (GO

dack gues here \/_/
These three cords tetl the - . SFEENULL X %

uset's name, number of job, / S5CHED CORY 41, SCR-4
system facihities required, $108 3000007 R.BARTLEVG Q4, 1000
and that the program s in

Fortran ,

N

Figure 117 Job control cards for CDs 3300

are shown for the System/360 and /370 series OS opgrahng systerr) in
Fig 116 and for the Control Data Corporation 3300 in Fig 117 The simi-
lanties and differences can be noted. Chapter 13 deals with operating
in some detal .

SYSFK;T; particular computer installation it is generally necessary to obtain
information concerning the control cards to be used when operating a_pro-
gram from the systems programmers at that ins?al!apoanhus, while a
Forlran program can be run at almost any installation, it wu.l‘ be necessary
to use different job control cards when different computer sy‘sxems are usgd.
in facl, for the System/360 and /370 there are several dnf.grent operatm?
systerns (such as OS, DOS, and TOS). and for each operating system dif-
ferent control cards are used While this may seem to be a large problem,
in actual practice it turns out to be a small inconvenience, because at most
instatlations camputer users are supplied standard sets of control cards,
and use of the cards then 1s generally straightforward

punched cards are by no means the only input megium which can be
used to enter Fortran programs, often punched paper“tape 1s used In this
case the oparator of the tape punching device “types” the program on the

. s e evermar M = Cmbmme s - e BN
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keybeard, producing a punched paper tape with each chagler punched
into a separate row. :

When the tape containing a Fortran program is to be read and translated,

- the cornpiler has generally been read into the computer The actual pro-

cedure for compiling a program and running it varies v:dzi, fur paper-tan2
systems, depending on whether the memory can contain both compiler
and program, whether a disk pack or tape mechanism 1s availabla to back
up the memory, whether an operating system is used, elc. Punched paper-
tape systems are generally controlied by a keyboard on a console and by
the computer switches, however, rather than by means of job control lines
punched into the tape. The procedures to be used must be acquired at the
installation, )

1.9 INTERACTIVE SYSTEMS

This is still another widely uscd technique for introducing and operating
programs. In these systems the program is keyboarded directly into the
computer using a device such as the Teletype equipment in Fig 1.2.In this
case the Teletype equipment is connected directly to the computer {(some-
times using telephone lines), and when a key is depressed, coded signals
are immed:ately transmitted to the computer which records them in its
memory. A record of what was keyboarded is made on paper by a typing
mechanism similar to a typewnter Such systems aiso ailow the computer
to type responses, however, and the interplay between computer and user
has led these systems to be calied interactive systems.

Figure 1.18 shows a record of the running of the program in Fig 1 14 on
an interactive system, the General Electric Company Mark lil System This
particular system has Teletype keyboards 1n many laboratones and busi-
nesses around the country, and the computer connection is made by con-
ventional telephone lines. To connect a given Teletype to the computer,
the computer telephone number is simply dialed in conventional fashion,
When the connection is made, the computer asks the user for a special
code number by typing U#= on the Telelype equipment, the user then
types his code number (which is CHW25125, 1KMS/STD 1n the figure) The
computer then asks for an identification number by typing ID #. and the
user responds with his ID number, in this case 2272.

The computer then lists the different comptlers which are available In
this case Fortran was to be used, and so after the computer typed READY,
indicating that it was ready to accept a response, the user typed SYSTEM
FORTRAN. After the computer read the line SYSTEM FORTRAN. it indicated
it was again able to accept information (after having called tne Forlran
System) by typing READY. The user then asked to create a new file by
typing NEW, to which the computer responded EisvER FlLe NAME—and
the user typed TCB1 to give the file a name.



oC}m—

Uo=CHI2512%, 1KM5/51L
ID12272}

—- Computer asks lor code words and location with "U#=." User responds

TYI F1
AFTER

SYSTEM BASIC » SYSLTEM FORTPAN » SYSTEM FI VW .
THE COMFUItk RESPONLSt REALY», TYPE: OLD OR NRW

---— Cormputer types ID User types his number, in this case 2272

Computer asks which compiler system will be used and gives highest ine number avail-

PROGAAM ST1CP AT 999

]

USED 14 UNITS
SYSTEM FCRTRAN}

able {999)

User types SYSTEM FORTRAN

HEADY]}

-

Computer says it is ready

NEJ}

=———————User asks to start a new file

ENTEh FILE NAMF — TCPL}

—————Computer types ENTER FILE NAME—. User then t

* READY

1C THIS PROGRAM CALCLLATES 1HF INGFFEST ON INVECTFL CAPITAL

ypes name of new file TCBI Computer

-+ then types READY

2€ THF VAKIAPLF K BIVES 1HF IN1TFEFST RA1E . R

3C THF VARIABLE C #IUE: IHE AMOGNT OF CAPITAL IVVUFSTFT .

4C 1HE VAKIAPLF N GIVFS THE MAXIMULM NUMPEF OF YEARS 70 Pt CONSITERED

SC THE PRMEAM FRIN1S THE IN1ERFST FOR EACH YEAR

6 R = 0-,075

‘; g ® ;500'00 [~—— This is the Fortran program entered by the user

= -

9 PO 10 J = s N

10 Y = (C * C1.00 ¢« R) %% J) - C .

i1 FRINT 15, C» K

12 10 FRINT 16, J» Y

13 15  FORMA1C¢ //,18H THF INTEPFST ON $,F8.2,13H AT A RATE OFo F€.3)

14 16 FOHVMATC14H INVESTIEL FOR »12,11H YEARS I& $,F7.2)

15 STOF3 END J

RUNJ- : User types RUN, telling computer to run program
b——————Computer t i

1CB1 13116EDT 09730 /13 _ P ypes file name, time, and date

THE INTEHEST ON $ 1500.00 A1 A RATF OF °°°75W )

INVESTED FOR 1| YEARS IS f 112.50

THE INTFREST ON § 1500.00 AT A RATF OF 0.075

INVESTED FOR 2 YFARS IS § 233.44

1HE INTERFST ON $ 1500.00 AT A RATE OF 0.075 This is the output from the program

INVESTED FOR 3 YEARS IS § 363.45 '

THE INTFREST N § 1500.00 AT A RATE OF 0.075

INVFSTED FCR 4 YFARS IS § 503.20 . <}

THE INTERFST (N $ 1500.00 AT A RATE COF 0.075 f

INVESTEL FOR 5 YEARS IS $ €53.44 J :
;——Computer tells where program stopped

PROGHAM STOF AT 15}~ — prog pp

b —
—

USFD .13 UNITS)}

Computer tells how much resource was used

-
T

User signs off

BYE }——

0001.69 CRU 0001«1€¢ 1CH 000¢6-34

“]

Computer lists total resources used and sign-off time and date

]

'use of Intoraclive systern 1o run @ program

CFF AT i3t18FDT 0973073

Figure 118 Roc
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The Fortran program was then typed. After the program had been en-
tered. the computer was directed to operate the program by the user typing
the command word RUN The computer system responded by typing the
name of the file, TCB1. followed by the time and date. The results of the

running of the program were then printed Finally, the user "signed off" by’

simply typing BYE. .
Interactive online systems vary from system to system, and the particular
procedures to be used at éach facility must be learned. The systems are
_really not too dissimilar from each othef, however, and having learned one
system, the user generally finds it easy to learn another.! The Fortran lan-
guage remains basically the same from system to system—only the pro-
cedures for using the system vary.

EXERCISES

1 Discuss the terms hardwaré and software

2 Discuss the possible uses of a digital computer in & real-time control system
of your chaice. What analog-to-digital conversion devices wéuld be néces-
sary?

3 Discuss some of the problems which might,anse if a computer attempted to
read handwriting I1n an optical character reading system Why aré the MICR
systems much simpler to design?

4 "A common complaint on oscilloscope displays concerns the tack of hard
copy " Explain this seftence.

5 Explam the difference between systéms programs and application programs

6 Explain the difference between an assembly language and an application-
oriented high-level language High-level languagés are often said to be
“transportable " Can you explain why?

7 Are operating systemis more likely to be used in small or large computer
systems? Why?

8 List several advantagés in using an operating system.

g Why are job control cards used when prografms are fun with an operating
system? )

10 What are interactive systems?

11 List the results of the program run in Fig. 1.18 )

12 On what day and at what time was the program in Fig 118 run?

13 Give some advantages and disadvantages of batch processing systems as
opposed to interactive systems

tNotice that each hne in the Fortrdn program in Fig 11815 preceded by a line number Thisisa pam.c-
ular charactenstic of the GE system { and several others) The line number is not a part of the ptogram
but simply indicates the ordanng of the hines in the program

——— R moema— -

. - =y —— -

-

INFORMATION REPRESENTATION IN A DIGITAL COMPUTER-

in order for a digrtal computer to execute a sequence of instructions at
high speed without operator intervention, it must be able to store not only
the program but alsé the inpul data and the intermediate resulls In many
instances, the computer's memiory will contain much more, often including
the systems programs$ and sometimes other usef's programs. Business
systéms often have vefy large memories with large files of data on cus-
tomers, suppliers, and ¢orporate finances As a resull, the memory of a
computer is a major cost itern, and the widespread use of digital computers
is made possible through the existence of low-cost high-speed reliable
memory devices.

There is one outstanding charactéristic of those computer memory
devices that are reliable, fast, and relatively inexpensive. individual ele-
ments are all operated in a bistable manner.' The most familiar bistable:
device is probably the common switch used to turn lights (or other electrical
devices) off or on (refer to Fig 2.1) Similarly, electrnic circuits using transis-
tors can be reliably 6perited 1n a bistable manner in which a given circuit

'The word brstable means “having two stable states ™
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435V
R
640 640 2

0 Out o—— 1 Qut

——/A——Q/K—

Open switch Closed switch

{a) (b)

Current is apphed Current 1s removed,

.
cure remans '

magnetized

(c)

Current s applied Core 1s magnetized Current s reversed, Current is removed,
wnth Hlux through «. thecare reverses core remains
core in 1ts magnetic state magnetized with Hux
cnunterclockwise 1n clpckwise direction
Auection
()

Flgu;e 24 Bistable devices (a) Electric switch. (b).Two-translsior flip flop (¢} Magnetizing G core.
{d] Diroctions of mugnetization.

is stable in either of two states that can be referred to as '.'off" or “on.” The
same principle applies to the magnetic cores useq n hlgh-s.peed mert:'l-
ories. the “spots” on magnetic tapes which.contam information, ang the
holes that are "punchzd” or "not punched™ In paper tapo and cards, efc.
Thus, the Information stored in computers is stored in devices which are
in a bistable manner.
Op\ehf/ilee: information such as decimal numbers, names. and addresses
must be stored 1n bistable devices, it is necessary to invent codes arrw]d
encoding techrmigues SO that the information _can be represented b);‘ the
devices. T “a chapier describes the codes which are used, along with he
oraanizal.  of memocries 1in computers. First, the binary number system.

[

INFORMATION REPRESENTATION IN A DIGITAL COMPUTER

which 1s the most natural means for representing nurmbers when bistab!
devices are used, 1s described Then, more advanced number represent.

-tion systems and techniques for representing alphabetic character

punctuation marks, etc, are descnbed

24 NUMBER REPRESENTATION SYSTEMS .
By examination of the representation of integers in the decimal numb:
system an important principle can be observed, the principle of position.
notation. Consider the number 824. The use of positional notation may t
plainly seen if we read this number aloud as “eight hundred anA_twenty
four.” The position of each digit in a number determines its value. the lea:
significant digit is the rightmost digit and the most significant the leftmos
An ‘examination indicates that the written number 824 represents, or 1s
shorthand for, (8 X 100) + (2x 10} + 4 or (8 X 10¥) + (2 x 10") + (4 X 10°
Similarly, 98,642 is a compact way to represent (9 X 10*) + (8 x 10?)
(6 x 10%) + (4 x 10') + (2 x 109) -

The idea of using the position of a digit to determine its vatue in a writte
number is quite ingenious Earlier number systems did not use this princ
ple: 1s "one” in Roman numerals, V is "five,” X is "ten,” and XVi s “sixteen
MCXV! 1s "one thousand one hundred and sixteen " Only minor rules suc
as IV for "four” and VI for “six" use position to affect value Qur numbe
representation system is completely based on the use of position to dete
mine value The procedures we use for adding. subtracting, multiplying
and dividing decimal numbers are all based on the use of this principle
and the compactness and clarity which result from positional notation plu
the great efficiency of these procedures have so thoroughly establishe
positional notation that we hardly notice its existence

The representation system for decimal integors using positionai note
tion 1s based on the rule that the written number am@m., . a,8:8, FEPIC
sents the sum (am, X 10™) + (@m-¢ X 10™ )+ « -+ + (g, X 10") + (3, X 10°
Therefore, for 824 we have 8 = a,, 2 ~ a,, and 4 = a,, this represants (8 x 10
+ (2 X 10") + (4 x 10° = (8 x 100) r (2 x 10) + 4. Similarly, 32,963 ha
a,=3,a,=2 a,=9 a, =6 and a, = 3; 32.963 is the positional notatio
representation for (3 X 107} + (2 x 10%) + (9 x 10%) + (6 x 10') + (3 x 10®
This “expanded sum of powers” 15 called the literal expansion of the num
ber Thus, the literal expansion of 54 1s (5 x 10") + (4 x_10°)

Each digit in a written decimal number is chosen from a set of 10 sy
bolg, whichwewritcas0,1,2.. .,9,and the existence of 10 d:fferent digit
or symbols 1s the basis of the term decimal number system. A smaller ¢
larger number of symbols could be used in each position, however, and f¢
each choice we would have a different number representation system,

The simplest of these systems is the binary number system which ha
only two possible digits in each posit:ion, we designate them 0 and 1. Th
rule for forming a binary integer is that we write a,am -1 2,8, as'a shon



k1] lNlRODU'.‘;lION 1 COMPUTER SCIINCE

hand for (@m X 2™ + (@m- %X 2™ ') - -t (@, X 2') -+ (2o % 2°), \(vhere the
a's are each a 0 or a 1. For instance, the binary number 101 repre.senﬁs
the sum (1 > 22) + (0 < 2") t (1 x 2°) which is represented by the digit 5 in
the decimal system Again, the binary number 11101 represents the sum
(1x2y+ (1 x2) ¢ (1224 (0x2) +{1x2) -——-(1. % 16) + (1 x8)+
(1~ 4)+ (1 x 1), which s represented by 29 in the decimal system
Since the symbols 0 and 1 are used in both binary and degxmal systems,
numbers like 10 can be either binary or decimal. A nolatngn commonly
used to distinguish between binary and decimal numbers writes the bas_e
of the number as a subscript after it; hence 10, 1s "binary 2" and 10,0 IS

“decimal 10." . ] . .

Here are the decimal and binary representations for the first 20 integers:
02=0|o 1112::7“) 11‘02’?14‘0
1.= T 10002=8w 11113= 15_“,
10;=2|° 1001; = 910 100002= 16|n
11, = 30 1010, = 10, 10001, = 17,

100, = 4y 1011,= 11, 10010; = 18y

101, = 540 1100, = 124 10011, = 19,

110, = 640 1101, = 13, 10100, = 2010

The positional notation system used for decimal integers'extends easily
to decimal fractions and in a similar rarnner to fractions in other bases.

The decimal fraction 0 264 has for its hteral expansion the sum (? x 10
+ (6 x 10°2) + (4 x 107?) The decimal fraction 023 has as I.tS literal ex-
pansion the sum (2>10"t@>10 ?) |n general, the decimal fra_c'tloi
0a.,a.....a m has as its Iteral expansion the sum (a.s % 1_01 )
(@.p X 1072k -+ t (a.m ¥ 10°™) Thus, for 0.12637 we have a_j‘—_'_.;;
=2 a,~6.a.,~3.ada,~7, the lit(e):r?)l expansion is (1x107")+(

2) > N {3710 94 (7T=1 .
10Tr)19 s(gme1gnr)lmp(le can b)e u(sed for binary fractnpns Here, negative
powers of 2 instead of 10 appear n the literal expans:on »

For example, 0.1011 has as its literal exeansmn t‘he sum ‘(1 X 2 21_+
(0x2 3+ (1x23+(1x27). [This is (1 x5)+(9x;)4-(1 x—a—)+(.1 X ‘r?
in decimal ] The binary fraction 011101 has as its htera_lsexpansuon the
sum (1 x2 ) +{(1x23)+(1x2 H+(O0x 2+ (1 ><2_) - o

in general, the binary frachbon 0a @-2...8-m has_for its litera ﬁpr' :
sion the sum (a , X 24 +(a., X 27 4 -« - (@ pX2") Thus_.fort ed tlr?o
ary fraction 0 1011 we havea ,= 1.a .=0, a,._g =1, and i,. ;h1. ahn e
Iiteral expanswon {1 ~ 2 B4 0x2? (%2 3+ (1 x 274). (This has
value % 45k T'g = -:—;— in decimal.)

We note the following correspondences:

012 :05“) 0112 =07510
001, =025, 0001, = 0.125,

campmre— "
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2.2 ARITHMETIC OPERATIONS IN THE BINARY NUMBER SYSTEM

In this section we turn our attention to arnithmetic operzations in the binary
number system, for it is in this system that most computers perform their

. operations.

The operations of addition, subtraction, multiplication, and division are
straightforward in the binary number system To add, the sums of only four
comb’nations of Os and 1s must be learned; they are:

0+0=0 O+1=1
1+1=0plusacarryoft i+0=1

Addition of two binary numbers can be performed cqlumn by column,
as in the decima! system, with carries being handled in the same manner,

101, 1100, 110101,
+1011;  +1110, +1110,
10000, 11010, 1000011,

To check the first addition above, note that 101, =5,,and 1011,= 11,and

that the sum of these two integers 1s 10000, = 16,,. The other two sums may
be checked in a similar manner.

Again, there are four entries for subtraction,

0~-0=0

0 - 1 =1 with a borréw ot 1 from the next most significant digit in the
minuend

1-0=1

1—1=0

Here are four examples of subtractions. The "borrow” is handled as

with decimal numbers. Agarn, the differences may be checked by con-
verting to decimal numbers ’

1011, 1101, 11101, ~ 101010,
~1001, —1010, —1100, —101011,
10 1.1 100 01 ~001

The following four rules will suffice for the multiplication of binary digits.

Note the reduction of the decimal multiplication table of 100 entries to
four entries.

O0x0=0
0x1=0

1xX0=0
1x1=1

Multiplication can be performed using the same procedure as that of

the decimal system. For binary, however, one simply copies the multiph-

cand if a multiplier digit 1s a 1, as an examination of the rules above will
indicate.
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101, 110, 110 101,

110, 111, 1101,

000 110 110101
101 110 000000
101 110 110101
11110, 101010, 110101

10101.10001,

Division may be performed using the familiar trial-and-error technique.
In this case, however, each quotient digit can be oniy a 0 or 1, greatly
simplifying the process

110.1 10101

10J1101 11.1710010011
10 111
10 1000
10 111
010
10

2.3 BINARY-CODED-DECIMAL NUMBER REPRESENTATION

The electronic circuit devices used to construct digital computers are
inherently binary in operation, as are the memory devices used to store
information, and so the binary number system is the most natural one for a
computer On the other hand. the decimal system is what people use, and
there is a natural reaction to the'thought of performing calculations n a
binary number system Also, since checks, bills, tax rates prices, etc, are
all figured in the decimal system, the values of most input data to a com-
puter must be converted from decimal to binary before computations can
begin. Similarly, binary data must be converted to decimal before they can
be printed or outputed in most cases

For these and other reasons most of the early machines operated in
binary-coded-decimal number systems In such systems a coded group of
binary bits' 1s used to represent each of the 10 decimal digtts For instance,
an obvious and natural code 1s the simple "weighted binary code™ shown
in Table 2 1 .

This 1s known as a binary-coded-decimal 8,4.2,1 ccde or simply BCD,
and 1s the most used code at this time Notice that 4 binary bits are required
for each decimal digit. and each bitis assigned a weight, for instance, the
nghtmost bit has a we:ght of 1 and the leftmost bit in each code group has a
weight of 8 By adding the weights of the positions in which 1s appear, the
decimal digit represented by a code group may be derived This is some-

tA binai L 1s generally called a bit in computer terminology

INTORMATION REPRESENTATION IN A DIGITAL COMPUTER
/ 9

Table 21 BCD Code {(8.4.2,1)
—_— T T

———

Binary code Dectmal digat

0000
0001
0010
0011
0100
0101
0110
0111
1000
1001

CDQNO)U\&QN-‘O

what uneconomical since 2* =16 and therefore the 4 bits could actually

. fepresent 16 different values, but the next lesser choice, 3 bits, gives only

23, or 8, values, which are insufficient

' if the decimal number 214 is to be represented in.thls type of code, 12
binary bits are required as follows 0010 0001 0100 For the decimal nLJm-
ber 1,246 to be represented. 16 bits are required 0001 0030 0100 0110,

12_.4 (t)hCTAL AND HEXADECIMAL NUMBER SYSTEMS

WO other number systems are widel

Y used in compu
and the hexadecimal number systems Puier science the octal
X 'The octal number system has a base. or radix, of 8, eight different sym-
70Tiar? uts;ed to represent numbers. these are commoniy 0,1,2,.3.4.5.6. and
e first few o s and their decimal equivalents are as st

o Tatie o Ctal numbers and their decimal equivalents are as shown

f"I'o convert an octal number to a decimal number, we use the same sort
of hiteral expansion as in the binary case, except thatwe now have a radix of
8 mstea_d of 2 Therefore 1,213 In octal 15 (1 X 8%)+(2x 8%) +(1x8")+

Table 22 Octal Numbers

Octal Decimal Octal Decimal

0 0 1a| 9 Kj:
1 1 12 10 S
2 2 13 1 : '

3 3 14 12

4 4 15 13

5 5 16 14

6 8 17 15

7 7 20 16
10 8

21 17
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% 8% = 512 + 128 + g+ 3-651in dccnmal1AIsnz. 1123 in 0:%\! s

E?;\Bn) l—-(1 x8 "N t{2x8 H+(3x8 o t+gtert o3 = 1512 10
mal _ ' o

de?flh]ere s a simple trick for converling a blnair}'hnurr;bg‘r"tr(‘)”?g ;f:t?:; rc\)t;tal

ts into sels of (nrees, Sic
.r Simply group the binary digi _ ts of _ :

bg:nt Iar~.‘?jyreg31d each set of three binary digits gccordung lokT??:ﬁozt?\rees

P Le.t us convert the binary number 011101, First we ?rea t éi tnrese

(thus 011 101), and then, converting each group of thrée binary digis,

get 35 in octal. Therefore 011 101 binary = 35 octal. Here are several more
examples:
110110101, = 665,
11011, = 33s
1001, = 11,
10101.11, =256,
1100.111, = 1474
10111111, = 1374,
Conversion from decimal 10 oct
dividing the decimal number by 8 an

the octal number being formed 1 qu instance,
representation, we divide as follows:

al can be performed by repea}ted!y
d using each remainger as a digitin
to convert 200, to an octal

remainder is 0

200 -8=25
25—-8=3 remainder s 1
3+-8=0 remainder is 3

Therefore 2005, = 310,
Notice that when the numb
quotient and the number as t

or to be divided is less than 8, y/e use O asthe
ne remainder. Let us check this:

t Th will wo k for any base To convert from dec se 5. ICDOM these nsi uctions |ep|3Ch o]
S imal to ba

each occurrence ol 8 with 5 for gxample

Table 23 Octal-Binary
Conversion

e e =

Ocia! dgtt

e

e

Three binary digits

000,

001

010

o1

. 100

' 101
110

111

-leﬁU‘h‘bJN-tO

- e e
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310, % (310X 8,6Y) + (110 ¥ 84") + (010 > 8,¢%) = 192, + 8,5 = 200,
Here is another example. We wish to convert 3364,, to octal. '

3964 ~8=495  with a remainder of 4

495 +~ 8 = 61 with a rernainder of 7
61 +-8=7 with a remainder of 5
7-8=0 with a remainder of 7

Therefore 7574, = 39645 Checking,
75746 = (7‘0 X Blﬂi) + (510 X 8102) + (710 % 810) + 4,
= (716 X 51210) + (sw X 6416) + (716 X 816) + (416 X -1|o)
= 3584,0 4+ 32040 4 56,0 + 4,9
&= 3964,

" Theré aré several olhér téchniques for converting octal to decirnal and
decimal to octal, but they are not used very frequently manually, and tables
prove to be of about as much value as anything in this process. A useful
octal-to-decimal listing of values is shown in Table 2.4.

An important use for octa! is in histings of programs and for memory
“dumps” for binary machines, thus making the printouts moré compact
Also, 1n keeping track of the contents of different registers and in orally
conveying the contents of a binary register to someonaé. it is very convent-
ent to use octal characters rather than binary If, for instance, we want to
send the binary number 011101111 6ver the telephone, itis easiér and less
conducive to error to say “three-five-seven in octai” than “zero-ofie-one-
one-zero-one-one-orie-one in binary."”

The hexadecimal number system 1s useful for similar reasons. In many
computers, including the IBM System/360 series, Data General's Nova
series, the Digital Equipment Corp. PDP-11, and Honeywell Inc computers,
and in most minicomputers, the memoriés are organized into sets of “bytes”
consisting of 8 binary digits Each byte either i$ used as a single entity to

Table 2.4 Octdl-Decimal Table

Octal Position coctfidients

digit " (mutiphers)

position/ e

8" 0 1 2 3 4 5 6 7
1st (89) 0 1 2 3 4 5 6 7
2d (8Y) 0 8 16 24 32 40 48 56
3d (8% 0 64 128 192 256 320 334 448
4th {8%) 0 512 1,024 1.536 2,043 2550 3072 3581
S5th (84) 0 4.096 8 192 12 288 16 384 20 480 24 576 23612
6h(8) 0 327CC 65535 08304 131,072 163RD 196608 279376




INIRODUCUON TO COMPUTEP SCIENCE -~
42 L

represent a single alphanumeric character or 1s broken nto two 4-bit
pieces (We shall examine the coding of aiphanumeric characters using
r in this chapter .

byx\‘lavsh:;:ethe bytes ar:har)ldled in two 4-bit pieces. these 4-bit half-bytes
are often called "mibbles.” and the programmer is given the option of de-‘
claning each 4-bit character as a piece of a binary number or as two binary-
coded-decimal nurnbers For instance, the byte 0001 10'00 can be declared
a binary number, in which case it I1s equal to 24 decimal, or tvyo binary-
coded-decimal characters, in which case it represents the decimal num-
ber 18. . . .

When the computer is handling numbers in bupary. but in groups of 4
digits, it 1s convenient to have a code for representing each of these sets of
4 digits Since there are 16 possible different numbers which can be repre-
sented, we need a base-16 number system this i1s called the hexadecimal
number system The digits 0 through 9 alone will not suffice. so the letters
A B.C.D. E and F are also used (see Table 2 5) ‘

To convert binary to hexadecimal, we simply break a binary number into
groups of 4 digits and convert each group of 4 digits according to trfcp;e-

. ceding code Thus 10111011, = BB, 10010101, = 9546, 110091112— 16
and 10001011, = 8B,, The mixture of letters gnd decimal digits may ssaemI
strange at first, but these are simply convenient symbols, just as decima
dlgTI;\Seacrzinversion of hexadecimal to decimal is stralghtfogward but time-
consuming. For instance. BB represents (B x 16"} + (B x 16 y={(11x16) +
(11 x 1) =176 + 11 =187. Similarly,

fable 25 Hexadecimal Dights

Binary Hexadecimal Decimal
0000. 0 0
0001 1 1
0010 3 2
0011 3 3
0100 4 4
0101 5 5 )
0110 6 6
ot 7 7
1000 8 8
1001 9 9
1010 A 10
1011 B 11
1100 Cc 12
1101 D 13
1110 E 14
1111 F 15

.
- i e s Do — e T g T —— — . | 8y &

- av————
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ABB.s = (10,0 X 16,¢%) ++ (11,0 X 1650) + 610
= (1040 X 25610) + 17615 + B1o
= 2560, + 17645 + By
= 2742,

To convert, for instance, 3A6,¢ to decimal,

3AB1s = (310 X 1610?) + (10,0 X 16,0) + 61
= {30 X 256,0) + (10;¢ X 16,5) + 64
=768, + 1600 + 610
=934, _ R

Again, tables are convenient for converting hexadecimal to decimal
and decimal to hexadecimal Table 26 s useful for converting 1n either
direction

The chief use of the hexadecinal system is in connection with byte-
organized machines.

25 ORGANIZATION OF MEMORIES .

No single memory device so far invented has both of two desirable char-
actenistics low cost and high speed There are high-speed memories
constructed of magnetic cores and integrated semiconductor circuits, but
these are not inexpensive. On the other hand, magnetic tape 1s very inex-
pensive per bit, but it is slow in operating speed There Is also a class of
devices such as magnetic disks and drums which are “in between.” being
relatively inexpensive and relatively fast.

Since a computer often needs a large memory and high speed of opera-
tion and no single device will satisfy both requirements, a compromise
strategy 1s used where the machine has several memones. each with dif-
ferent characterislics

Figure 2 2 shows the basic organization of memory in a large computer
(Small computers often have no backup memory.) The general registers are
made of high-speed semiconductor electronic circuits and are used to
hold operands while calculations are being performed Some computers
have only one general register, while other computers have as many as 32
general registers These registers are often called accumulators

The high-speed memory usually communicates directly with the genoral
registers, and data or operands to be used are obtained from this memory
and results are stored n it The high-speed memory also conlains the
instruction words making up the program. .

The backup memory consists of slower memory devices such as tape

" or disk storage, and these have the characteristics of low price per bit!

tAabiisa binary digit
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Table 26 Hexadecimal-Decimal Toble
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A Integer conversion
H H H H EXAMPLE: 2322, is
3 E E € 81925 + 768y + 320 + 240
X DEC X DEC X DEC X DEC =89940.
0 0 o 00 0 0 0
] 409 1 256 1 1 1 1
2 8192 2 512 2 32 2 2
3 12288 3 768 3 48 3 3
4 16384. 4 1024 4 64 4 4
5§ 20480 5 1280 5 80 5 5
6 24576 6 1536 6 9% 6 6
7 28672 7 1792 7 12 71 7
8 32768 8 2048 8 123 8 8
9 36864 9 2304 9 134 9 9
A 40960 A 2560 A 160 A 10
B 45056 B 2816 B 176 B 11
C 49152 C 3072 .C 192 C 12
D 53248 D 3328 D 208 D 13 .
E 57344 € 3584 E 224 E 14
F 61440 F 3840 F 2:0 F 15
Hexadecimal -

4 3 2 ! positions
B Fractiona! conversion
H H H H
E E E E
X DEC X DECIMAL X DECIMAL X DECIMAL EQUIVALENT
0 0000 OO0 COO0 00CO 000 0000 0000 0000 0000 COO0 0000 0000 0600
1 0625 01 0033 05”5 001 0002 4414 0625 0001 0000 1525 8789 0625
2 1250 02 0078 1230 002 0004 3828 1250 0002 O0LOO 3051 7578 1250
3 1875 03 0117 1875 003 0007 3242 1875 0003 0000 4577 6367 1875
4 2500 04 0156 2700 00% 0009 7656 2500 0004 0900 6103 5156 2500
5 3125 U3 G1es 3123 00L 0012 2070 3125 0005 ©QON0 7623 3945 3125
6 3750 06 0234 3750 006 0014 6484 3750 000G 0000 9155 2734 3750
7 4375 07 0273 4375 007 0017 0398 4375 0007 0001 0681 1523 4375
8 5000 03 0312 5000 008 0019 5312 5000 0008 501 2207 0312 5000
9 5625 09 0351 5623 (033 0021 9726 5625 0009 0001 3732 9401 5625
A 6250 0A 0330 6130 O00A 0024 4140 6250 O000A (001 5258 78390 6250
B 6875 0B 0429 6275 (0B 0026 8554 6875 0003 0001 6784 €679 6875
C 7500 OC 0468 7500 00C 0029 2968 7500 O000C 0001 8310 5468 7500
D 8125 00 0597 8125 00D 0031 7382 8125 Q00D 000t 9836 4257 8125
E 8750 QE 0546 8750 0Dt 0034 1796 8750 OO00E 0002 1362 3046 8750
F 9375 OF 0585 9375 COF 0036 €210 9375 O000F 0302 2338 1835 9375

1 2 3 4

- cmeme
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* disks
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Figure 22 Mcmory organization

and high packing densit
10° to 10® buts, but the b
Computers do not h
perform calculations wi
ber ot bits in it A given
of bits 1 each word is
basic word length,

. The word length for the newer computers tends to be either 16 or 32
bits. The System/360 has a 32-bit word The DEC PDP-11 Data C‘cf: |
Novq; Hewlett-Packard, and Micro Data computers, with mnrlmy (‘m:orl hi:/an
16-bit words. There are some 12-bit word computors such as the ;"DFC’ABH
and some 24-bit computers including the Control Data Corporation 3100'
3200. 3300, and 3500, several computers made by the Univac \Dwmon of'
Sperry Rand Corp., and the Soviet K-200 Unwvac also has some 3G-b;t com-

y. The main high-speed memory may contain from
ackup memories may contain 10” to 10" buts !

andle bits one at a time, Instead, most computers
th groups of bits, each group having the same num-
group of bits is then called a ward. and the number
callec the word length Thus, each computer has a

-puters Some of the larger CDC computers have 60-bit word lengtis

Figpre 2_.3 shows Ihat.lhe high-speed memories in computers are also
orr?amzed into words of fixed lengths The memory 1s divided nto n words
where n generally I1s some power of 2. and each word is assigned an ad-'

1
A hitte arthmetic with high-spead memory prices of 1 cent per bit which 1s quite reasanable will

stow tro
¢ necd for slower memory devices at thousangihs {disks) to hurdrads.o* thov-

Cubt pui LI vHiE ) ofa
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Word lena'r
—
Address 0 —
Address | —— > 8 ]
Address 2 — {
[
A
1 | :
' ‘ | n words
] 1 1
[] 1 [l
Lo
ol
Address N ~2 ———» ] .
AddressN -1 — l“‘\\
\ Zach word contains the same
gitl Bi2 + wmbar of bits

‘Figure 23 Words in high-speed memory

dress or location in the memory. Each word has the same number of bits,

and if we read, for instance, the word at location 72, we shall receive a word
from the memory with this number of bits
The addresses or acdress numbers 1n the memory run (:onsecutlvely,t
starting with the address 0 and running up to the largest address Thus, ad
address 0 we find a worZ ataddress 1 a second word, at address 2 a thir
in the largest address
ord. and so on up to ire final word at o
" The computer canread a word from or write a worq into each Iocatnon;?
the memory For a memory with an 8-bit word, if we write the word 01001?, |
into memory address 17 and later read from this same addres’s.lvxt/e stm?ne
read the word 01001011 if we again read from this address ata ia erin ne
(and have not written arather word 1n), the word 01(').01011 will aga n o
read This means the memaory 1S “nondestructive read” in that reading
estroy or change & stored word
notltdus méortant to urcerstand the difference between the contentsbc:rf]:t
memory address and tne address itself A memory 1s like a large Icnaeach
i e there are addresses 1n memory
containing as many C-z«~ers as > N A n e
) f each word Is written on the ou
drawer 1s a word, and "2 address o . e he
(el d at address 17, it 1s like piacing
the drawer If we writg o7 store a wor P o
zi2 ter, reading from address 1/ 1S
word in the drawer latzed 17 La 3 S ad.
i ce We do not remove the worg at a
i n that drawer {o seeits contents et
|c?rgesls when we read bt change the contents at an address only when we

store or write a nev/ v.cr0 F

E TION o
FIXED-POINT NUMBER REPRESENTA . -
%r?ere are »vo basic techniques for representing binary nmeers‘ ina cor?
uter: the  arc calisc ne fixed-point and the fioating-point sysiems Both
S/ilkl Be describad, bog.aning with the fixed-point sysiem

PR R
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The most direct representation technique for numbers-in a fixed-word-
tength computer consists of simply storing positive integers in each word
in binary form Thus, in a 16-bit-per-word computer a positive integer could

.be stored with value from 0 to 2'¢ -1 This is not very satisfactory, however,

since it 1s almost invariably necessary to represent and handle both posi-
tive and negative integers This leads to setting aside the. leftmost bit in
each word and calling this the sign bit Our first computer representation
system is therefore called the sign-plus-magnitude integer system.

Sign-Plus-Magnitude Integer System

Suppose each word consists of only 5 binary digits If the teftmost digit is
used to indicate sign, then the remaining 4 digits can be used to indicate
the magnitude of the integer stored It 1s common practice to leta 0 1n the
sign bit indicate a positive number and a 1 a negative number Thus, for
our 5-bit word, 0.0000 would indicate (positive) zero The word 00001
would be “plus 1" and 0 0010 would be "plus 2."” Notice that the sign bitis
set apart from the magnitude bits by a . in each word This is due to custom,
and, although the has the disadvantage of looking hike a binary point, it
rarely leads to misunderstandings An alternate technique uses a box for
the sign.bit so that 0 0001 would be [0] 0001, and gnother system uses an

S over the sign bit so that 0 0010 would be written 00010 We shall use the
.symbol to set the sign bit apart This is notin the computer, of course, but
is simply a notational convenience

In the sign-plus-magnitude integer system with 5-bit words 10001 is

“"minus 1" and 1.0010 is "minus 2."” Table 2.7 shows several words and their
values in decimal,

Table 27 Sign-Plus-
Magnitude Numbers
in Computer Words

Computer  Decimal
word value
Q1111 +15
01001 +9
01000 +8 .
00010 +2 -
00001 +1 X
00000 0
1.0001 -1
1.0010 -2
10100 —4
11000 -8
11001 -9

11114 —-15
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In general, an n-b:t w203 using sign-plus-magnitude intcgar representa-
tion can represent anrtszar from - (2 '--1)to (27 - 1)

ts Complernent Integer Representalion System

The sign-plus-magn.t.:z system described above was uséd in several
early computers it has "2 appeal of being quite simple to understand Its
drawback is that in crczr to actually add and subtract, the computér must
“work Rarder” than v.~z~ either of two other representation systems, 1s
complement and 2s cc—olement, aré used. This means that the circuits for
handling numbers are s.miplified if 1s or-2s complement systems are used,
and as a result one o :-2se 1s aimost always adopted.

The 1s complems- system again uses the leftmost bit as the sign bit.
All positive numbeérs z-2 representéd just as in the sign-plus-magnitude
system Thus, 0.0011 w3uld again be +3,. and 0.0100 would be +4,,.
Negative numbets z-e represented differently, however. The negative of

each number is forre3d by sublracting the value of each bit in the word

from 1 This ellective.; changes the value of each bit, for 0 from 1 is 1 and
1 from 115 01 For ins'z~Ze, 44,415 0 0100; to forch —4,,, we change each bit
to get 11011 Simdary +3,, is 00011; to form —3,,, we complement each
bit and get 11100 ]

Figure 2 4 shows -2 basic format for a 5-bit word in the 1s complement
integer system Integz-s from +{2" ' =1)}10~{2"~ ' —1) can be represented
by an n-bit word ’

2s Complement Signed-Integer System

When the 2s comple ™ znt signed-integer system is used. the sign bit again
occupies the leftmcs: zosittion A 0 in this bit again indicates that the integer
is positive, and 00251 again means +1,; 0.0010 is again +20. and all
positive numbers zrz r2presented as they are in the signed-magnitude or
1s complement sysiz~s Negative numbers, however, are formed by com-
plementing each bit and then adding 1 in the least sign.ficant position;
this means forming in2 1s complement and then adding 1 For instance, to

Trus 1s called complzTe-ng The complement of 115 0. and the complement of 015 1

The e tits
give valuyr
{magmturle)

[t e
1 PO 1 o 1 BT
t . B
S EE- = --3 decimal

bt
[OTujoriT) - vaur - [1ToJo]a]0] = -15 decumal

Figurc 24 1s con-plera-tirteger representation
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F_lgure 25 25 complement Inleger representotion
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Hydeoim

form the negative, or 2s complement, of +4 ich i

' . \ 10 Which is 0 0100, we comple-
ment eaqh Vbll. getting 1.1011, and then add 1 to get 1.1100. which is th:ZS
complement regre§entation for —4,, To foim —3w. We 2s ¢omplement
0.091 1'by first forming the 1s complement 1.1100, then add 1to get 1.1101,
which is the 2s complement of 0.0011 and has value ~3io. l

de:;i.?ure 25 shows the 2s complement system for a 5-bit word in more
18

*2,7 COMPLEMENTED NUMBER SYSTEMS

The preceding section described the 1s and 2s compléement number Sys-

lems. These are widely used in computers for they make it possible to add

a:\lcri‘csiutlJtrac.t”ygned numbers in a simple way To explam this, the general

gase v‘;iﬁ t\;ven dit;iucizgwdo'nstrated using decimal numbers: then the binary
In general, there are two usful complements for each number i a giveh

number system These are called the true compl. : nag
ement and th . .
1 complement, P d the radix-minus

True Complement
The true complement of a number represented bY anam_, a, in a num-
ber system with a radix of r 1s formed by subtracting each dxgut ;f the num-
ber from r — 1 and forming a new number of these differences. A 1 is then
added to this humber. Thus, the true complemerit of a_a ' a~ i

nuMber (bpbp_, . . . by + 1 : s B

bmz(r- 1)“8,},
bm_1=(f'* 1)--am~-|

b0=(r_’1)_"ao

Thus, for the number 2102 in octal, (with a radix of 8) the true comple- ~
mgnt would be formed by leltinga; =2, a8,=1,a,=0 and 2. — 2. and
Elgsmg the"rule above. We then get by=(8-1)-2.b,=(8 — 1\) -1, b, =
— 1) —0.and by = (8 — 1) —2. The true complemeni of 2107 is therefss
5675 + 1, which is 5676 P ® feretore

where
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Radix-Minus-1 Complement

The radix-minus-1 complement of a number writton In a system with a radix
of r 1s formed by simply subtracting each digit in the number from the vatue
r — 1 and wnting this diincrence n the same posihion of the new number
That is, a number a,a, a, with a radix r has radix-mmnus-1 .c‘omple-
ment b,b, b, where b, =(r 1) a, b,==(r — 1) —a,, etc Forinstance,
in octal, let the number g, a, a, be 235, then the true complement is 542 for
r—-1is8—1=7and7-2 usS.7--3is4.and7-5i52.Thuns.az=2.a,=3.
a=5andb,=7—-2.b;=7—-3,and bp=7 — 5.

For the decimal number system with a radix of 10, the two basic comple-
ments of a given number are called the 10s complement (which is the true
complement) and the 9s complement (which is the radix-minus-1 comple-
ment). . '

The 9s complement of a given number may be formed by subtracting
each digit in the numoar from 9 For instance, the 9s complement of 21
is 78, the 9s complement of 323 is 676. and the 9s complement of 524
is 475 ‘ .

The 95 complement can be used 1n'subtraction by means of a simple
trick To subtract one inieger from ancther larger integer, simply form the 9s
‘complement of the integer to be subtracted and then add thn; t.o the oth.er
number Any carry which is generated when the two most significant digits
are added must be adced to the lowest digit of the result. This 1s called an
end-around-carry.

.
For example:
Normal subtraction 9s cormplement subtraction
45 : 45
—32 : + 67
T 112
end-around-carry -1
13
76 76
~21 +72
49 148
end-around-carry L 1
49

As has been descnbed, the 10s complernent of any number may be
formed by subtracting each digit of the number from 9 and then adding 180
the least significant d'git of the number thus formed For instance, the 10s
complement of 87 15 13 and the 10s complement of 23 1s 77. Subtra%tson
may be performed by simply adding the 10s complement of the su tra:

" hend to the minuend and discarding the final carry from tne most significant
digits, if e accurs Forinstance:

SO SMATGS REPRLSENTATION IN A DIGITAL COMPUTER

Normal subtraction 10s complement subtraction

89 89 89
-23 =23 =477
66

[41_6"6'

the carry is dropped

98 98 98
87 =87 = +13
11

111
Ethe carry is dropped

According to the rule given at the beginning of this section, the 2s com-
plement of a binary number 1s formed by simply subtracting each digit
(bit) of the number from the radix-minus-1 and adding a 1 to the least sig-
nificant bit Since the radix n the binary number system is 2, each bit of the
biary number is subtracted from 1 The application of this rule 1s actually
very simple: Every 1 1n the number 1s changedtoaOandevery Otoat A1
is then added to the least significant, bit of the number formed For in-
stance, the 2s complement of 10110 is 01010, and the 2s complement of
11010 1s 00110. Subtraction using the 2s complement system involves

forming the 2s complement of the subtrahend and then adding this "true
complement” to the minuend For instance-

11011 11011 d 11100 11100

—10100 = +01100 —=00100 == 11100V
00111 E1OO111 11000E‘111000
the carry is dropped dropped

Subtraction using the 1s complement system is aiso straightforward The
1s complement of a binary number is formed by changing each 1 .in the
number to a 0 and each 0 in the numbertoa 1. For instance, the 1s comple-
ment of 10111 is 01000, and the 1s complement of 11000 is 00111

When subtraction is performed in the 1s complement system, any end-
around-carry is added to the least significant bit For instance:

11001 11001 and 11110 11110
—10110 = +01001 ~01101 = +10010
00011 — 100010 10001 10000
1 : 1

00011 710001

e
=

The representation of positive and negative integers i binary form
generally involves use of the 2s comptement system Computers of many
major manufacturers, including Hewlett-Packard, DEC, IBM. and Data
General, use 2s complement integer representation The DEC PDP-11, all
Hewlett-Packard computers. the 1BM 1130, all Data General computers,
and many others have 16-bit word fengths
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in a 16-bit word computer which stores numbers in 2s complernent. {2
decimal number 4 10 would be stored as 0 000000000001010. the numbfr
10 would be 1 111111111110110 As may be seen. a gomputer with a 1?5-
bit word using the 2s complement system can store integers from -2,
which 1s —32.768, to +(2'* —1), which is 32,767. . A

In general, a binary compuler with an n-bit word lengih which sto:’f?
numbers 1n the 2s complement system can repr‘esent numbers from —2 N
to +(27~' —1) For instance, the System/360 series has a 32-bit ward len%;
and integers, giving it a maximum magnitude ot 2". -1, 0r 2.?47.483 6; .

1t is possible to extend the range of the integers in a machine by usA.u-g
what is called multiple-precision arithmetic. in this case sc_averal regns;e,s‘
are used to represent a single inteqger (a number). T’be basic operatno:s ct
addition, subtraction, multiplicaton. and division are then performec by
‘multiple-precision roulines, which are programs that calcylate on rules..n
several words instead of one word Double-precision arithmetic 1s ar'n-

metic using two words per number! and triple-precision arithmeliC USES

three words per number .

it sometimes happens that the resultof a calculation 1s a number excesd-
ing the magnitude that can be stored Such a number is then said to one;
flow If we add the integer +2' to +2'% in one of the 16-bit machines ,:n:;
viously discussed, the result would be 2'%, too large to be representzzd
The computer clrcuits then give an overflow mdncat.lon, which may bi u::"t
by the operating system or other programs. They will communicate the vac

that an overflow has occurred to the computer user. This process will be
described later.

ATING POINT NUMBER SYSTEMS .
?f.hae pFrtzcc)odmg sections describe representation systems whereby po‘s,::f;i
and negative integers are stored in bt‘ngry wor.ds.. In the repredserfna:Ch
system used. the binary point 1s “fixed” in that i lies at the end O ?iu
word. and so each value represented is an integer When computers ¢ :mt
1ate with binary numbers in this format, the operations arc called fixed-p3
amlrr:,rs)iti’ecnce. it is often necessary to calculate with very large or very s:ws::
numbers. Scientists have therefore adopled a convenient notation in \:F-s:o
a mantissa plus an exponent are used to represent g number For mﬁst:; ;,,
4,900,000 may be writlen as 049 x 107, where 0 49 is the mantissa a:\. 718
the value of the exponent. of 000023 may be written as 023 %10 ‘ n.;e
notation 1s based on the relation y = a X re, where y I1s the num,be_:_r 12 fei
represented, a Is the mantissa. r 1s the base of the number system (r==1010

rlesst-3- Ta 2€
Tris rule 15 not always stactly entorced Double-precision numbers may have more o 3

the [recision In soine compulers . L 15 for magnitude
1t 15 SO because the s:gn bt occupies one bt in the word, leaving only
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decimal, and r = 2 for binary), and p is the power to which the base is
raised .

it is possible to calculate with this representation system To multiply
“a x 10" imes b % 10™, we form (a # b) X 10™ *". Todivide a » 10™ by b x 10",
we form a/b x 107", To add a x 10™ to b x 10", we mus! first make m equal
ton.fm=nthena < 10™ i b»x10"= (a : b) x 10™. The process of making
m equal to n is called scaling the numbers

Considerable "bookkeeping” can be involved in scaling the numbers,
and there can be difficully in maintaining precision during computations
when the numbers vary over a very wide range of magnitudes. For com-
puter usage, these problems are alleviated by means of two techniques
whereby the computer (not the programmer) keeps track of the radix (deci-
mal) point, automatically scaling the numbers. In the first, programmed
floalting-poinl routines automatically scale the numbers used during the
computations while maintaining the precision of the results and keeping
track of the scale factors. These routines are used with small ccmputers
having only fixed-point operations. A second technique lies in building
what are called “floating-point operations” into the computer's hardware,
The logical circuitry of the computer s then used to perform the scaling
auuj;Jmatically and to keep track of the exponents when calculations are
performed To effect this, a number representation system called the
f/oa‘t:ng-pomt system is used

/|\ floating-point number in a computer uses the exponentral notation
system described above, and during calculations the computer keeps track
of the exponent as well as the mantissa A computer number word in a
floa'ting-point system may be divided inlo three pieces' the first 1s the sign
bit.’indicating whether the number is negative or positive, the second part
contains the exponent for the number to be represented, and the third part,
the|mantissa

\S an example. let us consider a 12-bit word length computer with a
floating-paint word. Figure 2 6 shows this It 1s cornman practice to cafl the
exponent part of the word the charactenstic and the mantissa sechion the
integer part, we shall adhere to this practice

The integer part of the fioating-pcint word shown represents its value n
signed-magnitude form (rather than 2s complement, although this has been
used). The characteristic is also in signed-magnitude form The value of
the number expressed is ! X 2¢, where / is the valuc of the integer part and
C is the value of the charactenstic

c !
Characteristic Integer part
A e A————
S @ Binary poing
_/

LTI TIsITT T

Y
One 12-bit word

Flgure 2.6 12-blt floaling-point word
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r—_~,\__—\ﬁ——~_—_._ﬁ
Pl elofol JaTi 1] vauers2? x 11 = 1404

C=+7 f=411

T

folcJo 11 fofefelri it Values2® x {=7) = 56

C=+3 1=-7
((TolTo[1]oJo[0]o11 0] 1] Valers2™® x5=5
=-5 I=+5
GTo [TIo[1[el6]1[0f0]1] Values2:® x-9= -2
= -6 1=-9

Figure 27 Valiues of floahng-point numbers in 12-bit
oll-integer systems

Figure 2 7 shows several values of floating-point numbers in both binary
form and after being converted to decimal Since the charactenstic has
five bits and is in signed-magnitude form, the C in /X 2° can have valuas
from —15 to +15 The value of /1s a sign-plus-magnitude binary integer of
7 bits, and so / can have values from 63 to+ 63. The largest number repre-
sented by this syster. v.ou!ld have a maximum / and would be 63 x 2'* The
least number would be —63 X 2' )

This example shows the use of a floating-point number representation
system to store “real” numbers of considerable range in a binary word.

One other widely followed practice is to express the mantissa of the word
as a fraction instead of as an integer. This is in accord with ‘cl:ommon
scientific usage since we commonly say that 093 ¥ 10* s 10 n‘ormall
form for exponential notation (and not 93 107). In this u‘sag‘;e, amantissa in
decimal normally has a value from 0 1o O 999 Simiiarly, a binary man-
tissa in normal form would have a value from 05 (decimal) to less than 1.
Most computers maintain their mantissa sqchons in no'rmal form, gontunu-
ally adjusting words so & significant (1) bit 1s always In the position next

I it

° t\/f\]l‘:-rzwesngtr;\:marmssa is in fraction form. this section is called the fraction
For our 12-bit example we can express floating-point numbers vath chlar-
actenistic and fraction by simply supposing the binary point to be. to the
left of the magnitude (and not to the right as in integer representat;on). In
this system a number to be represente:ﬂ has value F x 2, where Fis’the

n and C 1s the characternistic

b'”?;Yr f‘trr?ed?z—bn word considered beiore, fractions would‘ h‘avve Ye:lueﬂs
from 1 — 276, which1s 0111111, 10 -1 - 2‘5‘» wh-;h ERRERER a,llmb\}:m:'
bers rom (3 -2 w27 -t~ E % 2’5';0-. -z c,_l::*:".'\\i.(;i or C~~—~?(\-t
2% 3900 —32.0. 2 The wiadlins valud e 11duL Jie Jos vround Nave 15 now
. g drac L0000y, wheh s 27

Lines e sma jest charactenshic,
whoat 15 . 5.+ 7 the smaliesl POShn € NUVLT FCRT

cpresentahle s 277 X 2%

e w——

- o——
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or 2 ' Most computers use this fractional system for the mantissa, although
computers of Burroughs Corporation and the National Cash Register Co
use the integer system previously described

In computers using 16-bit words (inciuding some made by DEC. Hewlett-
Packard, Data General, and IBM), floating-point words are represented by
two adjacent words and thus have 32 bits per word The actual format for
floating-point words for several of these computers is shown in Fig 28
In these computers the fraction part F consists of 24 bits representing a
23-bit fraction and a sign bit. The exponent or charactenstic consists of
8 bits. (In Hewlett-Packard computers the fraction part and the character-
istic part are represented in 2s complement form, as programmed for
Fortran,) Each of these computers, as programmed for Fortran, can repre-
sent magnitudes of up to 2'7 (or about 10°) and fractions of about as small
as 273 (about 107%8).

As an example of a computer with internal circuitry which performs
floating-point operations and uses a single computer word representation
of floating-point numbers, we turn to the System/360 and /370.

IBM calls the exponent part the characteristic and the mantissa part
the fraction in the /360 and /370 senes floating-pomnt data words can be
either 32 or 64 bits in length. The basic formats are as follows:

Short or single word floating-pomt number
S Characternistic  Fraction

8 — 31

oOj|1—>7

Long or double word floating-point number
S Characteristic Fraction

8 — 63

oj1-——7

In both cases the sign bit S is in the leftmost position and gives the sign
of the number The charactenstic part of the word then comprises bits
1-7 andis simply a binary integer, which we shall call /, ranging from O to
127. The actual value of the scale factor, or characteristic, is formed by
subtracting 64 from this integer / and raising 16 to this power. Thus the

16 buts B
A [y
’ M S
15 most wgnificant bty ’
First word s of mantr .
r—‘—_—-"“ I — v R -
Coadword] 7 " :‘Cl C o
'I —— L —— e ___’
M e s ——— . Flgure 28 Flaghtyg point TTaresentahon us-

N (ISR Ing © 1o woc



Neoem ey
B

e e e e e mampaiiAny va
I LD Ao R A oy b )

86 INTROOUISTC™ (G COMPUIER SCIENCE

value 64 in bits 1-7 gives a scale factor of 1675 = 16% - ® =‘ 16"; a 9293
(decimal) in bits 1-7 gives a scale factor of 16' ¢ = 16% -5t which 1s 167,
and a 24 in bits 1-7 gives a 16 *°. . .

The magnitude of the actual number represented in 2 given flo_atmg-
point word is equal to this scale factor times the fraction ccnta!.jed in bl!S
8-31 for the sho:t number, or 8-63 for a long number Tre radix point is
assumed to be to the left of bil 8 in either case, sO if bits 8-31 cc_>nta|‘n
1000 . .. 00. the fraction has value 3 (decimal); that 1s the fraction is
1000 ..000 in binary. Similarly, if bits 8-31 contain 11000 ... 000. the
fraction value is 2 decimal, or .11000 . . . 000 binary.

The actual number represented then has magnitude equal 19 the value
of the fraction times the value given by the characteristic. Consider a short

number:

Sign Characteristic Fraction

~

Floating-pointno. 0 1000001 11 1 0 0. . 0
Bit position 0 1234567 8910 11 12 ... 31

The sign bit is a 0. and so the number represented.is positive. The char-
actenstic has binary value 1000001, which is 65 dec:ma‘.7 znd ‘so the scale
tactor ts 16". The fraction part has value 111 binary. or g decimal, and so
the number represented 1s % % 16, or 14 decimal.

Again, consider the following number:

Sign Characteristic Fraction

~

i T 700 1 0.0
Floating-point no 110 poo01 11 1
Bit position -0 1234567 891011 12...31

This has value —14 since every bit is the same as befo_re except the sign
bit (The number representation system is signed magnitude)
As a further example

Sign Characteristic Fraction

A Ay A o
0 100001
0 o111 11

*2Q PERFORMING ARITHMETIC OPERATIONS

WITH FLOATING-POINT NUMBERS .

A computer obviously requires additional circuitry t‘o handle floating-
point numbers automatically Some machines come equipped with floating-
point nstructions (For computers such as DEC PDP-11/45 and others.
floating-point circuitry car, be purchased 2nd edged 1O enable them to

perform floating-point operations)

s -

o e 4 o oy v ——
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To handle the floating-point numbers, the machine must be capable of

extensive shilting and comparing operations The rules for multiplying and
dividing are

(@axr)xxr)=abxr'
(@ xr?)~(bxr%)=albxre

The computer must be able to add or subtract the exponent sections of the
floating-point numbers, and also perform the mutliplication or division op-
erations on the mantissa sections of the numbers In addition, precision is
generally maintained by shifting the numbers stored unti! significant digits
are in the leftmost sections of the word With each shift, the exponent must
be changed. If the machine is shilting the mantissa section left. for each
left shift the exponent must be decreased.
For instance, in a binary-coded-decimal computer, consider the word

0 10 0064
Sign Exponent Mantissa

To attain precision, the computer shifts the mantissa section left untii the
6 is in the most significant position Since two shifts are required. the expo-
nent must be decreased by 2, and the resulting word is 008 6400 If all
numbers to be used arec scaled in this manner, the maximum precision may
be maintained throughout the calculations !

For addition and sublraction, the exponent values must agree For in-
stance, to add 024 x 10°to 0.25 x 10% we must scale the numbers so that
the exponents agree. Thus

(0.024 x 10°) + (025 x 10°) = 0274 x 10°

The machine must also follow this procedure The numbers are scaled as
was described, so that the most significant digit of the computer mantissa
section of each word contains the maost significant digit of the number
stored. Then the larger of the two exponents for the operands is selected,
and the other nurnber's mantissa is shifted and its exponent adjusted until
the exponents for both numbers agree. The numbers may then be added or
subtracted according to these rules.

(@axrr)+(bxrP)=(a+b)xr°

f@axrr)—(bxr)={@-—-b)yxr®

240 ALPHANUMERIC CHARACTERS
Computers must handle not only numbers but also alphabetic and special
symbols To make this possible, special codes have been designed

'A tloating point number with its leflmost digit nonzero 1s said to be normahzed Shifing the mantissa
¢ " urtit a nonzero digit 15 reacned s callec normabization For tne Syslem/3G0 and /370 anonzero digitis
el one of v Bt 4 b s since tac scale factor s 167 not just I and ~hilts are made four at 3 hme



Bloshs @1
Boneens 23
—
1
2
S
: o P
b ——| & °
- o . H .
: it ! i
& . in | s {4 1
g oo w| v l_l R g
H el e ot M e E
| gz 3
aue | | e esiecg ue
—_—
o O | n {#RE|€OT 7
8
1000
R
919|919 9
12 ”?
" "
° °
— Zone punces-———"4
T P 23 vons 0 1
T I ] f B2 23 0 ! B posih
oaf or] 1o} 1t Al oy N ‘ S eta
LA SRR =
! -
- LT e — 5 _
Pry !
A LI Y 82
- 1010 e s . l J "
E 3 L4 83 "1 ]
- 1014 4 | 2
: -
§ ~l@ L a 1
s g | [ 85
f =
1! 85 3 - b |
e b i s z
3 1110 - s 86 z . :
] e Rl >
(331} curfcunl W [ Bl :24
L1
9{ol9o]9 2l
12 2
" i .
[}
b—————12r¢ :v".r-u——————‘l
p——— Zone punches _—
Y 12-1
082 o o [F]
8t @ no9s1 ®  Nopunches @ n 0 8 :fg 3 e 3 Soa
8 :;??sm @ 12no9s? D 1 ®
Cernigl Character
€08 End of block
. as  Barkopace
:.UL :‘u: ht 1 Ala PSaL ;::l:w.
; Curswr Lurnirol
e ((:.?J:' “n:::-t:d tos cusiomer Use 1) A y_-;vml for customar Use
T 0SS D poscect . Pf: :“:;:;up
Qo e for customet use sOS 5t of sruhcance R: c- " s
RN £S5 Fued separatol UC  Unpper e anon
oA BYP By EOT  Endg of ransm
:ES 2'.‘-:\:’::. Lf  Line taed sP Space .
Somcn® Geapihnd Char ters ,
o Arentn >  Groavee pon 9190
¢ (P:M'A ‘»;‘ at por® y ¢ e toas ? ?..Aw wn mpek
griod Aec 1 al Do . et
Less than 99N S ’ o . s
enhesy - L v s
e . W cegntghen @ Ao

cm—a—

Pus 2 1

yermeat b logicat OR
Ampereand

Erctamat on pomt
Qo'lar 319

Sa
Crara

be el
Uramee

£rampo'a

Continl rharacter
Sr Grne

B gam -
81
2

Prane wroohe

Equl 190
Quotatran n ark

Hople ¢ ittem

- &t

figure 29 fxtended binory-coded

Ot posstions

0wt pas:tions

— - -

- -

-

e v ————

e oneea A CIRPETENLTAT 00 ih A (47018 GO ID

59

«t 272y characters are reprecanted ¢r coqded by tixed numbers of bits An
Agnanumenc Character 1s a singgia dhigpt (0 1. 9). a letier, or, for most
codes, a special character such as 2., %), (. etc An aiphanurneric code s
(for the computer industry) a means of representing aiphanumeric char-
acters with binary digits If we are to represent decimal cigits and letiers,
at least 6 binary digits are required per character The EBCDIC code used
6 bits per character and has been used in a number of computers This
code is shown in Fig 29

Another popular code s the American Standard Code for Information
Interchange, which 1s referred to as ASCII. (This is probably the most used
code at this time ) Each alphanumeric character is represented by 8 bits.
and there are a number of special characters and control characiers, T3~
code is shown in Fig 2,10 Since 8 bits are required for each character,

Least Sigriticant Digits.

. glsgletzciglal e = stelztgliaslelc
E1812|a|812|3|z|818|2)2|28|28|:|¢
0000 _1\ SOH {STX | ETx {EOT| ENQ|ACK | = | B85S [ HT | LF vT FF | CR | SO S
0001 DLE {OC1 |[DC2 [DC3 | 0Ca| 83 ag {ETB LL-‘ EM | ss JesSC] FS { GS | RS | LY
0010
o011
0100 SP ! [ $ % | 3 ( ) * - - !
0101 [1} 1 2 3 4 5 6 7 8 9 - . ?
2
= 0110
=) —
S [\IRR]
o —-—
5, 1000
&
K 1001
b3 — ——— —_— -
1010 @ A B C 9] £ F G H 1 J [ L LX) M O
——
1011 p o jrR{s [vtu |v |w x|~y ]2 i i
1100
1101 1}'
110 \ a b [% d [ 1 9 h . il [ 1 m n O_{
111 P q 4 ) t u v w % ¥ H i [ ) [o1%
KON "
NULL VT Verte.al tubulation 83 NACK negativg schnnowiedge
SOH  Stant of heading FF Form feed 88  SYNC-synchronsus dla
STX  Star of toxt CR  Curtiaje return ETB  End of transimissron
€TX  End of tex! SO Skt ot (3} CNCU circet
£OT  End of transmission 3 Stult in EM  End of medium
ENQ Enquiry DEL Ddlete 8§  Stit ot spec al saquence
ACK Achnuwledqgr DLE Data ink ercape E€SC Escape
"% BLLL audible signal D1 Device conrol FS  Fie separnitor
B3 Backspace DC2 Divice con'rol GS  Group separator
MT Hon2ontat tabulahion DC3 Devnce centrol RS  Record separ ot
1f Line foer 0Ca  Device centrol US  Unit separ sior
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the 16-bit-word comp.‘:-s commonly handle two characters per word,
and the 32-bit-word mzz2- ~2s store 4 characters per. word Thus! to slore
the name “John Jones ' - ASCII in a 16-bit-word computer voould require
five words., and in a ZZ-oit computer would require three vords. The
term byte 1s common!y _:2d to refer to an 8-bit set of bits A single byte,
therefore, can store a & - 2'e character. To facilitate the hand'.ng of char-
acters. the memories ¢f scme computers are arranged so that bytes can
be addressed individuz ; . .

Since data are com~only read in and printed in alphanumeric form,
special programs mus: 2 written for inputting and outputting the;e char-
acters. Computers cov —cnly have instructions which are especially de-
signed for handling 6- c- 3-bit alphanumeric characters.

EXERCISES .

1 Convert the followinz Z2cimal numbers to equivalent binary numbers.
(a) 17 : (f) 32
(b) 15 (g) 64
() 19 (h) 127
@ 5 (1) 254
(e) 25 ‘

2 Converl the followir g cecimal numbers to equivalent binary numbers
(a) 12 (0) 4 925
(b) 0125 ) (e) 33;
(c) 0775 (f) 27 |

3 Convert the follow.r 3 dinary numbers 10 equivalent decimal numbers.
(a) 1011 “(d) 1110
(b) 1001 (e) 11011
(c) 1111 (f) 1010101 )

4 Convert the followZ oinary numbers to equivalent decimal numbars.
(a) 0011 (d) 101 101
(b) 00101 (e) 01100111
(c) 11010 (f) 1101001101

5 Perform the follow "2 additions and check by converting the binary numbers

to decimal
(a) 10011+ 1017 %7
100101 + 10753357

6 g)e)rform the folicw -2 23ditions and check by converting th

to decimal

{a) 11011+ 10111 (c)00011+0111c;?1011

(b) 101101 4- 1103133 .(d) 1100011 + o
7 Perfonn the follow.~ 3 subtractions in binary and check by co t

bers to decimal ar 5 subtracting

(a) 1011 - 1000

(b) 1101 — 1011

(c) 101111111

(c) 0.1011 -+ 01101

(d) 101101+ 1001 11
e binary numbers

ing the num-
(d) 1011.01 — 1011.1

(e) 1111 —111Nn

(f) 1101.1 — 1110

e m—

-
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8 Perform the following subtractions in the binary number syétem

(a) 128 — 32 () 31 —%
(b) 5 =76 | (e) 63 - 317
. (c) 2%_45-5 (f) 129 - 33

9 Perform the following multiplications and divisions in the binary number

system.
(a) 16 x8 (d) 15 %7625
(b) 31 x7 {e) 63
(c) 23x 25 (/) 16 ~ 4.
10 Perform the following multiplications and divisions in the bGinary number
system.
(a) 14x275 (d) 3151575
(b) 18+9 (e) §-3

(c) 2565+ 128% (f) 112533
11 Convert the following decimal numbers into both their 9s and 10s comple-

ments,
(a) 97 () o18
(b) 79 ) (e) 207 64
- {c) 082 (f) 334.73 .
12 Convert the following binary numbers into both their 1s and 2s complements.
(a) 110 (g) 1110
(b) 101 (e) 10110
(c) 1101 (f) 11011
13 Perform the following subtractions using both 9s and 10s complements
(a) 8 -4 (d) 285~ 234
(b) 16 -8 (e) 276 — 234
(c) 198 — 124 (F) 055-042

14 Perform the following subtrzctions using both 9s and 10s complements.

(a) 948 — 234 (c) 3495 —2453
(b) 347 — 263 (d) 4127 - 4092
15 Perform the following subtractions of binary numbers using both 1s and 2s
complements :
(a) 101 — 100 (d) 011 -0 101
(b) 110—- 11 (e) 0111 -0 11
(c) 110—-01 (f}) 11.11 - 01

16 How many differen} binary-coded-decimal numbers can be stored in a register
containing 12 switches using an 8. 4, 2. 1 code?

17 How many different binary-coded-decimal numbers can be stored in 16
switches? (Assume two-position or ON-OFF swilches ) .

18 Using the 1s complement number system, perform tne following sublractions.
(a) 01001 — 00110 (d) 11011 — 11001
(b) 01110 - 00110 {e) 1110101 — 1010010
{c) 0.01111 - 0.01001

19 Perform the following subtractions in the binary number system using 2s

" complements. )
(2) 1011 - 1101 (c) 1011.11 — 10101
(b} 111 - 1101 (d) 111.1 - 110.1

20 Convert the following hexadecimal numbers to decimal numbers
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CHAPTER 1

INTRODUCTION TO MINICOMPUTATION

A NEW TOOL OF 4
EXTRAORDINARY POWER , ,

1-1.

Where Computers Fit. Scientists and engineers describe, measure,

interpret, and predict the outside world 1n terms of idealized mathematical
modecls, which relate numerical quanutics and truth values through vanious
mathematical opcrations. Computers are physical systems designed to
implement mathematical models and to automate their manipulation.
Professional workers are hikely to meet computers in the following roles:

1.

Numcrical problem solving and data processing: This ranges from hittle
shide-rule and calculator jobs to big number-crunching projects and
includes design calculations, statistics, genctics calculations, book-
keeping, etc.  The end product may be scientific or clerical description,
but, 1n the long run, calculations usually serve for making decisions.

. Storing, retricving, sorting, and updating data: This is by no means

restricted to numecncal data only.

. Computer simulation: We use the convenient, easy-to-change *live

mathematical model™ for experiments which might be slow, expensive,
unsafe, or impossible with the real-world system or situation being
simulated. Computer simulation serves the purposcs of design,
systems rescarch, cducation, trmmng, and play; simulation experi-
ments or tests somctimes involve parts of real systems.

. “Real-time” or “on-line” computing devices serve as components of

control and instrumeni{ation systems to:
(@) Implement desired mathematical relations between physical vari-
ables (e.g., function generation, filtering, prediction, optimization)

e
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(M Control timne and lopeal sequenemg of operations and
cxperuncenis
The latte types of aperations are often combined with on-line record
heeping (data lozzng) and data processng.
5. Real-time tinung. switching. coding, and data storage in communication
systems, ospecially in communications between digital computers
and/or computer terminals,

1-2. The Role of Small Computers. Conventional number-crunching
calculations are traditonally performed by large digital computers operating
in a bateh mode, 1. clliciently fed with a more or less continuad and orderly
sequence of things to do.  In this type of application, experience appears to
indicate that “throughput™ (defincd as the pumber of computcer operations,
in some specificd nux. per unit time) increases better than proportionally
with computer cost (Groscli's law), so that targe computer systcms are
economicil

Other computer apphications involve scveral users who would not like to
wait for batch-processed results but nced quick “conversational™ mput and
output from multiple computer terminals.  Again, control and instrumenta-
tion work is timed by the demands of real-world events.  Large digital
machines subject to such random service requests cannot afford to wait idly
until action is required: they must be tine-shared among multiple programs.
Time-sharing operations can utilize the resources of cver larger (and thus
presumably more cflicient) computer systems.  Time sharing also involves
serious overhead costs resulting from communications with remote inter-
faces, from greatly complicated system programming, and from the many
computer operations nceded to swap and protect programs.  We can, then,
Sind applications where multiple small computers can neatly replace or
complement large machines. ‘

We will (Guite arbitranly) define a minicomputer as a digital computer
whose “minimum configuration™ (4,000 words of memory, teletypewriter)
costs under $20.000 and which usually employs short computer words (to
18 bits, Sec. 1-3) to represent data and computer instructions {sce also Sccs.
1-5 and 2-1); minicomputer cost is usually roughly proportional to word
length  As we shall see, 16 bits can represent nunierical dara with enough
precision for many appheitions, but clever utilization of the short fustruction
words is the central problem of punicomputer system design (Sec.” 2-5 and
Chap. 6)  An n-bit mstruction word can specify at most 2° different
instructions.  2'° = 65,536 looks likc a very large number of possible
instructions, but many of these nstructions must specify the source or
destwnation of an operand i a computer memory having perhaps 8,000
locations  This need for address specification greatly reduces the effective
nusmber of different one-word mmicomputer imstructions
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Nevertheless, even 8- and 12-hit mimcomputers with farrly prinutive
INMTUCHON sets are very versatie, sinee multiple instructions can imiplement
exticmely complex operations. Such machines now replace hard-wired
special-purpose logic in many real-time applications such as operation
sequencing. tinung. production testing, and  data logmng.  Custom-
designed hardware is then replaced by the quaniity-produced minicomputer,
which can be programmed and reprogrammed for a huge varicty of dilferent
applications and new conditions,

Minicomputers arc cspecially suitable for operations involving external
real-world devices (Fig. 1-2 and Chap. 7) because:

1. Many jobs of this type do not require claborate processor circuits.
2 .We want no big cxpensive central processor standing idle during
input/output opcrations.

For preciscly the same reasons, minicomputers can also relieve large digital
computers of input/output and communications-handling chores.

Many of thc more recent small processors are in no sense primitive
(Chaps. 2 and 6). The truly revolutionary advance and acceptance of the
newer minicomputers stems from the mass production of new integrated
circuits, which have radically reduced processor and memory costs. We
actually have a twofold efTect:

1. Mcdium-scale integration (MSI) of multiple logic functions on small
silicon chips permuts incxpensive construction of very fast and remark-
ably sophisticated mmiprocessors (Fig. 1-1). -

2. Inexpensive and much faster core and scmiconductor memorics make
it less painful to use extra instruction words for improved instruction
sets and addressing schemes (Sec. 2-7 and Chap. 6).

These two developments have given astonishing capabilitics to the new
small machines.  While the majority of minicomputcrs continue o serve as
Special-purpose computers in control, instrumentation. and communications,
an increasing proportion arc employed in general-purpose computation and
simulation. Minicomputers work cspecially well with conversational
terminals, graphic displays. and all kinds of instruments. Opcrating
incflicicncies can be tolerated; a small computer can’ “belong™ to a small
group of rescarchers or engineers rathtr than to a computer-center bureauc-
racy, and it is possible to modify programs (and cven hardware?) without
collapsing a large organization.

The situation is nof one-sided. A reasonable end-user mstallation night
require not only a $12,000 mmicomputer but between $10,000 and $70,000

- worth of computer peripherals (tape drives, disks, displays, printer, card

rcader—these are, unfortunately, not grown on monohthic stheon chips)
Maintenance must be provided or paid for.  Altogether, the cconomics of
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multiple minicomputers s 2r<us large time-shared multiprocessors are always
good for an extended argunient and depend on the speaific utilization of

specific installations.  Eszn so. the question merits frequent reeaammation
since, whtle minicomputers and their peripherals are becoming cheaper and
more powerful, the sams is true for thc new multiprocessor computer
utilities and their formidable system software. Data communication,
moreover, is surc to be improved over the pitiful telephone-based systems of
the early 1970s. .

In any case, the inexpensive, small, and light minicomputer, with its
dramatic versatility, is surely the world’s fincst toy for innovators and
experimenters. It opens unheard-of horizons in control and instrumenta-
‘tion. On eaperimenters’ desks or wheeled carts, in large and small factories,
and in ships or acrospace vehicles, minicomputers permit intelligent auto-
mation of all sorts of opzration-sequencing and data-gathering operationsand
generate convenient d.splays for human operators. Physical interfacing
of small digital computers and much real-world apparatus is quite casy
(Chap. 5). The larger job of computer programming for a wide variety of
applications is simplifizd by ncw system and application softw are (Chaps.
3 and 4).

DIGITAL-COMPUTER REPRESENTATION
OF DATA AND TENT

1-3. Binary and Digital Variables. While an analog computer represents
problem variables by continuously variable physical quantities such as
voltages or currents (Fiz 1-3a), a digital computer represents problem vari-
ables by physical quantitics capable of taking only discrete and countable
scts of values. Thus, the original “digital-computer user™ long ago
employcd his fingers to count and add eaternal objects, first up to five and
then up to ten.  The overwhelming majority of electronic digital computers,
however, implements a binary representation in terms of basic variables
which can take only two different states called (logical) 0 and 1. Most
frequently, the state 1 s indicated by the presence of a voltage, usually 3 or
4 volts, on a line associated with a variable, while logical 0 1s indicated by
the abscnce of that veliage (Fig. 1-3h).  Many other pairs of voltage levels,
such as 0 and —3vo!ts or —1.75 and -0.5 volts, are also employed to
represent 0 and 1. : .
Such binary varisbles, which involve only the presence or absence of a
signal, are cspecially easy to gencrate, transmit, and store reliably.  We pay
for this great conrernience, however: most problem situations or varniablese
admit a much grezier vanety of possible states than just two and must,
therefore, Le Lbeted crrnm2nented) in terms of ordered comhinarions of binary
variabies  We riust, then, develop binany codes which associate problem
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Cothede -ray - tute displays
Access0ry processors
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Fig. 1-2. The minicomputer input/output world,

states, messages, or numecrical quantitics with corresponding digital words,
i.e., ordered scts of binary variables. Such codes may differ for different

a_pp!ications. In Fig. 1-3¢, four binary variables specify which of four
circuits is energized, while in Fig. 1-3d two binary variables control the same
situation. " ~

It is, of course, especially 1mportdnt to represent real nuinbers in terms of
binary variables. In general, a real integer m will require at lcast log, m

X AMA 2 —
Y ———— A h
R +
v =

— 5

|
I I

Fig. 1-3a. Simple analog compu-
tation  The summing network
produces the output voltage Z =
X + Y) where X and Yare nput
voltages and 2 = (Rjr + 2;°°

Fig. 1-3b. Logic statcs represent-
ed by voltage levels in an clemen-
tary digital circunt.
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Fig. 1-3¢ and d. Two different h.nary representations of a switch setting energizing one of four
circuits

binary umts of information or bits, plus a sign bit to tell whether the integer is
positive or negative (Sees 1-4 and 1-6).

" Itis common practice to designate an entire sct of binary vanables (which
may or may not represent a numencal quantity) as a single dicital variable.
The different bits of such a digital vaniable may appcar on parallel bus lincs
(parallel rcprcscnt.mon) and may be stored in a register hike that of the toggle
switches in Fig. 1-4a. The different bits of a digital vanable could also
follow each other in time as consccutive samples of a voltage waveform
which can take the values corresponding to 0 or 1 (serial representation, Fig.
1-4b). Parallel representation, which can transmit all the bits of a word at
the same time, is clearly faster and is most frequently employed in modern
digital computers. Serial representation, on the other hand, simplifies

long-distance data communication. [

—— Voltoge

o
S T
4+ . ——b Time

{0} (ot . .

anc alel bus
Fig. 1-¢. Rem-ssentation of 152 dogital word 1101 by simultancous levels on a par illel bu
{(nyand by 1 wiml patinstdy
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1-4. Digital-computer Representation of Numbers and Characters. (a)
Binary Numbers. The n-bit binary word (ag.a,,....a a,-y), where a, 1s
either 0 or 1, can be interpicted as a onc-to-one representation (binary code)

for the nonnegative intcgers
¢

X=2"1a+2% 4+ +a_, 0<Xc< 2"“—1 (1-1

The integers [Eq. (1-1)], in turn, constitute a numerical code for the
n-bit words (tlo.u,.uz. -+ ully 1), Whose original interpretation may not be
numerical, a sct of truth values. Table 1-1 and Scc. I-¥ further
describe the n- bll binary codes for negative integers and for fractions most
commonly employed in digital-computer anthmetic.

(b) Octal and Hexadecimal Numbers,  Binary words are convenient for
machines but not for pcople. To obtain a nice shorthand notation, we
split a given binary word into 3-bit groups (starting with a,_ ) and write the
binary number corresponding to cach group as an octal digit between

Qand 7:

a=1
N o
binary word 11 111 001 000 010
—— N et et N
octal word 3 7 -1 0 2
v . N\
AO Am-l

The resulting octal word (A4y,4,,4,,..
[Eq. (1-1)] in the form

X=8"""4,+8" 24, + -+ + 4,_

A, _,) rcpresents the integer

0_<,X$2""—l;m<§+l (1-2)

The code we have just defined will describe every binary word as a non-
negative octal integer {Eq. (1-2)], even though the binary word may represent
a negative numbecr, a fraction, or a nonnumerical quantity such as a sct of
truth values or a text character.  There s little need to learn octal complement
codes for ncgative numbeis since minicomputer assembly languages (Sec.
3-5) which accept negative octal integers automatically translate ordinary
sign-and-magnitude notation, ¢ g.,

a
“

. '
B K

—400, = —256,, i

;‘_

into binary code (sce also Scc. 4-2). Computer output is usually in
decimal form, except for some debugging and troubleshooting programs
(Scc. 3-17). Tt 15, however, uscful to know the octal code for nonnegative
pure fractions encoded in binary forms as (¢4.4,,05, - - - @, -3} (@, = 0or 1),
with a binary point implicd ahcad of the most significant bit ag (Table 1-2).
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TABIF 11, Bwary Codis Roprescating Real Integers A by n-bit Words (0, 0, .0,
"ty l'

Fach binary digit g s either 0 0= |
Icast signiticant bit ([ SB,

10

a, 15 the most significant bit (MSB), and a, _, 15 the

1. Noancgative Integers: X < 2" %Gy + 2", 4 »+- +awhere 0 X <20 = |

EXAMPLE (3 bits):
ILTNL LU I Y 1} MeIa) MNARY
0 i a0 4 10
1 P s i
R M i o0 6 110
\ ooan 7 l "

cd, this s useful for encoding corraa 1dstrument outputs

=1,2,.....n~- leg,
ag-1011
X,-1 2 5 I¢ X =11

(a) Sign-and-magnitude  Code: = (=12 a4+ 2 a4+ -+ oa,
1-27"'< X <20 ' = 1. There are two binary reprecentations of 0° 000 and

voltmeters.

(b) Is-comptement Code: Y = (1 —~ 2 ',
1=2"'< X 22" -1 Neowe antegers X are coded into  unsigned
-1+ X =(2+X)-1 There arc tmn binary representations of 0. €00

used in g few anthmetic units . .
() complement Code: X = «227'uy + 27 %, # 2°" ey 40 4 oa.,.
=27t e X <27 '~ b Nzzatane antegers X ace coded into unsigned intszzrs

1 LSE. 1t used 10 bunary counters and in almost all annicomputers,

EXAMPLES (4-bit codes)

+ 2 W + 2 oyt +oa, .

This 1s the conventional binary code used in most minicomputers  Many other codes exist
in pll’(lClll.II’ i the Gray cody (R.F 6) only one bindry digat changes each time X s ircrement-

Binary decimial consersion is cavast with decamal/octal tables (Table A-3). or use the *dou-
bhing and dabbling™ recursion (Red &) X = X, . where X = ap. X; = 2X,., + q,. and

2. Signed Integors positive, a.gad.c, or zero).  ThesignbitagisOfor X > Qand tfor X < 0

where

100

This can cause complications, ¢ 2, n statistical work  This code s often used in digital

where
integers:
. and

WL . . One ohtams the code for — X very simplh by complementing each hir. Tous code is

where
r+ X

It has a umique 0 and simple drx!."mdlc To abtamn code for — X, (mnpl('menl every bt and add

0FC IMAL [ULN-AN 3 WAl OF l( cOuPt ll;l NT ?( (ll\lrl»l wint
N 7 o | ot o 11 0 vt
+ 6 0 L1 0 0 tto ° 1 v o
3 OIOII 0 011 0 011
N 2 o ' a0 0 010 0 010
+ 1 0o ' 00| 0 001 L
+ ) o | o000 o 000 o 000
- 0 t | o000 i )
- 1 i |oon T 1.1 0 1 [
- 2 1 610 1 t ot ! 110
- 3 1 |o|| ' 100 1 ! l
i
6 1 ‘ 110 ) o0t i 010
2] b 1t ' 000 \ o 6
- a A .. 1 6N o

T T T T T T M T et e i W4 F e ¥ —

- TR S e it L L e et o ek s o s
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TABLE 1-2. Binury Codes Representing Real Fraons
A Wy Lodes Representing Real Fractions X by a-bit Words (¢p.a,,
Each binary digit g, is either Q or 1,

least signifieant bi (L‘Zu) o 15 the most significant bit (MSB), and a,-y is the

L. Nonncgative Fractions: X = !

! 1
zao +2-10

1
+ 2—.a,_,.wherc0 X< - 3
EXAMPLE (3 bits): '

) DECIMAL [INARY BECIMAL

%% ~ 00
% =062
% = 07350
A = 0878

2 Signed Fractions { positive, negative, or zcro) The sign bit ao isGforX >0andlfor X < 0.

(a) Slgn-:md-mngnitude Code: = (- l)lq(_ 8 + = 21 a +

!
iﬁ 0,-;}. where

1 1
=1 -1sX<1 - 3o There arc tno binary rcpresentations of 0: 000 ...and 100 .

This may causc complications, ¢
8-, in statistical work.
(b) Is-complement Code: ‘

1
X=(2,—_.—l)ao+2, a; + - 2_‘__ a,_,.

1 1
where —— — - i
3= 1sXx <1t 7=+ There are two binary representations of 0: 000 ...and
H1.... One obtains the code
used n some arithmetic units,

Jor —X very simply by complementing each bit, Ths code is
(¢) 2s<omplement Code: )

1 1 1
X—--—ao+2a. +zz°z+ . +i._-_|"-n

!
where -1 s X <1 — =T It has a unique 0 and simple anthmetic.  To obiain cade Sfor

=X, complement every bit and add | LSB. This dode
EXAMPLES (4-bit codcs):

is used in almost all minicompulers.

DECI:A_L SION-AND-MAGNITUDE Ie-caurtFaa Nt 2s-coupLrming
+) = 40875 0 1 vl -T—“— I A ] '
0 11
+Y% = 407150 [ L1 0 0 I [ I | (; : II ll (‘:
+% = 40378 0 01 0 ' 0 !
0 01
+:/.-+0250 0 010 0 0l (l) g g : (I)
+% = +0125 [} ¢ 0 i [i] 00 o 001
+0 o | 000 | o | ooa e e
00
-0 1 000 1 L1 } 0 oo
A= ~-012s8 1 001
1 1
—Z- -02%0 ] 010 1 1 01 : : : ;
=i = -037s 1 01 1 1 0 ] t ot
e . . . . -
/::g;;l: 1 110 1 00 1 [ ]
‘;. _l LI I | 1 [ ] 1 0 0
' . ! T | i — [} 0 00
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We again start 3-bit groups at the implicd binary point, i, proceeding to
the right from ap:

@y a,-,
N 4
110 001 000 Ol

" binary word
—— Nt N =

octal word . 6 1 0 2
/ LN
AO , Am—l
s0 that
1 1 . 1
X='iao+'2‘ial+' +E"la"-l
Ly ! IR
=§AO+FA.+---+—i-;—,A,,,_l 0<X <t o ms3 (1-3)

Decimal-octal-decimal conversion is defined by Egs. (1-2) and (1-3) but is
usually donc with the aid of conversion tables (A'ppcndlx). Octal-number
representations work perfectly well even if the given word length » 1s not
divisible by 3. Note, however, that the octal-integer code for nonnegative
purc binary fractions 1s identical with the octal-fraction cgdc if and only if the
word size is divisible by 3. For this reason, our Appendix presents an octal-
fraction conversion table as well as an octal-integer conversion table.

FHexadecimal notation sumilarly divides each binary word 1nto 4-buit groups

Jabeled with hexadecimal digits (Table 1-3):

e \———-w——/

2 9 E 4 2 {(integer)

1 000O0T10
ao-’lOIOOllllOO

Octal-mteger arithmetic, uscful for “manual” work with binary operations
(design, programming, sec also Sce. 4-2) 1s casy to learn for those uscd to
decimal anthmetic.  We simply carry of borrow at 8 instead of 10 and lcam
a simple multiplication table. Especially for occasional use, octal num'bc‘rs
are probably casicr to hive with thun hcxudccxmal numbcrs.. B.ul the ldftgr
are widely accepted in applications involving communications ana or,
IBM 360/370 computer systems. This 1s because representation of the
8-bit words or partial words (bytes) used for alph:mumcnc.ch:\ructcrs {Scc.
1-4d) requires three octal digits but only two hexadecimal digts:

10110010, = 2623 = B2,

Conversion and arithmetic tables for both systems will be found in the

Appendix sles A-1 to A-6).
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TABLE 1-3. Heaadecimal Notation,

Hexadccimual Binary Decimal
0 0000 0
1 0001 1
2 0610 2 e
3 0011 3 -
4 0100 4
5 0101 5
6 0110 6
7 ot 7
. 8 1000 8
9 1001 9 el
A 1010 10 R
B 1011 11
C 1100 12
D 1104 13
E 1io 14
F 1t 5

{c) Parity Checking. In the course of a digital program, thousands or
millions of digital words are transferred hetween the processor, the computer
mcmory, and cxternal devices  To improve rchability at the expense of
some cxtra circuits, we can augment cach #-bit word with an extra{redundant)
parity bit which 1s made to cqual 1 1f and only if the number of Is in the n
information bits is odd.  We can then check for even parity (even number
of 1s) over all n + 1 bits to detect errors in 1, 3, 5, . .. bits {including the
parity bit) and stop or repcat the operation as nceded.  Errorsin 2,4, ...
bits will remain undetected but are much less likely than I-bit errors.
Related checking methods apply to transfers of long lists of words (Scc 3-10)

Parity checks for memory and interface transfers are recommended for
critical applications, especially where a computer system is unattended.
Note that simplc parity checking doces not check arithmetic or logic errors.
Many end-user minicomputers operate satisfactonly without memory-
transfer parity checks.

(d) Alphanumeric-character Codes.  Computer input/output and digital
data transmission, manipulation, and storage require binary coding of
alphanumeric-character strings representing teat, commands, numbers, and/or
code groups.  We usc onc binary word, or a byte, for cach chargcter 4 bits
(2* = 16) are cnough to cncode the 10 numcrals 0 to 9 (hinary coding of

.decimal numbers, Scc. 1-4¢).  The 26 letters of the alphabet (uppcrease only)

and the 10 numcrals, plus some mathematical and punctuation symbols, can
be squcezed into a 6-bit code (2° = 64) if resources are searce: Table A-11
shows an cxample of such a code. Most minicomputer applications will
employ a 7-bit code with an 2dded 8th bit for parity checking (Sce. 1-dc).
Table A-9 shows the ASCII code (American Standard Code for Information
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Interehange), which admits  upperease :m.d lowcercase Ictlcrs'. n'umc‘f.xl.c,
standard symbols, contrel characters for printers and comm_umc:m(m :r:-r.s .
(tab, hne fu:cd. form feed. rubout, end-of-messige, etc.) _';md still has mqm..‘or
extra agreed-on synibols and control characters (27 = !28). A similar
8-bit code is the EBCDIC code used by the IBM Corporation.

8- aud 16-bit minicomputers neatly handle onc or two ASCIl-chnr:'xctcr
bytes in a computer word. Perforated pa per tape alﬁo hasei ghl-h(flc colu.n'fn's
fitting 8-bit bytes (Fig. 3-Sa). 12- and 18-bit machines must pack succejine
8-bit characters into multiple words through rather uncomfortable packing

TABLE 1-4. Some BCD Codes.
(Sce Rel. 6 for spucial applications )

; Excess-3
! (8,4.2.1,
Decimal 1 8,42, code for 2,42, 1
‘ x+3
‘ 0000 0011 0000
(1’ i 0001 0100 0001
2 | 0010 0101 0010
3 ! 0011 0110 0011
4 | 0100 o111 0160
0101 1000 1011
2, \ 0110 1001 1100
7 ot 1010 1101
8 1600 1011 1110
9 1001 1100 1

operations (Fig 1-17d); 6-bit character scts are more convenient for such

i ay ave cnough characters.
machines but may not have cnouy ' ‘
(c) Binary-coded-decimal (BCD) Numbers and Other Number Codes.

Table 14 shows somc hinary-cmlcd-dccimnl (BCD) codes which C)‘gprctss
pumerical data m terms of strings of 4-bit character codes corresponding to

decimal digits.  Asan example, the i}, 4,2,18
digit into the corresponding binary intcger:

9 2 1 7
1001 0010 0001 0111

8 3
1000 0011

The n'umbclx 8. 4.2, 1are the “weights” assigned t
each decimal dit
arithmetic circuits, but this is not cconomica
computers (4 bits can sncaify 16 t?innr).' pumbecrs,
T hus, BCDY cimenits serve mainly n numecerica
count-is ue.d directly by 10-fingered bipeds.

CD code cncodes cach decimal

o the binary bits defining
Some business-oricnted computers cmploy BCD-coc.ic.d
: | for general-purposc mini-
but only 10 BCD numbcrs).
1 displays, printess, and

E s T -

“h bew

. e ——

_ arithmetic registcrs.

e dme vecsemn s S s ebead e e b ma s dbm B ava o e abee
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A large number of other number codes, both with and without redundant
check bits, have been used.  In puasticular, the Gray code (reflected code,
Ref. 6) serves in some analog-to-digital converters (especially shaft encoders)
where it is desirable to switch o1y | bit at a time during up or down counting
opcrations.

Conversions between different coding schemes are important computer
operations and are implemented both by hard-wired logic and by computer
programs. Coding schemes for punched cards and for punched tapes are
illustrated in Fig. 3-5.

1-5. Choice of Word Length sand Data Formnat. (2) Word Length.
Existing minicomputers are 8-bit, 12-bit, 16-bit, or 1&-bit machincs; we will
arbitrarily eliminate 24-bit computers from the minicomputer classification.
Intuitively, the number of bits quoted refers to the length of the most
frequently uscd data word and thus to the number of bits in the main
This interpretation has become somewhat blurred
because softwarc and/or microprogramming éasily permits, say, an 8-bit
computer to operiatec with composite 16-, 24-, or 32-bit words. Such an
8-bit machine may well have one or more 16-bit registers and can usce single-
word or multiple-word instructions.  Again, modern 16-bit minicomputers
can often address and feich 8-bit half-words (bytes) as well as 16-bit words.
We will speak of an n-bit computer if the mam data paths (buscs) connecting
memory, processor circuits, and external devices are parallel n-bit paths (not
counting extra bits used for parity checks and memory protection, Sce. 2-15).
Advertising hiterature should be read somewhat critically in this respect.
Since computation with, say, a 4K memory can take 12 bits for addressing
alone, most minicomputers with meaningful instruction scts require some
doublc-word instructions, usually implicd or disguised by indirect or relutive
addressing (Sec. 2-7).  Depending on the application. longer word length

‘may mean fewer double-word instructions and thus save memory and time.

Clever design of short-word instruction scts is the central problem of mini-
computer architecture and will be discussed in Chap. 6. - We now constder
the choice of duta-word length.

In minicomputers serving largely as fogic controllers tather than as
arithmetic processors, word length nced not be determined by numerical
precision.  Where speed is not important, any number of, say, relay
closures can be controlled and/or sensed through succevsie 8-bit words,
But there arc also applications where an 18-bit word length (rather than
8. 12, or 16 bits) 1s just the thing to simphfy control interface, program, and
memory requirements.

In judging the data-word length to be used in fixed-point numerical
computation, remember that minicomputers do not perform a true roundofl
to the least significant digit.  Instead, they eflcctively reduce the nussing
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digit to a zcro (they “chiop™ or *“truncate™ the missing digit), so that the S 1-6
resulting 2s-complesent number will nceer he larger than the correct quantity, . ivcc::d ?'T))' AS(_:”'CI“"'“C“ff packing is cither clumsy or wasteful with 18-bit
It follows that even with 18-bit data words, fix¢d-point sums of. say, . 5 dut suitable packing and unpacking routines exist Cathode r:x)l'

1,000 terms, such as are frequently encountered in numernical integration or

tubc or xy-recorder displays of fair resolution (512 by 512 points) can be v
statistical averaging, must be computed with double-precision arithmetic NS ery

conveniently driven with 18-bit dut:
- a words packed wi - ¢
coordnate valucs; this arrangement h s relresh momary X 414 Y

|
|

if we actually want 18-bit accuracy; up to 10 of the least significant bits nught
be mcaningless !

(b) 8-bit Maclhines. 8 bits (i.c., a resolution of 1 1n 256) will not permit
\very accurate single-precision arithmetic, although very useful logic opera-
itions (say in industrial controllers) are possible. Multiword instructions
; and operations, however, permit powerful 16-, 24-, and even 32-bit computa-
' tions (at reduced speed) with many 8-bit machines, especially with micro-

i programming (Scc 6-13).  Another very important application of 8-bit
© minicomputers is the manipulation, storage, recognition, and recoding of

8-bit alphanumeric characters; note that 8 bits are just right for an ASCIL

| character with parity bit or for two BCD dgits (Scc. 1-4).

(c) 12-bit Machines. 12-bit data words can accommodate the 1 in 4,000
resolution of medium-accuracy instruments (within 0.1 percent of hall-scale
and sign), although the results of 12-bat arithmetic will rarcly have 12-bit
accuracy. )

As mimmum-size data processors, 12-bit computers (more specifically
the Digital Equipment Corporation’s PDP-8 scries) spearheaded the mini-
computer revolution with enormous success at a time when the additional
logic regured for a 16-bit machine was still fairly expensive.  The success
of the PDP-8 has produced so much valuable software that new PDP-8-type
12-bit machines are produced not only by DEC but also by other munu-
facturers, with prices reduced to below $5,000 for the processor and a
4K-word memory.

(d) 16-bit Machines. Sincc the advent of low-cost integrated-circuit
processor logic, 16-it minicomputers have become the predominant type.
Longer 16-tutinstruction words permit the design of exceedingly sophisticated
minicomputer architcctures (Chap. 6).  The sccond significant advantage
is the case with'which two 8-bit ASCII bytes can be packed into a single 16-bit
word; scparate byte addressing and manipulation is possible 1n many 16-bit
machines (Sec. 2-13).

(e) 18-bit Machines. The most successful 18-bit minicomputers have
been the Digital Eguipment Corporation®s PDP-7/9/15 scrics, which have
relatively simpic instruction scts and employ the extra word length for dircet
addressing of as much as 8K of memory. Other computer designers prefer
to usc cxtra instruction bits for addressing multiple processor registers

! The situation 15 <omewhat better s statistica! averaging because we can subtract the
expected value of the chopning ceror out of our result — Note, however, that the chopping-crror
tariane U adds to the vanaace of our statistical evtimaie

time (Scc. 7-9) tves both refresh memoty and refresh

() Data Formats, Figure 1-17 1llustr
code fixed-point binary numbers, flo

numeric chatacters into 8-bit, 12-bit 16-bi
) 3 -DIt, & = 3 I
Jormats are shown in Scc. 2-5 and 1n Chapl. ,6‘1md Hrbiwords. - Instruction

ates typical data formars uscd to

DIGITAL OPERATIONS: LOGIC
AND ARITHMETIC

’ l-§. l',ogic Operations.  The rcasons for the
with binary variable representation
storage and transnussion but also the

cxplosive success ofcomputers
arc not only the casc of binary-data
remarkable simplicity, reliability, and

X,
Xz
. Y, LX)
2(_:_ o =eaihinput gngd autput
3 either Qoart
Fig. 1-5. Gieneraton f -
ofa Bholean function Yofa mputs XL X, L Ay

!‘ob\lv c‘(()st of the basic operarions on binary variables
ac .box .whosc output Yis a hinary (Boolcan) function X, x (
of n binary input varbles XX X, Sinc e
only two different values, there 2 oo B Sl mput cun take
We can shnerent . eare 277 different Boolean find oy of winputs
A aractenize cach Boolean function by a simple table {truth table)

S 1 g th fl Ctl CS l I 1 p “Sll)lt C ”ll) nations ' rgum nt
O (0] 1 “ (0] | 2:\ ne

We would like to implement m

Figure 1-5 shows a

15 with dteas (0 implern any diflerent operations ke that of Fig.
o lu Orn..l Icnuutx; mputs and outputs will be voltage levels core
. ng to 0 ; - : frncions -
|;) ding md 1 (See 1-1), Fortunately, ol Boolean functions can be
obtained thi ough combmnation of simpler func ions, The Slﬁl[ﬁ;ﬂ‘ (l
oo . i . s Coone- ang
rc,lli?ggut Il'lrxlnchons of F_xg.. 1-6 will be more than suflicient, and all can be
(Thc c\;w readily available Integrated eircuits (logic inverters and o 1tes)
> 23 . . -~ -
oo ]L;l.u'nt(lry ‘Boolctm. operations of complementation (inversion)
A:;D‘ addition (union, ORing), and logical multiplication (intcrwcﬁon‘
A ine ! . . .
o n%)' combine accgrdmg to the rules of Boolean algebra listed in T'xblc’
2d.The table also illustrates how these rules are used to in useful

ating-point  numbcrs; and--alphae .



BiE 1-Re. Ven litde Logic Goon 2 Long Way: Gate Cinwuits (Combin storial
TA -\, 3 -

. .
§ ozic.

$anie (eates o H R1a RS The basic fogi ST} me Sitmpig ans man
Ba Gat and Truth | iy C c / ic qales |',L nent s1 i fatictiog { )

varables A LR IR VIS M N v C gale outpy tt o
! { h e llllh‘ on s dehined exphiaitly by a nuth llll'll I llnt the gatle output for ol

S attons of inputs ) ot (1 becomcs
m"b}lrz;l; 'nd \()Ir; zates also serve as logic im errers complementing a single inpu
Ny " D 2

0, and vice versa).

MCR

NAND a OR .2

N B 0.1 a\{ o \_ By 0t

0l 00 Gy 1 ol 01 o'oo
‘ vl v 0 |l 1 1!

1 0

: ¢ d together. .
. logic, zatc outputs can he ()Rc' toz . sinsle
NOTE: In somNcAﬁg ?:;d ):\ OR 2ates also serve as logic inverters for complementing a sing
2. Invertess, o <

nput  We use the following inverter syathols

ﬁ_Do_. ‘L.Do k. L{>o—" |

i cs provide gates with
S ates have ma complementary outputs. and some logic modules p g
Some ps X

1o

micrting inputs

A 88 ArBIC A .8%:]
1 Y m 8= Daverc e
5. L -

aic functions 1nto
ceed to combine simple logy ' o
alcan Algebra.  When we proce “ o oo
roree Ru,?'?{x':?l:n‘c(mm:\f more vanahles, we find that the mnnb;n.x}:::hm.ui&n e ollomne
Todes of B ";. . lyehra These rules are established by a <unr'r L‘"L o).
mh‘;‘ "fhlBU“ li;"h: rqulcs may be apphied to simphfy logic eircuts (logic op
truth tables.

A+B=28+ 4} {COMMUTATIVE LAWS)
AB = B4
A+{B+ Or=(44+ B (} {ASSOCIATIVE 1 AWS)
ARC) = { 1hK
AR+ (Y= A8 + IC } {DIMRIBUTIVE TAWS)
A+ BC=(4+B14+ 0O

A ADEMPOTENT PROPIRTIIS)
44+ 4= A=

44+ 8= ~Rfandonlyf 48 = 4 (CONSISTENGY PROFERTY)
:4 + 0= Al = A4
“ =I!0 A '44 :II’: : {1 AWS O ARSORITION)
A4+ B) = - AR =
(ﬁ-ﬁ’ = A } {1 AL nv.t.m PEMORGAN'S TAWS)
(= [ )
= P00 06-14 _

\nie .8, Very Lintde

Logic Coes 2 Loug Way: Gate Clircuits {Cuiabinatarial
Lagioy( osntiaed )

Lrery Boolcan punciom arher sdontiat to 0 or can he
polynomials {canonical mintermn) 2,7, - Zo whire 2,4
Boolcan fun fron)

Inview of d¢ Morgan's faws, erery Boolean function o tdenticatly 0 can !
wigue proufuct of canonical masterins ZoA Ly ke y /.
arc altogether 2* minterms and 2" masterms,

These canomcal forme how that ctery Boolean function ¢
with two levels of logic gates (eithee ORing of AND-gate
Outputs).  But the number of gaics and/or conncctions nceded mught be reduced decisively if we
admit some intermediate leveds at the expense of extra time delay,
4. Examples of Combinatorial Logic. Combunatoriat logic 1nvolves only gates {including
inverters), no memory or delays.

(@) NAND/NOR and NOR/AND Convenion {by de Morgan's theorem).

*D,FL_DO._

aD_ﬁj“
OR

These conversion rules
componcnts,

NOTE: All combinatonial logic ran be implemented with NAND gates alone, or with NOR
gates alonc.

(0) Single-pole/ Dauble-throw Switches,

Cpresad oy o smgue sun, of minimal
sttther Xor X, anogrcal Jormg of o

whe evpressadas g
where 7,1 cither X, or N, There

41, 1 principle. be implomented
outputs or ANDing of OR-gate

a8 Y
YY) B Y-

* Dot
aND

are usclul when we have to work with specific commercially available

- [5_ . as A S
- - [E—
a_. ? ? D B3+As
! § - .
L\_‘_D—-«@ 8 - (e A5

845:0)
() EXCLUSIVE OR (XOR, Modulo-two Addcr),

A —— I}OB A~ . ————
8 ""D“L- C:BA+aB ED“' D C:BA+4
5 g ) g

NOTE: C = O indicates that 4 = B (coinaidence detection).
Many other implementations exist,
@) Recognition Gates (Decoding Gates) for sclecting devices ident

ificd by a bmnry»addrc&\
code, for presctting counters, ete.

O e et
WY — ey T Tt = -—~— From register,
S:; g it s B ""‘ T T T counter, o bus

1if MO . 1 OON

. . f e 1 4 BC
43 AB=A44+'B 48 + i€ + BC =

| — e : -
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Fig. 1-6. Figure 1-6u shows Boolcan functions of a single input anure' '.‘h:’ ?I:::\:su::g
mlgsl |m.purl it functions of twa inputs by simple truth tables and shows comimonly us

symbols for the carresponding logic gates

Boolean functions with simple gates. In particutar, AND %a;esmazz
inverters alone, NAND gates alonc, or NOR gz\.tcs alone calr‘\‘;j;r:;rsome
Boolcan operations.  This is of great prac'tlcal 1mp0rlan\c§D‘:2'u‘S sone
types of solid-statc logic make it casicr to implement N/' ::r.;lc,rdl‘“y
others lcad to a preference for OR :m'd NOR gatcs. M.xr‘\{\ cot.“.o " (ms
available logic systems also oﬁc; !;;glc gates with more than puts,
arc often convenient (Fig. 1-7). . o
Wh/l\df]li;‘)r-;:p is a 1-hit memory derice for slor.ing a b'mzu')t v::jnabl—;;l:]?-ﬂ(;g
registers are ordered sets of flip-flops for stormg digital \\L(;r fsd. Table 1o
defines cach of the most uscful flip-flop types by the mclho‘ od 2 ac F): (’urc
shows two important appheations (scc also Sces. 1-7 an «d.—:)' 'lr"g“c‘-
1.8 shows how appropriately timcd. control pPlscs are used to par:
transfer the contents of a fip-flop register to other registers. e cireuits
Digital-computcr arithmetic circuits W.l" be designed asdifltd binar;
operating on the bits of binary-number mpgts to y:rgduce T‘.rgstored in
output numbers, with inputs, outputs, and intcrimediate results
flop registers (Sec. 1-9). . o ,
ﬂﬂ?rgclanics for simplifying Iogi'c circuits (1 <., minimizing ‘Egor\l,l;:;;:)?;r?:
gates aud fup-flops. gate inputs, interconncctions, and/or cross

the subj  of lepic aptimization for digital-system design (Refs. 1 to 5)

nle 1S
Asiriznoon of a lorse digital system, such as a complete computer,

-— -

21 LOGIC OPFRATIONS 1-6
+5v
A — P
B ——— B8 — -
C ———— T\_B__ tF ¢ \ ~, AB+CD+EF
£ ] € — Rl g
F F ~—-D°_r‘_

AND/NOR gate
NOR gate f A=B,C=
XOR gate 1f C=A, D=

Mutti=put NAND gate NAND gates with wired OR
0 {not possible with
B all types of logic)

Fig. 1-7. Some multi-input gates available 1n integrated-cireuit form.  Many other types exist

often itself donc with the help of a digital computer.  On the other hand, a
reseafcher or engincer who merely wants to use a small digital computer,
and to interfacc it to some real-world instruments and controls, will scldom
require formal logic optitmzation. Al we usually require 1s the material n
Table 1-5, some reasonahle common sense, and a nice collection of tried logic
circuits we can adapt and modify.  Manufacturers’ catalogs and application

TABLE 1-8h. Very Little L ogic Goes a Long Way : Hlip-flop Circuits.

L Fhp-flope A fhip-flap, ke the famubiar torelc switch, will stav in a given output state (0 or 1)
even after inputs have been romoved | hip-tlop. thus intplement momory for inary vanables
and peemit duia storaae and automane sequential opcrations {Ehat s, logic states can deier-
minc the sequence of future fogic states. as in data transfers, counting, cie ) Although a
somewhat bewtddenng varety of diffurent fip-flops wre sold, alt are denived from a few simple
types.  Speaifically. the basic reset/set (RS) fhip-flop retinins its output state through regencrative

feedback unul o new reversing input s applicd,  Other types of tip-flops add differcnt input-
gating circuits

Q {a) Roset/wt (RS) flip-flop. R =1 (lesd

| or pulsc) reswts telears) the flip-flop (Q = 0)
. , until § =1 sets the fip-flop (@ = 1)
g' . S5 0 R=S5=0 leaves output unchanged

R = S = lis dlegal (indefinite output), or
R'~~— . R = I mayoternde S =t Muluple set
R— R ~>{Reset |-—0 nputs or multiple resct inputs are ORed
J together
- . R ——— e

[+]
}5 S
1 VYset —q (® General-purpose flip-flop with cnabling galcﬁ;;’::n\‘l.ln) different types
exist  Inputs may tnclude inverting sct and,'ag: reset inputs, multiple
— gatc inputs, ctc.  Frequently, the lower reset input s designed to
—D Reset ——T  overridle all other inputs. : .

_k °

- In some peneral-purpose flip-fiops (chode/transistor logic, DTL), gates have ac-coupled inpuats,

which set or resct the fup-flop when a voltage step (cither up or down, depending on the type) s
gated by a logic level ’
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. e 2 W e Flip-flop Cireails (Continties
’ ) fe Layic Goes a Fang Way
TARBIF 1-8h. Very Lty u
R
; L
1 Yo Q {c)Another type of gencral-purpose flip-flop.  The two set-

gHe mputs are ORed together _ The i erted <et and reset
iputs requrre § = O to <ct und R = 0 to resct.

’?‘
i tod as a JK fip-flop, which
S ) Geaeraf-purpose flip-flop conncel p-flop. tehich
j acts bhe an RS p-Rop except that J '=-h =~*(~J(d:|3}‘|
"*':D Set Q reverses the output state Wuh S n'nd K c.ok::m:g I‘ nm;,;, !
:L i Uncsh, we have s T(telgper) flip-fop: ForJ = K = 1,
I" :i‘ Reser g reverses wheacver 7 goes to 1.
K= {
e
- s D)
. i rchimes called type
2 e) Data/control (some
o - o X 0 -9 l‘lil)bﬂnp. Qutput @ tukes data-mput salue
- Set

when control input gees to 1 1t acts as a

=~ hnary sample-hold co e isim pur(anl'

¢ 0 o Jam transfer of duta tmed by coatrol
fR {strobe) pulses and m shaft segsters

% oset

‘H

1

<! o ~ - fC agesiy o4 t ¢ te e ntervil
b Irank (naster-sfavel ‘ﬁp(‘ n ﬂlp ""p\ ] desizned to 'ﬁl-lh'l\h a defimte C
{th] Y

o o .- . o 2iC. ke . - CrANCCs, DOSC
hetwern inpit and output ‘ I
( facturers’ Jooie i o £ s

ansult manufactu | > manuals for ex 1ct 'O"IC fanout 'nn c-levet tolerances QS

aue - . ¢ic .
nety, pulse duration. and step rise bme required to trigger fip-flops

Ly, n. ' N

3 impertant Fip-flop Ciecuits {a) Simple shift registers, Note lh;
§s §S possibility of paraliel input throug

— o Cxtra sct and reset ternunals,
Datan -—D
15 I Ss) [ N
ta IR
Shit
puses
iS lS
3] ahata s
Dca n 2]
4 C r C { .
} R
. 24
shafe r ‘
Julses

(Least sigmficont bit)

K I (h) Simple binary counter.
?

S cz‘z{‘ Corry Lach counter tup-flop com-

up) P!l‘m“m\\hh\:HC\CHlLlnggCI’

T wmput chinges 10}
faeey  Coumor can be preset with

N -—— .
———————————————.

.
— -

n A GENFRAL ll\ll!-S!\IF MACHINE
e P —————— .
_s_i'_'_ Bt . €gister } stegster 2 811 Fegiste §
Ser f‘ . Set Oara
FFr o _[ Reset __{ Contigi
—treser
Bt
2 Bit2 Bi12
Set l Set Dotg
FF2 | __ Rezet | Caftegi
- ——JReserT
;u-l_sle 2 Pulset Puise | Pulse 2 Pulse }
{STROBE) (CLEAR)
(o} 3} te)

Fig. 1-8. Clear-and-strobe transfer into o flip-fop register ) and
B and(c). ¥ihe dual transfers m (b or (¢ ) are 10 take place simul
Mp-flops to make sure that the oid output of tke

notes should be consulted for speci

specific types of commercially avajlable logic.
logic will be discussed in Chap. s.

1-7. A Geneeal Finitc-state Machine,
clocked time mtenvals 0, &7, 2Ar, thenerer

Mip-Tops (Table 1-5h) plus cammin,
NAND gates; or NOR #ates), as shown i Fig 1.9, Fachf

al tricks and prec

——— e

Pulse 2

M transfer between reeisters

ancously, we

e T S
|
1
t
Combinatong) Comrtratoreat "
. logic fogic
Y2
t
i
R i
S ! T
£, 1
3 5 .__J.J.~
—afe | X3 H
Set1n tql
X _
Clock py 525

biz. 19, A general cloched seqgunty

Cntents X determne all subsqueng Mp-flop states 2y EX
“ae .

CRYYL ) - Y(‘A.A)lhrough the recursion reistions

iy Yk 4= 0.1,2,...

st ine, The gnen log

gic and the mip

can use dual-rank
tiest repister is transferred before o is updated.

autions applicable to
Digital-computer interface

Ifweagzree 10 admy logic-state chaages only ar diserete

b sequential machine can be buiy from Ntype D
woril loge te g, AND gates, OR gates, and mverters: or
1p-flop output equals jt

s logic-leve]

sl register

X, )and outpuly Y =



1-8 INTRODLCTION TO MINICOMPUTATION 24

input at the time of the last clodh-pL ¢ upswing Thus the N fip-flop outputs
X, = YU A 1= 1,2,.. ,N

arc Bools an state variables defimn 2 172 state of our system during the Ath clock interval - Given
the A initial values X (0h all fus r -itesare determmed by the N recursion relaniors {Boolean
dl]fcr(’n( [y l‘quallnlﬂ, state equalhst N

X[k + DA} = FLX (kA0 - A0 XhAA] =12 . NA =002

where cach F, 1s a Boolean functicn of the X, The M system outputs Yk At) are 210 Boolcan
functions of the state varibles \ /% Ar) and may, Tike the F,, depend exphetly on the time
vanable k.

In an actual digital computer 1a2 date-determiming fip-flops in Fig 1-9 wili be grouped into
processor and memory registers coataamg numcnical and control informaties
1-8. Fined-point Arithmetic and Scaling. Minicomputer data registers
hold 8-bit, 12-but, 16-bit. or 18-bit data words. It is also possible to con-
catenate two or more such words for double or higher precision (Fig. 1-17).
We have scen how a binary word can represent an integer (Table 1-1)ora
fraction (Table 1-2). In principle, a binary computer word (20.d,.a2, -+ «>»
a,_,) could also represent 2 nonnegative binary number of the more general
form

1 1 1 .
X = 2’<§ao+—2—2a, + ---+?aﬂ> 0<Xx <2 2" (14

with a binary point imphied ahcad of g, (1fr < 0, weimply 0digitsa,, @rv1s - - -5
a_, between the binary point and dg, a5 in X = 000101). An analogous
generalization applies to signed (positive or negative) numbers. With such
representations, we must keep track of the exponent r determining the
binary-point location throughout the computation; in purncul:\r, terms in.a
sum or difference must have the same . Floating-point arithmetic programs
or arcuits (Sces. 1-10 and 6-12) employ somc or all the bits in an extra
register to specify the exponent 7 and compute exponcnts separately at each
step of the computation at considerable expense in cither computing time or
special hardware.

With fixed-point arithmetic, it is best to consider all numerical quantitics in
computer registers and memory as cither integers or pure fractions (Tables 1-1
and 1-2). e propose to cmploy integers (which may be positive, negative, or
zero) only to represcnt actual real intepers used in counting, ordering, and
addressing operations. All other real numerical quantities X in the computer
will be regarded as signed or unsigned pure fractions (—1 machine unit
<X < +1machine unit) proportional to corresponding quantitics x occurring

in the given problem:

15 FINED-POINT ARITHMEFIC AND SCALING 1-8
the chrcspondlng problem variable x in the computer
resit‘rzcl the scale factors a, to integral powers of 2.
racu()): best a]ccuracy in ﬁxc'd.-poinl computations, we try to pick cach scale

- ay flS the largest (‘posm\'c, negative, or zero) integral power of 2 which
will still keep the machine vaniable [a, x] between —1 and. + 1:

It is convenient to

. = 1 < 1
== 7 < maxid (-9
Unfortunately, bounds for max [+ arc not always known ahead of time, so

that : ic :
at we may pick too small or too large scale factors, Too smlil seale~

factors was Cisi
s waste computer precision.  Too large scale factors cause overflow

;'fv;:;g co[r)rcspolndmg computer vartables, which makes the computation

o i,; .t;]glta 'computc.rs have flip-flops (flags) which set to indicate over-

o | I;‘mb metic operations.  These flugs will not stop the computation by
elves but must be tested by programmed instructions (Sces. 2-10 and 2-11

To scale mathematical relations for any given problem, we. simpiy ex};rcs)s.

1
X = a (u, x] ' -7
Our scaling procedurc is best exhibited through an example.

EXAMPLE: Scale

. y = av + bx?
given a=10 b=005 -7<x<19

hy

Stnce P ication CoONsYUMes more cot p ro han f -p i . - [§3
ce multipl i NOre ¢ uter time thag I\CL{ ot addition, we rowrit

R y=x{u+ bx)= x:

We must scale the intermediate result - =

=da + by : .
16 and )} < 256 Now we simply replace ‘(‘1 b, r‘. :‘L.gd::llllats))?‘ substitution yield- 12| < 11 <

,6[{%]. Tl?. [16b]. 32[3‘2-] ls[l%]. and 256[5;._6]

t kclcd [§14) S dr n C oVl lblCS between — 1 and + 1. ‘VC thus hlld the
“hCIC hc blac i antitics are machine van
(o | o

>
.

LoF

Ll seelil

which is casily >
Note 1 “‘ ,,f,,.ChCCde ag.unst the g ven problem equation through cancellation of seale factors
computation wnoltes only scaled machine varniables and muluplving fuctors

Yir=20 % +2 rr r 9

.:ll:. l'- 2, ..)co .c\pmulun[ to tllll/!’l' JI(/II.’{[— shaft ope atrom (SCC 1- h)

. Our scs ng ]HOCCdeC. as ttwere ‘\L‘L‘IN rach of the correc cxponents ran Eq 4) outside
of the computer, ' ( ‘/l ‘ ‘ ‘ l A yout l

X = [ax x] . (1-5)

Each bra  cd quantity {a, x]}isa scaled machine variable representing

. +
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Although fived-point computition requires us to prm}r«in with scaled
variables, we may not have o bother witl: the job of sealing 1eams of machine
inprt and’or output data. Entening and printing arabic numerals requires
some computation (translation to and from hinary numbers) in any case, and
it is usually readily possible to incorporate qc.vhng opcrations in such
input/output programs (Scc. 5-27).

1-9. " Some Binary-arithmetic Opcrations. (a) Addition, Subtraction, and
Oscrflown.  As discussed in Scc. 1-8, we will consider all fixed-point binary
numbers as signed or unsigned integers and pure fractions.' 2s-complement
coding is most common,

The half-adder (modulo-2 adder) of Fig. 1-104 is a logic circuit for adding
one-digit binary numbers and is secn to involve an XOR circuit. For

multidigit addition, e.g.,

19 1001t
09 01001
b 111009
. Y,

Catrnies

each bit-by-bit addition can generate a carry bit, which must be added to
the next-higher-order digit.  This is accomplished by the full-adder scheme
of Fig. 1-10h.  Figurc 1-10c shows a complete three-digit binary adder made

up of three full-adders.
Such adders will produce correct results with signed pumbers (2s- or Is-

complement code) if we follow these sumple rules:

1. With 2s-complement arithmetic, siniply add as though words represented
nonnegative numbers, and disregard sign-bit carries.

2. Wuh Ls-complement arithmetic, add the sign-bit carry (if any) to the
fcast significant digit (“end-around™ carry).

EXAMPIES,

DFCIMAL 25-COMPLIMENT CODE 15-COMPLI MINT CODE

{Integen)
6 o]t 10 o0j1 1 0
-1 110 0 1 1{0 0__9
-1 . Ty {1170
6 {13 S T T ¢ t 10
-4 ' 1 1 600 [ I |
2 - 0j0 10 0106 1 ¢

discarded cirry

. j
“end-around™ carry

In simple adders like that of Fig. 1-10c, low-order carrics must propagate
(“ripple through™) all the way to the highest-order bit before the sum output
iscomplete Tosave time, anc could, mn principle, compute the result bit of

i s=Ane e a Ranlean funstion of all sumniand bits of the same and

S et e e et ver . ety et e e
S—

n VARY
SGs. BINARY-ARITHME IO OFERATIONS

. T ey

T SUM:BA 4 AJ

D T e e e e CRRAY OuTsAB

CARRY N

CARRY OUT
N ——— S = ——
)
© Leost A
z et e e e |
297 fiesnr Tl opacr fr————taeay,
ot Bp————o . ] A2fw _1““
. ___jCamay
e T
8y | AO0EN T ke
[ = Jcarny
Mogt by e ™
:l?mhcqm - AF';.;"LQLR T e (& Rlg
4 e R B S CARRY or
(e} OVERFLOW

Fig. 1-10. Hultadder (o), ful).

propagation (o adder (), and a 3.by adder with simple ripple.

through carry

lower orders w
ithin two gate-del
-aclay times. Practical
circuits actical carry-lookahe:
R constitute virious tradeofls between cmun simplicit ¥- o ead
(Refs. L and 3, and Fig, 1-11), plicity and speed
Minicom
register (ar:*cpum“r piders usually add a number in o processor arithmetic
register) and r‘)‘;" "‘0,1') to a’ number taken from memory (or from another
ace the result into the accumul i ‘ ¢
Fixed-point additi accumuiator (hence its name),
: 1on of two nun e et .
only if: umbers produces arithnetic overflow sf and

1. Both terms of the sum h; e identic:
different sign,
2. Or, iti
equivalently, addition produces a carty out of the sign bit or out of

the most significant bit b i
of e o ific o ut not both (that is, the LXCLUSIVE OR

al signs but the computed sum has a

-9
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carry lookahead usig Jour such chips th)
Two function-conirol biis 5,08

combined to form output-bus bats #|

Maumum delay s 35 nsec for 4 bats, 49 nsec for 16 hits

00
10

SUBTRACI (W

ADD

XOR
AND

A 12-bat arthoctie Jogie une soalso shown an dash hines.
y determme the function®

Bits marked A,.

Shifung would be done with register-gate aircuits {Fairchild Semiconductor )

B, un two mput buses are
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The same reasoning apphes to subtraction if we regard diflerences as sums of
positive and/or negative numbers.  Logic circuits can test summand and
sum signs and set an overflon-flag flip-Bap.  Many minicomputers, however,
do not have a true overflow flug but only a carry flag (accumulator-extension
or link flip-flop), which is complemented by carries from the highest sum hit,

Overflow tests for negative numbers then require several programmed

instructions (Scc. 4-8¢). L

Rinary subfraction can utilize modificd adder circuits (half-subtractors and
Sull-subtractars with negative carries or “horrows,” Ref. 1), or we may nepate
the subtrahend (Tables 1-1 and 1-2) and add.

Figure 1-11a illustrates the logic design of a complete 4-bit arithmetic/logic
unit, which can implement the bit-by-bit AND and XOR functions as well as
addition and subtraction  The entire circuit is a single integrated-circuit
chip. Figure 1-11h shows how such circuits combine into 12-bit and 16-bit
arithmetic/logic units,

(b) Shifting (sce also Sce. 2-10b). The dcfinition of binary-number

" codes (Tables -1 and 1-2) implics that shifting each digit of an unsigned
Ls-complement or 2s-complement number 1 bit 1o the right will nudiiply the
number by V4, provided that the new lefimost bit equals the old sign bit or is
0 for unsigned numbers.  The old least signsficant bit is jost (chopped rather
than rounded off).

Converscly, each L-bit shift to the left will multiply the original number by 2,
provided that the new rightmose bit is made 0 for unsigned and 2 s-complement
numbers and equals the original sign bit for s-complement numbers. Such
multiphcation by 2 will producc overflow if and only if the most significant
bit of the given number was 1 for positive numbers and 0 for negative
numbers. :

EXAMPLIS (4-bit 2s-complement codce):
0110 represents + 6 {or +%%) 1010 represents —6 (o1 — %)
0014 represents +3(or +34) 1101 represents -- 3 for =34}

0110 and 1010 cannot be shified keft without overflow in this cade (sign it and most significant
it differ)

Digital computers employ shilt operations for multiplication by integral
powers of 2, and also to move partind words (bytes) in character-handling
operations.  Shifting could be accomplished with a shift reo~ter (Table
1-5b), but in most computers gate circuits like thosc in I1g. 1-12 move each
bit of a word “stdeways™ during parallel register-to-register transfers.

(¢) Binary Multiplication.  One ordinarily computes the product of two
n-bit binary numbers o and B as a 2n-bir niuher, so that no information is
lost.  This works nicely for wnsigned integers or [ractions,

Ix3=9

!
L VI 4

} is represented by 11 x 11" = 1001

3
SONME RINARY- AR IO OPFERUIIONS

- and also for signed integers, sity in 2s-complement code:

(-3 x3=-<9j repeesented by 101 » 011 = 110111
(=4) x (=4) = +16is represented by 100 x 100 = 010000

But if the #-bit multiplicr in i
' puts 4, B and the 2n-bit multiplier out
i ‘ . : ) u
are mterpreted as signed Jractions (Table 1-2), then the nmlliplirz'r au(puf t'.:-

-1 3]

Bit2

cerr | Rronr |
Fig. §-12. Shifting {mulupliciuon by 2 or Vo with regivter pates {muoltiplexer chips) ‘
Y548 (not 4 B). Thus,in 2s-complement code: ‘
:(()H X 11— 10U cepresents Y(=34) x 3 = —%,
0 x 100 — 010000 represents =1 % (- 1) = +Y ‘

A fast multplier for short words can use
product diguts, but this is too cApensive
Instead, we proceed as in pencil-
the multiplicand by cac
these are then multiphe

logic or table lookup to fors
for muinicomputer writhmets ‘
and-paper multiplication.  We multp'
h muluphcr' dugat in turn to form partial product 1
o dmpliety ::ghy ;ucc::xnc pm\'c‘rs o_fZ (1.c., shulted) ind adde
fintond o \h,ﬂm(: o 1 c n.m\ er multiplication of unsigned nteget
ool " £ partal products, the computer adds the most significa 1
productanto a cleared 2n-bit register (actually two n-bit reaiten
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shifts the register contents to the left, adds the next partial product, ctc.
With binary numbers, cach multiplier bit1s cather 0 or 1, so that each partial
product simply adds either 0 or the given multiphicand.  These operations
are accomplished either through successive computer instructions (multipli-
cation subroutine, software multiplication) or more quickly by hard-wired
logic.

01t x 101

=‘ < — e e
EXAMPLE(3 x 5 = 15) 5

000 :
01l

001111

(d) Division. Diviston subroutines or hardware employ a double-lergiin
dividend and a one-word ditisor. The result will be a one-word quotient plus
a onc-word remamder. . :

We again consider only unsigned integers or unsigned fractions.  We
begin by comparing the divisor with the high-order halfl of the dividend: the
division overflows {and is stopped as unsuccessful) unless the divisor is
larger  No quoticnt bit is entered at this point.

The enfire two-word dividend is next shifted 1 bit to the lcft, and the
contents of the most sigmificant register arc again compared with the divisor.
If 1t is still larger, we enter 0 as the most significant quoticnt bit and shiit
again; if not, we enter 1 and subtract the divisor into the most significant
dividend register and shift. - We continuc in this way (much asn pencil-and-
paper division) until all quotient bits arc computed. At this point, the
most significant dividend register will contain the remamnder ; the least significant
dividend register contains the (integral part of the) quotient.

EXAMPLE (15 — 7 = 214, 3-bit words):
@1 11100

@0 o0 1 1 | 1 mo 1 1 1 10
bl | | | O |
no overflow, shift shift subtract and shft

Quonent 0 1 0 Remainder 0 0 1

For division of signed numbers, consult your computer manual as to the

specific format used. | Most frequently, the correctly signed quoticnt is Jeft
in the lcast significant dividend register, while the remainder, again in the

most signtficant dividend register, is an unsigned number preceded by the

sizn of the duwdend.
To compute scoled-praction quotionts X/Y of N-bit scaled fractions X. ¥

(Sev. 1-8) or, for that matter, of N-bitintegers X, Ywith an N-bit compuier, ,

simply place X into the most significant dvidend register and clcar the least
siomificar vidend register. The desired signed or unsigned fractional
quet ni vt be commetly produced in the form 27728 X/Y)

—— = o = -

e Y & ———————— o ————

n FLOALING-POINT AREEIINME TIC ° 1-10

1-10.  Floating-point Arithmetic. (a) Ioating-point Data Representation.
Binary floating-point arithmetic rcpresents cach real number X by nwo binary
numbers, an N-bit signed binary fraction (mantissa) A4 and an A -bit signed
binary intcger (exponent) R so that

X=4x2" : (1-8)

The mantissa is usually represented 1n sign-and-magnitude code (Table 1-2).
The exponcent can be a 2s-complement integer (Table 1-1); some floating-
point number represcntations do not usc the exponent R itsclf but cmploy,
instead, a nonnegative biased exponent or characteristic

B

R=R+8B (1-9)

where B is an agreed-on positive integer.  Typical mimcomputer floating-
point formats arc shown in Fig 1-17.
Floating-point number representation is not unigque since, for instance,

0.10100, x 2° = 0.01010, x 2'° = 0.00101, x 2*'

The first form. where the most significant binary digit of the (nonncgative)
mantissa is a 1, is often defined as the normalized form of the floating-point
number. A number is also considered normahized if the exponent 1s as
small as possible and the absolute value of the mantissa is still less than 14,

Some computer manufacturers {c g., IBM, Interdata, Data General) use a
hexadecimal floating-point representation defined by

X =4 x 168 (1-10)

where A4 is a binary fraction and R is a binary intcger (usually expressed in
hexadecimal code, Scc. 1-4h).  In this case, a properly normalized muntissa
will have at lcast the magnitude i i.e., at lcast one of the four most
significant bits of the positive fractionis a 1.

Fortunatcly, most minicomputer users mect hinary floating-point formats
only when troubleshooting. Input/output is almost always in decimal
floating-point format, usually in the E format familiar to FORTRAN users:

0.2734E + 02 = 0.2734,, x 10?
The floating-point representation [TZq. (1-8)] covers the range

P E Y e (1-11)

This range is usually so very large (227 '~V > 10*® for Af = 8, scc abho
Fig. 1-17) that no scaling is necessary with most piactical problems.  This
truly dramatic advantage over fincd-pomt computation is paid for with
cither extra computing time or more expensive hardware, and usually also
with reduced preciston per bit used to represent X (M b are used for
the exponcent, which docs not contribute “sigmficant dig.  ,. Roundoff

2M-I

I N
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i-11
errors can he multiplicd by large factors 2R in some parts o'f a :gr:‘\‘pll:\;l;zr;
1t Itidigit floating-point result may be lcs‘s accurate thi . s

- "l'“;'“ m‘inicun:pm'cr nvo-word floating-potnt formats have unc
Py Pl\fl.lt ;l d:.mumicsat. Unless you know cxactly what you are dom_‘g{' we
e 5"2’; three- or. four-word formats with 16- and 18-bit machines
I;"t;omlm;‘;‘) This applics cspecially where many terms are added, as n
nur%'\cricul integration and averaging. . ible, but rare.

Overflow of the floating-point range (Eaq. (i"‘)‘) wi?] e, B
Cnderflow (normalized exponent R below 1 -
m‘i::) Q;:’l‘(:\:‘i‘z;g-puim Opvrations. Floating-point addition

o it voly
require the computer 1o perform the following-—fairly iavolve

and subtraction
d—opcrations:

apare exponents s
gl(\)ilt}ttrmliﬁgn of smaller term so that both terms have cqual expo

. . a8
Add (or subtract) manuissa '
Normalize result: check for overflow, return 0 on underflow X

. - . . L3 . ra‘ cr
with floating-point arithmetic, multiplication and division are
simpler than addition and subtraction: -
a: multiply (or dividc) mantissas—exit if

'l jzed dat
e e s: check for overflow, return 0 on underfiow

Add (or subtract) exponent
Normalize result | '-
implemented with software (subrouhr'\cs), m'th
), or with optional hardware (floating-point

- f
[ thmc un P 3 } l 1 ﬂd i a 017(’
an h {iC ‘t) l‘ € IHU\'! GIM) rot '(!(. f‘ T , e d fon ‘ ral ions 0

. - " . ’ ! " . (1) - . ’ {
ﬂ("”"“} fl.\(’(""””” num ers an l-u”q ﬂ“allnq'po"” num ¢rs. an fO’

m l ”I’“ ou }) I u t lhlc ass "lb y‘ 1 b‘ lllllILS “l“ ‘)C
d((. ma 4 ’/ fput. S (1%t \SSC ‘ ‘ﬂngu. ac su 0

istings: ing-point hardware
found in computcr manufacturers’ software listings; floating-poin
0 -

is discussed in Refs. 1 and 6.

All these operations must be
a microprogram {(Scc. 6-13

MEMORY AND COMPUTATION

1-11.  Introduction. A computer memory 15 an:dc
et dition., a finite instruction
Liate results. 1o cffect, cac

d to store data and
<ot makes it necessary

h computer memory
cach

instruction svquencestin ad

v terme _
omptte and storcn . ‘ B
‘c(::nisls of a large number of binary storage registers (memory

o address a
pable of storing a complete computer word. plus c:rcu\:\sotrd h
b eram-scl “m [ acdine or wnbing a .
: ocation for reaciny e .
sram-sclected memory 1 : : T inthe
PY%U . <« a memory location, we place its number (memory -\gd( Ou)n e
o ; : (memory c
. 3CC~‘ "L ST A “tree™ of decoding gates (Table 1-3a)c '
menory aduress e

to thc !llullOl) l.\dd‘LSS ‘(L‘S‘.C‘ “ln ‘hc" d“t,c ooiC S U“dls (o] ‘Cx\d UIC
t l o ‘O

Vot deinemenrV d.t. '-tq . b ‘l T

ata TCOS [\ (mCmOl, Uil

ater.
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register) or write a word from the memory data register into the sclected

memory location. The access time is the time needed to setect and read.
The write time required to sclect and write is often called eyele time, a memory
eycle being the time required to read/cerase and write/rewrite in a magnetic-
core memory (Sce. 1-12).

The main memory of a minicomputer usually has between 1,000 and 32,768
words of magnetic-core, semiconductor, or plated-wire storage with eflective
cycle times between 250 and 8,000 nsec (Sces. 1-12 and 1-13).  As a comn-
promise, inexpensive 800- to 3,000-nsec main memorices citn be supplemented
by very fast (50- to 200:asce) intermediate storage (seratchpad memories)
in the form of flip-flop-register or semiconductor memorics,  In addition,
we often add slow but incxpensive mass storage in the form of magnctic
disks, drums, and tape (Chap. 3). These can store large programs and data
blocks (up to millions of words) which arc (one hopes) not immediately
nceded at all times, but which can be transferred to and from the main
memory as necd arises. ' We thus have a hierarchy of storage systems.

Al

1-12. Core Mcemories. Most minicomputer main memories arc core
memorics, which store individual bits by magnetizing toroidal ferrite cores
in the 1 or 0 dircction through a writc-current pulse (Fie. 1-130)  To read
the information stored in such a core, one pulbses the core in the 0 magneti-
zation dircction; if a 1 had buen stored in the core, the resulting flux reversal
would cause an output current pulse in a sense wire threaded through the
core (Fig. 1-13h). To select only the cores associated with a specific word
in the memory, we implement the read and write currents through super-
position of sclect and inhibit currents in two or three wires threading cach
core (coincident-current selection, Figs. I-13¢and ). Figure 1-13¢ illustrates
a typical core-memory word selection scheme (3D scheme), and Fig. 1-13d
shows the wiring of a typical bit plane; the sense wire is threaded through all
corcs in the plane in a pattern designed to cancel the cffects of the half-select
currcnt pulscs associated with unsclected cores. At the expense of a httle
extra switching logic, the same bit-plane wire can be used for both inhibiting
and sensing, so that only three wires need to be threaded through cach core.
Reference 3 describes two different word/bit arrangements for core memories -
(2D and 2)4D).

Core storage is nonvolatile; i.c., the memory continues to store its contents
even when computer power s off - Full-eycle times of typical mum-
computer core memorics arc hetween 650 nsec and 8 pisee, hall of which s
the access time.  As shown in Fig. 1-135, core-memory readout is destructive;
svc., readmy clears the addressed memory location: ordinanly, the woid thus
read into the memory data register is rewnitten into core during the second
half of the READ memory cycle. . The cycle tune of even a 650-nsee core
rcony s quite long compared to the 50- to 100-nsec clock-interval times,
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Y-SELECT Y-SELECT
SUNE LINE
SENSE SENSE
LINE LINE
] X-SELECT X-SELECT
LINE LINE
) (% ’ ]
Voo 3 L
- MNF N CANHIBIT
\ I‘C:‘&BE” / o
= (current [z0) To sense
ampli fier
WRITE 1 READ 1
(o) (b}

Fig. 1-13z and b. Comncident-current whting and reading/erasing n a typical mimicomputer core

() WRITING Vo start with all cores magnetized i the 0 dircction A nl}n!%lu lf
it of a sclected word) depends on three current pulses Eachoo
alf of the required magnehizing current {word sclec-
atien) must be O (Mt setting)

memory
into a ginen core (1€ . a gneh
the two selear curonis ¥, Y must he one-h
von) and the miubit current i v hich would oppose | magneti/ : )
The mhibit hne, commen o A words, belongs to a speaific memory-d .|}L|- eu e b
READING I RASING The v and Y sdledt wires are both pulsed with L"urr‘u,\\J e
magactization dircction Thi produces no change 1 the core s ‘I|N.".l|\ll)‘ nm:ngln Lu|\¢ the
direction I a1 was stored 1t will he erased. and the fluy roversal wa J.um l, lr:r e i the
sense hne  The latter. commen to all words sets a speatic memory-data-regite .

sense amphfier

of integrated-circuit arithmetic units. In lz'lrgcr Qigital machmv:‘s ywtgh
multiple corc-memory banks, onc can partially qrcumvcn‘t coru—t:’\cc‘e(;s.
delays by taking successive memory words from d:ffer.cnt mu'mor)‘ :n ns,
this permits rewriting 1n onc bank to be everlupped with ]iagnc‘olpcra. i0 s
and memory accesses to other banks. Such mcmory-b.ank over appx;g 1‘\
rarcly uscd with minicomputers, which may have only a singlc memoty ban
altogether, but the po ssibility should not be overlooked (Scc. 6-9).

word se'ected by
X-cnd Y-salect | X
fines in oil planes )
Z' ——__ Bt Oplane

\\ Bit t plan

T 1t ip e

. < c \
Ed

P T

”~
< PEEN Bt 2 p.one
~—~— e e
~

-~ -

— —_
e
‘

cores belanring W a gven werd bave the same X. Ypoution in each tut planc.
oo © e s e e memarnd tasreaister bif

Fir. 1-13c.
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From Y drivers
\ From X drivers
v .

Sense
winding

Intubit

i wmnding
Sense ' (from dlita register)

amplifier

To one-hnt posttion
of data register

Fig. 1-13d. One bit plane of a 16-word 3D core-memory unit (1 Hellerman, Digttal Computer
System Prnciples, McGranw-Thil. New York, 1967)

Corc-magactization retention at temperatures much above 85°F requires
either high-temperature core matenal or an automatic incredase of core-
driving currents with temperature.  Typical mimicomputer core memorics
can work at ambient temperatures up to 110 to 130°F; you should check tlus
spectfication carefully agamst your application requirements.

With new monolithic sense and derver amplhificrs and clever core-stringing

techniques, corc-memory manufacturers are still holding their own apainst

the onslaught of new solid-state memorics.  Typical 16-bit 1-psce mini-
computer memories, including sclection, driving, and scnsing electronics,
cost on the order of 2 to 5 cents/bit in 1K banks.
1-13. Scmiconductor and Plated-wire Memorics. Wit:l'ghc advent of
medium-scale and large-scale integrated circuits permitungilir manufactur-
ing yiclds, all-clectronic sohd-state memorics have become a reality.  Semi-
conductor memorics are smaller than equivalent core memorics, they can be
faster and consume less power; and, in the long run, secmiconductor memorics
will probably be substantially cheaper (Ref. 23).

Bipolar-transistor static memorics, which are essentially multiple flip-flop
repnnters plus read/write/selection circuits, are directly ¢ patible with

\
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transistor/transistor or emitter-coupled logic and are very fast: read and
write times below 50 nsce arc readily possible.  No rewriting after reading
is needed (rordestiuctive readout, NDRO).  Bipolar memories are fairly
complen integrated circuits and are still expensive (of the order of 20 cents/bit
in IK banks). They aic, therefoic, used mostly in small “scratchpad™
memorics.  Prices arc expected to decrcase to below 2 cents, bit as integrated-
circuit yiclds improve.

MOSFET {mctal-oxide-silicon ficld-cffect transistor) semiconductor mem-
ories involve simpler integrated-circuit patterns and are cheaper than
bipolar memorics.  While older MOSFET circuits needed level-changing
amplifiers to supply large logic-voltage swings, some newer MOSFET
memarics are TTL-compatible.  MOSFET memorics also come as static
{flip-flop-register) memorics but usually as dynamic memories.  Ina dynamic
memory, cach bit is stored in what amounts to a shift register whose output
is fcd back to the input through a clock-gated MOSFET refresh amplifier,
so cach stored bit is recirculated and regencrated, say, 1,000 times/sec (Fig.
1-14). The refresh amplifier can be time-shared among 16 to 32 memory
cells. Siumple silicon-substrate MOSFET memorics are slower than
bipolar memories (and slower than some core memorics). Typical access
tiies are between 300 nsec and 2 psec with nondestructive readout.  1-usec
dynamic MOSFET memorics cost about 1 to 3 cents/bit in quantitics of
1,000, and prices can be expected to decrease to below 1 cent/bit.

The era of solid-state computer memorics is still in its beginning, One
may anticipate massive developments, both with respect to better yiclds (and
thus much lower memory costs) and in the development of new integrated
memory circuits.  In particular, different types of MOSFET circuits
(complementary MOSFETSs, sapphirc and garnct substrates) are under
active devclopment and can be expected to lead to substantially faster
MOSFET memories.  Compared to core memorics, semiconductor mem-
orics have the advantage of nondestructive readour, On the other hand,
semiconductor memories are volatile; i.e., memory contents arc destroyed
when computer power is turned ofl.  In sufficiently critical applications, one
must provide an cmergency power source, such as a trickle-charged battery
which, when a power failure is sensed, can take over memiory operation for a
time suflicient to transfer the entire contents of the memory onto an auxiliary
magnetic storage medium (disk or tape). .

Plated-wire memories are magnetic memorics which utilize small zones of
magnctizable thin films plated onto wires, rather than magactic cores, for bit
storage.  Plated-wire memories permit fust aceess (access timss as low as a
few hundred nanoscconds) with nondestructive readout, zre nonvolatile,
and have been the subject of considerable hopes and expectations.  In fact,
excellent plated-wire memorics are comimerciatly available.  But, although
batch-production methods have been developed, quality control is not

N AWt .

. Hts cell input once every millisecond of so

9 READ-ONLY MEMORHI S
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Fig. 1-14. A dynamic MOS! L1 memory, Q4. Q.. and Q, form a 1-hit memory cell PRE-

CCO}'::\cI:ﬁII;c \\lr]!ll.l(‘l.-iﬁ'Lle C1, RLADS] LLCL. and RLERESH pulses are assocated with
comeculn h[)l .; es ofafour-phase el Fach pubz.if enabled hy the cell-selecting logie, walt
ik x. Tom one parasitic capacitance to the neat m 4 clochwise direction I;Rl'.
< AR (;EFl\.lrgcs (j, by turning O, ONand OI'F, WRI E-SLLECT wrns @, ON and OF s
:u;:“ls I(S);:rl:::‘(.;;l,d$| l:s L‘h.lflé:‘d. Rll'M)l-'il TECT twins @, ON and OF . if 1' ! i.s s':?'rcd Ql
. seiarges €y so that the Gnverted) output s te refresh amplii o
(essentially another sinnlar memory cell) verts the )sclcupcd olul([:ul :li:cuilﬂl"r :;I}t:? i;"!?fllllshx::
o t )

simple. = As a result, plated-wire memorics are not cheap (5 to 10 cents/bi

fmd have been applied mostly in higher-priced digital computers (csu*:' lllt)
In acrospacc-vehicle computers); MOSFET memorics seem to ll-x;'rt:L;;'l‘y
taken plated-wire circuits in the low-cost minicomputer ﬁcid. T;I:;

situation may or may not be ch: i
' ¢ anged by future improvements in plated-
wire-memory fabrication. P " phed

1-14.  Read-only Memorics. Read-only me
are usually checked out and written once
and then cannot be overwritten
scqucences or bit patterns;

morics (ROMSs), whose contents
and for all at the time of manufacture
» are used to sfore frequently reused program

1. Complete special-purpose  programs, especially in industrial logic-
Sequence controllers replacing old-fashioned relay-ladder logic i

2. Important library subroutines for special anthmetic scqucnccts control
or emergency routines, scale or format transformations, ctc. '
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Pulse from cddress~
decoding matrx

One of many wires
strung through
U-core magnet \

openings

Sense amplifiers read bits
simultaneously into memory
data register

. ; improve
Fig. 1-15. Magnetic rcad-only memory (ROM) Fach U corec may he given a top to imp
its magnetic arcuit after the word wires have heen strung

3. System programs such as bootstrap loaders (Scc. 3-4b), input/output
subroutines (Scc. 5-30), and cven simple ;ompllcrs

4. Special directorics and function tables .

S. Microprograms (firmwarc) for implcmenting of ¢
instructions or instruction sequcnces (Sec. 6-13)

mulating special

Bit hines

Word — setect
unes trom
memor address
register v.Q
decodng 9ales)

- Out to memory data reqister o

. ac «spotnt conpechion
Fig. 1-16. Pnnaiple of a crasshar-matnix read-only memary. Fach crosst

1s made thre ha diode or MOSEET gate

-

{a) Fized-point Formgts

Single N5, or 17
precision 1
(8,12,16, or [@i 4
18 bits) "& I I
Sign’ 'M3B LSB
Double o 15, ,0 15,

precision 1 a
{16-bit words [_[ j L J .
shown) S-gn* fmss LS8

(b) Floating-paint Formats Two 16-Bit Words
(AN yield about 6 decimal places, other formats are possible)

-~

O TN

o 8,9 15, O 154
Honeywell (1 | L 1 e
Manttssof ;MSB 4MSB
sign - v v —
Exponent 23-it fraction
+ 128
(8 bits)
:ewlett- 1514 0, 5 8,7 10,
whord et —1
Munnsso+ fmss tmss {E-c;ogn:nf ‘
sign “ — — 8l
9 23- it fraction Signed
exponent
. (7 buts and sign, 2s complement)
IBM, Interdata,
Dato General O)1 7,8 15, (O 7,8 15
{con be 4 a-b.vlL![ i —i LL i —]l
byfes) * +MSB ™
Mantissa 220 LU 'S8 -~ »
5197 Hexodec'ma! 24-bit traction
exponent + 64
(7 bits) 4

{c) Digital Equipment Cairporation Three-word Flooting -paint Formats

(12-bit PDP-8 series, 18-bit POP-15)

Q0,1 1 or 17, 0! 1or 17, ,0 11or 17
H ‘[l Il ]

sign} {mse Signt tuss Lsat

Signed exponent Su;ned mantissa
{25 complement) {sign-and - magnitude}
Note: use of on entirg word for the exponent 1s wasteful but simpitfies software fioaring=-point
anithmetic.
With 12-bit words, 23-bit montissa fraction yields 6 cecimal places
With 16-bit words, 31-bit mantissa fraction yie'ds 8 decimol places
With 18-bit words, 35-biT mantissa fraction yields 9 decimo! ploces

{d) Multiple-precision Floating-point formots’

Similar to (b), with extro words odded for longer mantissa fractions
ey
o5

{e) Packing of 8-bit ASCII Charocters

10 78 15)

16 -bit words [— ] J

—_— e S—

S——
charocter 1 character 2

10 718 1,0 314 1
12~-bit words C { ] L l ]

—————
r

chorccte

———— e ——
character 2 chorocter 3

Fig. 1-17. Typical municomputer data Jormats
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6. Bir-pattern generators such as character generators for displays and -

test-sugnal generators (see dlso See. 7-10)

Users may vitlue the ROM's reliability and assurance against accidental
overwriting of importani stored information.  Another potential advantage
15 that nondestructive instruction readout from a ROM can be partially
overlapped with instruction execution since no rewriting is necessary (Sec.
6-5).  On the debit side, simple reud-only memorics do not make allowances
for programming afterthoughts.  Stored programs or data must be checked
out very carcfully through preliminary runs with an ordinary memory.

Awimportant application of read-only memory is to logic design, for the ROM
can produce compheated multi-input Boolean functions (Sce. 1-6) through
simple table lovkup. Such table-lookup functions can be used in the
sequential-machine setup of Fig. 1-9 to gencrate complex sequential patterns
{Ref. 22). ’ :

bigure 1-15 wlows o magnetic (“woven-wire”) ROM. Read-select logic
pulses one of muny word-wues strung inside and outside an a-bit array of
U corces and causes an output pulse in those U-corc windings wired for a 1.
We sec that memory contents arc established by cach word-wire stringing
pattern,  Access times of such magnetic ROMs vary between 300 and 2.000
nsec.

Scemiconductor ROMSs can usc the dynamic-storage technique (Sce. 1-13),
but most scmiconductor ROMs are cssentially crosshar matrices (Fig. 1-16),
whose crosspoint connzctions are established by diode or MOSFET OR-gate
conncctions.  The storage pattern is established through sclective erasure of
crosspoint connections or semiconductors during manufacture or during
installation (“‘ficld-prozrammable™ ROMs).  Typically, access times vary
between 50 nsee and 1 psec, and costs are decreasing from 2 cents/bit.
Some semiconductor ROMs can be reprogrammed in the field through new
metallic connections or even through clectrical signals.
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CHAPTER 2

“BASIC”’ MINICOMPUTERS
AND INSTRUCTION SETS

INTRODUCTION AND SURVEY s
This chapter outlincs the design un;i opcratlrtr)lr;‘fl;naq;lgz;scls n’;:\;cg::mnpc:l;c"rl
illustrating the common features of many sm ‘b ne 'and A
ingredients of such a systcm—memory, rc;nstcrs,. us 25 PR
i \—_arc introduced in Sccs. 2-1 ta 2-5: Scctions 2-6 to hen list
lt(})lilcnl\]:sltl in?portunt machine instructions jn the rcp'cr‘tom': otl'c:mst;:}s:;e
single-address minicomputer, d1<c99<. their xmplc_mcnt.mortl in o O
system block diagram, and mention the most'lmpor;aln a‘pg)ns(av'mab]c
some instructions. Sections 2-13 to 2-15 describe usciul opti d

with small digital computers. In Chap. 4, we will mect the basic computer

if { 1 be Combincd
i i oqin; Pey Cd" , wWC will [hcn sce how thcy can
lnstrutllonﬂ at,u'.“n, S i\ y l u‘/ lplll “.i“ bc f"rthcr

i ical < Jlanguage programs. :
into practical asscmbly-languag . ] -
dlscu‘;cd in Chaps. 3 and 5. More advanced instruction sets ‘angharché
o : . . . ’- . a . .
tectures for a new gencration of minicomputers will be described in p

THE BASIC SINGLE-ADDRESS MAC!HNE

. 3 f
2-1. Instruction Scts and Stored Programs. From a very gcn(;)ml.po(};\t“c()zl
vic\')v the essential otjective of any digital computation is to ootain @ig

ord
Oulpul woras Y‘ = Fl(Xlax2v b .)

' Y2 = Fo(X1,X2,..) -1

rQ SINGIHE-ADDRESS COMPUTERS 2-2

from nput words X1, X2,.... Both input and output words will be
ordered sets of 0s and 1s in suitably addressed computer registers and/or
memory cclls. Words may represent vanous types of numbers and
alphanumcric-character strings or simply describe problem-logic stutes.

The desired relationships [Eq. (2-1)] may be numicrous and enormously
complicated. They must be broken down into elementary mathematical
rclations implemented by a (wc hope small) set of computer instructions.
It will, then, be necessary to supply additional registers or memory locations
for storing intermediate results from clementary operations.  The basic
digital computer is, morcover, designed to perform all the various clementary™
arthmetic/logic opcrations successieely with the same arithmetic/logic
system (unbke, for instance, a conventional analog computer, which hus
scparate adders, multipliers, cte., for separate operations).  The resulting
sequence of clementary instructions designed to implemient a desired compu-
tation is catled @ program.

Short, simple, or repetitive digital programs can bhe implemented by
hard-wired controllers (¢ ¢, rotating-cam operation of con.rol suitches,
read-only memorics), by patch-cord systems, or by punched-tape or punched-
card rcaders.  Practical digital-computer programs, however, often require
extremely Large aumbers (thousands and even milhons) of instractions
It 1s also often desirable to change a digital-computer program very quickly
and even to modify programs while they are being executed.

These constderations make 1t expedient to code the instructions themsehes
into digital-computer words which, like the data words, are stored in scquences
in the computer memory.  Operation of the resulting stored-program digital
computer will now involve alternate reading (fetching) of instruction words
and cxecution of the corresponding instructions.

The machine will most often read instructions in sequence, but is capable
of branching to a different group of instructions as a result of decisions made
in the coursc of the computation. The same group of instructions {sub-
routine, loop) may be traversed again and again for repeated and iterative
opcrations. :

Since the instruction words arc, just like data words, simply scts of 0s and
Is to the computer, its arithmetic/logic circuits can, if we wish, modify
instructions in accordance with intermediate results. Thcfr&}ruordinury
power of the modern digital computer is not simply due to ifs speed and
mcmory capacity but also to the flexibility of the stored-program concept:
branching, looping, and instruction or data-address modification permit us

to crecate dramatically complicated programs from very simple instruction
scts.

2-2. Single-address Computers,  Perhaps the most “natura’™ computer
instruction might, say, add two numbers A and B taken fron :mory by

—
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specifying ADD WORD (addressed by) A AND WORD (addressed by) BL
pUT RESULT INTO MEMORY LOCATION (addressed by) C. But specifi-
cation of three separate addresses would make the instruction word too
long (cven for a large digital computer. not to speak of a minicomputer).
We can, however, implement the above opcration in terms of several
simpler instrucjons cach refcrencing only a single memory addrass:

- LOAD INTO ACCUMULATOR (the word addressed by) A
ADD INTO ACCUMULATOR (the word addressed by) B
STORE ACCUMULATOR (in memory location addressed by) €

The “basic™ minicomputer discusscd in this chapter. then, will be a single-
address machine whosc instructions move data between 2 sincle suitably
addressed memory location and a specificd processor register. or possibly
between two such registers.  There will also be some instructions which do
not reference memory at all (c.g., COMPLEMENT ACCUMULATOR). We
remark, however, that the possibility of using simplificd two-address
instructions and sero-address (stack) instructions in minicomputers is of the
greatest interest and will be discussed in conncction with more advanced
designs in Chap. 6.

2.3, The “Basic™ Minicomputer. Figure 2-1 illustrates the typ.cal organi-
zation of a small digital computer. The machinc has all the ingredicnts of

Sccs. 1-6 to 1-13, ViZ.,

1. A corcor scmiconductor memory, ¥ hich will store instructions anddata
2. A sct of processor registers (fip-flop registers), viz.,
(a) Memory bulfer rtegister (memory data register): contains the
iristruction or data w ord curiently leaving or entering the memory
(b) Memory address register: contains the address of the currently
addressed memory location
(c) Program counter: contains the address of the instruction to be
exccuted .
() Tustruction register : contains the current instruction
(¢) General-purpose register (accumulator, arithmetic register) or
repisterss and, pnmhly. an indes register (Sec. 2-7)
(f) On 1 peuintess (Chan")s indicates ovirfiow, €ard, sien bit, cic.,
resuluing from past or current opcr;\(ions
3. An arithmetic/logic unit: logic circuits to combine words from two
registers by addition, subtiaction, bit-by-bit ANDing, etc., and to
complement, shift, ctc., single words
4. Control lozic: decodes the Os and 1s of the instructien currently in the
instruchion repister (o genviate Jogic levels and ime pulses, which:
(@) Gate (steer) v.ords between processor register
o faertion of the arithmeticfiefie circuits

 d
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in clock-timed steps (microoperations):

1. The pogram counter, which we assume to be presetto the address of the
first instruction (manually as m Scc 3.4 or by a preceding computer
program). transfers this address to the memory address regisier.

2 The instruction word thus addressed 18 read into the memory huffer
register and from there into the insfruction register.

These instruction-fetch microoperations requirc one memory hall-cycle
(READ  half-cycle. See. 1-12). A core memory must neat restore the
instruction word while its address s still in the memory address register
(RESTORE half-cycle).  Evenwithacore memory . operations which do not
involve the memory ¢an “overlap™ the restoring operation.  Hence most
non-memeory-reference ystructions can be executed in a single memory
cycle. which s commonly referred to s the FETCH cycle.

kb) Instruction Exccution.  As soon ds the nstruction word is in the
instruction register 1tsOs and 1s arc decoded to control processor operations
on register and memory words and lnpul/oulput operalions.

W hen cach msprucion completed. the program counter must contain the
address of the next pistruc fron . the progrant. Most instructions simply
inc rement the program counter to produce the neat instruction address, while
hrandiung instructions Joad the program counter with a nonconsccutive
address (Scc. 2-9). The computer (unless halted) then proceeds with a new

FETCH phase.

2.5. Instruction Sets. The timing-and-control block in Fig. 2-1 produces
a sequencé of timed pulses available for jam transfers. sensing, and cleuring
of words 10 regnters. memory . and anthmetic circutts fsee atso able 1-5h
and See 1-6) Ina conventional n-bit computer. the mstruction register
has at most n bits, which can be decoded to furnish up 10 27 gate-level
combinations for steenng pulses and/or words. We can. thus, have
up to 27 different onc-word instructions (including input/outpul instruc-
tions). Unfortunately, cach instruction referencing an operand or result
in mcimory (memory-reference instructions, ¢ 2.. LOAD ACCUMULATOR,
STORE ACCUMULATOR, Jump, cte) must address onc of. say, 8.000
memory locations, and_this alone requires 13 bits To have a meaningful
18-bit machincs do not use more than 13 bits
for direct addressing. and most minicomputers use only 7 or 8 bits. It
follows that crery minicomputer nust sometimes and somehow employ multi-
word matructions; the cxtra W ord or words may be imphed by an cffective-
addiess computation (See. 2-7). 1t s of at least academic interest that any
" digital-computer programs can be lmplcmcmcd with very small
y morc instructions, which are costh

varicty of instructions, cven

and
tees e et St this requires man

e - = —— =

YRS

<
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ADDRESSING MODIS AND INDEN REGISTERS
2.7

in terms of memory, time
s destin lmr), time, ..md programming clfort.  Altogether, mini
o c‘,.:l depe Il.dh crucidally on clegant compromises in C(L;din" l‘ s
et 2 Iu ion sets into short instruction words (sce also Ch ()h road

able 2-1 lists the most ¢ i | up- O
compnion instructions i i
uscd with minico

mputers of the

" i " t H ¥T:] 2 F o > ( d
h:lS C ty ¢ SuloY ! - i urc - o -

f 9 p 110Mn in [I . l' Ib 2 2 l”uS“’ ites Ni"s IUCI'()H “WOr
Orm{l(h rOK' SULh milCllillCS. . § l

WHAT INSTRUCTIONS DO

26. Regi . .

6. Register-storing Instructions. Referring to Fig. 2-1, an instructi
a.2-1, struction

STORE ACCUMULATOR IN

STORE ACCUMULATOR NO. 2 iN

STORE INDEX REGISTER NO. 2 IN

(cffective address)
(cffective address)
(cfTective address)

transfers the co i
fehter vin bu:::nzts ofdth;: spéuﬁcd processor register to the memory data
. . i ; and 3. oncurrently, the ¢ i k
ferer ¥ s n ' y, the effective memory addre
thcpmc"m); tlu.l lmctrucllon word is determined (Scc. 2-7) and loidud 1rr:t:
‘l( . 3 3 i ) & M
the mer c”: m(‘lrc.ssdruystcr. The machine then deposits the register word
nto the <l -. cly u (.!rcw:d mecmory location, whose previous ‘:) tents :
. 12 contents of the sonrce register are wnchangced contemtz are

‘ .T.hc ;;:lll\:\lcllcllnglc unit (Fix 2-1) acts simply as a data-t fi
oimim b g 2 . as a data-transfer pat
g ind 3. Since both instruction fetching and execution r ::x .
cquire

o~ . . d ’ * ODe vy . v o1 N ~
lllLlllOl} rea / rite (le'l“““\ i N\ -

W . . cLINter-storr ST mns "
X ./ . Y ton ]L. st U(ll( n qul”rL wo

2-7. Addressin

. g Modes and Inden Regi

o \ cgisters (sce also Scc. 4-9).

Dir th, Rcl:'lfnc, and ln(‘l(‘\c(l Addressing.  Memory-reference inst )“ h

e c r:;g,mlcr-.stormg instructions of Sec. 2-6 may have to add ¥ f“;llo(;)ﬂ-\

) and even as . tone. T peeres =

mcm(’,r :-‘,CI,] ts many as 64,000 memory locations.  But the nunico ?
y-reference-insttuction formats of Fig. 2-2 have only 7 tk ‘;‘{“:*-f

. 2-2 h y 7 to 13 buts

available CSsing si

avalabi r,?,rc?::rl (.-SSI:-I‘g since we need some operation-code bits to distinzuish
e cm\c(? ’rc. Llr]cncc instructions. It is, thercfore, necessary 1o
cont ano.mcr dml(‘acl ‘\x‘(';rr:l‘ss l?)i'comhmmg the istruction-word address bits
iRl loc::ion Thif:u‘musl_v louded into another processor register
AN t.hc mcn]:,“,m‘. ofcouric.', that we may ncéd two or more
e oga ta wory-reference instruction completely.  Every

ploys two or more of the following addressing modes :

1. Dircct addressi . " ‘
dircctl 'fdrcwng on “page 0™ :m address bits in the instruction word
cctly address memory locations 0 through 27 — | wor

ith h1t y -
W N Sa v m 8, th(- 'c;ul““ Y 256 WOld pclgc dOCS nOt a0 ' \T bu( we 0“ n
S = i, L

usc nicmor y lOC'ltiOllS on ])' oc *Cl r
« Hid 0 fOl' SpLCl'll pu p i -
X > 7 OSCS
“ ' l ; ) I ati , 3. (mlcl‘rupl ll'.lp IOC:!
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27
" 2. Direet addressing with 2 page registe
by an extra insirue tioy adds enough Bigh-order bits to the instruction
address bits to address a)) of memary in terms of 2"-word pugcs.
) 3. Double-vword direct addressing : The second of nva conse,
wards is or containe the address,  16-hig machines can address 4l of
memory in this way,

S-but mmcomputers always usc.douhle-word
addressing, but will stil] need paging andfor relative addressing,
more words,

£ A processor page register loaded

CHLIL e i tru tion

£
f
E
e
£
[

o to four process

PRIORITHS

Ivaue fogic tevels and oz timed pulees

ShiP ON FLAG (wenec lined
1FAR FLAG

ELIAR At Ff AL

CHANGE INTFRR PY

or
4. Direct addressing on the curre

ST M shown P SUC LN 5. 2-6 (W -1
rt ns .are (nt (so¢ o Sevs. 2
m [{{n §1% ¢ shown in fat ] NEL IR TU N \l

u

Nt S TS,
Badic Instructions for Single-address Compute

nant fregquents supn

ABLF 2-1.

T
|
!
Il

0t page: The m addross bits (puge
address) arc augmented by the high-order hits of the current program-
counter reading, which constityte the current page mumber.

5. Addressing relative to the program counter (relatiye addrccéing): The

instruction-word address bits arc inter preted ie a signed integer, which
iS added o the currem pProgram-counter readg to determiae the
effective address. :

ADD CARRY
of ship 0

SLHIRAM T CARRY
CLEAR HYTE

SWAP BY TS
COMPLESH NT REGISTER®

2iatereta e Dister)

overilow s and or carm ftag

COMPLFMENT | LAG

Current-page and relative
and esperience indicates th
locations (o 1o the

vepster, half repster, wizn b,

fane provcsor waLig

addressing require no Page-setting instruction,

A many programs mostly

current program-counter reading.  Relariy o addressing
simplifien rroaram relication (See 4-18).

Noa-mewmnts-reference fastructinns

reference memory

INCRTMENT RIGISTER ) and sel fae

ROTATE SHIFTY®
SUBTRACTE '™

Ctt AR REGINTER®

S1 Y REGINTIR

NSO OPERATION

SKIP ON CONDITION®
DI CREMENT RUGINTY R‘

MOV F Lec nter to ee taine
ADD

INVEIRT
INCRIMENT
ClFAR®
SETe

narv
SKIpe

to an inde

'
|
{

6. Addressing refative N reaister: The instruction-w o
bits are interprefed . g stened or uny
the comenys of aspecificd inde

didress
rned anteger, which is aeleledd 1o
vregistorto determine the ¢

.
¥
?
?
i
H
£

fective address.
Index registers are oxtra

Processor registers holding
{*“basc address™).

They can be cleaced, loaded,
decreniented by special instructions (Sec. 2-10).

extra timc or, at most, a fraction of a memory cycle.  Index modification is,

! therefore, a 20od way to address different clements of duta structur o {Sces.

4-9t04-11). Index registers can also he uscd as temporary storage regsters

. and may or may not scrve us accumulutors as well,

] Most minicomputcr indexing oper;
at a time.

(b) Indircct Addressing, l'rcindc\iu::. and Po\tind(-\ing.
ing, spccified by an instruction-w ord bit. means th the
paged, doublc-\vurd, relative, or indesed

the desired operand but r:
memory-te

a full computer word
incremented and‘or
Index addition 1akes no

tor mte speaify repteny

I tusuallv optionsh
taeed one cvile onivy

JUMP AND SAVE

)

J oN
FYXFCL TP ON C(‘\hl‘\':|
NP ON Lf)\hITI()\_ TION
JUNMP AND SAVE ON CONMY h
SKIP IF REGISTFR DIFEERS

1F 7FRO
NUENT NMEMORY, Nkll'.

:)\fc(.kl:l MENT M MORY, SKP 1] 2Y RO

SKIP IF Uy 1 DI RS

fon oy
SroRe s T
STORE 710
SUBTRACT
NULTEPLY
DIVIDL
FAFCLTEY
JL P

AV

itions involve oaly one index register

ll
]
5
i
1
1
1

{
{
{
}
i
i
{

-

{
1

Indirect uddress.
address found by
Jaous not atself contamn
wddics m nwemony, Qu
n,then, adudrewes o memory locabon whoe,

|

otten s nmbinad

add-- oo
THIIETI iccine

ference mstructio
contents serve as g painic

Some
k indirect-
: ' ope

T
,
poare tnr hosagh test

NS Or e

710 the dewred operand,
minicomputers permt multilevel
address bit in the po:nter mdicate
! and but to yet another potnier

| Cladieat dnliending iy
I' N )

wondinon
RIS TRTTS DIt 1Y

nne

Sl
« ened

indirect addrc“ing: ie., an
s that it points not to the final

Sy
ram caetint
grenr gl andh
N
wh
T

W
20
t

i e e e e —
fam.

Ntve ward

'
fy

Yey tn vistly impartagt

N I ST TCRN wldoad operond

programming techniques.
<& fusction of i pointer, we can
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addressing can be combing
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.

d dm.:clory tables) and modily pointers

plement table lookup (function an
s (Sccs. 4-9 10 4-11). Indircct

access different clements of data structure
d with indexing:

The instruction-word address bits, interpreted as 2

1. Preindening:
, arc added to the contents of a spcciﬁcd

signcd or unsigned integer
index register 10 determine

2. Postindexing: The indirec
specifying an index register.
added to the indirect address to form the effective address.
stays in memory without change.

the pointer address. .

 address contains an index bit or bits
The contents of this index register are
The pointer

4567891011

8-10\23
—

e gt e e
Opcoae O to Sy

Memory reference

{6 operation codes!
7 address bts

(128 addresses /poge)

Pace 01t O
Current poge it 1
¢ 56 7 89 10"

Bit- 0t 2 3
Non-memor y-re'erence )
S ——

(512)
~ ~ e

Indicect 1f 1

g QOpcode 0115 OF
Opcode 6g 512 possible combingtions
-

Input/ou!pg' mstruc hians
. (52)

Fig. 2-2a. Tastruction formats for a simple 12-hit nunicomputes (PDT-8 series)

(c) Autoindening.  Somc minicomputers have Q to 16 special memory

locations on puzC 0 called autoindey registers. When onc of these autoindex
registers is indirectly addressed, it produces the effective address by auto-
matically incrementing or decrementing its cantents. /\ummcrcmcming or
autodccrementing is a0 cheap way to address SUCCESSIVE clements of urrz\ys'
(Scc. 4-9): no index register needs to he loaded, and the only price puid is the
extra memory cycle required for indirect addressing. Notc also that no
instruction-word bit is needed to produce qutomdexing, but the autoindex-
od for ordinary indirect addressing. As an

register locations cannot be s
alternative, an eatra instruction-code bit can be used to specify incrementing

or decrementing of any indirect address.

(d) Microoperations Determining the Fifective
noted that minicomputers always offer a claice ©
Opcode bits in the mcmory-rcfcr(-ncc-instructi(m wor
addressing mode (div cctfmdrect, reniitit to page 0, re

inde: qister). Figure 2.2 shows typical instruction forniats.
Tt inatructions like STORE ACCUMULATOR IN A

Address. W have alrcady
f scveral addressing modces

larive, and/or chaoice of
(;ﬂ(‘d
and

«ds are used to sclect the

operand.

tony are - 1
¢ fundamental to single-address arithmetic

83
MEMORY-FO-REGISTFR OPFRATIONS
s 2-8

automatically effect p: i
; paged, relative. indiree
o wved, rel. . rect, or :- ; 1
gc.tR.l;ound page boundarics (Sce. 4-2) doublord addressing to
elerring to Fig. 2-1, a dir '
2= adirect-addiess i ‘ i

onarring . nstruction transfers its ¢ i

o =l direc its addre
o e l}:(lzy (}.ll}.x register to the memory address register d(\ll:: b;:s

XECUTEL phase J : ! Y
e anit a(;d bui); i t;x)r.xt mstruction cycle by way of husi' the anthm ‘:le
, s 3. Program-counter bit e 4 y
I\ 71 1 i . page !
or page-register bits are transferred at the 5'nn(r(t)rmcum-kt“ D )
index instructi ithmeti T e ,
fnde st ctions cmploy the arithmetic/logic unit to add pro o
Corens ) rdm- C
o arate adgdxztrcrr contents via bus 2. Larger computcrs %na Cho”m*-r
address inslruclion(:rusiddrcss computations. Double-word andy im:"l e
53 5 USC an ¢xtra memory ¢ Trom
ycle to transfer the poi
: pointer from

o1 2 3
- 4 5 6
3 4 56 7 (89 1211213 14175)

(1TI11] :

. . ' 3
S-o e
.\..r ndle i 1 - e ,
(*& ¢r ‘oo, I ! H‘CB courens bits
' eper
Does riricn req-ter 1 | 1296 odi-esnes/pogel
itter tndirect of 1

§ v e s
A N e R ARIRIT LA (SN 'lﬂ:c-eJ.H

Fip 2-26. 1! p
s 220, This o' he e -a H h
e caerd tuamony cforenco instructien for a 16
o yoedorence ittt foran dbit machine ( ;‘ ey
wachine tsee abo L 6-8
- ’

memory into the
¢ me atn pes
ree ! memoty data register and then to the
hcnstcr (with postindexing, of any).  Autoindexi o the memory address
than ordin: I T e . Autoindexing require .
LNOTdL!n‘By n;)dlrut addressing but needs some Z“rq] ircs no more time
:: Double-word 1 iane ) Ara jogic.
nwice. Also. in 8-bitrd l_ns.lrm.llons must tncrement the program count
8-bit words ;o g minicomputers, indirect addresses can be d er
Dy 0 M Y . . < > 1Y
© lmmc‘dhtc \l l‘llndmct addressing can take fwo extra memor , OIUbk
7 ddressi . . s cycles.
ave ot really mC,m ) (ssl;t:;. Onc-word immediate-addressing mim', :S,
1 orv-reference 1 e ctions
are similar. In cacl y re ch..nu instructions, although instruction f ]‘
. ach immediate-address instruction = ormats
: , C.B.,

l‘.\OAD ACCUMULATOR IMMEDIATE
DD INTO ACCUMULATOR NO 2 IMMEDIATE

(integer)
mteget)
what looks lik ) e
ike the address bils s i ‘ i |
ke wo;d (.iruss bits is interpreted as a signed or ufmigned integer
) l o ‘ LAY cac
O immediate-addiess wstructions are con:plctcd u;:
- a

Slllt.lc mcmo y
y i ~ l are I) I l {
Cy(.‘lt. angd cll(., (h(.[L ore, h("l( y for p ‘e
bL‘“n:. u tNUACN T R38N |

Some minic
i s :
nicomputers admit two-word two-cycle immediate

ﬂddl C\S illﬁ[ ™~ .()ll W. 1 C
) Op r lnd S(Or .‘d as thc SC(‘Ond 01 ‘\\'0 il\\ll ll\.llOll

3-8, My ; i
Temory-to-register Operations.  (a) How They Work
Refer

SUL‘h operi-
o Fig. 2-1,
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¢ [ o Sui - addressed

4 of these instructions w i1 fetch the contents of a sml..!hli\’ .u; 1:; o

e ation into the miemory data reaister and then via ]us e e

* e . . . . 3 - lc .

thmetic/logic system With appropriate bus gating, the arit mumccs;_.or
rithmetic/logic § . ' "

?m tcan now :'omhinc the memory word witha word fctched frct»_m )‘:i-\ o

st i i i on) via bus .
register (accumulator or index regaister spccuﬁcd.by thg n;)stru;: i i
Tﬁc result is loaded into the same Processor register via bus .

ister contents arc lost. ' _ dwrite
r.chlincc both instruction fetching and cxccufion require mcmor):. ‘r(c,m/ e

) v 4 v ’ n oy e . S.
operations cach of these instructions typically takes fwo hic T;ét,rigin-,] ot
< 'Y ) )
i ins i =ads from a corc memory,

C ._to-reaister instruction red ' e o
mL.mor)dl' t l; rewritten (Scc. 1-12) 50 that mentory contents are un:lliungon
i mediately Sce. Y .
llifin:mry contents are obviously also unchanged in mc:xortlgsrm e

\: ) - . . . - C .
dcstructivcrcadout(rcud-onl_\'magnctxcmcmoncs,scmlcon q\:«.r e ot

( i -to-registe

i adi The simplest memory i
b) Register Loading. ‘ e
méery load a specificd register with a word taken from memory

(effective memory address)

(clective memory address)
(cfTective memory address)

memory foc

LOAD (INTO) ACCUMULATOR
LOAD (INTO) ACCUMULATOR NO. 1
LOAD (INTO) INDEX REGISTER NO. 2

Effective addresscs are specified 'll_,s[;t;'sxc)czmﬁl e toaD instruction
int TN c O -
Some minicomputers (€ £

e rino the
load the accumulator by adding or ORing into it after ﬁr:stlecli:;x;lmzﬁon
4 ;i;istcr A fcw minicomputers also have the uscful two-cy¢

INTERCHANGE ACCUMULATOR AN.D MEMORY: 4 Carry Flacs (60 Jlso
() Memory-to-register Arithmetic: Overflow an &

SCC. - 0 . lh\- “lobl Hllpk)ll n «llld 0' c on y 1} Oof y' -T lble‘

arithmetic operation is addition:

and

D INTO ACCUMULATOR NO. 2 (cffective memory address)
AD b

NELIVIRN he en the sum
lhc sum will over flow if an i or Iy of l‘ulh terms have ldL“llCcll signs ("ld

oy \ 14 q the &1 "l he su
turns outto he d'"le“l \v o can klk‘kcl -“C‘""“IL“‘E'“ O\CI"O“ by L(‘l"hl"lllg the carrics from

m SiE : 1 WO 1ITs l[ there s a carry from
‘h g“ bt :llld "lk ol l""lﬁCJn‘ hat m an X()R g.llc. oG ﬂo OCCy S
[} <

\ it bott )
o i tie (Sec. 1-9) is usually implicd, but consult your

2s-complement arithne e complemcnt

anual. PDP-15 for instance, has botl 1s-complement an
manual. .

addition {ADD and TAD).
Some minicomputers pe
contents of a regisicr:

SUBTRACT INTO ACCUMULATOR NO. 1

rmit subtraction of a memory word from the

(cflective memory address)

and a few have inverse suhtraction:

RESULT
SUBTRACT INTO ACCUMUU\TOR———THEN INVERT

(cffective memory address)

e mw e v———

- PR e
ey o = —— B

o~

(1} A MORY-TOREGISTER OPHIRATIONS 2-8

(That v, multiply the original diffesence by - 1) 2s-complement arithmetic
is implicd.

After an addition or subtraction, the processor scts special flip-flops
(“flags”) ’

1. Ifarithmetic overflow (Scc. 1-9a) occurs (overfiow flag), and/or

2. If there is a carry out of the most significant (sign) bit in the register
. (carry flag, extend flip-flop, link)

Carry flags arc uscful in positive-integer arithmetic, Is-complement arith-
mctic. and double-precision arithmetic (Sees. 2-14 and 4-11),

Check your computer manual carefully : Some minicomputers have only
an overflow flag or only a carry flag (PDP-8 serics).  PDIP-15 indicates

carrics and Is-complement overflow with the same flag, but has no 2s-

complement overflow flag.  In any cuase, note that muncomputer oterload

Slags swill nog by themselves halt or change the computer program. 1t is up
to the programmer to “test ™ the flag with suitable skip or branch instructions;
the programmer must also be sure to c/ear overload and carry flags before
they are needed.

Memory-to-register muluphoctenm and dnaon require multiple {extended) anthmetic
registers  Most mumicompuater manufacturers sell hardware for these operations as special

options, which will be desenibed in Sec 214 The “bare™ processor can perform multipheation
and division as subroutines mvolving addibon and shifting

(d) Memory-to-register Logic.  The memory-to-register logic instructions

AND INTO ACCUMULATOR
OR INTO ACCUMULATOR NO. 1
XOR INTO ACCUMULATOR NO. 1

{cflcctive memory address)
(cfTfective memory address)
(effective memory address)

perform the indicated opcrations bit by bit on corresponding pairs of bits
from register and mcmory, with the result left in the register. Thus, if

an 8-bit accumulator and the ecffectively addressed 8-bit memory word
contain

0111010t

and 11110001
respectively, then

AND produccs the accumulator contents 01110001

oR produces the accumulator contents 11110101

XOR produces the accumulator contents 10000100

(Sce also Scc. 1-6.) In practice, AND is uscd to replace selected bits of
a register word with Os sct up in a mask word in memory. OR will
similarly replace sclected bits with Is. XOR produces 0 bits wherever the

two original words agree (coincidence check).  Some applications will be
discussed 1n Sec. 4-11,
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5.9. Operations on Words in Memory.  The two-cycle instruction

STORE ZERO IN {cffective address)

clears the cffectively addressed memory location without affecting the
contents of any accumulator.  Minicomputers without a STORE ZERO
instruction must clear and deposit an accumulator.

The two-cycle instruction’

INCREMENT, SKIP IF ZERO (cffective address)

(1S2) moves the contents of the cffectively addressed memory focation
into the arithmetic/logic umt via the memory data register. The number
is incremented and returned to its memory location (agan via the memory
data register). If the mcremented result is 0.(i.e., if incrementing causes a
carry), then the program counter is madc to skip (i.c., it is incremented by 2
rather than by 1), Thus conditional skip lets the program branch in the manner
of Sec. 2-11c. '

The STORE ZERO and INCREMENT, SKIP IF ZERO instructions arc used
to clear and incremcat a counter in the cffcctively addressed memory
location. To implemrent a counter presct to a count of N, we store -N
in a mcmory location and then 1sz until the program branches after N
1szs (Sec. 4-9). Some computers have a similar DECREMENT, SKIP IF
ZERO instruction. .

2-10. Operations on Register Words and Flag Bits. (a) Register Arith-
metic/Logic. Instructions like

CLEAR ACCUMULATOR
COMPLEMENT ACCUMULATOR NO. 2
INCREMENT INDEX REGISTER

more the contents of a specified rcgictcr"into the arithmetic/logic unit and
back agam to perform the indicated operation in onc memory cycle (FETCH
cycle, Scc. 9.4q. Scc also Fig. 2-1). COMPLEMENT ACCUMULA_TOR
produccs the 1s-complement negative of a signed number in the register.
INVERT ACCUMULATOR is the samc as NEGATE ACCUMULATOR Or COM-
PLEMENT AND {INCREMENT ACCUMULATOR and produces the 2s-comple-
ment pegative (s2¢ 1< Tables 1-1 and 1-2). .
Most minicompuices have an instruction of instructions like

MOVE ACCUMULATOR NO. 2 TO AC‘CUIVIULATOR NO. 1
MOVE ACCUMULATOR TO INDEX REGISTER

which move (u Lr.sfer) register contents in one cycle via buses 2 and 3 (Fig.

e Uen came machines

. e e we s e

Fig. 2-3. ROTATL SHIF
SHIFT operatio
the sign bit before cach 1-bit r\:l.llu‘:‘r'\“‘

&?

OPERATIONS ON REGISTER WORDS AND FLAG BIES 21
AG -10

..'l v {1 <) R

2 ) lll(: (()lllLlllS ()‘ (llc source rcgister remain UIIChdllc'Ld. l~1()§t mim
N pc ll ‘glbl or-to- Cglbl Cr Q& dl 1ono ubl action. SO 1

((llll])lllCl\ dO not rmit re Cr I CrI d t rs T me

mllChinCS h 1VC a onc-cyclc i i O INTER 1
AV - )C" lnSU‘uCllO

lh(', I()AD {IMMEDIATE OP\.]tl“On “fhlch l
. ()Jd\ th InSUJJC(I(m addlCSS
lO a .[)C ! .d r &-L ) ¢ I Ce y I (.u'\b‘.d n C(:‘ 2' ¢ Sln] L“
l)lts n S C l“ C )lCI was alr ‘d d ¥ ‘; . 7 . 1

< /Slqn bt ) /S.qn
—
v

Carry R
flag n-bit accumulator

ROTATE LEFT

Ot
Couy e I -
tiag  n-bit accumuiator
ROTATE RIGHT

Carry = - —-% ot S - —_—
tlaq Hgn-order Lo;\-'c:'—d -
n-0t cecumalator n-bit OCCu"hsiofO'
{or MQ}

LONG ROTATE LEFT

The carry-flag fip-flop can be <ct, resct, of cquated to

(b) Ro.tatc/Shiﬂ Operations. One-cycle instructions like

ROTATE ACCUMULATOR LEFT
ROTATE ACCUMULATOR NO. 1 RIGHT

rotatc (circul c i
{circulate) the contents of the specified register and the carry bit by

1 bit, as shown in Fig. 2-3.

Some minicomputers also admit 2-bit rotations

]llySl(.‘I"y, th register bl b (O o o21C Ullll Viad b S are
& ts g() thc llllhlllLllC,l o [H us o,

via

ush ~ L Ve ae
ifted sideways™ by means of gates (Scc. 1-9h), and return to the regist
i cgister

bus 3.

Rotation has three important applications:

1.

Individual b Jax! 1 (vi ‘ 0
‘ bits of a register word (which might in icate the 1 eic
states 1n some eaternal deviee, Scee ) . S . e
¢, Sce. 5-8) can be rotatédiinto the sign-bit
Py * "

and/or carry-bit position for tests and branching (Scc. 2-11)
S . =" .

d 1e :Ol d\ [¢3 l y S ( L C (’I d l d

l J” Jl W ytes¢an b(‘ m()\(‘(l a¢ anadgu p.l ¢ n C()““LC( on

. R ) kM p 1 'a, a1 NPACKC i cct

W llh InpllLOUl[)lll (’I)Crnlli(’n\ (\Ck ;ll\“ SCC 4"1:) l l
'ilh “]C carry H I ‘ T ". cicar . I T .‘ K ' T l (

\‘ ca ) bll Ip IO Pri I(CIy |C (‘d 0 SC‘, 0!'"'0”5 actasa |l im ‘{IC

shifts implementing multiplicati e
11 and 1-2). s plication or division by 2 (Scc. 1-9 and Tables
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Specitically, an unsigned binary aumber (no sign hit) is multiplied or dividod
by 2 if we first clear the carey flag and then rotate, respectively, Jelt ar rigkt.
Such an operation is called an unsigned shift.  After multiplication by 2, a
Lin the carry Mag indicates overflow.

A signed Is-complement number is multiplied or divided by 2 if we first make
the carry bit cqual to the siygn bit and then rotate.  Such an operation is a
signed shift.

A signed 2s-complement nuniber is muitiplicd by 2 through an unsigned feft
shift but divided by 2 throuzh a signed right shift.

Ohverflow of any such multiplication by 2 is indicated if the sizn and carry
bits differ.  Each division by 2 will “chop™ rather than round the result to
the given number of bits; i.c., the result is always less than or equal to ths
correct result.

Some minicomputers have explicit SIGNED SHIFT and UNSIGNED SHIFT
instructions. Some machines can also rotatc a register without the carry
flag (sce also Secs. 2-11. 2-12, and 2-14).

(c) Opcrations on Flag Bits. A numbcr of ane-cycle instructions permt
the program to clear, set, and complement specified processor flip-flops

such as carry and overflow flags, ¢.g.,
CLEAR CARRY FLAG

This may be done in preparation for conditional branching (Sec. 2-11c)
to store 1-bit decisions for later use, or in conncction with arithmetic shifts
(Scc. 2-10h). Bt operations are often combined with rotation and or
conditional skips {Scc. 2-11d). ADD CARRY and SUBTRACT CARRY
(into accumulator; and clear carry flag) are usclul for double-precision

operations {sce also Sce 2-14).

2-11. Instructions Controlling Propram Exccution and Branching. (a)
NO oPeERATION and HALT. The onc-cycle instruction NO OPERATION
daces nothimg except advance the progrim counter to the following instrucion
and serves as a time delay or as a “spacer™ for later inscrtion of ancther
instruction or data word. HALT advances the program counter and
SLOps processor operation (o give the operator a chance to examine or change
registers, switch settinzs, andfor peripherat-device operation.
(b) Unconditiona! Branching. The one-cycle instructions sKipP and -

Jump T0 {cfTective address)

are ecmploved for pregram branching (Sces. 4-8 and 4-9) and also o “ump
around™ memory locations used to store data between instructios Secs,
4-5 and 4-14)  SKiP sumply increments the programy counier w ¢ o
jump over one memory location,  JUMP resets the progrum coarnicr to

Proeentues the old program-counter setting as oy By

o A
o

i e o e
-~
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contrast, the two-cycle instruction

JUMP AND sAVE {cllective address)

© resets the program ¢
stam counter (and thus causes » ;
plus 1 on b oEram cc far CERES L jump) to the effective addre
Mectivendain [g\fs-tbc (incremented) olg Program-counter settine "jl' ’;‘h‘S
citron.  Jump anp SAVE permits one to n:u‘r; toc

th(.‘ ("Eh""h‘l pl()gl am a“C' a Suh‘"u“"(‘ ‘SCC. 4‘]4' (l"d is, !thCl()lC, O“L“

In some m;
achines, yump A i

the page fester .m(i/of < ::NDDAVE Homaticatly sives not only the return wddee
More SOphystc g n’nm ; ey e, e o frombured ‘”w T \d o o 3,
of feentrant-subroytp : ':'P‘”‘L;s Wiso Sutanatically increment g v, LI.““}L hirese i 1
CBeUng (Ses 3416 yny i . ol commuiers coip track

JUMP AND SAvVE 1N N A 6-10)  Mage .t cod ¢ e

N ; IO v aneg y o
OEX intruction, whih Sores the rcm;n “dd\:;:n:\pum\,g.m hate a
ht N an prdey redister

rather tha mme 1 cod: un nhmn 0 OCCeyS. . TG < T

n i IH(H)‘. Th Y S Y C Processn v

. i sub i prog Ny b.\ @ 'Uldll'ic~ meaiQ Ty I for ¢
CICTCTIOCy

The onccycle imnstruction
EXECUTE lc!chlucaddrus)

,c,',l?“‘ Cxwevution of an instruction stored
YR Lontinues with (he pProgram  th
subroutine "

o the effectively sddressed memoeny luu.*u(mn and
A Tr C :
theunts to the cxecution of o anc-intructhion

¢} Condition: i ‘
(c) Conditional Brancling. Fach onc-cycle instruction

SKIP ON CONDITION

cau < .° - 1°a°
ses a skip subject to a condition or conditions speci

bite, 0. fied by instruction-code

ACCumMuLATOR - 0
ACCUMULATOR NO. 2<o
INDEX REGISTER » 0

CARRY FLAG = ¢
CARRY FLAG = 1
OVERFLOW FLAG -- 4

Diffcrent . . .
ANDinngt (l)?sts:::chtmn-brt' .Lornynutmns Can produce logical ORjne

! conditions, c.g.. ACCUMUL ) o s
1) ATOR > 0 (sec also Sce.

There arc also tw : iti

e m'!lﬁo two types of 1y o-cyele condmonul-skip instructions which
1 _cmory. INCREMENT (or DECREMENT) SKiP |IF )
mtroduced in Scc, 2-9. The sccond type is cxcmphﬁu‘-d by RO s

SKIP IF ACCumMuULATOR DIFFERS FROM

effective addre
SKIP IF ACCUMULATOR NO. 2 Equats e ren

{eflective address)

-
crs ""plblnb"t COnd“",“Jl b' l"'ch"l ' [ g- )
~ R~

SKIP ON CONDITION
JUMP_ TO (cflective address)
{nent instruction)

/Condition truc? ki
/No, 20 to branch 2
{Yes, continue on branch |
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o
C* MINICOMPUTERS AND INSTRUCHON SETS
- “BAst 3 branch. We I"o;nd or store accumulator bits § through 15, while bits 0 through 7
Only a few mumicomputers have “direct™ canditional- ‘CON . remamn unaffected,  The ellective addreas refers to individua] bytes 1n

(Sce 4-8). G o 1€, JUMP ON CONDITION, JUMP AND SAVE ON T memory, so an extra address bit will be needed to speaily even or ody bytes.
ing instructions, ie., . Another type of b te-addressed istruction s

“ . N CONDITION. ) , ) yp yte-; . s s
DITION. ‘m;)i. E)LE[(;:U’T:‘(&F': Operations, Rotations, and Tests. Most com

(d) Combined Register/Flag

. . . o p. sctting, or
{ imamplement certam combmations ol'n:ynslc.r/ﬂclgd““."m'L onc-cycle
TS L . . . ch single -
S lementing, a rotation, and’or a skip tfxt lhrou,-'hr mt.l, s ol
comple CA propriate nstruction-code bits will call for the - relative . . .
Instructions. pl e programmer must be sure to undeistand thewr re e 2-14, Arithmetic Options, (a) Double Store, Load, Add/Subtract,
opcrations, nnd' the ’;- g instance, to multiply an unsizned number in a Rotate/Shift Operations. To simplfy double-precision
order of evecution.  For ; :lg:'lr ll;c carry flag, then rotate left, and rhen test minicomputers can store the contents of WO accumuf
register by 2, one must firs ILY();\ (See "-f()l») Check the reference manual ‘ memory locations through a single (usually threc
. . '~; 197 QVOer M -
for 4 iy indic l:lllc: manual for your specitic computer. EMENT
. > assemb ani J . . ion i Mective - \
. and also the as  useful onc-cycle combination instruction is INCR o . ' DOUBLE STORE (cflective address)
An especially e EGISTER.SKIP IF ZERO. which 1s used to mmple .
NDEX R . * :
or DECREMENT) | e A
f’ncnt and terminate program loops (Scc. 4-9).

SKIP IF ACCUMULATOR BYTE DIFFERS

(cﬂcclii'é:;iddrcss)
which is useful for detecting

special characters in text strings,

and
operations"seme- -
Jdlors an SUCCCHHIVE
-¢ycle) wstruction

DOUBLE LOAD similarly loads two accumul
locations, More entensive facttities for dout

- RN

SUCCENSIVE n](.'n]()rv
. -

]p t 1 {re r '

ns. ] h minicot S Irom sSucce

‘ ¢ 1 Y

le-precision operitions usually
ber of diflerent instruction-code-bit : come only as part of CMtra-cost hardware multiply divide options  The
. Caroe ’r 0 < ; Honey 1 31¢ 516 hioh- red arithm
> > a respectably large numbe cti “ e onb & i
ot “-“C”F o pt’omp)ut instructions intended to select and opcerate
ati input; S
combinations for

whe oplion, for Instance, has DOuUBLE
ADD and pousLe SUBTRACT, wuh ap automiatic carry from the low-order
accumulator o the high-order accumulator,  To Hwcommodiate o many
CXtra memory -reference Instructions, the 316/516 must first sct a status
register to DousLe PRECISION through a Separate unstruction.  The sgn
bit of the double-precision number js usually bit 0 of (he high-order accumy-
lator (Fig. I-17).

Two accumulators ¢

: the Hewlcett-
able 5-1). For example, !
:vices (Sces. 5-2 to 5-8, Ta - 1] ' ' e
o q:l‘llzc\s' (which is a typical “basic™ 16-bit m!mcompglcl;,C e
Pflzc‘.(lr;joa() ;j,i(';'crcnt onc-word nput/output |nstrucl|(()jr:js'.l‘d;1 e o
. struc In addition, e:
P i it 2° = 512 such instructions.
8 serics admit 2 ; i 'stem, such as
o St Sul:'ls some instructions for controlling its mterrugt syst
fh?Tn;r;:liLT‘ ON and INTERRUPT OFF (Sccs. 5-9 to 5-15). e o —

carry flag) for double-precision LONG ROTA
" and LONG SIGNED sH;

zether with the

TE. LONG UNSIGNED SHIFT,
FT operations (see alvo Sce. 2-10h),

e Tt ra e} a1 e g [P

SPECIAL FEATURES, INSTRUCTIONS,

Most evtended-
; arithmetic options haye instructions for multiple shifts; the number of by
. ; shifted is determined b “AM CATU processor register., the shift counter,
: » NS . . - / <
AND OPHO 8-bit numcomputers naturally handle 8-bit . With 2 binary fraction m the double
e Manipulation.  8-bit m ) :
2-13. Byte Manipu

u"ll("‘ “lb ln\trllt!l()n
l t

b t hO]dln" an AS ll h" "th plu p'”lty or l\\O B D dl IS

[

NORMALIZE will shify the double f

raction left unegl j most siznificant
ch bytes. Most 16-bit minicomputers have at least bit dilfers from (he sign bit (see also Sce. 1-10). Some Computers gy
word holds two such bytes. inulation instructions - ordinary long shifts and tey the result with 4 special anstruction skip
onc or two one-cycle hyte-manipulation ins . IF ACCUMULATOR IS NORMALIZED :
Or RIGHT) ACCUMULATOR BYTE ‘ : (b) Hardware Multiply/Divide Options (see alvo See. l-*))rj\ Muluply £
CLEAR LEFT ! CCUMULATOR BYTES divide hardware always requires two anthmete registers (o hold a double-
INTERCHANGE ASD CLEAR LEFT (Or RIGHT) ACCUMULATOR BYTE precision product or dividend. [y js bestif these rc;_:lx‘cr.\.|rc;_'c1'1bx.nl~pmpmc
INTERCHANGE & ; > ROTATEs and ANDing with mask weumulators  accessible through pousLe STORE und pousLe LOAD
Such nstructions replace muhlpk‘ : inC'hamc(cr-handhngpFOL—'ﬂ"“?‘ Instrucuons  (Sec, 2-14a; egp. Hewlett-Packard  and Honeywell .
words and can save much time and memory . LOMmpulers). A less desirable drrdnzement adds a special multiplier/quotient
fe.g . tet Cd'“"g'Communmu::: )'b\tc addressing of LOAD and STORE L MO e
gnn1c 16-bit machines per AR o

sster, which is harder to access (PDP-g SCrics, l’[)i’-9,'|5).
Byte addressing is specified by an o code . The better h;xrd“nrc mulﬁpl)’/disidc
CUM TOR instructions, yie ¢ Qs sp P
ACCUMULATOR 1nS

~ Opti()ns pl:lc(‘ no rcstrictim:'; on
i N E \(‘((L‘)

soister sct ‘hl’( llL'h a "pL'Cldl instruction (

bl: or tr' l"l“l.\ FC2I8Cr € -
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opcrand signs, employ I-complement arithuicetic, and have simple instructions

(eflective address)
teflective address)

MULTIPLY
DIVIDE

It s most convenient to interpret operands and the result cither as signed
binary integers or as signed hinary fractions (Tables 1-1 and 1-2 and Sec. 1-9).

Many populsr numcomputers (PDP-8 senes, NOVA/SHPE RNOVA} smplement

NOT§
Tius produces

unsyned scdupheastion ‘devvon funs.gined ponncgatise aperands and resalt)
sonie ¢xire preasion snce o bits wre necded as sign bats, but sigied mulnplication.divisson
then reguires cumbersome mullipleansrugtion sequences, which waste tane and memaory
PDP-9 18 has bavcally unvigned maltphcation ‘divisien with some special extra instrictions
attempting to snupldy sgned oporations which e howeser stidl meonyontent

The multiphcation A x B = C starts with A4 (singlc-precision) in an
accumulator and B (ulso sigle-precision) in the effectively addressed
memory jocation. The double-precision result C appears in a pair of
accumulators (or, less desirably, m an accumulator plus index register or
MQ regster).

Thedivision € + B = A sturts with the double-precision dividend Cin the
two registers and # {single-precision) in the cffectively addressed memory
locaton.  The quaticnt 1 will appear in the lngh-order register (accumu-
lator), while the remainder will be left in the low-order register. Unhike
multiphcation, division can cause overflon, which should be detectable by a
flag test: consult your minicomputer manaal,

In some muntcomputer mubtiply/divide units (PDP-9/15, PDP-8 scrics
except for PDP-Re). the operand B cunnot be taken {rom an arbitrary
memory location but must be placed into the location following the
MULTIPLY or DIVIDE instruction,

Typical hardware multiply ‘divide times arc between § and 3§ machine
cycles.  This compares with batsween 70 and 300 cyeles required for non-

hardware multiply/divide subroutines.
2-15. Mliscelancous Qptions.  The following uscful options are offered
by many minicomputer manufacturers:

AL Extra miemory may simply require extra plug-in maodules, or one may
have to add « page register or extended memory address register to
the processor,  Read-only memory (ROM, See. 1-14). often inter-
changeable with ordinary memory-bink modules, stores importunt
“programs or routines “firmly” (“firmware”).  Some minicomputers
yiek! faster cyele times for instructions read from ROM (Sec. 6-5).

2. Purity-check interrupt {Sec 1-de) on all word or byte transfers to and
from wemoeny roquires i extra bit pee memory word. plus parity logie
This option may o wselul, e.g., in critical pracess-control apphications
10 not re s needed i most end-user installations.,

k

¢

A o im i isem W rine -

e ATs man eyt eree m o

. R

AR i
REGIRENCYS ANDY B e AR

3 :It:::::: “p:'(:;cclinn. which usually alo requires an curu. bt per
e _Th«l: “ Z:::f:::: p:c)\‘c‘lv:\lcd areas of memory fron; un.m(hnrifcd
o protect 1o don to pln LLr( SYstem programs fram overw riting and
referencing un;:(xl}:or;c(c;Li::c:::::;‘\c;;(:h ‘;”‘C"- ! vl imtructons
qopreneing una 2 iocahons, or STORE imtructions
pmyg.mcx;:u(t;cénl;-rlr;x)pxx ;C;i),::(’:rl-m“”y return control to an cu‘cnu?:
ict ol' special instructions, \xllywﬁn;)tr:::;(mll,:;r:h:”rc roerm
tag . selected Memory areus for protection E
) ;lm dnr::c‘tty concerned with these in\!ruc(i(:ns.
B ovner-J; > T i :
n h:trc“.::‘l;:tnm;:;!n.(‘c:r‘mn/r‘cs(nrt.: Low Paser-supply voltase causes
o inte mcn,mr\ b{;:ug; ‘ruutmc sores all processor rcguzcrx safely
A revart mory -.;\f- ( uupmwr-supply CApACitors can discharoe,
©MSRCS I Citsy 1o restore the regsters. With sene

Cﬂlldlid('l ”N.”""lk.\ o !”Lk'L'Lhc“ 'Ld h.”l r\ ;'\ h L(""PU'L‘
.
= L k&‘. the

{ ;\”)L hl’L meny ddS QR oS ~t [ Ont e save
WO LAY nory AN '” o T Jii >
N ~ ‘ . . Lbl C- conients ATC 83 Ld on a

tem prozrammer to
The computer user s

5. Extra interr , y
N AN TE Upts and or mare sophisic:
o Ston iptisticy
6. .“:.lf(i“:ll'(‘ I.Iu:ning-puinl arithimetic s often
s sull faily CAPLnsie bug g
6-13),

7. Automatic hootstrap loader s

wted inferrupt logic (Secs. 5.9

asmall accessory pProcesso;
potentidly very useful (Sees. 6-12 and

a hard-wired progr:

‘ ; 2 10 load svate

g ,prdrt;framq -fmm PApCE tape or magnetic tape (scc t? 4/ © foud system
» indicator-light test switch: This spy oot

panclight o all feature avoids surprises due to

) gt

Other options wij] ith i '
s deal with improved or iti i
(Chap. 5), peripheral cquipment, and sofgw nrcnddmmm' /ot circuits
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CHAPTER 3

MINICOMPUTER OPERATION
AND SOME PROGRAMMING,
WITHOUT ASSEMBLY .LANGUAGE

INTRODUCTION AND SURVEY

In this chapter, we describe the fiont-panel aperation n[ small dl;/:ral C(:,’,’,'(-]
puters, including the most common procedures for Imn/m‘qj /‘; ”,”i ;I-I:'t'”[-;,l “
execiting computer progranis (Sces 3-1 to 3-0). To. squ'c.czc. tui 'al:n o
efficiency from the mimcomputer hardware, we will ?mvc to cl;l.‘bl. me
assembly language (Chap. 4), but many small computers do r‘cnmrr d : Yncm]
with FORTRAN and BASIC, which arc more convenmient for gc ]in.i-
problem solving (Sccs. 3-7 and 3-8). To m.ukc a gcncrul-p‘urposﬂlc r}rom
computer center truly powc.jrful and convenient, we must dgr(]aw‘;l)t'h o
paper-tape operation.  The remainder of this chur:tc’r.l LJ; e
hardware (small disks, tape unils, cullm'(lv-r(/l'-ll(!)c'/k(_\'m(1n( Lfo.-(.,b]c
and software (exvecutice Sysiems or monitory) Whl-Cl‘l n.mkg]cgn; rt
minicomputation possible; a discussion of on-line editing 1s mnciudced.

CONTROI PANEL AND
PAPER-TAPE OPFRATION

3-1. The Operator’s Control Pancl. A typical m'inicomputcr control pancl
(Fig. 3-1) will have the following controls and indicators:

1. A key-operated raain power switch with three posit_ions: ‘ON, O[”Fr :r::i
' LOCK PANELL. [n the latter position, POWCT 1S ON, but all fror

64
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pancl controls are ncffective -this keeps  wvisitors  from  ruining
computations by playing with the controls.

. Indicator-light ficlds, which display the contents of the principal

processor registers for exanunation.  Smaller machines may have only

onc indicator field, winch can display different processor registers
selected by a REGISTER SELECTOR switch. ’

Memory~address indicator field Run
(12 bits and 3-bit extension)

12-bit gata ]
indicator held D:splay
| /se'eclor switch
4 |
H
TR |
TN i
! l l 1 l._l \

f

R S

e gy

[\

e 2
Power / panel lock 12-bit switch regester LOAD ADCRESS,RUN,
switch

EXAIMNT, erc ,sw.tches

Fig. 3-1. A typical municomputer control panel (higial Fguipmant Corporation PDP-R
a 12-bit machine)

\Y
Indivadual mdicator nelds display memory addiess and data, o selecter

switch connects vanous processor registers, or & scl of status indicators for display i the data

fickd. Indicator fields and switch register are arranged in 3-bat groups to sumphfy octal-number
interpretation

3. A switch register or registers for entering binary numbers bit by bit
into a processor register sclected by a REGISTER SELECTOR switeh
or by the LOAD ADDRESS and DEPOSIT switches. .
4. Various switches.
(@) A REGISTER SELECTOR switch sclects the proccﬂ;dr register
connected to indicator and,or switch registers., L
{6) A LOAD ADDRESS switch loads the memory address register (in

some machines also the program counter) with the number sctinto
the switch register.

(c) A DEPOSIT switch loads the currently addressed memory location
with switch-register contents.
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5. An EXAMINE (FETCH) switch fetches the contents of the currently
addressed memory location into the memory data eegister for front-
pane! display.

6. Controls for starling, stopping, aud stepping proceseor operation,

(@) The START (RUN)/STOP switch starts the program with the
current register contents,

(&) SINGLE INSTRUCTION and SINGLE CYCLE switches for
“stepping’ the progran one instruction or onc processor cycle at a
time; they are uscd for troubleshooting hardware or programs.

Additional controls and indicators may be provided.  Some minicomputers
have u READ IN switdh for starting a paper-tape reader or even for automatic
loading(Secc. 3-4)  Senseswitcheson the front panel may permit the operator
to modify a program while it is running (Scc 5-8; in other machines,
sense hines are available only in peripheral devices). As further aids in
troubleshooting, there may be indicators for the current precessor status, e.o.,
INSTRUCTION FETCH, EXECUTE, INPUT/OUTPUT. INTERRUPT,
clc.

Some mumcemputers have a front-panct CLEFAR switeh, which c@rs a sclected processor
repister or regnsters and which may also send a ¢lear pulse to the computer periplicral deviees
for cleanng approprate Mags and‘or registers

Some machies (PDP-1§) have an 1 O instruction o read therr front-pancet swuch register

duning computation

The operator’s control pancl is used mainly for starting programs and for
troubleshooting through examination of register contents and stepwise
program cxceution.  Original-cquipment manufacturers (OEMs)- using
minicomputers with httle reprogramming may wish to purchase machines
without claborate control pancls: scrvice technicians can then carry plug-in
controf puncls for start-up and dingnostic work.

3-2. Typical Coatrol-panct Operations.  Please be surc to note that
specific front-pancl controls and their eperation will vary somewhat for
different computers—you must consult the operator’s manual for your
own machinc.  The following operativns arc typical:

1. With thc computer halted by the START/STOP switch, we can cxamine
and chance the contents of registers and memory locations.  To
examine a memory location, we sct its address into the switch register
and press the LOAD ADDRESS switch,  The EXAMINE switch
will now bring the contents of the addressed location into the memory
data register for display. .

2 o lead a memory location manually, we sct its address into the switch
- ster and press LOAD ADDRESS.  Then we sct the desired binary
1o Vorante the swateh register and press DEPOSIT.

1 0o bousfut oxanine or load successive memory locations.  For

v e em e .

3-3.  The Console Typewriter.  Most mimicomputers are furnished with

:\'\R.l? has both up
t

. 87 THE CONSOTE Jyprtwiinie 33

this puﬁposc, we st increment the mem
successive EXAMINE or DEPOSIT
computcers do this in different wuys, c.g.
{a) In thc, PDP-8I, LOAD ADDRISS scts the address into the

program counter as well as in the memory address register

PI‘O‘b am COUT}[- B LJ m ly ! (34 JdTC INCry mentec ali(‘ 4 ’r’
v - ~ 3 roe d l 355 Are 4 ~ l
rar [ &f cmo AU res [ n >

¥ O AWy e perancs iy -
&
7

ory address register between
operations.  Different minj-

f

i

H

4
'
P

L VR O

Fig. 3-2a. ASR-33 telety pesriter console

~

The paper-tape reader punch s on the left

(b} The more eluborate PDP-9 has spoci ] ]

( c 1 abor; as special switch positions (F X I
NEXT, DLPOSIT NEXT) which memory addren tos

fetching or depositing

(c) In .thu PDP-I1, repeated operation of the EXAMINE or DLPOSIT
switch steps the memory address register, )

step the memory address before

‘ ) o an
A’SR--‘B. ASR-35, l\§!{-33, or KSR-35 printce/hoyhoard (teletypewriton)
nmt'xu‘facturcd by the Teletyp=® Corporation (1 2 32 With the O Iy
LINL/LOCAL svaich n the LOCAL position, /

the teletypewniter is dis-

clc-nncc(cd from the computer and acts hke a typewriter with the special
tharacter set shown in Fiz. 3-2b. In the LINE position, the heyboard

H
ASR stands for Automata Send Recere, while KSR stunds

purcase and lowercaw characten
v substantially more expensine

for Keybourd Send Reoene
and pernuts 15 character, ey aperations,
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olejolelolelelelelelelele
slelelolelololelelolelele
YololelelelelelolEleleieiS
'G@@@©O®®?P®G
L

SPACE

Fig. 3-2b. ASR-33 teletypeanter keyhoard  Note the following:
ig. 3-2h. : 3

LR nsp : " hine ‘
RETURN re fntar to start of current ) e ).
{ " It [‘r[)t'mr(hg ¢s popter one hine (without return unless Rt UR‘\l 1s also depressed
o "D advances pr ! 1

F:)l\R[\‘l f Ef D advances pranter to the top of a nuw page (without return -

i - u o ‘ ‘. ‘

1 o lat on the eaera heys 18 intended for communications appheations no

he nomenclature 1 :

computing. bul the extra hesa ArC uscful

!/

hs
‘ uter. and
i ac rences (Table A-9) to the comp .
f its 8-bit ASCH character scqu S <o o
tt;\msy?rlilmcr can accept and outpul ASCIl charactcers. “'RT]T(;,S nee
; ‘ 3 lv capital I
i c They produce only
nt up to 10 ch.trracters/sec. d it TS e
zlanh:‘::"c l\\opshift kevs (SHIFT and C1 RL), which producc QPL:;(‘(:;C};\;% o
. trol functmn-\ when depiessed amultancously with © 11 o {pcciﬁc
Olr C("’_‘n 3.2h). Semc of these special functions will dcc[;cn(T e
T ter program i i ations Listed 1n Table A-7.
ams: ¢ terpretations arc .
rograms: conventional in ‘ AP
co'nr‘:m;\rs‘}){ nélodc!: have a slow (10 character/scc) p.xpcr-tapi pu;;“d <
1 (:' in the LOCAL mode, we can punch the tape fro}m tlf\lc\'rcymozjc o
e 7 : sad In the LINE ,
apcr-tapc reader.
.d output through the paper rode, we
oy prmg(p'xﬁcrpt'\pﬂ inl; the computer or let the computer punch pap
can rcad p: ape

e wi further
tapcs. Program preparation with the console typewrniter will be
apes. ar
iscusse cc. 3-16. . . )
d‘-‘“{“Ld ¥ SC;CKQP-B arc desizned “for intermittent hzht duty.. and this
AR Sy what 1t '1%lc(ypcwntcr< will not list Tong if you usc

means exactly Wil L8 Fven the “continuous-duty” ASR-35

1 ¥ . .
& &

d ‘ K- ey 5 i~ \‘ D ¢ d y Sig k-d Qr usc mncom UMmCs h

an ‘hL ;l{ 3> 1C TV PCWT |tc] s arcrc ‘" db; an l 1§ m 1C l“(i“g

here they are rebuilt on @ reaular schc.‘dulc. Altogether, t'cl‘c(;
o 4 he st frequent souice of nunicomputer trouhlc.s. ar
P e not e To save your teleprinter. we sueuest substitution
:u‘u‘rd terminad for comersational mpul,oulpul:.
Use the prmter

fepairs arc not chcnp.k

‘. tube key

of a cathode-ray-tube, ke o e

I qoter and morc pleasan ! !

i s o ol lrl‘\ need hard copy and keep the printer motor turncd of‘li

bl : irc ard-copy get a sma

4 as possible  1f you require much h(\rq-cop) oenpuitérb:ﬁg m

i Tt 'i'hc Diaital Equipment Corpgrahon DECwn h'“;lc"“y
o E‘“me- bout as r;mch as a KSR-35 and is faster and also mechanici

which s about

only when you ree
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senplers s another useful alternative.  An IBM Sclectric typewriter with an
adapter base plate for computer control is another possibility,

34. loeading and Rumiing Simple Programs with Paper Tape.

(2) Manual
T oading.

An exccutable program (which may or may not have some data
attached to 1) 1s, as we have seen, a sequence of multibit computer words.
We might have such a program in binary form {or 1n the more convenicnt
octal form, Scc. 1-4h) on a sheet of paper; we must eater the program words
into appropriate (usually consccutive) memory locations in the computer. A
simple-minded way to load the program is to usc the front-panel controls:

1. Select a memory location for the first program word (which could be an
instruction or a data word) via the switch register and the LOAD
ADDRESS switch.

2. Load successive program words into consccutive memory locations
with the aid of the switch register and the DEPOSIT switch, as shown
in Scc. 3-2. .

3. Sct the actual starting address (address of (he first instruction) into the
prograun counter via switch register and selector or DEPOSIT switch.

The program s now ready to run if we press the RUN switch.  As the
program runs, it will eutput data via the telety pewniter, paper-tape punch,
or other peripherals.  The program may also read input data (or additional
input data)from the telety pewniter, paper-tape reader, measuring mstruments,
etc. '

(b) Paper-tape Systems and Bootstrap Loaders.  Practical programs can
havehundredsorthousands of words.  Manualloadingisclearlyimpractical.
and programs are prepared (and stored for repeated usc) on a computer-

- readable storage medium, usually punched cards, punched paper tape, or

magnetic tapc. These media are comparcd in Table 3-3. Most min-
computers are available with paper tape because this requires minimal

e L......J

Big. 33, The $2.500 type LA DI Cwnter employs seven solenord-driven prnting wires (o
Lot dilferent characier sets from o tive by seven dot matnix. There are rdlatinddy few moving

Fetcand pontmg speed s 30 charadters see (Digual Equpment Corporas
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(A

{0t Feed

Funcn (252
outpot T, |— On line
m~'«~ Feed
—

Poper tape

4 i /

f
Off tine

Fig. 3-4. Mcdiumespeed reader punch for fanfold paper tape Read at 300 characters/sec,

punch at 30 characters,sec {Prptul Fquipment Corporation’)

peripheral equipment. The ASR-33 and ASR-35 tcletypewriters, for
instance, have built-in 10 character/sec tape punches and readers. These
will do for loading (hinary) program tapcs and for infrequent problem
preparation in applications requining few such operations (€.g., special-
purposc-system start-up, interpreter systems).  For faster w ork, ane usually
buys a 300 character/sec reader and a 50 character/sec punch (Fig. 3-4), both
for fanfold paper tape, which does not require rewinding (see also Table
3-3 and Sec. 3-9). Faster reel-type readers serve in special applications with
long program or data tapes. ]

The opcrations needed to load words from paper tape into the computer
memory will themselves constitute a computer program (paper-tape loader).

ASR-33/35
typewriter
/A cantro! codes Posihon
¥ " valyes
t o -] T [+ 1 : T
2 o o Bit group 3 { 02
3 e Q K]
choﬂne' 4 °?93’°?:°°°9°9°°°“°°?°;‘i’°°°9°°59°“9
numbers 2 g g 81 group 2 { g%
(-] o [e]
g ° ° Bit group 1 { sé
) - F "T{ T e T gt pynchethole T
{ 212 LINFFECD * ozHg'e postion
Lo "215 CARRIAGE RTTURN

Fip. 3-5a. Paper tape with i ht-chapnel ASCH eode 71 his format 1s commanly emplayed for
B.rer, ehrect proqrams are punched in different farmats depending on
12-hit wouds, for mstance, can he coded nto 1w o paper-Lape
framos with channet 8 blank. while channel 7 mdicates whether the word 15 meant ta he a
memery word or its address The most economical object:tape codes contain anly the starting
adidtes s Tor recordad bloghs ef gonsequtive menny words, while athers alternale warls .m\:I

their storape addresses. (H(‘:"c\\-,vll Computer Conmtrot Diviston)

Source-progrant apes.
the nunicomputer wond fenoin

m e ——

b4 J . ‘
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This is usually supplied on a shart paper tape: The loader will read apd fogd
;((:r::.\-:;'l‘.llp't l.l\ .\(!Ol'l as l'hc first f_w. ‘lll.\l.[ucllun'\ arean munnr," llnd‘h‘!h;,:‘(-
Fec cd a bootstrap loader.  The initial loading uetrictions can be | %l
;:\;::ml'ly;]mm.c cnmpl:lcr.\ protect them from 'muu;ihnu ‘\\v;th : \?;l‘f"-‘:l
instmgﬁgc Z\;!t_gch. V\'q sct .thc program caunter to the first lgwtgxili\:'-
ion a ress (usu.lll_y printed on the loader tupe) und press READ IE\'
go;ﬁlc{”l;lfi, depcnf.hflg on the computer) ta load thé loader. A'; a d:slir;\hl!c
, Some minicomputy . the entue paper-tape. ‘ '
permancntly n réé!d_(;,:fyu:;z“g:; the entuc paper-tape-loader program

Digitg ! Fattars Oie‘.!"‘ !
"7"'.
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% ‘: SV {.-I v/ %oy
00000000 TIIITY i ) ((s 4 E'
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mnann
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XEYYRRNTRAN) IERX AT IXRR) T 1 INENYRRRYTY IR i} o
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sEsce
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Fig. 3-5b. International Business Machines Corporation 50-cofumn punched-card cod
¢ ched-ci de.

Once the loader is in n
Onc Ie icmory, we can load any progra
directly bchind the loader program: Y program or daa tape

1. Place the tape in the reader (consult your manual)
2. Sct the program counter to the first loading-instruction adidress
3. Press READ IN, or RUN (consult your manual). ' o

;Ahn exccutablc program thus loaded can now be started as soon as we sct
. ; p(;ogrqm counter to the appropriate starting address.  Some pragrams
. M i '
mélude a jump to the starting address as the last instruction loaded, so we
can simply press RUN and go. o ‘ '

MINICOM. PUTATION: SOURCE

AT : E-PROGRA?
TRANSLATION ) T
»g i
.i-:; ngramm.mg and Program Translation. In Scc. 3-4, we did not
e uss preparation of new programs but only the loading and runniﬁg of
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exccutable machinc-language programs.  Indeed, with many special-purpose
computer systems we may never have to prepare a pm_qrar'n, for the system may
come with “car.acd™ pregrams on tapes, kindly furnished by the computer
manufacturer or by a software house, for a varicty of jobs. All we do s
supply the data inputs, load. and run
Less specialized applications require us to create our own programs. It
would be a cruct job 1o write programs in binary or even octal machine
language, so we-type and/or punch a source program in a programming
language admitting a restricted sct of stylized Englhish and mathematical
statcments. A translator pmgramﬁthcn employs the computer itself to
read the source-program character code and to translate our source-
" program statements into machine-language instructions and data words
-of an executable object program.
Translators will be rather formidable system programs supplied (one
hopes) by the computer manufacturer.  There arc three types of translators:

1. Anassembler translates an assembly language, most of whose statcments
correspond to machine-language instructions on 2 onc-to-one basis
(e 2 .LOAD ACCUMULATOR WITH CONTENTS OF MEMORY LOCATION
A, Of LAC A)

2. A compiler translates ‘a compiler language, which is closer to English-
cum-mathematics and can include statements (c.g., formulas) which

will each be translated into many machine-language instructions (e.g.,

FORTRAN, ALGOL, Scc. 3-7).

Each new computer type needs a new assembly language, and rclatively
simple mathematical and input/output opcrations can rcquirc substantial
numbers of assembly-linguage instructions. But assembly-language pro-
granvming (Chap 4) can take the most efficient advantage of minicomputer
hardware to save memory and time during execution. By contrast, some
minicomputer compilers generate slow-cxecuting code because both compiler
and objcct programs arc compromiscd by the small amount of memory
available

After an assembler or compiler is loaded, we load the source program
(Fig. 3-6). The machine then produces cither the object program (say on
paper tape)in oncipass, or the same or an intermediate tape’is processed
in a sccond pass (two-pass assembler or compiler). A third pass can produce
a teletypewniter listing of both source program and machine code.

If we have made a mistake in our source-language syntax, exceeded the
available memory storage, used too large numbers, etc., the translator
program will notify us of this fact by stopping and printing an appropriatc
error message on the teletypewriter. At this point, we will have the
pleasure of doing the job over. If the program works correctly, however.
we will have a storable “binary” object tape, which can be uscd again and
again wi w data, without any need for translation.

L R R e T T SUTY, N O,

bl

P oroh soantermediate paper tapas consy

tape render punchest  For this ry inon

MUmadern two-pass aysenmhle rs
tune after the fust pass, witho

Some mimicomputers (c g,
compiler which can compile (~omewh
object-tape punching 1s optional

are desyrned to read the ori; tal sousee

ut any need for an intermcdiate tape.
Rastheon 700 series) b

PROGEANMMING \\D) PROGRANM JRANY sHON

s

mes time (more time than tape reading with most
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AVE 4 Mlonversational™ FORTRAN

alrestricted) FORTRAN dircetly into the memory,

A number of mimcomputer manulacturers

can be run on a large batch-processing dignt
programs will still be on paper tape, or poss
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Fig. 3-6. Program translation and o

A“c'mblcrs and compilers generate complete
execution.  Qur third trans!
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An interpreter translates one source-lan
crecutes ihe resuitin

translates the next st

atement, clg.

v

whing wath a paper tape syatem

B

object programs *for

ation scheme works differently:

suage statement at a time,

£ machine Instruction or instructions at once,



es o ere e mcmee gl s L A
. R pre— EEUNENEN

36 AMINICOMPLTER OPER ATION AND SOME PROGR AVIMING 24

ion is ineflicic . i arams” which are
Interpreter translation s incflicicnt for *‘production program h

to be exccuted many times, since cach exccution will he slowed by translation.

This is not objcctionaBlc in on-line conversational computing, where inter-

preter systems translate compiler-type source lang'uugcs like BASLC' atnd
FOCAL (Sevs. 3-8 and 7-3). Interpreters can also m.1plcmcm stcp(-”)r-s C[:
emulation of computer instructions by the instruction set of a diffcren

computer.

36. Loading and Combining (Linking) Binary Objc'ct Progrnn\?.tAr;
independent binary object program loaded into core with our pla‘pur-ba[c)n
loader should be ready to exccute. Data for such a program may ave :(o
loaded together with the program, Of the program C(c)lnmmst 1r}slruc;|::;her

. . m

i : heral devices, ¢.g., from typed mnput, iro
B ame i from instruments such as

: in the paper-tapce rcader, or frot ;
P ot o ill be obtaincd on the
[ q Program output will be
analog-to-digital converters. g ' )
i i ccificd by the program .
rinter, display, tape punch, etc., as spe ; : c
s‘eis lol'tcn thoush, we should like to combine a hinary objcct progrt;ms " ;f’;
. o' c 0
L ay be uscr programs, perhaps modu
other such programs. These may : ¢ e
i subroutines supplicd by the comp

larger program, or library su . ] . ' o
- oomoint arithmetic routines, sine/cosinc g )
facturer (e.g., floating-point ar nefcosine gentrs i

i i ith a papcr-tapc opcrating sysicm,
input/output routings). Wi i ' . . hose
rr;gr/amspand subroutine libraries will be on various picces o.f paper t \;;::,
fvc would like to foad them for combined exccution. This will practically

always impose two requircments:

' ed into
1. We must rclocate binary programs SO 'that they can'be lozlldx:d ;l:w-
. Successive corc-memory arcas. This will mcan changing both ins
tion addresses and memory-t eference addresses. et (by supplfing
i i ams will refer to onc anoihc
2. Since the combined programs . o e
ah j instructions), we must find ai
data and/or through jumpnstr
references and provide them with the correct memory addresses.

j { ave

To satisfy the first rcquircm;:;t, the ob}cpcit‘ Sfrgﬁ‘riz :1; ;?‘3: :zlso'cczll(t::c; tn;‘\)x!sctch()dc.
» an asscmbler or com : . '
l'l)fz:‘tr;:r;::lrc:\?rzwﬁry references to addresses nceding re:‘oc.:uul)r’\‘z::cc‘?:lrl::]:
specially marked --say with an extra word - or they ‘\-:c rcq.n:;:;:\v (‘hc orren)
progrzu;m-cnumcr reading: sec also Sec. 4'-18. | (t) .;tcr_m‘ ,c[;.m‘ccs
requirement, each program s::,f;mcnt must list all its f
i specificd convention. - '

ac?l(‘)::;‘x%\:;:c r‘:rogmm scgments smisfying these rcq\‘nrcn:;.:nti)v,a \rx:c(:) Ssrs(t) 117?:3
a new system program called a linking loader and tfmcnl 1i0 o ot
tapes. The linking toader will notc the final address 0 cac' l]'pny- '1‘; : rc_{ c;mcm
relocate the succeeding progrant, and ‘supply the xcl‘ccc.‘:ssar). éut‘i‘oi e
The combined program will be left in core ready lor €xc .

- ——— -
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usually selected by front-panel register or sense switches, will run the

“combincd program as soon as it is loaded (“load and go™) and/or punch a

‘binary tape for the combined object program. The linking loader will also
typc out error messages if it is prevented from doing its job by user errors

such as faulty or missing external references; consult your minicomputer
manual.

3-7. FORTRAN Computations and Related Topics. Many engineers and
scientists will be familiar with FORTRAN programming (or, especially if
they live in Europe, with ALGOL: minicomputer operation will be quite
similar). The principal fcatures of the FORTRAN language arc outlined
in Table 3-1. Notc that minicomputer compilers may implement only a
subsct or restricted version of the FORTRAN language available with
larger machines; consult your minicomputer manual. But many mini-
computers have rcmarkably comprchensive versions of FORTRAN.
Minicomputer FORTRAN compilers are usually designed to minimize the
core storage required for the compiler and for the compiled program at
somc expense in exccution speed. :

Normally, you will nced @ linking loader (Scc. 3-6) to load a compiled
FORTRAN program or program scgments with the computer manu-
facturcr’s *math library™ of floating-point-anthmetic and function-gencerator
routines; the hnking loader wiil load only those routines actually called by
your program. },O routines are usually supplicd by the compiler or by the
compiler together with an exccutive program (Scc. 3-13).

Other compiler languages availuble with minicomputers (ALGOL,
subsets of COBOL) arc dealt with quite similarly.

3-8. Conversational Computing with Interpreter Programs.  Conversational

"interpreter systems Qc. 3-5) are cspecially enasy to use with paper-tape-loaded

minicompuicrs: Only*the interpreter tape must be loaded. for the program
itself will be supplicd by the user on the telety pewriter or on a cathode-ray-tube/
keyboard terminal.

The most popular conversational-inter preter language is BASIC, which is
widcly used in time-sharing systems. BASIC interpreters arc available for
many minicomputers.  The Digital Equipment Corporation has developed
another rather similar system called FOCAL (but DEC machines all come
with BASIC interpreters as well). Both BASIC and TOCAL can he
learncd rapidly; both allow you to employ a mimcomputer as a very versatile
desk calculator and for rcal stored-program computation with loops,
subroutincs, ctc. Such interpreters permit floating-point computation but
usually only with six-decimal-digit precision (this is less than that available

- from most desk calculators). BASIC and FOCAL interpreters supply

their own utility routines (c.g., for trigonometric functions). BASIC,
unhke FORTRAN, permits operations with matrices.  Both BASIC and
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TABIF 3-1  Minicomputer FORTRAN Chech List.
~

In FORTRAN.

1. Speaification statements dofiwe e properties of, and allocate storage to, namued variables,

funchions, and arrays.
2. Anthmehic statvnienis defi- 2
to a vanable,e g,

s~ - ~uting opcrations which assign the value of an-expression

VAR - B+ 01
3. Control statcments determine 12 sequence of operations ina program,* e g.

GO TO 17

4. Input output statements spec.f; .nputjoutput operations.

FORTRAN 18 “portable”™. ie 172 lanzuage 1s to a large extent independent of the processor
and compilerused  Most min <>~ puter FORTRAN systems arc subsets of USASI FORTRAN
1V. But different numicompuiess 127d even the same mimicomputers with different amounts of
core) implement morc of Jess co~plete FORTRAN systems. It will be necessary 1o check

precisely on your particular min computer.

1. Are logical and/or complex t.pe quantiics adnussible?
2. Representation of Real Constants: How muany digits are accommodated?  Are all possible

formats, for example,
s€-02 005

05 O 0 5€-1
5 OE 02

- ans should be answered for double-precision quantitics

and .FALSE If no logical variables and operations afeé
", tie anthmetic If statcment.

ts for declanng vanables as real, logical, etc  1n general,

adnussible?  The same € .=:
3 1apical constants are oT7:
avulable, you van stll e wp
4 Chech on specification statemen
integer names begin witht 5 kK, L, M, 0f N
5. Chedk on the extent 1o Wk o eypressions can be used

6. Relational Operators: oLT.. JLEs, «EQs, oNEo, oGTe, «GE..
logical cypressions admirzd?
7. Chedk on the avalabihity o each of the following control statements:
(a) Assigned GO 7O asS.C% 18 TO K
GO TO K. (3 4,18 21}

as subscripts for subscripted variables.
Arc all admisuible?  Are

(h) Computed GoTO !~ 2
Go 10 (3 18 21) ! .

The examples in {a) and 151 are cquivalont to the unconditional Go 10 18
{c) Arithmetic 18 IF (arthm e cxpression} #y, Az My
Program gocs to statzmsat aumber ny .ot nyaf the specified expression 1s, respectively.
fess than, equal to. oF =reater than 7€r0

(d) Logical(r 1F(logicd! erpression) {statenent)
The specified stater 2™ wchich must be cxecutable and naither a po nor a logical If

statement, is cxecutad f the logical cxpression 1s truct otherwise, controi transfers to the
follosing statement Tna logical expression might be a hardware scnse hine of switch

output.

1F {SENSE SWITCH 3) (statement)

{¢) DO n INDEX = my. My M
1S A statement pUT T and my @
and my 1s the mcren o shmpex  I0m, = 1 one may wnoite

are the sunal and final values of the integer INDEX,

‘
00 n IN 1N 77 n, M,
e [
s jolsEe LN FL A Drgatal bgu o v (orporion, Niaynard, Moss [RIA)

—_——— o m
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TARLE 31, Minicomputer FORTRAN Check List (Continued)

{f) CONTINUE STOP PAUSE n
PAUSE END STOP o

. P ctation TE statem S an V. nurnhcui_ mini-
8. ( heck on the interpr 1on of READ and wri s ent d device
C()nlpll(cl |)c|||)hc|.|l devices may differ from those uSCd with l).ll(h-l‘)r()c\'ﬂsc(' FORTRAN

] nglcms on large digital computers
eck on the library subroutiaes - i i =
ek y itines and special functions available with your.FORTRAN

10 A : i
Can FORTRAN programs be linked to assembly-languaze programs (Sccs. 4-20 and 5-28)?

11. Can FORTRAN be used for interrupi servicing {Sees 4-16 and 5-16)?

FIOEAL permit graphic Qutpul from cathode-ray-tube displays and digitai
[;;g ers. deblc 3-ZBC}utlxncs the main featurcs of the BASIC I:m"uouv;:'
S'ny goof texts on-BASIC prpgmmming arc available (Refs, § to ll‘)7 o
Fogxxi ?mtchc mlo.st uscl'uldmlmcompulcr apphications employ BASIC or
rpreters extended to incorporate in '
A ers | : put/output commands fo
opcrating measuning instruments, test-volt: control
rating s s, test-voltage s :
D o 7 78 ge sources, and process-control

TABLE 3-2. A Quitk Reference Guide to BASIC.

This table was preparad by the software
their 2 .- . y e stafl of the Hewlett-Packar o
|Iluslral"c):lnltclr‘:::.n:::;::;h serson of BASIC (R 9 and 103 The u-m::llclt’ ‘lllrﬂrlt('“::l\lf;lr\
mampalstion. hmited s\l.:n .:sunplc algebraanterpreter Linguage, st permits array and matrx
(overlays) of [;rogrm\ o mf,lm.mupul.nmn. some editing, Nile manipulation, and «.h.,‘,nn,
with displays and ;Il\l;lll:r:':!‘.l: :S “c‘;lcu-l)':Lk'”d BASIC hus also been extended to OIP\‘T-"t:
use BASIC as e 7-3b). Nevertheless, completely untrained operat :
a very simple “conversational caleulator™ by ty ping statements hkcmm ors ean

LET V1 - 75
LET B - V1 .21
as commands, ie , without stat
, ement numbers, and to obtain
Wi ain answers by typing, say
PRINT B. V1

OPLRATORS
Operators arc used in the statements of a program

Sample Starement Purpose/ Mcanng! Ty pe

l - k=1 = 1
MA=B=C=10 Awgn:llcnt opcrator; assigns a valuc to a
. Varuabic. 3!
o ;r;r A9 M.y also be used without LET. A
l; . = ‘IZ Fxponcntiate {as in X¥). L
0 LLT C5 = (AB1eN2 Muluply. =
1401 TS/4 = 3THIEN 200 Divde. o
1SOLET P = Rl 4+ 1) Add
160 X3 == R} - P Subtract

Sofb: The pumenc v
: cnc values used m lomcal ev L tegpriatt
nmber: “alse™ = o cvalration are: lruc' = any nonsero

170 : ) N
D= THI NG Expression Uequals® expression.
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a8 MIMCOMELTIR OPERATION AND SOME PROGIAMATING )
TABLE 3-2. A Quich Reference Guide to BASIC (Contmucd )y,

Exampl, Purpine

19017 X > 10 THEN 620
200 IF RS <PT THEN 640
210 1F RR> =P7 THEN K10

220 1F X2< = 10 THEN 650
2WIF G2 AND HS THEN 909

2401F G2 OR HS THEN 919
250 IF NOT G5 THEN 950

260 LET B = A2 MAXC3
210 LET Bl = A7 MIN A9

Example
300 CHAIN PROG
310 CHAIN SLIBR
120 COM ABIL.C20.CST2)

360 DATA 99, 106 7, “HI™
310 DIM A(72)

400 END

MSENTIR#T

IROFNTIRABC
90 ENTER T,AB,CS

400 FOR J=1TO NSTEP 3
500 NEXT)

VOGO TO MO
412 GO TO N OF 100.10.29)

420 GOSUB 80p
415 GOSUB N OF 100.17,20
34015 A# 10 THEN 350
390 INPUT XS24
}oseoresa-n-c=0.

MOEAT--61S
MWOREADARBC .

AVREAD F YA

1RO IE D+ L) (22 THEN 71D
INIF D +T)<>2«D) THEN 70p

Progriams consist of numbered statements.

Lxprevsion “docs not equal™ expression
Lapression “docs not equal™ expression

Fypression *is greater than™ expression

Expression s less than™ expression

Lapression s preater than or equat to™ expres-
sion,

Expression *is less than or equal to™ expression

Expression 1 AND eypression 2 must both be
“truc* for compouste to be “true

If cither exprevsian 1 OR expression 215 “true.”
composite is “true,”

Totalexpression NOT G5 is “truc™ when expres- .

ston G515 “false ™
Evaluates for the larger of the two expressions
Evaluates for the smalicr of the two expressions.

STATEMENTS .
The statements arc ordercd by number.

Purpose

G1 Is and RUN- the program speuficd  The current
program 1s destroyed, except for COMmon variabics,

Declares vanables 1o be in COMmon. they can then be
accessed by other prozrams.  Must be lowest num-
hered statemients,

Speaifics data, read from left to right

Defines maximum size of a string or matnx

Terminutes the program; must be last statement-in a
program . .

Fulls the first vaniable # T with the user terminal number
and/or atlows the user a spectficd number of seconds to
reply (A returns the actial response time B and returns
the value entered C.CS  On tune out, the response
tme is set to —~256  On allegal mput type, the
response time s negated.

Exccutes the statements between FOR and NEXT a
speaificd number of times, incrementing the vanable
by a 871 P number (or by 11f STEP 15 not given)

Transfers control Qumps) to specified statement number.,

Transfers control to the Nth statement of the statemnents
hsted after “O1-.”

Begins executing the subroutine at specified statement
(See RETURN)

Bepins exccuting the subroutine M of the subroutines
hsted alter *OF ™ (See RETURN)

Logical test; transfers control to statcment number if
“true.” . '

Allows duta to be entered from terminal while a
programis runmng.

Asuigns a value to a vaniable: LET s optional.

Reads information from DATA statenent
Sce “Biles”

T R e e e e

ot

T emapm

. . S o
. B

.‘v ’
CONVERSALIONAL COMpPYL Jing WHIL NG riRE 1 g FROGRANS

TABLE 32 A Quich Reference Guide 1o 18 \o1¢ (€ entanun ) )

Example

0 REM--ANY TEXT*e" IneCeris nonexeeu 1hi

N : dahle renarhs
. 56 PRINT ABCS Prints the speaiticed \.ﬂu::].I gr(?\.l\lll:
IS8 PRINT
395 PRINT #3.A
380 RESTORE
385 RESTORE N
450 RETURN

l'“"l"l\l'

& pivgram

X Perline when commuas
\

itors 12 whea seayeolons e used
tleprinter (o advance one line

#r¢ used oy aep,
Canses the
See il
::C::::l:\ r'crrc.ldmtid.nm without rer

crouts data to be rere. ' /
St ¢ e cread, boginming in stalement N,

Woexit. transfurs control to the statement
following the matching GOSUR.

crminates the progr L V1Y SOy
T . gram, may be
. 3] used ny hcl’c in

unning the program

419 sTOP

. STRINGS
L. Astringis 1 1o 72 teleprinter Characters enclose
s sting saruble (in A 1o 7 leties folloved by 4 §)

2 Fach sring varible used in g Progrm must be dimienaoned (wsth a DIM or COM

sttementhl it has a length of o
an L wee than one ¢, ot The
o s e o e ccharicter The DIM sets the physical

R] _.?uh\lnny‘ e downbad by b, optad string varnahles
ABCDLL then A2 2% B and A1) - Al P

4 The LEN functiop retuens th
CCarren! oy r eny . .. . -
(AS) The length g the logical lengthy Htone length. for example: 100 PRINT L N

din guotes; it mdy be asugned 1o a

For cxample, of AS =

Lyample

lp DIM AS (_’7) I'Mrp.nu

Declares the m
ters
Asstens the ch
varable,
Gives the current length of the speaified string
Strng operators (hey allow comparion of
strines, and substiings, and transir 1o a
\ka-llll.'\l satement. Companison 1 made ll:l
ASCHL codes, character by character, Ieft 1o
nghtunut o differcnce v found. If the wtrings
dare of uncqual length, the <horter snng 1s
considored smaller 1 1 s weaticat to the minal
substring of the longer
Accepts as many characters as the strng can
hold (fallowed by return).  The Lh.ll':l.l'.'r\
need not be - quotation marks 1f only one
stnng s input
Inputs the specified stungs snput must be n
quotes, separated by connnas
Reads a string from 4 DATA statement, string
must be enclosed i quotes
Reads strings from the specified file,
Prints strings on a file,

aunmum strg kenpth i charac-

20LET AS = v T
TEXT AraLter stang in quotes to 4 strng

3 PRINT LEN (BS)

WSIFAS=CSTHI N 60p

HDIF BS# XS THEN 650

nsir NS(2.2)> BS(3, ) THEN ]

lIz() I NS<HS TIE N 999

251F PS(5.8)> =YS4. ) THLN |

IJOIFXS<=Z$TH[IN999 f

205 INPUT N§

219 INPUT NS.XS.YS
215 READ PS

22D READ #5; AS.BS
310 PRINT #2; ASCS

' FUNCTIONS
whions retyrp

."’"-—-—-...._____
——

" A numene result, they may be yeed 45 C
RINT i used for enamph

L pressiens or parts of cxpres-
s oaly, other satemeny Bypes Ly be used

a8




RE .1 MINICOMPUTER OFERATION AND SOMIL PROGRAMMING 80
TABLE 3-2. A Quick Reference Guide to BASIC (Continucd ). 3
Example Purpose

3P PRINT ABS(X)
320 PRINT LXP (X)

330 PRINT INT(X)
340 PRINT LOG (X)

350 PRINT RND (X)
360 PRINT SQR (X)
37D PRINT SIN (X)
380 PRINT COS (X)
390 PRINT TAN (X)
400 PRINT ATN (X)
410 PRINT LEN (AS)

420 PRINT SGN (X}
430 PRINT TAB (X).A

440 PRINT TIM(X)

450 PRINT TYP (X).

lettes from Ato 7

Sample Staremen:

10 DIM A (10, 20)
ISMATX = II)"\ (MM

OMATB = ZTR
2SMAT D = ZLR (M)
M MATC = CON
3ISMAT U = CON(MN)
40 INPUT A(5,5)

45 MAT INPUT AidD)

50 MAT PRINT A

IMDIEPNA(X)=(MaX)~B  Allows the programmer to define functions, the fune-

tion fabel A mudt be afetter from Ato Z

Gives the absolute value of the expression X

Gives the comstant ¢ rarsed to the power of the expres-
ston valuc X, this example, ¢ + X

Gives the largest integer < the expression X

Gives the natural togarithm of an evpression: expres-
ston must have a positive value.

Generates a random number greater than or cqual to,
Pand less than 1, the argument X may have amy value.

Gives the square root of the expresston X, expression
must have a positive value

Gives the sime of the expression X, X 1s real and 1in
radians

Gives the cosine of the expression X, X 1s real and 10
radians )

Gives the tanzent of the expression X; X is real and n
radians

Gives the arctangent of the expression X: X s real,
result s in radians

Gives the current length of a string AS. i ¢., number of
characters,

Gives: TifX>0,00X=0. —1if X<

Tabs to the speaified postion X, then prints the
specified value A Used for plotting

Glr:'cs current minute (X =), hour (X = 1. day (X =2),
or year of century (X =3)

If argument X 1s ncgative, gives the type of d..l‘ln ma file
as: I =number, 2=stnng, 3="cnd of file,” 4 =""cnd
of rccord™, or of argument X is positine, gives-the
type of data i a file as: 1 = pumber, 2 = string,
3 = *end of file ™ (Tor scquential access to files—
ships over “end of records ™) If argument X = @,
gives the type of data in a DATA <l.|tc_x.n:m as 1 =
number, 2 = string, 3 = “out of data.

MATRICES

; ‘e
Absolute maumum matnx size is 2,500 clements Matnix vanables must be a singl

Purpose
Allocates space for a matn of the specified dimensions.,
fstabbshes an dentity matnx (with all 1s down the
diagonal) A new working size (M.M) can be specified.
Sets alt elements of the specificd matrire cqual to
A new workine aze (M,N) may be speatied after ZFR
Scts alt elements of the speaificd matnix equal to 4 ]
A new working size (M N) may he specified after CON
Altows input from the tefeprinter of a single specificd matrix
ent
A‘;llt(‘)r:n input of an cntire matrix from the teleprinter a new
working stze can be speafied.
Prunts the specified matnx on the teleprinter.

rreamn - ———

LY CONVERSATIONAL COMIML FING WETH INTE RPRY IR PROGRANMS
TARLE 3-2. \ Quick Reference Guade to BASIC (Continue d).
Sample Statement Purpos ’

$5 PRINT A(X.Y)

60 PRINT #2, A{1.,5)
65 MAT PRINT #23.A
70 MAT READ A

75 MAT RLAD A(S,5)
80 READ A(X.Y)

85 MAT READ #3; A(1,))
9% MAT RCAD #3.5: A
INMMATC = A+ 8
HOMATC = A -8B

120 MATC =A+B

130 MATA =8B

140 MAT B = TRN (A)
150 MAT C = INV (3}

with systems

Example

OPE-MYFILE 8p
KIL-MYFILE
19 TILES BUG,GANG

20 PRINT#N AR

3D PRINT # XY A,B.CS

40 PRINT 3,5
T RLAD#1 A.B2

8O READ#23A.B

185 READ # 3,5
199 IF FND # N THEN 800

Example

APP-PROGI

Appends the
BYL

——

ALILE = 4 named storage arca of from 1 to 128 records,

Communds are crecuted TOTHRRIR

Pants the specthed clement of o matnix on the teleprinter,
clement specfications X and ¥ can bz any expression
Prints matnix element on the spectfied file
Punts matrix on o speetficd file and record, -
Reads mateny from DATA statements.
Reads matnic of speaified size from DATA statements
Reads the <peaificd -matrix clement from a DATA state-
ment
Reads matnix from the speaified file; new working sizc can
be specified.
Reads matnix from the specified record of a file.
Matnix addion, A and B must be the same size
Matnc subtraction, A, B, und C must be the same size
Matrs multiplication, number of columns i A must equdl
number of rows 1n B
Establishes equality of two matrices, assaigns valucs of B
to A
Transposes anm by n matnix to an n by m matrix.
Inverte a square matnix o squuire matnx of the same
size, matox can beinverted into atself

HILTS

Maxunum size varics

ARTCORD = 64 words of nmemory

ANUMBLR = s duta item using & words of memory
A STRING = a data item using

about M word of memory per character.

Purpose
Opens a file with a specificd name and sizc.
Remones the speaified file
Declures which files will be used in a program
FILES sttements with o tot
Files must be OFF ned first
Prints the speaificd values ALB on a specified file at the
current position  Fales are numbered from | as they
appear in the FELTS statements
Prints the speaified values on a specified record Y of a
file X
Erases the speaitied record of o file
Reads the neat vatues of 3 speaified file into the speciied
varitbles
Reads values from the heginning of a specified record of
a file o specified variables, .
Resets the pointer for a file to 4 specified record
Transfers control to 5 speaified statement of an end-of-file
occurs on a specificd hile,

Upto4
al of 16 files per progran.

COMMANDS .
‘tely . they do not have statement numbers

Purpose
named program to the current program,

Logs the user off his terminal .

3-8
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TABLE 3-2. A Quut Reference Guide to BASIC (Continued ),

Example Furpose
CAY Lists the names and lengths of user ibrary programs
CSA Saves the current program in scnucompiled form
DI -100 Prelctes all statements after and including the specified ones.
DEL-100.200 Deletes all statenonts botween and mcludimg the specified ones.
ECH-OI'F Permus use of hatl-duploy coupler
ECH-ON Returns user to full-dupley mode

GLT-SAMPLE  Retrieves the program from the user’s hbrary and makes it the
current program

GIT-SPROG Retricves the program from the systein hbrary

HTL-DPO7,B°G®  Logs the user onto his ternwnal  User must give 1 D code and

password
KEY Returns ternunal to heyboard entry after TAPE command

KIL-SAMPLE Dcletes the speaified program from the user’s library (does not
modify the current programj

LFN Lists the current program length i words

LIB faste the names and lengths of ssstem hibrary programs

LIS Lists the current program, optionally starting at a specified statement
L1S-150 number and stoppig at o speaificd statenient,

LIS-100.200
NAM-SAMPLE Assigns the name to the current program, name may consist of one

to sty prnting characters

PUN ’ Punches the current program to paper tape, optionadly stertimg ata
PUN-50 speatfied statement number and opuonally stopping at a speaificd
PUN-T1OD.2P0 statement

REN - Renumbers the current program from 1§ {optionally from a specificd
REN-50 statement number) in multiples of 10 {optionally 1n mufuiples of a
REN-50.29 specified number}

RUN Starts cxeculing the current program, optionally starting at a
RUN-5p specified’statement numbser

SAV Lo Saves the current program in the user’s hbrary

SCR Erases the current program (but not the progeam name}.

TAP Informs system that input will now be from paper tape

TiM Lists ternunal and account time

EXAMPLE A Complete BASIC Program

Program 10 LET X =1 )
0I0RY=11TO3ISTIDP S >
ILET H=SQR(X12 + Y12
40 PRINT "WHEN (XY} =" X.Y. “THC HYPOTENUSE JS" H
SONEATY
60t ND
RUN

Resuits WHINX)Y) =

COWHEN(LY) =

11 THEYPOTE NS IS 1 48661

[ ]
WHEN(XYY= )} 2

{2

i 3

i

6 THE JIYPOTENUSE IS ] R868
TOTHE T POTENUSE IS 23280
6 THE HYPOTENUSE IS 278368
1

WHEN N Y -
THE RYPOTENUSE IS 32855

WHENIN Y -
L ’ DONG

Tt g « - o

’ -

B L RSO L

——
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» MAGNEVIC DISK, Dt ag, angy VAPE STORAGE 3
; 10

CONVENIENT VERSUS INCONVENIEN
OPERATING SYSTEMS N ENIENT

135-191 rc:r:tro'dglc‘ho’n. Paper-tape qp.cmtion, as described in Secs. 3-4 to 3-6
asonaole way to opcrate minicomputer systems dedicated to 4 sinele
task or to only a few different lasks.  But for general-pur o;c o S'm'gk
(r:i:;i((l)mng‘;- (I;r.cﬁqucnt creation, translation, foading, COI’TCC{)IOH Caor:](;pr:lllc‘)lcr;xcl)"ln
ation o g ‘ i , _
S, v Wi g sped e SRS 20 tcnatl
eve . S veptrape readers and punches  Loudine
f;};i‘;::)er;;[:lnn::ﬁn}‘_\g;{h]z;{nA:r\\iSR tclctypcwrit?r (1/'0)14.' can take hours c\(.)c:!l(’;?
quickly sod stk LR/ rc{:\:gil:;:t n:\c will need a system which can
Quickly . . a ‘ JYSem programs (loaders, assemble
i apston. Abort T i e
e‘;ctm:lc programs automatically or nn, :_f:clc;)ul:r'x::;‘r\(:liond'}';?:l'i)smcr‘;vm;d
é)o;;:m;it;)n :1\{:‘,(l:\:]'clu't'::\:‘.cp?gkr.un (sometimes called 2 moniter sysgfcm.)d::
-proumms, - mcﬁ.‘ ;.,z;ndl A tl‘: . (.Ir!nn, or tape storage of system and library
R ood e nl(rmtdm!c tr:.mx]at()r outputs.  In addiion, g
penin oo m‘mc“L‘mp ement the failure-prone, slow, and noiy tele-
h Xpensive ca(lmdc-rny-tuhc/kcyImnrd terminal,

310, . ——— -
- Opl:;l:g;ﬁ:c Dhl,;;\n,icl)orrx‘l‘r;;;\:rdS;;;():cr-:toragc. (2) Storage Requirements
) roor: ST
tcl?:)pllc;s, typically require several thguc:irr\‘(llm\sa;;rudtsh :Zc}lszCI.ZS'(Jcirlslc;lnndl
usa / . .
an_thm(r:ms: o;ux;g»(rlisnu:‘l:wbc ‘rcqmrcd ff)r library programs (frequently used
g ,and ohor ;;,ro l'.d or, and input/output routines), storcd user
Progrn ,For gc‘ncr.ﬁ_ glmms n the intermedate Stages of a transiation
to 32K of core mcm(‘)rypt\??vqitltl C{:‘(‘)‘rf:-t')t;‘“oﬂ f(:n' T meomputers with B
, o ‘cr, : " RN iy
longer user programs stored on a disk or tupc:CWl::nlo::fxc:;;:(:csuctg'n:; Ijt; o
program scgiment, keep some mtermediate results in core load 'm:} “L' ‘“f
:u:zcor}d program scgment, ctc.: such program scgmcr,m .arc‘ Ln;\\\anu::
pcrmcileg':t ;'m‘e m'or‘/m".v. Muany app!‘lcutlonq also involve creation ‘o‘f
rintermeduitte text or data files with muany thousands of word
Altogether, general-purpose minicomputation will require betwee 2()8’
ar'ld several million words of mass storage, which should ch T‘U-n -l}\‘
wnthou‘t manual loading operations. Si;ncc mdass core xtornv‘-cc'Cw .
expensive for minicomputers (of the order of $0.30 per l(rl;nt \:. o ! . lw()
drum, and/or magnctic-tape storage is used. ol b
ro;’\:{?gnc;;!cknmss-.storugc systems are compared jn 7 able 3-3. Fined-head
o zizfcsslsa‘:];ms:rr‘:l,r:sl lx:}‘v‘ct the high.cst rlum-lrun.sﬂfr rates and, since they
e D,b}—s‘ﬁ o‘(},].\ lorn within ong rcvpluhon, also the shortest
o . 3 rc,' crefore, best for storing system programs and
vaiate output.  Small disks are, morcover, inexpensive (about $6,000

- ., "
Dl e O
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TABLF, 3-3. Comparison of Minicomputer Input/Output Storage Medin and Periphcrals.

MAGNCTIC TAPE
PAPER TAPL Synchronous (continuous) operztioa *l-:l“'ig
DISKS
AlS::3 Medwm-speed | Cassette/ DECt (]SBli?dJr:‘ AND
, .Ctape <om-
types nter reader/punch | Cartridge patibic) tape DRUMS
8-bit characters/sec B (1} 300 READ | 500- 10,000 6.000- 40.000-
. . 50 PUNCH 5,000 60,000 360,000

16-bit words/sec H 150 READ 250~ 7.500 3.000- 20,000-

25 PUNCH 2,500 (12-bit words) 30,000 180,000
5.000
(18-bit words)

Time to read 1,000 200 sec 7 sec 04- 133 msec 30- 6~
16-bit words (object 4 scc (12-bit words) 300 msec 50 msec
programs) 200 msee

(18-bit words)

Taime to read 1,000 typical 2,000 sec 70 sec 4- 2 sec 03- 60-
20-character hines {over 40 scc 3 see 500 msec
(source programs for 30 min)
assembly or compilation)

Access time — — 12- up to 100 sec up to 8-

150 scc 240 sec 17 msec

Total storage (16-bit - — S0K - 100K 200K - 30K ~
words 1n onc unit) 250K 18-bit words M 600K

or 150K
12-bit words

Typical price {combined 305 £3,000 $300- $3,400- $5.000- $6,000-
input/output unit and more than $3.000 39.700° $13.000 $30.000

interface) KSR-33

8 One $7,400 interfaco can serve up to cight transports

for 30K words), but magnetic tape on removable reels is cheaper for larger
amounts of storage. Small and larger disks are often combined with mag-
netic tape so that different programs or data can he loaded from removable
tape reels. There are also disk systems with rcmovable disks or disk
cartridges and combinations of fixcd and removable disks.
Disk, drum, and magnetic-tape interface hardware and operations are
described in Table 5-2. Blocks of computer words are almost always
transferred directly from or to thc computer core (or semiconductor)
memory.  Input/output programs arc fairly involved, but they are usually
supplicd by the computer manufacturers.  The uscr/programmer simply
sces buffer arcas in the computer memory, i.c., blocks of memory locations
whose contents will be transferred to or from mass storage.  Each buffer is
identificd by it starting address and size (word count): header words in cach
storape block may fd-:v\lnf} the block by a name and specify word count .\nd.
addresees of succecding or preceding blocks, To safeguard the large

- v ——
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MAGNETIC DISK, DRUM, AND FAPT S1ORA
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amounts of informatjon handled
mg H » mass-storag 5
arty o C systems {
. :ddn)i'oc';:cks '(Scc. 1-4¢) on cach partial worz {(byte) tr: usru v nploy
. nal parity check for cach multiword block snetred and an
(b) Disk and Drum Systems (sce Fig. 3-7) .

' rum S Disk
record data words in serigf form;i.c., successive bi e ong drum FAT

ts are recorded or read as

e AP - - -
3 " o - PR
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; T T e vy g .
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R 3-7. A complete Minicomputer system with o son

memory (top righy)
3 L0, and w16 700 Chag :
seen on the Lable at tely ot A

! .ldmr.uur S paper-Lipe reader. Jdiok
cHC-Lipe transpeort, A Card ruader s

(Howder-Pog hardd 21004 Lomputer )
the n; ic fi
v magnetic film passes under g record read head (see
agnetic drums, and most small disks, have five or
trocke Ao, i : . Sohave fived heads for ndvidual dat:
cks. ng-head disks require fewer heads, but they roned
quickly and accurately by expensive mecl Stormee oond
’ s cchanisms.  Storaee :
disks and drums refer to the track and to timj o ahe addroses on
: O tming marks on special tmine
(=]

tld’ LkS. l hC ro JFm l.\“nl”y cst lb lQhLQ A ¢ ory “””(' W hlk h I)l ()(hl( CH
& « l !
thc SPCCI'IC tll]llllb’-lldd\ lLleln”

e b &S corresponding to the starting words of
(c) Magnotic—t'xpc S i :
: ystems.  Unlike disks and drum
Systonms o ! . ' . S an rums, magncetic-ty
oty canog; Sf;::ﬁlgns f)f a partial word (byte) in parallel acroscs the l:apic
y ¢ across the tape (rranscerse parity) and for blocks ol"

also See, 1.3
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data along the tape (longitudinal parity). Formatted tape cmiploys a pre-
recorded timing track or tracks to find blocks of data by referenceton dircctory
table, just hikea disk.  Unformatted tape has no timing track, and the header
word of a desired block must be found by scanning the tape. Incremental- |
tape systems start and stop the tape for individual words, but most niagnetic-
tape umts stop only at record gaps belween blocks of words.  Start and stop.
times arc between 1 and 20 msce.  The better tape transports can read or
write backward as well as forward. The beginning and end of each tape
are usually marked by reflective markers senscd by tape-transport hardware.

Blocks of data on tape can be of fixed or variable length.  To update a
block of data on tape will require fwo tape transports unless one is sure that
the new data will fit the old block.

S P

M

~.
~.

]
; ;
NI
i
1
;
v

. as e =

Fig. 38. $-m rechs of this type CO-600A LINCtape system hokl about 100 (Zﬂﬂ 16- olr '?_.ltl:
words presecordad nming tracks address blocks of data Fransfer rate i 4 200 words <u‘ :|_
600 see with MEsee maximum aceess e A thin AL Laver over the tape oxide pmlu.hl
both ovide and heads  Phase tecording en nonadnieent duphicate duta and timmg lmL,k\ .l;lul
capstan-loss sumplitty miab e sueh suatems vy hiable ACamputer Oporations, Inc  Bolisnille,
Marvkand  Dital Lquipment Cotporatien D1 Ctape s somibar )

Small capsten-less formatted-tape units like that shown in Fig 3-8 (see
-also Table 3-3) émploy duplicate data tmck‘x' for ru!undum:y checks, hn'vc
very handy small recls, and are rehable and inexpensive. an cxc.cllcnl choice
for minicomputcrs.  Standard unformatted-tape (IBM-compatible) systems
are somewhat faster and can storc more data. but tl?cy arc also morc cpmph-
cated and eapensive; we would use them with a nnmcmnpulcr only if tapes
must be transferved from or 1o d larger digutal (‘n{nlml.cr {Fig. 3-7). .

Unformatted-tape systems record cither ‘) ot 7 bits across the tape (1 .t‘-)lt
will be a parity bit). - Figure 3.9 shows a typicat arrangement of data blocks.

record gaps, and longitudinat check clmru.clcrx. R
(d) Tape Cassette/ Cartridge Systems, fape cassette/eastridie units | I:,
10 are sfower thun other bape sestemmis bt are so w.mcu'.;m to mount A
.ch.u\t,'c that they should be an execilent replacement for punched peper tipe .
’
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Forward moticn of tape

; 1

Longitudingl - parity-chetk character

Data record 876:;':‘ Dota rezord
(4 to 8,192 characters) recore qp (4 to B,192 chaurocters)
) ~, s [
3 alt-zero hnes| 3 oft-zero lines (end-of-record gap}

" Cyclic - redundoncy charccter

Fig. 3-9. Arrangement of data on nine-trach tape  Tape records. corresponding to core
buffers accommodating some reasenable amount of information (teletypewriter hine), have
between 4 and 8,192 cight-bit characiers. cach character comes with o ninth bt (transverse-
panity bit).  Fach record 1s ternunated by theee all-zcro hines (ead-of-rccord gap). a cyclic
redundancy character, three more zero lines. and a longitudinal-panty-chech character  This
is followed by a record gap at least 0 6n long A file s o group of records terminated by a 3-m
gap followed by a file mark comprising an end-of-file charactcr and a longnudinal-pary-chzck

character

in many computer systems. Since the small reels have limited storage, and
also to spced access, onc usually emiploys multiplc cassctte drives.  Both
formatted and unformatted tape arc used, and a wide variety of systems
exists (Table 3-3). Access times are a little slow for scrious operating
systems. Casscttes might be replaced by simple “flexible™ disks.

3-11. Keyhoard Operating Systems with Mass Storage. With a mass-
storage system (we hope it is a disk), we are rcady for respectable general-
purpose computation. We initially use paper tape or magnetic tape to load
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Big. 3-10. Minicomputer with dual tape-cassette unds  Lach untt stores 250,000 cight-bit
bytcs on 300 [t of formatted tape at an $00 bat/in denvty  Transfer rate s 30 bytes/secat 3an/
sec tape speed; fast-rewind speed 1s 90 in/scc  Haterdata, Inc., Model | computer.)
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an exccutive program (somctimes called a monitor system; different manu-
facturerscmploydifferent terms).  Thisisasystem programw h.lCh announces
its presence by typing EXEC or MONITOR on a tﬂclypcwrner or display
and then waits for hey hoard commands.  The executive program responds to
an interiupt (Sec. 5-9) when a key 1s struck, reads keyboard commuands, and
branches to an apprepriate subroutine for loading and/or executing pro-
grams stored in corc or in mass storage. To save core storage. only th.c
portion of the exccutine needed to recognize keyboard commands is
permancntly stored in core (resident executive, resident monitor) and serves to
call the various loading and service subroutines of the executive program
from the system disk or tape. The municomputer user does not need to
-study the detatled operation of the exccutive program; he n?cd only consult
.the computer manufacturer’s manual for the available list of keyboard
commands and options
Suppose that we have an edited FORTRAN source progzram sto.rcd on
the system disk under the file namec MYFILE. We ‘fant to compile this
program, combine it with a hinary object program available on paper tape,
load, and exccute. We will assume that the nceessary system programs
(compiler and linking loader) arc available on our system disk: with sma.ll
disk systems, assemblers might have to beloaded from paper tape or magnct-lc
tape as nccded.. The following convcrsalionnl-programmmg. sequence jull
exhibit typical features of minicomputer keyboard-executive operation.
Plcase note that specific features, codes. and rules will differ from system to
system; consult vour minicomputer manual.

1. When the executive is loaded and ready, it types out
EXEC
We now type
FORTRAN

to call the FORTR 4N compiler from the system d.isk.
2. The exccutive loads the compiler and responds with

FORTRAN LOADED OQUTPUT?

We want to give the compiler output the file name CPUT .for ref-
ercnce and store it on the system disk for loading and execution; we
type .

DISK 1/CPUT

We could also havz soved €PUT on a library tape (Sce. 3-12) by typing, say.,
TAPE 3 CPUT. Paper-tape output could also be speaiticd. but is usuadly o
compiler otion Gee bllow)
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3. The systcm next asks

. INPUT?
We specify the compiler input by typing
DISK 1/MYFILE

4. The system now asks us to specily compiler options:

FORTRAN-OPTIONS?

We typc an option code (if any), and then a carriage retuen
compilation.

o Start’

Compiler options could include preparation of a binary object-program
pdper tape, printing a symbol table, and/or printing a listing.  The compiler

will usc the system disk for quick storage and retrieval of intermediate
output,

5. The system completes compilation and saves the output (CpPuUT)

or, if compilation is unsuccessful, prints error diagnostics. Return to
executive control is announced with

EXEC
We call the linking loadcr by typing
LOADER
6. The system loads the linking loader and asks for input:

LOADER-INPUT?
We specify

DISK 1/CPUT; READER

and placc our sccond object program (which was on paper tape) in the

paper-tape reader, pushing an appropriate button to clear the reader
interface (Tablc 5-2)
7.The system asks

LOADER-OPTIONS? .
We typc an option code asking for a combumed object.tape, a memory-
map printout, andfor LOAD AND GO to exccute the combined pro-
gram (we could also start exccution with the computer front-pancl
switch or by typing RUN). ) :

. Alter exccution, the system returns to monitor control and types

EXEC
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We can, if we wish, save the combined program by giving it a file name,
say NUFILE, and typing

SAVE TAPE 1/NUFILE

If we no longar need our source program MYFILE we can delete it by typing
DELETE DISK 1/MYFILE

To saveMYFILEon a library tape, however, most opcrating s_vstems: require us
to call another system program (copying program, pcriphcral—mtcrchange
program) specifically designed to copy files from one peripheral {!ct'lce onto
another. Such a copyving program must be given format information
(binary, ASCII on paper tape, etc.). Olh‘cr scrvicc'pfograms callablc .from
the system disk or from a hibrary tape include flisting programs, editors,
debuggimy progranmis. extra assemblers and compilers, etc. (sce also Sces.
3-12, 3-16, and 3-17). Hardware-diagnostics programs are usually loaded
separately from papar tape, not through the exccutive. .

The better exccutive programs can also be called {rom user programs, which
may request loading and saving of specificd files. This permits, in par-
ticular, successive core overlays of chained-program scgments. Each
program scgment can call other overlays by simple eaternal references (such
as CALL SEGMENT 3 in FORTRAN). whercupon the resident exccutive
causcs loading of the desired scgment. Such sysl.cmS will, in general,
inctude a speaial hinking loader (*“chain loader™), which loads all program
segments (and all required hibrary routines) of a.chamcd program together
as onc big filc onto a disk or tape prior to cxecution.

3-12. Morc Operating-system Features.  (a) lnput/Outqut Control Systgm
and Device Assivnment (see also Secs. 5-27 l9.5-32). Since the executive
program w.ll, 1 any oase, comprisc many input/output routines, n'.lo‘?t
software systems incorporate their entire hbrary of standard /O rgulmcs
(device drivers or device handlers for the most frequently used pcnphctal
devices) with the exzcutive program.  All uscr-program rcquc:sm for these
device dnivers take the form of system macros (like FOR1 RAN READ
and WRITE staicments) or subroutine calls linked throvgh a portion of lélc
exccutine progium usually called the input/output control system (l()'C‘ /,
The user need nat write or know any details of 1/O programs hut only the simple
Sees 4-20 and 5-31)
Calllr;mc;ulrozlzsf:sr]puon of keyboard-cxccutive operation (Scc. 3-“,)’ wc]
referred to 17O devices for the executive, compuler, and loader by actua

device names, such as DISK 1, TAPE 3, cte.  In a morce claborate system,
: ) 1c: . .*\
it is preferable for system and user programs to cploy logical device

nunibers.  Thua,in the FORTRAN ctatement

¢ RUAD (2. 12)

e o,

b4 MORE OPERAVTING NS M EENILHES a2

the device number 2 could be mude to refer to the
selected magnetic-tape transport by a device-assignment command in the
exccutive program  without anv change in the user program  (device-
independent 1/0O programining).  Similarly, any tape transport could be
substituted for the system disk, magnetic tapes could be loaded on any one
of several tape transports, etc.  Device assignments can be changed by ncw
entries in a device-assignment table in the cxecutive program; there may be
different device assignmients for different system and user programs.

Userscan ascertain the current device assignments for, say, the FORTRAN
compiler by typing a request hke

paper-tape reader orto a

. REQUEST FORTRAN ASSIGNMENTS

(this might be conuiacted into an abbreviated code).

The system will
answer by typing out device assignments, say

SYSTEM  DiSK 1 (intermediate-pass storage) ‘ o o
INPUT TAPE 3

QUTPUT  PAPER-TAPE PUNCH

2 PAPER-TAPE READER

The user may then change detice ay sigriments by a typed command like

ASSIGN TAPE 4 TO INPUT

for use in his compilation, but the standard device assignments will be
restored the next time the compiler s loaded (see abso See. 5-31d)

(b) System Generation. A mimicomputer systemi with an executnve
program will need a special system program called 4 system generator, which
tailors the exceutive program to a speaitic minicomputer configuration at the
time the system is installed or modyficd.  The system generator (supplied by
the manufacturer on paper tape or magnetic tge) loads the sheleton
exccutive program and completes it through a conversation.al sequehee in
which the user is asked to type i his memory size, bis mteriupt-sastem
options, and a It of his peripheral devices. T his procedure gencrates a
System tape (paper tape or magnctic tupe), which is saved and serves to
refresh the system disk (if any)

(c) File Manipulation. OQur cxample of exccutive-program operation
included several instances where a program was siaved on (o1 retrieved from)
a “file-oricnted™ mass-storage deviee (disk or magnte Wne) A it g
block of instructions and/or data on a disk or tupe usually ending with an
end-of-file code and starting with a file header, which is a set of words
comprising the file name and various information about the file.  Eachtape
or disk will have a ditectory table histing all files stored (and. on disks and
formatted tapes, also their addresses).  One file can contain
grams or scts of data, but these will not be listed sepir
table; they must be found by scanning the file for re

several pro-
ately in the directory
cord-header worde



s

313 MINICOMPUTER OPFRATION AND SOMFE PROGRAMMING 92

The executive program has file-manipulation commands, such as

FIND DELETE
SAVE RENAME
LOAD READ HEADER

“each followed by a device number (or name) and a file name. Note that
SAVE, DELETE, and RENAME involve opcrations on the dircctory table as
well as on the file. A keyboard commind such as

DIRECTORY {device number or namc)

will cause typing or CRT display of the directory table for the named device.
Capying or updating a file involves two files and is usually accomplished by a
copying program (pcripheral interchange program) called by the executive.

Other file-manipulation operations include saving and retrieting specified
core areas and protection of specified files against deletion or overwriting.
Asscmbly-language operations or named files (or numed blocks 1 a file) are
done with the aid of READ and WRITE 1OCS subroutincs or macros (Secs.
4-20 and 5-31). The first READ or WRITE must be preceded by an OPEN
FiLE (device, file name) subroutine or macro, which reserves a core bufler for
communication with the file and may initiahze some 1/O operations.  After
the user’s program is fimished with the file, a cLose fILE (device, file namc)
subroutine or macro dismisses the bufler and enters the file name, if it is new,
into the device dircctory.

3-13. Rcal-time Exccutives and Batch-processing Monitors.  The exccutive
program dcescribed i Sees. 3-11 and 3-12 was speaifically designed for
keyboard-controlled generul-purpose computation.  In review, we sce that
the exccutive’s main task 1s to call speaificd stored programs and data in
responsc to interrupt-service requests from the keyboard.  With theaddition
of 1OCS to the exccutine. it also handles wser-program requests for routine
1/0 sertice.

In many important applications, minicomputer systems must exccute
program scquences for reading instrumcents, processing data, or implicment-
ing control actions 1n responsc to interrupt requests from real-time clocks,
scnsors, or con‘rol logic as well as in responsc to keyboard commands.
An cxecutive program cxtended to handle such real-time service requests is

known as a real-time exccutive (or real-time monitor). The real-time-

exccutive will again comprisc 1OCS, plus skeleton interrupt-service sub-
routines with cntry points for user-written service programs.  The user will
write his service programs and label them for reference by the caecutive
program, which adds the tedious routmes of the sheleton interrupt-service
, .programs, such as saving and restoning registers, 1O drivers, formatting,
cle. (Sees. 5-27 to 5-32). The evecutine program will assign initial
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iterrupt-service prioritics, which ¢
- {Secc. §-14).
An example would be executive-program control of
s.yslcm which must (1) peiform routine dat
* imes, (2) computce somie statistics from the
supply voltages supervised by temper
respond to overload alarms.

an be changed by certain user programs

a mincomputer
a logging at clock-determined
data, (3) control valves or power-
aturc or voltage sensors, and 4

e
ol
LT v ey
P e U TR e TN

NEREE T PR R

FARARAL RTINS

Fig. 3-11. A citthode-ray -tube, keyboard  termmal for

alphuanum o
Data Svsiems, Ine) s s b entput (Dele

Another type of exceutive program (needed less frequently with mini-
computers than with large digital computers) is a batch-proce
Batch pracessing involves e<ecution of multiple programs tra
m‘ugnctic tape or a disk from punched cards or paper tape.  Each program
will have a prioruty code determined by the arnval ume, urgency, and pro-
gram length.  The batch-processing monitor must foad and cvecute the
various programs, together with any nceded hbrary rontines and datu files
according to some priornity-sequence strategy : the momitor must also make |
record of the time and resouices spent on cach pirogtain.

ssing monitor,
nseribed onto

3-14.  Cathode-ray-tube/Keyboard Terminals and Other Pcrip!wr:d Devices,
The convenience of a keyboard opecrating system is greatly enhanced if we
use the sfow, noisy, and trouble-pronc teletypewriter only when hard copy is
really wanted and cmploy a cathode-ray-tube/keyboard terminal (Fig. 3-11)
fer communicating with the computer (and for program preparation and
debugging, Sccs. 3-16 and 3-17). ’
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Ty preal CRT/key board terminals display 40 to 48 forty-character linesona
stand.rd television monitor  This is ineapensive and quite satisfactory for
most assembly-lanauage and FORTRAN programming. Il much text or
tabular matenal is to be displayed or if the system handles programs pre-
pared by or for a larger digital computer, then 80-character lincs are prefer-
able.  An 80-character hine can display a complete 80-column punched-card
image or a complete 72-character teletypewriter line. '
The pattern for cach ASCII character is generated by table leokup in a
MOSFET read-only memory (Sec. 1-14). The display character sequence
is periodically refreshed by a serial (MOSFET-shift-register) memory.
Most such termunals are telery pews iter-compatible; i.c., they con.ncct to the
sertal teletypewniter interfuce on a minicomputer o connnunicatmq system.
It is usually possible to speed up the shift-pulse rate of such an interface
when the much faster CRT/keyboard unit is substituted for a lclclypcv. niter.
CRT/heyboard control keys are similar to those on tclct)ipC\.\ riters but
can have more pleasing and convenient arrangements. A blinking cuisor.
which can be moved up. down, left, or right by control kcys, indicates the
current point for character entry. '
. Other mimicomputer peripherals include small Ime printers, card ;eu.ders,
and pencil-mark readers. Graphic CRT displays and graphic plotters will be
discussed n Sees. 7-8 to 7-12

3-15. A First Look at Minicomputer Time Sharing.  Hands-on on-hne compuicr opcnmo{n’,
espectaily with CR I fhevboard terminals, s o tremendously effective way of working ‘fortp.ll‘lpl:‘
Tts .II\O— a very incthaent operation for the computer, which tends to be mostly wdie \l\ ’u ct li‘
operator thinks about the next step. scratches hrmself, or nterprets results Tt surely one o
the finer features of the nexpunsive numicomputer that it sull permits this type of (-‘p;rd‘:‘[)n
to he cost effectine tconsarsationgl computation on a larger machine past b fime-s 1.1ru‘):
Nevertheless, espectally 1 g rescarclt erganmization. a L."nod on-hine computing f.lul‘ll() ".r‘c.n.;
its own scarcity  Guen a chanee for creatne Uplay™ with_the an-hne com‘[:mlur. r‘u..nrc !
workers may feel constraned pot so much about cost but by the nagging feeling =1 .n‘n d|L ['\”H“-l?x‘:.
Joseph Blow of computer time *for this reason, some sort of ume shanng s pS)Lh(“ o:‘zg.l; ‘)
as well as ccaonomcally mdicated  Time sharing may also be attractive v here a ‘rfnnur‘\ny‘pl: L_r
supervises a rebatively slow -moving eAperiment or prowess and s largely e hc“‘rr,n ‘(\;l\tr.ul'l\\jn‘ao

Frecutine proprams hike thowe desenbed in Sg_«.s 331 and 313 can be ’rc.u iy L.‘ ‘;m; o
provide forcgroundsbackground programming, This 1n the simplest way to llnl‘us ,M::d o
computer between two programs T he lower-pnionty background program is m:.rn F-:m ?
keybourd, clock, ot other device requests for lhcﬁ»rcqmumlplm}rmn.}\ hich1s c‘nlni:l ilmg«n‘g,—\
drinven  To prevent either prorram from overwnting the other, 1t 1s hest to ;il.n' ;(1 lr;“} o
boundarics with memory-protection hardware (See. 2-15), which intecrupts t l\. H“l} pl I:b.“h
Before any harm s donc I any case, serious program changes mus‘lru\:ml )\,‘;.l;“:::-;),“l‘u,
proprams are fin hud  Some typos of programs can coexst nicely (Ref 1) | ] ore d ”.’d o
multruser tine shating roqures program swappirig from a disk, which s usually controltd by :
second municomputer (Sec 7-149

PROGRAM PREPARATION, FDITING,

AND DEBUGGING .

316, Pro, rom Preparation and Pditing,  (a) Ofl-ine P_npcl-'tnpc and (:;l‘rd
Pre b The most prinntise way 10 prepaic o FORTRAN or .\\\cn.rh.)-
s .n,\'n progia for o puncomptter s with the bwlt-in punch of an

Aok
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ASR-type teletypewriter.  An advantage of this procedure 1s that it can be
done off-line if a sccond teletypewriter is avalable for the computer itself.
Limited cediting can be done with the aid of the teletypewriter RUBOUT key.
The result is, generally speaking, a mess, although the computer can retype
a clean copy of the program later; it is very hard to heep track of successive
program corrections.  Patching paper tapes for corrections is, essentially,
impractical. )

Conventional punched-card program preparation is preferable to such tele-
typewriter operation, assuming that a card punch and reader are availablc.
The advantage of punched-card operation is that induidual cards can be
corrected.  Punched-card operation is also employed where assembly or
compilation of minicomputer programs is done witha larger digital computer.

(b) Editor Programs.  Most minicomputer program preparation is done
with the aid of editor programs loaded from paper tape. from magnetic tape,
or from the system disk.  The teat to be edited (program or duta, usually 1n
ASCl-chuaracter format) comes from u teletypewriter, CRT keyboard, or
paper-tape reader, or from an wnedited file on a mugnetic tupe or disk. The
editor program movcs this text to an edited file or output device by way of a
working arca (viriaple-length teat bufferyin core. The text i the working
arca 15 printed out by a teletspewriter or (preferably) displased by 4
CRT/keyboard ternmnal and cian be miodified, deleted, or added to by means
of the teletypewriter or CRT keyboard. This is very convenient but,
unfortunately, tics up the computer itself for on-line editing.

In the input mode (text mode) of w1y pical editor program (Ref 123, the user
can type on the current teat line and delete individual characters, or the
entirc line, with control keys. The working arca to be edited may be the
last line typed or a block of lincs.  Text may be output from the working
arca linc by linc (after cach line-feed/return), or an entire block may be
output on command.

A control key switches the editor program between input mode and

command mode. In command mode, the user may type editor commands,
such as:

TOP Moves the current linc to the first hne of the input file (if any).

NEXT Moves the current hine to the start of the next block or display page

BOTTOM Moves the current line to the last ine of the input file.

GET N LINES FROM DEVICE
after the current hine.

LOCATE {character string)
of the quoted string.
cach time it occurs.

crost (file name)  Outputs the remainder of the input file, edited or not,
and closes the output file at the end of an editing job.

Adds N hines from a subsidiary mput device

Moves the current hire o the first oceurrence
It is used, for example, to change a variable nan.e
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When a teletypewriter is used, most actual editing (text mod.fication) is
done 1n command mode: the user types commands underneath the current
line,cg.,

INSERT (string) The string just lyp'cd is 1nserted after the current line. '
REPLACE (old string/new string) The old string in the current hine is .
replaced with the new string (which can be longer).

The editor can also be commanded to rerype sonic or all the text or to prepare
-, urput. .

Palf"f‘;“’;l‘l‘;f:ﬂl{’a CRTikeyboard terminal is by far more convenient. The
uscr can type over the displayed text, insert characters or lines with the aid of
control kf;_r.v. and delete characters or lines. All these changes are auto-
matically applied to the teat bufler.

NOTE [Lditing programs can be very usclul for uditing general text (e g , reperts) as well as
computer programs and data
3-17. On-line Debugging (Ref 13). A good program-dcbugeing system
‘works with both FORTRAN and assembly-language programs. The
dcbugger is loaded with the linking loader, which lguds the user’s programs;
as a rulc, the debugger disables all interrupts, so interrupt-service routines
must be tested separately.  The debugger can:

1. Insert breakpoints at specificd memory loczltions. Whe:n startf:d, 'the
program will run and stop at the next breakpoint to permit examination
of register and meniory contents.

2. Remove onc breakpornt or all breakpoints

3. Start or restart the program at a specified location, e.g . after a break-
point. . i

4. Display the contents of a symbohczflly addressed mcr?m:'} !0\.(\l|?n‘on
the teletypewriter or CRT terminal, step the dl\p.d_\Cd'-lOt.dll.OH
address up or down, or display the contents of the memory location
indirectly addressed by a desired sympol. ‘

5. Modify the contents of memory locations ;1ddrcssc.d as a'boxf. .

6. Scarch a specificd arca in memory for't‘hc location ucdru‘asc y a
specificd symbolic expression or for specificd §yn1bollc conunts.d L

7. Output modified or cotrected program scctions onto a n:fmc c;
the new program sections can contain newly defined symbols.

Less claborate debugging programs permit only octal (rut.hcr than symbolic)
adélrcss references {octal debuggers).  Reference 12 contains a short example
of a debugging scssion; sce also Ref. 13,
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CHAPITER 4

MINICOMPUTER PROGRAMMING
WITH ASSEMBLERS AND
MACROASSEMBLERS

INTRODUCTION AND SURVEY

Asscmbly-language programming will enable us to obtain ihie greatest
possible effort from a digital computer, i.c., to optinuze computing speed
and/or memory requircments.  This is because assembly-lanzuage instruc-
tions correspond, more or less, to the actual hardware operat.ons poss:bl_c
with a specific machine and permit us to exploit its features ¢l orly. This
advantage of assembly-language programming is especiaily pror‘ounccd. for
small digital computers, whose algebraic comptlers (which must fit into
4K to 8K words of memory) may not producc very cflicient ceds.

Modern symbolic asscinblers not only translate mstiuction miremonics into
machme (ml:- but also permit sembolic memony references by ass gming binary
location numbers to symbols (Scc. 4-2).  The better symbotic asscmblers
can also compute addresses by evatuating symbolic expressions ( Sec. 4-3), can
reserve blocks of storage locations (as well as single storage locations) I'or‘duta
or instructions, and can arrange for storage and formatting of decimal,
doublc-precision, and floating-point data (Scc. 4-3). 'Good general-purpose
assemblers further free the programmer from assigning proari PLges and
work with a companion hnking-loader program to f.v.cihmtclu 'ncatron and
hnhage of multiple progiam  scqments (See 4-17, sce ais> Sce. 3-0).
tinally, macroassemblers can generate usclul multi-instruct-on sequences
from onc-linc commands (Scc. 4-21) and, together with condiornal assemhly

M g [ PN ~
(Sce. 4-23), can combine some of the programmung simplicits of & compuler

language with uxscmbly-ll.f\m:u:\gc cfhiciency.
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With a suitable operating system, asscmbll-latbuage program scgments
can be ncatly combined with FORTRAN prugdls {(Sce. 4-20) so that even

a little knowledge of assembly language can be used to improve important or
frequently ysed routincs.

ASSEMBLY LANGUAGES, ASSEMBLERS,
AND SOME OF THEIR FEATURES

4-1. Machine Language and Primitive Assembly Language. A typical
program sequence for a 12-bit minicomputer, say

2 5

"3
4 LOAD INTO ACCUMULATOR (the contents of) 2
5  INVERT ACCUMULATOR
6 STORE ACCUMULATOR IN 3

" specifies the contents of successive memory locations 2, 3. 4, 5, and 6. Loca-

tion 2 contains a data word (5) given by our program, but location 3 is only
reserved for an as yet unspecificd data word to be stored there by the program.
The program proper (i.c., the first instruction) starts at location 4. The
program counter will be initially set to 4 and will step to 5, 6, and on to 7 as
each instruction is cxccuted.

Such a program is actually cntered into the computer in binary
machine language, viz.,

000 000 000 010 000 000 000 101
000 000 000 011
000 000 000 100 001 000 000 010
000 000 000 101 mm 000 100 001
000 000 goo 110 on 000 000 on

perhaps from a binary paper tape or from front-pancl toggle switches. The
first 12-bit word on cach hnc is the memory address of the sccond word.
The first linc again locates the data word (5). The second line reserves
location 3 for a data word which 1s not supplicd by the program, but will
be stored there at run time by our last instruction; some assemblers would
deposit 0 in such a location for the time being.

The first word of the third linc 1s, again, the address of the second word.,
This time, this stored-program word represents an mstruction code and,
since this is a memory-reference instruction, some address buts needed to
determine an eflcctive memory address.  In our simple example, the five
leading instruction-code bits 001 00 sigmify LOAD INTO ACCUMULATOR
with the “page 0 direct-addressing mode (Sce. 2-7). In this case, the
remaining seven address bits 0 000 010 dircctly represent the binary
address,  The remaining two instructions are sunilarly translated.
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that we should at least mention it here. A typical

application is mumicomputer automation of superm

devcloped by Honeywell Information Systcms.

are checked out, the operator either manu

ltem code -1dentical
to the code number

printed on ecch
product price labe!

Totel cus of 31
listed 1tems,

including tox
9122 297 MDTX
vaiue of a 12¢ 41448 TT

coupon tendered .

by the customer

New to*al- minus
the 12¢ value of
tha coupon

Net total-amount

due from customer™
— -

Amount of tax pax.d/‘
- for customers
records

Fip. 7-9. Mintcomputer-prepared supermuarhet sales red
tion handled by thecomputer system

on the indwvidual can or cercal package into a foc
code is rcad automatically with

The check-out terminal displ
weight) to the customer and compute

tax, and prints a sales

or enter prices or sales totals. A

08 05 —e——— ===
255 327 MT—--

039 GR

-+—2742 012 PR

95 154 GRTX
999 132 OX
6 028 OR

2236 045 PR—
600 349 MT

12 CP

1436 TT

2742 12 CR

1424 TT

1 39 CR =~ -
e - &= 1385 TT—
- 23 TTX

2 1400 CT -+

138 015 CHG—

— —}
103 >checksrund number,

98 042 GR— — |-

W

terminal - used to wci;h producc.

and especially unportant
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As individual sales items
ally keys a code number printed

Cierk number,

and the date
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GR = Grocery,
PR = Produce

Custorer decides

to return a 122 of
bread-rte~ cre3.ted
and nventrry adjusted

New totai re” ects

/0 deducticn 3¢ 39¢

Cash or crecx for
,$14 00 *erzered by
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wpt indiatnrg the amount of informa-
(Honevwell Information Sistems)

al mimicomputer, or the

o4 mark-reading sensing probe.

ays the item’s price (and, if rclevant, its
s the total purchasc price and salcs
wape (Fig. 7-9).  The checker need not read, compute,
computer-compatible scale next to the
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. T.hc stor_c manager has a counterpart of the check-out termunal (“manager’s
interrogation device,” MID).  Since the mmicomputer keeps track of thé
SZ‘IIC' of each individual item, the manager can use his terminal to ascertain
his inventory of any product, to determune sales up to the moment in any
department or at any check-out stand, to know total sales, to change prices
to sce whethcer any purchases have been paid for with couponf: or foo»d'
stamps, and to determine what taxes have been puid.  In addition, all
bookkeeping concerned with sales and inventorics is taken care of by' the
small computer; books are balanced more accurately because automatic
cqmputation has replaced human arithmetic errors.  The minicomputer
will prepare daily salcs reports of the entire store, showing the number of
customers handled by cach checker at cach check-out stand, to permit
management to schedule and rate store personnel and thus to reduce costs

A daily sales report by stores and with total transactions permits nmnu‘x'c-.
ment to evaluate store operation, the effect of special promotians ;md:lo
handle its own inventory problem.  These reports can be printed 'oul and
sent through the mail, or the local minicomputer may be connccted to a
supervisory computer at a central location through a communication link.

CATUODE-RAY-TUBE GRAPIHIC DISPLAYS
AND SERVO PLOTTERS

7-8. _Catlmdc-ray-tubc Displays. A cathode-ray-tube graphic display
positions and brightens a CRT becam to plot a sequence of points (and/or
brightens the beam hereen points to draw linc scgments or “vectors™)
Small displays (up to I1-in diamcter) employ electrostatic deflection in the
X. and Y directions and can plot up to 10* distinct pomnts/scc. Larger
displays use electrromagnetic deflection for betier focusing and rcsoluh;n
but such displays arc slower (up to 100,000 points/sec). 'Hmh-qmiit):
electromagnetic-deflection displays may add fast clectrostatic deflection
for s.mzlll beam displacements {e.g., to display characters labeling a picture).

Figure 7-10 shows how the X and Ydceflection amphfiers of a CRT display
arc driven by X and Y digital-to-analog converters (DAGs). A digitally
controlicd brightening voltage (Z-axis voltage) is also indiculcd.c‘)-blt
X and Y resolution is quite satisfactory for most CRT displays, but many
displays have 10-bit DACs.

Very claborate displays can use full 16-bit resolution to speaify ponts in a prcture much larger
than actually displayed on the CRT screen 10-bit portions of the 16-hat X- and Y-coordinate

words are then shifted mto posttion to display small or Large portions of the overall picture at
diffcrent scales (scrvsormy) .

Displayed pictures range from simple 256-point graphs with coordinate
axcs to claborate design drawings with scveral thousands of points, plus
alphanumeric characters. A storage-tybe CRT display (Fig. 7-11) permits
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you to vicw the displayed points after they have been w
the display remains visible unti] o manually controlled or computer-
controlicd voltage pulsc is applicd to an crasing clectrode in the storage tube,
Storage CRTs have cxccllent resolution and greatly simphfy display
operation. But they cannot display moving pictures and require complete
erasure and rcwri\Bing for displuy editing. Most digital displays, therefore,
use short-persistence cathode-ray tubes (P7 phosphor) and must rewrite
(refresh) the entire display periodically 30 to 60 times/scc.

ritten only once —

This requires not

et

estname b Smrvd - n seaan

) th)

Fig. 7-11. CR7 displays (4) and servo plot (h) produced by the simple display, plotter dircuit of
Fig 7-10  Both POINT and LINE mudes are used in Fig 7-11a nowe the effet of adjustmy the
hne-brightness-compensation tmie constant Perfect compensatien for the exponential

change i the woting rate was not pusstble because the compensation voltage tends to defocus
the beam  (Unwcersity of Arizona))

only many fast writing operations but a display-refreshing memory capable
of storing coordinate and brightness information for 1,000 to 6.000 points
and/or vectors.  Alphanumeric characters are generated and refreshed as
sets of points or vectors (strokes) usually stored in special read-only memories
(character generators) and called out by special character-code display-
instruction words.

Each display point will require 18 to 20 bits of refresher storage for X
and Y plus, possibly, some extra bits to spectly brightness or special display
operations.  Some CRT displays, especially the more elaborate displays
uscd with larger digital computers, have their own 16- to 24-bit refresher
memorics, perhaps 4K to 16K words. A minicomputer display can con-
veniently share the minicomputer memory,  This simplifies computer
opcrations on display words and makes the cxtra nicmory available to the
computer when the display is not used; although the time needed for display-
refreshing operations will necessanly slow concurrent computations.
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7-9. Display Operations and Interfaces,  (a) Simple Point Display. To
display a point, we transfer its X- and Y-coordinatc words from a processor
register or from memory into the X and Y DAC registers (Fig. 7-12) and then
brighten the beam.  This can be done through programmed 1/O instructions
with different control bits and 10 pulses (Scc. 5-2), but it is much more

OMA request
pulses

PROCESSOR [/0 AND UMA BUS

ul Control

]
| Device - selecdor
ueper | Lower and P
9 bits bits control - but
' p o ogic ctock
1

é ¢ ‘} Transfer

pulses

PR ~]

X buffer/
=~ counter
9 bits <(—CLEAR 9 bits

[&— INCREMEN
‘L ‘L N l

~
~ Double-buttered
Logic tevels controlling

Simultaneous Control register

X, Y transfers

A/ X teransfers, or

X incrementing
brightness, X increment,
Y X line /point, etc
reqgister register
9 bits 9 bits
Y-0AaC x-DAC

To oscilloscope or recorder

Fig. 7-12. Design of o graphic-display intetface for an 18-t mmmcomputer Programmced or
DMA data transfers can transnut pached VY words o load a bufler with X and then transfer X
from the buffer and Y} from the data bus Tt also posable 1o simply morament the X buffer
for graph plotting whide translanmg only Y-coordunite words from the bus The 9-bit contiol
register i Joaded with the Tast 9 bus of any DAMA data word starting with 100 000 000,
(Unmtarvy of izona, seealso Rel 39 and See, 7-10)

efficient to cmploy direct-memory-access block transfers (Sce 5-19). A
DMA display wterface can readily request and transfer alternate X and Y
words (from onc array aQr two arrays in mcemory), but an especially neat
scheme is to use an 18-bit minicomputer with 9-bit X and ¥ bytes packed into
a single word; this fialves the refresh memory needed and the computer time
necded to refresh the display, and sumphfies the interface. Figure 4-84
shows a suitable word-packing program. In Fig. 7-12, a brightncss control
bit gates the transfer pulse loading the X and/or ¥ DAC into a pair of
monostable multivibrators to brighten the beam. One usually controls
brightness by changing the durarion of the brightening wavcform (c.g.. by
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ORing outputs of different logic-controlled monostable multivibrators).
Beam current changes will also control brightness, but may defocus the beam.

(b) Simple Linc-seginent Generation,  Figure 7-10 also illustrates the
Dertouzos technique of displaying line segments between display points.
The X and Y DACs shown drive operational-amplifier low-pass filters with
equal time constants RC so that the beam will move from poinito pownt along a
straight line after the X and Y DACs hate been loaded simdtancously (Fig.
7-10b). This line is brightcned if a control bit gates the DAC transfer pulse
into monostable multivibrator 1. Unfortunatcly, the beam spced varies
exponentially along each linc segment, so the beam becomes progressively
brighter. This is partially compensated in Fig. 7-11 by a diffcrentiatiig -
network in the brightness control circuit, but beam defocusing makes perfect
compensation impossible (Fig. 7-11a).  The simple Dertouzos hne-segment
generation technique is, however, excellent for producing hard copy with a
simple servo plotter. Figurc 7-11h shows a drawing produced by feeding the
X and Y inputs of a scrvo recorder with the display circuit of Fig. 7-11a;
the brightness voltage lowers the pen to plot line segments.  The transfer
rate was about 10 points/scc, and the monostable-multivibrator time
constant was appropriately longer (Refs. 39 and 40).

(c) Improved Line-segment Generation and Incremental Display Tech-
niques. Morc claborate line-segment generators employ operational-
amplifier integrators for straight-lme interpolation between successive
coordinate voltages so that linc brightness will remain constant between
successive display points.  If the time interval between successive display
points remains constant, though, short hne scgments will necessarily be
brighter than long ones.  For this rcason, claborate displays employ digral
interpolation (hardware or software similar to numerical-control methods,
Sec. 7-2) to place extra display points between widely separated points;
analog interpolation may still be used Elcctromagnetically deilected
CRT bhcams can, in general, follow short displacements more quickly than
long ones.

In many of the better graphic displays, DAC registers (or DAC buflers)
are implemented as reversible binary counters, which can be incremented or
decremented by IO pulses to produce small beam displacements.  The
incrementing pulse may bc gated to higher-order or lower-order bits to
produce increments of a Tew different sizes, but many displuyionly permit

AX = —27'°0,0r2°1'° AY = —2°10 0 or2-10

so increment/decrement operations can move a display point only in onc of
eight directions scparated by 45° angles. .Incrementing-mode display
programs can generate any reasonable curve from such displacements.

In display pictures containing continuous curves or small detail, incre-

‘menting-mode instructions can save refrcsh memory and memory accesses
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at the eapense of extra display-logic hardware.  For example, the 10-bit
X and Y coordinates of a single point require two 16-bit words. But a
single 16-bit word could specify up to 2'® different combinations of X
and Ycrements (usually the hardware will not permit all possible combina-
tions). With stll more elaborate hardware, a display can be instructed,
say, to repeat the same beam displacement a2 times to gencrate a straight
line from n linc segments.

]

woramey DT B Sl O A ey MEPIRCAY:

Fig. 7-13. A simple honior 2o graplac display is combmed with a TV-scin alphanumenc
displav i thus mimcomputer system for on-hine solution of ordinary differential cquations
Reading coordinate tabets ¢n fscdes off the alphanumcene display is much bk reading a ligure
legend and imposes no hasdsip (Lanarsiny of Arizona))

Even simple CRT dicplays may permit incrementing the X coordinate to
permit graph plotting (Yversus X in equal increments) without any need to
fetch X-coordinate words (Fig. 7-12).

(d) A Suggestion for Do-it-yourself Displays.  Addition of alphanumerics

to graphs and pictures (¢ 2., lubels on coordinate axcs) complicates display

hardware und software. because:

1. The display of characters adds much finc detail and many display points

2. Characters are gencrated from pownts {five by seven dot matrix) or
strokes by refcrence to a fair-size table, which must be stored cither in
the computer memory or in display-controller hardware {MOSEET
rcad-onty mcmory)

> e e LI FI . e Vs et
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3. The need for character spacing and line feed requires still more software
- and/or hardware

An excellent way to simplify this situation is to provide two displays side by side,
viz., a simple graphic display (refieshed or storage-tube display) and an
incxpensive  TV-scan  alphanumeric display with. MOSFET character
generation and refresher shift regasters (Fig. 7-13), which piermits convenient
-text editing and can work with only slight modification of tcletypewriter
software (Scc. 3-14),

7-10.  From Display Contro! Registers to Display Processérs,  The simplest
graphic displays have only a simple point modc with a single brightness
level.  Such a display can be operated with only two 1/O instructions,
viz., TRANSFER X and TRANSFER Y AND BRIGHTEN. I wec use packed
18-bit X, Y words, a single 1/O instruction will do (TRANSFER AND
BRIGHTEN).

As we noted, though, it is Ay far morc efficient to fetch alternate X- and
Y-coordinate words, or packed X, Y words, by direct memory aceess.  For
examplc, the points of a simple picturc may be represented as packed 18-bit
X, Y words stored in an N-word block starting at the memory locagon
PICT.

To display the picture (i.c., its N successive points), the program first
places the addresses of PICT and N into two pointer locations in memory.
The program then enables interrupts from a real-time clock in the display
or processor to refresh the display 30 to 60 times/scc through the following
interrupt-service routinc:

1. Programmed I/O instructions preset a current-address counter and a
word counter (Scc. 5-19) in the display (or in the computer memory,
Sec. 5-23) to piCT and to N, respectively.

2. Another programmed instruction cnables a4 DMA  reguest-pulse
oscillator in the display to produce successive cycle-stealing co-
ordinate-data transfers and to display successive points,

3. The word counter counts down from N with eich DMA transfer and
stops the request oscillator when the count reaches 0, presumably
before the next clock interrupt repeats the process.

More complicated display programs will display multiple blocks of points,
corresponding to diffcrent portions of an overall picture (Sce 7-11)

Display options associated with individual display points, such as difierent
brightnessces, line brightening, and X incrementing for plotting graphs, are
controlied with logic levels from a display control register (Scc. 5-4), which
may have between 1 and 18 fip-flops.  Programmed display instructions
can includc a few control bits, and there may be special instructions to load
the control register. To obtain the control-register information through
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direct memory access:

. Control bits may be packed into data words {(¢.g., a 16-bit word could
contain a 10-bit Ycoordinate and 6 control bats).

2. The display may always request X words, Y words, and control-
register words 1n succession.  This can waste a good deal of time.

3. The display may rccognize certain codes as data words and some as
control words.

As an cxample of the last possthility, packed 18-bit X, Y words nced not represent X = —1
and Y= —1l.since X = | and } = | arc not avarlable in 2s-complement code either.  Thus,
data words heguning ot endmg with 100 000 000 can be used to load two 9-bit control registers;
such control words can be freely inserted into the display file, as needed  Frgure 7-13 1llustrates
the desien of a simple graphic-display interface with a control register (Ref 40)

Our direct-memory-access display interface can be regarded as an accessory
processor (display processor) which shares the computer memory, accepts
programmed instructions from the central processor, and can respond with
interrupts (scc also Scc. 6-12a).  The accessory processor has:

A program counter (thc DMA word counter)

A memory address register (the DMA current-address counter)
A memory data regester (DAC register or bufler)

An wistruction regisier (he display control register)

The simple “instructions™ executed by the display processor are DISPLAY
A POINT (using X- and Y-coordinate information), CHANGE BRIGHTNESS,
etc. With more elaboratc display operations, the display processor looks
more and more like a small stored-program computer; it might implement:

Coordinate-incrementing instructions (Sec. 7-9b)

Display subroutine jumps and returns, using a display hinkage register to
store return addresscs

Hard-wired subroutmes (ROM-implemented character gencration called
by suitable control words)

Output to multiple CRT consoles

Display operations involving actual arithmetic, e.g.,

X=aX"+b Y=aY 4+ ¢ (TRANSLATION AND
SCALING OF PICTURE
OR SUBPICT URFE)

X = X cos3+ Y'sinJ Y= -X'sin9 + Y'cos 9 (ROTATION)

can be implemented cither in the main processor or in the display processor;
a few display processors incorporate” fast multiplying digital-to-analog
converters for rotaiion operations.  The display processor can be a complete
minicomputer .
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7-11. The Display File and Display Software, The display file for a

simple picture is a block of words containing display-point-coordinate and
display-control information.  There-must also be “header™ words specifving
the block starting address and the block size (PICT and N in Sce 7-10).
It will be expedient to structuie display fiies for more comphicated pictures as
linked lists (Scc. 4-10¢): cach item n the list 15 a subpicture hic ending wath a
pointer to the start of the next subpicture file and its block size. Display
requests can then fetch each subpicturc in turn, and it will still be possible
to perform opcrations such as crasurc, scaling, or rotation only on sclected
subpictures. -

Suitable header or label words can further structure subpictures into
hierarchies of sub-subpictures; so operations can be performed on sets of
sub-subpictures which in some scnse “belong together.”  isplay-struc-
tuning and display-modifying operations can be called as assembly-language
subroutines or macros and as FORTRAN subrout:ncs, with symbolic names
for display files and subpictures.

7-12.  Operator/Display Interaction, Joy sticks, various tablet-sty lus com-
binations, and the “mouse™ rolling on a tahle surfuce all contuin du.l analog-
to-digital conversion devices which enter X and Y coordinates 1nto a
computcer display file so that the operator can “draw™ po-nts and hines on the
CRT screen,

A light pen contaiins a photoccetl, which is held against a CRT display sQicen
and which responds to the flash of a display point with an Interrupt or sensc-
line response.  The computer can then mark the X and Y coordinates of
the point in question to erase or further brighten the point. The computer
can generate a dimly lighted raster or random-scan pattern and brighten
ponts touched by the light pen (which contans a button switch to disable
this action, if desired), so the operator can draw pictures on the CRT screen.
The computer can also gencrate a tracking pattern with a program designed
to move this pattern in order to center it on the Iight pen: this can also be
used for drawing on the screen and for moving subpictures (¢ g., circuit or
block-diagram symbols) into desired screen positions with the hight pen.

Finally, the computer may display a “menu™ of possible decistons or
commands on the CRT screen, each with a “hight-button™ pattern which is
touched by the light pen to implement the command.

FRONT-ENDING, DATA-COMMUNICATIONS,
AND MULTIPROCESSOR
TIME-SHARING SYSTEMS

7-13. Minicomputers as Input/Output Processors. An ever-increasing
number of minicomputers are employed as front ends intended to relicve a
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farger digital computer of input/output opcrations and its mcmory of
multiple input/output routines. We discussed in Sec. 7-10 how a data
channel designed to implement block transfers of mput and output data
(and to perform a few extra device-control chores) acquires many of the
features of a small dig.tal processor. A minicomputer transfeiring data
blocks by direct memery aceess and communicating with a larger digital
computer through programmed instructions and intcirupts (see also Sce.
6-12) can perform data-transfer and control opcerations equivalent to those
of several data channcls. like a data channel, it accepts programmed
instructions to presct address counters, word counters, and control registers
and, in turn, spcaks to the larger digital computer through processor
interrupts. -

But a minicomputer can do much more than transfer data blocks and
control device functions The minicomputer memory buffers external
deviees, which can thus eperate at their optimal speed without waiting for
the mam digital-computer program, and vice versa.  If there s the time,
morcover, the nunicomputer peripheral processor can petform formatting,
scaling. and code-changing eperations. sense and announce error conditions,
and perform parity and syntax checks.  What is more, many input/output
programs, interrupt-service routines, cte , can be stored in the mimcomputer
memory at substantia!ly lower cost than is possible in the more cxpensive
large-computer memory with its greater word length.  Tens of thousands
of bytes of main-computer core storage may be saved in this manner.  Mini-
computers have been used as peripheral processors for practically all types
of peripherals, such as multiple telctypewriters, CRT displays. line printers,
disks, multiple tape units, and communication intetfaces (Sce. 7-14). Such
applications favor nunicomputer instruction scts which permit 8-bit byte
handling and operatons on multibyte data words,  In particular, micro-
progiammed municorpuicrs may be furmshed with instruction sets espe-
cially adapted to those of an associated large digital computer.  As an
example. the microprezrammed Interdata Models 70 and 80 have instruction
sets convenicntly relaied to those of IBM System/360 and 370 machines.

7-14.  Minicomputers and Data Communications (scc Refe. 48 1o 58).
For data communication over distances greater than a few hundred feet,
digital words arc transintted serially (bit by bit, Sec. 1-3) and modulate a
cariier on a commun.cation line or wircless data hnk.  Amphtudc, phasc,
frequency modilation, or combination amphitude and phuase modulation
is used. Communication hinks specially designed for digital data trans-
mission may cmploy radio-frequency carricrs, but audio frequencics are
used on telephone lines (which are not primanly designed for data trans-

, . mission). At cach ernd of any carricr link, onc requires a modulator/
demodulatar (maden),
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Siniplex transmission is one dircction only: hatlf-duplex permits communication in both
~ dircctions, but only onc at a time; full-duples pernuts simultancous

amsnission and recepion
(e.g.. on two two-wire hines).

Conversion between parallel computer input/output lines and serial bit
streams is usually achicved with shift regiviers having parallel input/serial
output and/or scrial input/parallel output (Table 1-5h; see also See. 5-1).

_ Most digital data transmission is in terms of 8-bit ASCli-character bytes,
1 bit being a parity bit (Scc. 1-4). It is ncecessary to mark the start and/or

Time ~———————a

DT

Idle 01 1 10001 0 1 i

' idte
{mork) — (mark)
stote i state
|
!
R e I |
1 Aiegst- 91 msec [ 1
I {significant [ !
I b,' | l I
[—_— . [N
Stort Panty 2 stcp
bt bit bits
1710 sec I

Fig. 7-14. Senal representation for an ASCH T-bit-and-parits character  Start and stop bits
“dehimit™ the senaf character represeatation for asynchironous transinission. 1 wnng s for an
ASR-33 teletypewniter operating at 10 baud {hits/see) or 10 characters,sec.

end of each byte or word uncquivocally.  Inasynchronous data transmission,
this is donc through start/stop bits inscrted between data words by the
transmitting shift-register interface (Fig. 7-14).  Since 3 start/stop bits
transmittcd with each 8-bit byte waste a good deal of time, asynchronous
transmission is usced only with low-cost, slow duata-transmission systems
(up to 1,400 bits/scc). Faster data-communication systems Justify the cost
of synchronous transmission, which transmits a continuous stream of true
data bits and marks the start of a message (not the start of a word or byvte)
with a synchronizing signal (or the end of a LINE IDLE signal) transmutted
over an extra link or carrier frequency.  In any case, the interface between a
parallcl computer 1/0 bus and the serial input/output of a modem requues,
besides a shift register, a bit-rate-determining clock, a bit counter, and soine
logic which gencrates or recognizes start/stop bits or synchronizing signals

This interface, which is usually designed for a specific computer, is called a
data-sct coupler (data-sct controller) and connccts to a general-purpose
data sct combining the functions of a modem and various options, such as
automatic telephone dialing.



i bt e B MR, S——— e

A i m i !

-

Extra hardware registers are gencrally desired to hel
but they may actualls slow doen the interrupt responce tine 1f they have te be s1ved  The problem of
protecting one user fron anather 1s once of the heys to making a guneral purpose hIL system work N
smoathly  There ¢an be ny r-liance or the good will of other prograns here, as thore could be in a

dedicated sistem  This s especialls trur where conpriing and debugging of proprans 18 to be dono an
the backgrouad while the sy<ten 15 running

P tnircise the exccution speed of a machine,

When thinking abeout the 1/0 systenm, one rust consider that nost or all of the [/0 will be Jone
by the opcrating sy»sten  ®ill 1t handle the varicty of devices needid, and how difficule will 1t be
to »rite and add special 1/0 routines to the svstem” Docs the syster overhead irprr the transfer
rate of the hardwarc? Generally, the user is not allowed to get at the I/0 system in an RTE singe
1/0 1s a critical resource that 1s shared among all users--agatn the problem of protection arises

Similarly, menor) protection anong users must be considered Is 1t adequate?
to the basic memory ovele™ [ 1t a hardeare or a softeare function® Associated with this problem s
that of vartudl resory sv<tens Dces the operating systen provide each user with a memory address
spdve that lecks 37 though 1o 1s the onlv program on the machine? [f <o, bow much averhead 1s added
to the systen to provide this Jdesirable feature? Mermory size then becomes of concern only 1n that 1t
1$ big enougt te weld the workang set of programs ! The rultiprogra~ming cperating systen then

haadles merory allecition and the swapping of pregrims, and data are demnded by etther an interrupt
or the sottware scheduler

Does it add tame

L€ the seer precrime in a high level language, the word size and 1pctruction set are pretty much
invicible to hiy  They -a, show up 1ndirectly in running taime iF, for exa=ple, too mwy multiple
precesacn fetihes are brirg ~ale or toe many subrcutines are called to perfors cpctations that are
not in the huard=are T e a-struction set should contatn features des:,nel to help the operating sys$-
ten an order to decrease the overheaf  For instance, relative addressing ts a wust on rultiprogram-
aing sys<ters 1f a large 17c..t of tine 1S not to be Spunt on every memory swap to relocate the
addresses to heep fren ravi~g to load a progrum 1nto tac same exact locition every time Is the
Berary protection an 1n.tivd. part of the instruction set, or 1s 1t an add-on after thought that may
cause additional svsten overicad? The corputer manufactures's software cepartoent bas the difficult
Job of u~ing the arstruction sct to write the operating system and the co-pilers It would seen rea~
sonable that instrustions soulu be included in the initial design to help high level languages have
ancreascd code co-, ressicn and shorter cxecution tames

The prospective use~ =ould be well adviscd to carefully cxanine the softeare provided with an
RTE system to sec how efficient and easy 1t 1S to use  What high level lar, uages tnterface with the
RTE® Can batch jebs be rua in the background t7d tasks added to the fore and =nile thz system 1S
operatang® 1s there a reascnable lihrary with routines applicable to the jso at kand? Can these
routings be shared at run tize, allowing reduced core requirezunis?  At. these questions and many
pore should be ashed, sincr 1t 38 the software specitications that make up a major pa~t of any real
tine exelutive syslen srccxf::a:nnn

In sunmary, one cav say that the architecture of a real tiwe 3.5tem 15 rade up of manv facets,
including the hardraze, the softmarc ane all the dev.ces connected o the systeT in the particular
application  The f{orn 1s not complete and cannot oe soectfied withoit all of these clerents Each
indistdual specificafion carnot be set up and examiacd afznc, as though e were the deciuirg factor
in destgning or purchasing a real time system, but must be tasen 23 part of the whole 1In conclusion,
ont hopts that both decigner and users witl go beyond the traditic-al and parochial evaluation of 2
potential system, joinin, ve 1 a plea for sanity in these who zoruiive the specs, those who write
the specs, tnosc vho read tle specs, ard those who analyze the specs in terms of the vequirements of
the overall svsten
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Minicomputers come in many varicties The authar
tobulates datc for 45 mcdels avalable from 27
monufacturers The roundup 1s not complete, but
the mimcomputer data presented here 15 compre-
hensive and forms the basis for an analysis of
“price to performance ratio ”* The outhor proposes
three cquations that permit calculction of o mins-
computer’'s hardware price/pe-formance (P,), scfi-
ware price 'performance (P,) and averall price/

~ Comparative Criteria for Minicomputers

performance (P)

LOMW COST IS THI TACTOR that makes “rmim-
computers T the sl compaters, wo attractive to
industnn For liss thn SI0000 a contril processor
and 4,096 words (1K} of core iremon can he pur-
chased—bardware that approvmates the comput-
ing power of the top of the fme campntces nail-
able 15 years ago This econom, has been accom
phshed with medivm seale mitcgrition (MSTY The
large scale mtegration {L51) technology which 1
potentually more cconomucal hus st to e appld
m industnal control

The flnad of aumcomautess into the marketplace
conimnes becanise the nuimber of potental appli
tions 1< almost hmitfews In the miocess wdustres,
these sonal® computers are used in wercasing, num
bars an the aboratens and for process control as
well as an duta commumie atiors and data acquisi-
fnan syslanes

The dy namic nature of mimcomputer technology
produccs the higeest problem encanntcred in a
minicamputer suncy  Computer manufctarers of-
for and revise ne and old models eontiniousd,,
3 ke pang up with the mimcomputcrs could be a
full time job

Thic survey and anahvsais of muicoriputer hard
ware and software covers 45 moduls that are made
by the 27 manufacturers listed in Table [ Discus.
sion 1s lumted to the manufacturcrs of computer
mawframes, OLAs aren Cincduded Compurers sueh
as the ”]\1_“30. CDC 1700 and the GE/PAC 4020
were not reviewed baause of therr price

Each of the 45 nimicomputer models in Table I
costs about $2500Q or less, in all cases. the price
includes a “standard”™ processing umit, at least 4,000

4

words of core memon zid somrtimes a lenpe-
writer Tables 1T and IV contan daicon the TNV
1900, but onhv su the catculated prce/perinrminae
ratios for mumcompntors woukd boe comparcd wirh
the ratios for a “ng computer

The central processor’s job
This cection presents aned andi 7o cormnoan CPU
foatures apd oty aut wane po s do o pred
fons enconnrorcd by comgpuer e far 2y B
canse deayn trade oy mnet e ooele, noen e
be better camppr te oan b oaloon ooy
understind the o facturons problome vn "ol
architectune ™ s ot spenfied 1o oy artnd —ardin
tecture vanes with the zpplcition & tycal nus-
tem configuratio s shown s ke 1

A cemral processig smat ({(PUY eantuos e
crreunts to intorpret and execute jastructions Ve v
CPL perfaims -he following fonctiooe

o Keeps track of the meracfisa herg
w1 program count ¢

@ Fetches anstructions fom merony and iner-
prets or docodas thuse sstrictons

2 Exccules the instructions witly the curre el
ing anthimetic lozic test. ara shuft hardwe e urds

® Directs the [ O hardware when [, O instrie-
tions are encountered in the program

The CPU may contamn regasteors for com b tton,
address modification, o7 other purposes, puis errar-
detecting wrcuits to cateh cestain hardw ire ful-
ures Obviously, the CPU has a direct effect on tne
speed with which any prograim ¢in be executed
and dctermines how easily a computer can be
progrimmed -~

vent A

Reprinted with pereasnion from fmaerun, Technos! wol 17, pp 67-82, 002 1970

77



Table I:

Bus:ness Intormat.on Techrologs
$ Strathmo ¢ Roa
Narik Atass 01760

A3 81t

Compiler Systems Inc
P O Bur I66
Riutgetiesd Conn Q6877

(=1}

Computer Automation Ing. CaAl
895\ 161h Suect -
Newport Beach, Catt 92660

Data Generd! Corporaron
Route 9
Southnoro Mass olng B P

oG

Data Technatogy Inc or
1050 E AMedtow Cirgle
Paio Alto Colt 93303

Datamate Computer Systems
Box J10
¢ 8:9 Spring Teras 79720

ocs

Digitat Equipment Corporation
140 “ar Street
Maynard Mass 01754

DEC

Electronic Assocrates inc
187 Manmcuth Park Hwy
West Long Branch N J 07784

EAN

General Automatian Inc
706 W Katetla
. Orange Calit 92668

GAl

GRi Computer Corporatron |
76 Howe Steet
Newnton Mass 02166

GRI

Hawlent Pachard Company MHP
1501 Page NIl Road
Palo Alto Cali! 94304

Honeywell, inc HON

Comp ter Control Diwvisron .
01d Connecticut Path

Fracvagham Masy 01701

Infarmation Technology Inc m
164 \\optte Road
Sunnyvate Calit 94086

Interd3ta nc
2 Crescent Flaca
Ocearport NJ 07757

INY

Almost all minicomputers no~ c—o'ov a parallel
tntemal processar structure -2 wme form of
modified single address mstre-tos word format,
howeser, there 1s extreme vanz=-a 11 the number
of different address madificas.z=5 a2 i the rela-
tne “power” of sndwidual hardsaze mnstructions
for given machines.

18

. a

Minicomputer makers

IRA Systems Inc
332 Secund Ave .
Waltham Rlass 02154

A

Lockhecd Electrames, Inc
Data Products Dewiston

. 6201 € Randolph Sheet
Los Angeles Calit 90022 .

Mrcro Systems, Ine
644 € Youny Suect
Santa Ana Calst 92705

MSt

Moterola Ing - T 2T me e - M.El"t et
8or 5409 .
Phoemn Arnzona 85010

Philco Ford ing
3939 Fathan Way "
Palo Alto Calit 9403

PFI

Reytheon Computar
2700 S Fawview Street
Santa Ana Call 92204

Ray

Redcor Carporation ({4
7800 Oeernng Ave

P O Box 1031

Canoga Paik, Cahf 91304
Screnttic Controt Corporation scC
8ox 96

Cerrotiton, Texas 75006

Sy Eng g L
Box 9148
Fort Lauderdale, Florida 33310

. Inc SEL

Tempo Computer Inc
340 W Colhins Ave
Qrange Cahf 92667

TEM

Vanan Data Machines, inc
2722 Muchelson Drve
trvtne Calf 92664

YoM

g se €lectnc Corp
Comp and natgl
1200 West Coloneal Onve
Oslando, Fla 32804

WES

Dwv

Xerox Data Systems
701 S Awaton Bivd
€l Segundo Cald 90245

XDs

A computer’s word—From an cconomic standpoint,
the computer manufacturcr decides on a standard
word leagth for lns computer consequently, alimost
all small computers have a fived word length and
this 15 true of most computers i this artide

The computer word will represent both an-
structions and data. The determining word-length

* Instrumentation Technology

Pa-ames A A ! =z <
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sy rmame o
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. l The process I i
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N

. [ Qperator conso'e

Figure 1 A mintomputer may look small and simple,
but 2y architrcture cun cory consd.rahly The configura-
#ion of the CPU and the size of the memory or memoncs,
& detcrnined by the application.

factor for data representation is usually the anth-
metic preaision necded by the application, but
other factors determine the word length needed
for the instructions

The imtruction 1s usually divided into ficlds, Fig-
ure 2, whose mize 15 detemuned by these factors

® Address fickdl—size based on the maximum
address to be reforenced directly in an instruction

® Address-mode ficld—size hased on the number
of different address modification and special ed-
dressing techmiques (such as inde xing)

® Operation-cade ficld—size based on the num-
ber of different basic hardware instructions
Most mmicomputers have a 16-bit word length
avalable to provide the capabulity to indwectly
address 8 maxmium 65K of core memory. The
largest address that fts inte the computer word
generally determmes the largest core configuration
offered for o panticular minicomputer. Therefore,
word leagth 15 dircetly proportional to the “ex-
pandability™ of the computer. Experience shows
that the 16-lit word 1s usually of sufficicnt Iength
to handle the basic single-word ficlds mentioned
previomly. Computers with a shorter word length
(8 or 12 buts} pay a premium in that many double-
word instructions may be needed

For most process apphications, the 16-bit word
(15 data bits 4- sign)} provides a precision that 1s
acceptable The acceptability of shorter lengths is
questionable, because st would be necessary in
many cases to resort to double preaision anthmeuce
on the 8- and 12-bit computers. On the other hand,

IR ¥ 1Y B EEESSUINNE ¢ Fra- a2 15X S O
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a word longth greater tha 16 bits 15 3 waste.
of maney for most process appheations

Some computers have an 15 it waord Tesgth, but
wsually these camputers are §6 hit nochmes—awath
2 hats for extras hhe “panty kg™ and’or
“memory protect T The next wond bacth wze s
genetally 24 biks, a size that waally puces the
small comjuter out of the “micaznputer market.”

Kinds of addressing—As mentinued ahbove, the
kind of adidress modification emplayed dotermnes
the size of the address mede ficld w the instruction
word. The address modifications uwally cmployed
in minicomputen are:

® Relatine addressing—The addrress fielil of the

" instruction is added to esther the program-locabian

registrr (ﬁmling page concept) or a page regster
(fixed page concept) to armve at the cffective ad-
dress

® Indircet addressing—The address Geld of tlie
instniction holds a “ponter” to the lncatwsn that
coutams the address of the aperind, this is known
as “smgle-level” mdirect addressing. If the inch-
cated location docsnt contamn the aperand arelpess
but does contamn another pointer then “multdesdd”
indircet addressing 15 an use. Indimect addresung
utilizes one extra memory ¢ycle per levdd of in,
directuess

® Indexcd addressing—The conteats of an index
register (umplemented as either a fip flop register
or as a word of corc memory) are added to the
address ficld to arnve at the effectne address If 2
cote memony location is used for the indev register,

Bascc instruction word
Operation Agd
per 35 d45ress
code mode
A
Xcle I velve o Rucke
On? 0 1 0 '
Tdeatily Owect | Indimect | A%nlyle | Relative
index register
{0 for ng indes) oddress | oddcess | cZdress [ cdiress

Fuure 2 Urually, o bedr indruction Rey three SRl ™
For a 16-I4t word, the oddrsy medc's “sebf " can har e
3t § bus, then to 11 to 13 bus ore arcuchle for the
other two “ficlde”
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Toble LAt Hardwore data tor minicomputen

Monufacturer : 8iT csi

Mode! Numbar BIT 483 CcSt-186
PU featuras

lcnsnucl-.-:nmﬂ length(s} Vanabls 16

Accumulators 1 k]

Hargwa e regrstars 18 M
Index reg sters o

grts for opcranon code Varable 4
Bits for ac tress modes Variable 2
Admess mod s 2 3

Bits tor addiess 9 10
Vorde (ol Al ressao 512 1K
Worcts 1=3rectly aldressedie 512 32K
Induect add-essing lievels) Single Single
instruction sets
Siore time il word! » soC 4 2
Add bme 'tult word' & sec Variable 2
Fixcd poant Parchvare X = No Standard
Fioat.pg poent han'wa e X+ No Standard
Faed point Parnaare X tre aseg 8
Fined porrtha Sw e ~1ime o $8C - 90
Fied pornt sottwdie X 1ime , 3€C N/A .
Fined pa'nt s0lwarg —time  p $eC N/A
Memor
l\'emouvcr:le Lme » sec 10 10
Memary word fength B s 8 (multiples) 16
A:nimum memory S8 woras 1K 1K
Riemcry sncinment s:1e words ax 4K
MavmuT memory size words 65K 37K
Pa ity thelhnyg No Ne
Memory pro.uct No Qgptional
laneous
m'i‘&' ‘? -Teuwo er1 Standard  Standard
Aytomat ¢ restit Optignal No
Rea. tirme ¢10Ck Optonal  Optional

System cost [CFU » 4K memoyl 87,660 310 750!

an addibional memon cvcle 1s needed for each in-
dexed mstruction But of a separate fup flop regs-
ter 15 used there will be no noticable slowdown in
instruction execution me
Tf all of the above forms of address modificabon
are available in a mimcomputer, the order of cxe-
cution to calculate the "efective address™ s gen-
erally
1 Derelatiize the address Beld
9 Fetch the direct address (repeat for mulh-
fevel)
3 Perform the specified udeting
A less frequenthy applied a’ternatine to the ab_oxe
"pastandeving” scheme 1s one of “pre indexing ™ In
this latter method the praified indexing 1 per-
formed prior to fetching ot the indirect address
Compitters which do not have the relatne ad-
dressing capabnlin are furls common and this s
not an tmportant hmitaton if the apphication can
be handicd with an “all core” computer However,
lack of relative addressng rules out the possbilty
of implementing a core-bulk multiprogramming
system with dynamic core llocation, programs for
such a mactune are not relexatable n core
Figure 2 llustrates the number of bits needed
in each instruchon word for the sbove address
modification schemes  Subfelds i the addiuss

1 Hardware

80

U A

car ' car 0G 06
PDC 208 FOC 218 NOVA SUFER NOVA
8’16 16 16 |g

1 2 4

8 5 5

0 1 fardware 2 Hardware 2 Hardware

16 NMemory 16 Momory,
N/A N/A N, TA
N/A N/A N A N/A

4 8 4 4

9 10 10 10
512 113 L3 1K

16K 3¢ 32k 32K
Muinple Muttipie Multpls Multiple

8 633 16

8 533 59 . o8

No No No Qpironal

No No No RJQ

- . 38

- 67

370 55 340 68
630 95 480 96
267 267 26 . o8
8 16 16 16

4X ax 4K 4K

4x ax 4K 4K

16K 32K 2 32x

No No No No
Qptional Opuonal No Optionat
QOptional Opt'ona’ Standard Standaord
Qotional Opt onat Standard Standard
Opticnal Optgnat Siandard Standard
$5.990 $7 930 $7 950 311 700

mode ficld are interpreted as shown in Table 11
The relative, mdirect, and ndexed address muchific
cations can be unplemented in 3 to 5 hats (depend-
ing on the numbcr of indev registers If only r’l bat
15 used for the X field shown an Figure 2 Ehv
computer can have onh ont index regster With
3 huts then seven wdex nogisters can be wentified,
which for a unill cnputer i a process apphea-
tion will usuilly provde sufficient fleutubity

From 11 to 13 tats of a 16t werd will be
available to acoommodate both the operation-code
feld and the addecse frld This mav look Like far
too few bits to handle both of these ficlds how.
ever, computer dosigners often show much n-
genuty Oue tnck reduces the we of the opera-
tion-code fit ld by grouping the mstructions nto two
classes thos that riference memory and those
that do not Instead of assigming a wque number
m the operabon-code Fld for each nstruction,
enly those that reference the memory are gnen 8
umque code

Instructions that do not refercuce memory have
no need for a memony address and can be as-
signed one operation codve aumber  The address
e)d then codes the speoific mstrictions Bucause
most instructions are nonmemory reference types,
the savings m the size of the operation-code ficld

instrumantation Technology
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RSN N

Dt ces oec DEC
DT 1602 Ceynsce 16 FOLP B/t [MSL-Fa N
816 16 12/24 12/24
1 1 1 t
8 6 N/A N'A
[+ 28 1 Hardware 8 Memory 8 Memory
4 5 3 3
2 3 t 1
2 8 2 2
8 8 8/15 8.13
512 256 256 246
-1 32K J2x 8x
Muluple Muttrpla Single Siagle
24 2 3 3
24 2 3 3
No Standard Optionat No
No No o No
. 7 N/A
- 9 N/A
1200 - 360 360
1,500 - 460 460
80 to 15 16
B 16 12 12
4K ax 4K 4K
4K 4K 4K 4K
16K 32k J2x 8K
No Ootonal Qpuiona' Optionat
Optional . Standad Standard Stangard
2rional Standard Qptional Opuional
D1ionst Standard Optionat Optional
Optionat Qptional Optional Optianal
$6 600 $14 900 812,800 48 500

is dramatic the ficld can often be reduced to 4 bits

If only § bits are assigned to the operation-code
field, 7 to 9 huts remain for the address feld As-
sume that anh three index registers are specified
~—limiting the wize of the X ficla to 2 bats, therefore,
the address Seld will be set at § bits which can
addrc s unhv 255 words directh The address modi-
ficatinn supphed will usually have enough flext
bility to-overcome this linitation

Program execution—The CPU has a significant
effect on tne speed of program execubion Mim
computers w.h shorter word lengths (S or 12 buts)
must relv extersineh on double-word wnstructions,
an (xtra word of memony and one extra meniony
read-write cyclde for each double-word wstruction
that 1s_ txecuted ta a program Even thourh the
muncomputer that uses a shoster word length might
have a memon read wnte cycle time which s
fastce than the bme for a corresponding 16 bit ma.
chine, program execution will probably be faster in
the 16-bit maclune because it will exceute fewer
memon read wnite eycles for a given program
The CPU in the computer with the shorter word
length must work harder to get the same job done

A trend toward the utihzation of multiple, gen-
eral purpose registers ts apparent, These registers
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i the CPU can be uscd as aconmulators, anth-
metic extensions (to multrph diva’e, ete ) and
dex registers to greath dicrease the exccntion tine
required for a gnen program by reducing the
number of references noade to memory (such as
load and store} this innoration 15 a definite plus
m the evaluation of a new computer’s features

Another feature cuts costs and increases fexs-
bility, mamy new municomputers have a “micro-
progranuming” capability A microprogram s Tthe
sequenc. of el- aentary steps which permuts the
computer harsware to carn out a compuics -
struction ~ These elementars steps are called ma.
mstruction,

Some mintcomputers provide a pupimum set of
micromstructions and allow the actual machine
architecture to be developed from this bauc set
This approach could be of great benefit for an
OLM 1n that it results n a veny meapcnsive man-
frame, hut it’s probably of bhttle value to a com-
pany that must apply mimcomputers to ndusteial
control problems The drawbacks for one of a-kind
applications are

° Extra programming cffort to define and imple-
ment the macromstructions from sequences of
microinstructions .

® Inhereat loss of computer spccd’(\_}biua“y 2
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Manufacturer DzC o A1 ] -
ureety E G ca -t Rl NP He ne uoN uor 1 Nt
Aodel numbar . F2P.11 20 FDP IS 10 £V 640 PC. [YRT - 33 *
cout SPCI2 SRS Swen B3 309 1114A 21184 21168 H316 o0P 518 4300 %odat 3
»srures
in . +or 3 lengihis) N 16 18 1 11 16/ 1 H
Aorum. 3r s : 6 1Sw.10pm €32 8/8 802 g% 18 18 16 16 16,32 16,32 16.32 16732
Ha avcregostens - 8 . N A 9 8 19 13 Vanatie - ; ; ; g g g ::
In s ey H .
Nty ste s . 6 : M:-:‘:'a'u 1 Mardware JNHudwae 6 3 32% Momory o 0 o 1 Hadase 1 Hardwaze 6 Hadwate 15 Mardware
B ts £3¢ ope 301 Cole 4 4
Bo13 for 33 60nas —gmy ; ‘ 2 H H ¢ : . o'y s s ) s $ 9 3
Afr-ess my tes 12 4 © 8 1" 12 2 2 2 2 2 2 .
Bitetra’ o<y i 18 12 9/15 |g 8:16 _ 818 4 4 4 4 4 4 4 3
Ao fs 2o oy ot lingsable s EF13 L2 512 aK 32K EPTY 12 10 10 10 a/14 9/14 616 6 16
TN U A T . A SRR S U N U | S
M, 10t e, e s, levers! M ane ingle itiple ! ) K
. v 9 uttip! 1ngle Sungle S5 Sinale Muitiole Muluple Mool Morpl Mathet Maliph None
lsns:rurl-cu '".h " see 23 18 213 a2 2 .
w2l Ty fudwor - '
So iyt e ¢33 HE4 13 43 H s a 32 32 192 19535 6
Famtin m mar sred - R Optionat Standard No No Sancyz 1776703 - e 32 32 152 39535 312
Flev "4 ~1° mie¥/o ' No No No No No o Optional No Opuional Optionat Qptronat Optional Opt anat Opt ana}
g ‘vy U e ggeC - 7 1815 B . 1 No o No No No - Mo ho
R ek ey Biee : 725 18 98 : : ] 10 . 24 192 88 s28 10 23
£, 16" sreNtme 4 4eC N:A 200 - N/A N/A - 14 : 26 208 176 10 25 8
oo silae cume, wsec NA 250 . N/A N'A . 320 187 187 150 258 2 154 6 S0 300
" 600 aB? 3a7 310 3687 2208 100 1020
|maory
Rle vy uvlld " ] o8 t6 6
e g ,'"'f.ei ' ‘51 % ‘3 28 o?s ?‘9.52 ‘ 178 20 10 ! VL 0,98 osg1re  ta
A AP L s I 4x ax 4% 4 ‘< ac 16+ 2 18 10 1 " : 10 ]
e e e 3 e W 8 4K 4K aK aw ax o : an & 8x ix = 4 2%
A -~ nary sas words 2K 131K 32x 16K 32« 32 i 4x ax x 8x 1 3 x Ax 2K
Parte nme @ Ty nd Qutionat to Optigratl N2 goirs gl’a‘nd.nd 8:l-oml g’;l-onal %%:(lonai sNKo g:’al‘wnal (J)::aﬂal ggf(onal
No=try £ oot ; te Optional Standard No No §a mat Standord No Opnaral,  Optional No Optiwnal Opionai 0pt onal
Micrallynac us
e va- ' 1 v
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: P . " tandar ptional PUONY plional ptional phignat v val ' t
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N (2 5 o
System cost (CPU » 4% rmemoryl  $10 B00!2) 615,500 $26.500 $5.000 s10000 s B 09.740 $9 950 314500  $24.000'" 49,700 $23 800 $9.950 $10 800
3 tunes slower than a computer sith a fixed n- and should hecome more populir in the f° o= random  access, read-wnte memany  deviee Al made  and uwdd The most common sizs are 50

struction ropertoare and a comparable memory
read-wnite ¢vede tined
Whether the mutial savings i purchase pnee for
thas hind of machus can offset the added program-
miug expense s debatable

The problem of evaluating the mstruction sets of
sanous comput s 1s ven complox The great ma-
jonts  of now  mmrconiputcrs are heng  pro-
gramme d m asa mbly Lingiage, so the prospectine
user should take a closs look at the wstruction
et of machings that are of spraal mterest, The
wstruction < ts m Table 11 un the full range from
viny simple nocroamstructions sets to large, power-
ful sstracion sets

Bew e of cost most <mall conputcrs are now
programmed e asse mblv languages  The money
sicd by b o mbeteoa a1 vanly lost if
all the extra ponpheral hardware needed to com-
pile proerams eflicnnth s added to the systum
An ccononucal sostam that s progrunmable ina
hughe £ kvl language has yet U be introduced
As a ruasonable altermatie to programming in
assembly language, programs can be written i a
compiler lovdd language {the compilations are run
on a large macluns) This approach shows promuse

PP

82

Mast munufsctiners do not ofler ths altar _tne
now, thordfore, the evaluatian of hardware 1 oree-
tion sets 1s still important

Particular attributes noeded an the anstnicssn
set will vary wah the appheation IF many ar-%-
metic calculations are necessany, a bardwaee m
ply ‘divide prchag s dearable I the apphluatie=
15 primanly o onented then an rdoal cor poter
would hate strong capaluhitius m this area {<.h
as bit mampulatun and bit testing)

(A o

Miscellincous features—It 1c impartant to note
which features are standard and which are o
tonal The manifwtarcr that offeee the least et
pensine munfrime usualhy docs not offer the 1 2u
expenave system In real-ime applications f-r
example, powcr falure protection and 3 n;Jl:' ]
clack are lighly dusirable and are spearioa s
most systems The manuficturer that ofices thes
features as standard equipment 1s usually abead
of the game, lus prce will probably be lower

Evaluatmg memornes
The magnd lic core memory, mtroduced m the €275
1950's, 1s sull today’s most comman, high soe o2

Instrumentcton Tech 2 257
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mumcomgniters in this survey rely on this Lind of
menwny for pnnnin dorage

Core memonies range m <ize from a few hundred
to several mitlion Ints with ¢y cle bmes from about
053 to 10 ysic The attnbutes that made the mag-
nctic core momon so popular are reasonahly large
capaaty, lagh speed and aceeptable cost.

Table H provides comparative specifications on
the manon madnles wath relerence to the defim-
tinns that follow The “evcle time™ referred to
above 15 the meniory read-wrte cyvcle time in
other words, the tine requured to transfer one word
of hinary (it from core memory to the CPU, and
to renlace the sume word in core “Menon word
Iength”™ is the pnmbicr of hits accessed in one
mumon evele thus term is usmallh svnomvmous
with the “fixed word leagth™ descrbed in detail
carher The “memory aze™ 18 gnen as number of
words conseaquenth, “memonry size” st be mult-
plied by the “memon word longth™ to abtain the
total number of bits contane d an the memary. This
Latter figure is smportant because st truly repre-
sents the storage capacity of a mven machine

Magnctic cores ranging from 100 to 10 nuls
(thousandths of an inch) in diancter have been

83

30 and 20 mils—-in soite of thar sze, two to four
wires are throaded through cach core, usnalh by
hand. Wiring of the cores s probably the groatest
obstacle to choaper faster. and large e momanies

Indiidual core wwe is the factor that has the
igeest effeet on memony evdle e Far example,
computcrs with 30-mil core memones generally
have evele times rangmg from 6 ta 10 psee, Sum-
Tarly  the 30l enre usually reslts i eeele tunes
of 2 to 3 pece and the 20 mil care pedformuce
ranges from 500 nsce to 2 psec

An mportant pont to reme mber- the sense
threshol 1 of the ugnals (to read from and weite
into the core memon) will vans in a magmitude
that s praportional to the wze of the intdual
eores, if a agnal kevel of §ount s necevan to read
a 50 ml core, then a 20 nul core wall reguiee only
about 05 umts of wgnal strength 1t's abvious that
the smaller the core (the faster the awmon) the
more susca ptible the machine will be o noise-
mduced computer falures such as drapped Iuts

Recanse of the noise senutiiaty problem the -,
dutral user should be wan of a comnuter that iv
too fast for the apphcation Relnbdiy may be
lower and cost will probably be b gl e
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Table HIC:

. .
Manutacturer INT IRA
Madel numbor Atotel 4 SPIRAS 65
CPU lanatures
tnsr Let 0n word fengints) 16732 16/32
Aciurmulslors . 16 2
Mardnareteg srery a3
fraio o registers 15 Hardware 1 Hardware +
Accumulators
Bits ' pperation code - ]
Bits for adiress medes 2 2/3
Address n 1 rs 3 4
8 s tor a.qress 6/16 10/18
Wo ds o ectls aldressabie 32K 65X
Words 1n1rpct, an‘r2ssable 16K
Iixd rect address g ‘avensl None Multiple
Irstruction sets
Stare ima o wordh  useC -] 38
Agttime dutowend  psec 2 36
Faedpori™s Maen = Optignat Standard
Figa 3 p0onthrfaare X & No No
Fuinveg pnvr Ry w3 e X Wme psec 23 17
Fires pointhe ‘sae ~ tiTe psec 38 30
Faelpomtsl! sye X time usec 900 -
Foaerprtsoftay e - tme msec 1020 -
Momory -
Memary eyol2 t mo psec 10 18
Karoy wird femzth bs 16 V6
Aimeg e mpn 2n o gize wWe Js 2K 4K
Mewo,y =ré™ 1s7e vy 2 4aK
Aax = = omomars 3R, W €S 32K 65K
Py'yn e g QOptional No
Ne oy pro et Qptonal Optional
Munzellrnaous
cwne 1 ure pootect Qotional phonal
LS IE-R LT ] Qotonal ot.onal
Pos mec'otn Cotional Opt onal
Syston cost \CFU & 4X memcry)  $13 800 $12,750

As previously mentioned some computers utilize
ettra bite 1r ech word of cere memony for such
thungs as “panty cheching” and “memany protect ™
Thas feature 1s usually optional i all but the more
expensive small computers Because of the cost of
this feature and the improrved rehabihity of core
munories, most computer manv{acturers have de-
aded that the extra chiccking 15 not warranted
Some manufacturers who fer] strongly about this
don't offer panty or memon protect as options

How (ver, some form of punty check 1s mandatory
for a bulk memon device (drum or disc), and
memon protect 1s needed if any form of on hne
debugang s anhapated On-line debugaing an-
dicates correition of nev prozrams after the basie
svstem has bern installed a,d debugzed An opera-
tional <vstem could be impaired by new programs
if 1ts without a memon protect feature

If a new mumcomputer svstem s small enouch
to he implen entext on an "a'l core” machine, panity
and memon protuct are not warranted, when tali-
ing industrial control applications of minicom-
putess, thus may be the usual case

The popular ROM

Read onlv memon has become very popular dur-
ing the past five years The ROM s @ medium for

emmm = - g T

stormg data in prrmanent (nonerasable) form Us-
ually a high spred static st-age device —exclud- ,

mg paper tape or other such weTo
provides rapid aceess to

routines can be “wired-in” frr fast

convcntional core memony opv ratany From a pro-
grammer's point of view, e resiieas inchstinguish-

able

This concept lends atwelf 1noa natural way to
microprogramiming i wlich cveny nstruction 1s

a penmanent subroutine m A RONM
ming provides economu il res 7a*

instruction sets i sumple <o uters, and 1s the

t
.

main reason for the rise an popu

I everv instmaction s a wire 1 %
ROM, a different sct of compitert
be obtained by chauging the RO
leads to cmulition (cveruting ot

computer on the hardware of L sther eomputer),
a concept applied extensivdiy an fae varous [BM

360 and RCA srteaana 70 ovmapte

In the pust, ROMs have “ecn wired at the

sh.e
t

t

factory to contain programs

previously After shipment to the £ d. these ROMs
were practically impossible to moddy A new de-

sign recently antroduced by gl

tnstrumentation Technology
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2-on of a perma-
nent nature Common square reat and exponential

e

e ———— e
Hordware data for minigomputars
.
Le MSI wsi MOY
MAC 18 800 9:3 MODP 1000
16 16 16_24 12
1 15 2 5
] 23 S 9
4 Memory 0, 1 Hordwars D Hardware
4 4 8
3 0 3 J
a 1 8 6.
9 8 8 18 12
512 256 32« ax
65K - 255 4K
Mulupte None Sige Single
2 11(8 bt} 462416 bt 648
2 122 508 432
Optional No S1a-33:9 No
No No Mo No
9 61 15
156 N/ 5088 N
- /A
300 N/A - N/A
10 11 11 20 .
16 89 or10 B3 ¢cr10 8
4K 256 (ROM} 4t - 512 (ROM) 4K
4K 4K Z4 4K
65K 3z 16K
Optignal Qononat -3 No
Qptional Optional o -nal No
Standasd Qptionat . ronal otional
Standard Opuionat <-al puonal
Standarg Optionat st ol Optional
81195012 95,700!%! 46 acot®) 48,500

ne<—the ROM

evccution from

\Microprogram-
wn of complex

~ of the ROM
subroutine n a
astructions may

‘{ This nantion
n ctinns of one

TS

were spectfied

Suientific Corp.

Al TP E ALY TS T

PFI RAY fAay ac
1216 F 703 108 Ac-70
18 18 16 16/32
1 1 1 1
7 6 ] 5
1 Hardware 1 Hardware 1 Hardwars 1 Hardware
] 4 4 [:]
: ! s
1 1 1 7/?4
2K 32x 32 16K
32k 16K
Single None None Single
4 35 18 19
c 4 35 18 9
Optional Optional Oﬂnand Standard
no o ] Ne
N/A 175 9 85
N/A 24 9 1256
N/A 147 75 -
N/A 300 154 -
175 09 0 86
3!3 16 18 16+ 1
4K 4K 4K 4K
4K 4K 4K 4K .
16K I2K 32K 32
Qptional No Ootional Standard
Optignal No Qptional Srandard
Optonal Optional Optional Standard
Prionad Standard Standard Standard
Optonal  Qotonat Oprional Standard
811,900 412 750'2)  g19,000/2 13,9007

(San Diegn, Calif ) changes all this, ther new
ROM allows fichd programming by plugging
“chips™ into a ROM board This ROM can be
reprograinm: d at anv time by the user and forms
the b se for Duaital Scicntific s new computer, thew
META { (not i this survey) s umique w that it
docs not have a fixed instruction set of sts own,
but it can ¢mulate almost any other computer This
example 15 aited to emphasize the utility of the
ROM

The ROM prosides a very powerful tool for the
computer designer Some strong arguments gen-
erally advanced 1in favor of the ROM are:

@ Lconomy—costs much less than standard read-
writc core memory

o Sperdi—typically 5 to .10 times faster than
read-wrnite core

° Relnluhitv—the program is protected from
overwniting by an crrant program

A number of the small computers employ RO\
i sarnng degrees, thas s an important factor and
should be considired for speafic applications

Bulk meimories for the mini

The two most popular and economical bulk mem-
ory devices of the nonvolatile type are the magnetic
disc and the magnebic tape The magnetic drum 1s

— mmvy e

edt gt 0 e T e e
sCC SEL SEL TEn
4700 8104 5108 TENPO 1
16732 16 16 16/32 .
3 2 2 i 2
10 2 2 . 7
t Hardware 1 nardware 2 Mardwors 1 Hardware
4/9 4 4 4 d
2 2 2 3
5 4 4 8
9/16 10 10, 9/16
32K 1K 1K 512
65K 32K J2x 65K
Single Multple Multipte Muttiple
184 35 15 13 -
184 5 19 18 e
Optional Siandard Standard Qptianal
No No No No
6 44 7 a5 7
6 90 105 825 9
N/A - N/A
N/A i . N/A
092 175 Q715 [}
16 16 16 5
4K ax 8K 4ax
4K 4K 8K 4%
65K 2K 32K 65K \
Optronal Qptional Standard Cotional .
Qptional Optionat Optional Opronal ’3
0,
Standard Standard gtantag Stondard M
Optionat Ootignal Opt 0na Optional 7
Optional Optrona Qotiona! Optiondl
$14,800 $18 000/21 33,5008  s15 0002}

in a chiss by atself becanse ats consideribls more
expentne (peromint of storige ) to unplancat,
Small, mcspensive systems are bung disennasd,
therefore, magnetic drums wall aot be covered

Magnclic dises—Two general classes are availible
o dices with a angle floating read wirte hoad
© and thosc with a fiwd read-wnte head for
each track
The first disc memones had oalv ane read-wnte
head wiich (n multple d se wnstallitans) had to
+ "stek” the correct dise sarfuce and tien the correet
track Although average access time was ven slow,
this tvpe of bulk storage proved «conomical and
was populir with many carly computer users
The design was improved by adding a separate
read-wnite head for each recordhng surface Popular
today, this hind of disc pack cut the average mem-
ory access ime to about 100 milliseconds Turther-
more hit transfer rates greater than 1 MH/s are
now common The cost of dise bulk memory s
only about 2 cents per byte (S hits), and this cost
decreases as the size of the bulk memony 1nereases
Almost all of the 45 mumcomputers in Table
Il can be equipped with a maguetie disc bulk
memory system But manv of the manufacturers
who will supply a disc do not (as yet) offer a
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Manufacturer vou vou
Aodet aurndar 529/ 620
CPU fer rns )

Iestiu . 30 w3 engihig) 8 té 18732
N 7
. Sters ?
PRI 1 Hardwere 2 Hacnare
e e o” Lode - 3 4
s e,s modes 3 3
' 4
N lg AL
wiressible 4K [4
Vo f4 r ¢ arry my essidle 32K k21
egs ect 80 pes g Hleve's) Mutnuple Multiple
Instruction ssts
Sture tma 1 a2 N, 0 oseg 48 36
Azt tme 0wy 48 8
Fuar iyt ra . . No Sphond
Foi "jpc - Layel/e No No
Siegparth. a3 aXime » 988 . " 10

WFedon trauiivestme moes - 14

Fastrr 1’ reraXime »gec N/A Q

Frel port stAI HT e, s eeC N.A io
Memory

L N R 'y 1T ' 18

Btamn , wod tarsh bils 16
Ao S Ly et weids &K 4K
Aok sry oot et e, wrds ax 4K
P ye me v meeeary gl worny x 32
Preateeng 4 COptonal Optional
A vy, atagd Stancard Opuanal

Optional Optionat
pnongt Optional
pLoNal Optional

Bystern cast {ZPU + 4K memory) 87,500 39 950

dic-operating svstem with their software package.

1he latest innmation i drec packs is the “fixed-
hiad® disc which has one read wnte head per
trach  Using this approach the onh factor that
detemnines access tiume 1s the speed of dise rotation
Average accss tune will be the tume required for
one-half sotation (an average time of about 15
milliscconds 18 tvpical) Date transler rates rary
considerabls from miodel to model hut all are
relatinely fast transfer devsces A tpucal fixed-
head dise wonld transfer at Jeast 139K bytes see,
a hit transfer rate of 12 MIlz The XDS modd]
7211 7212 has an extremely fast bit transfer rate,
24 \MHz The price pur bite on these umts is
typicalh 3 t2 35 cents, or aliont 60 percent above
the floating head umts

The sstem doagaer faces a chowce between the
hich speed, igh cost, fived-head disc and the
dower but more economical feating-head dise For
most process eontral and daty acquisiion installa-
tions, the addid expense for the fixed-head umts
probably will not be warranted

Magnetic tape—If high speed data storage or
retrieval 1s not a major factor tLen magnchic tape
should be consideted As a bulk storage device,
magnetic tape has several strong pownts First,
these 15 no upper lmit on storage capaaity (extra
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Hardware data for minisomputers

west9 x0s x0$ x0$
Proda: 2000 Ct 16 CcFs SIGMA D
16 1] 16 16/
4 h;cmov' : ; ‘ szn
2 Momory Y hadware | Hadware 2 n’adwa?c
5 5 )
/18 /‘b:c ' a'ga "
$i8 $i¢ 256 113
65K 16X 16K 85K
Single Muliple Muttiple Single
? ] 3¢ 1
Suzndud l:o nu .gg
gghonal No N: Og.l;cnal
. . 18
32 3 z 8 1)
- 126 2 N/A
- 142 473 N/A
30 80 7
19 © 18 2 ?s o ?8
[ 4K aK 9K
4x ax 4K ax
5K 16K 16% 64K
Stondud No L) Stanitasd
o No . No Optonal
Standard 1onal | '
Bvorar Dol Oovora  B2uand
Standard Optional Optional Optional
410 000 $9,980 427,990 $24 000

tape reels can be purchased) The capacity of a
common T-teack 2,100-ft tape ranes from S\ to
20M bytes, which 15 greater than the capaaty of
most disc packs Secomd the cost per Inte of stor-
age 15 much lower than for any other btk storage
medim.

Magnetic tape must be read «wnallh a <hort-
coming which means the average pecass ime for a
picce of information 1s measured c~conds rather
than mulhseconds Of course, of tape must he
changed to access the information then the access
time eatends to minutes mistad of seconds

Magnctic tape is ideal for a svstem that faces
extensine program dovdopment When combined
with a keyhoard data entn wut and a crt display,
the maguetic tape 15 a very pawerful sytem de-
selopment tool DI'C has a goecd wnple of this
tpe of sistem m therr e 8 and for-12 com-
puters The maunctic tape provihis 2 onsement
means, for stormg programs undor desclopment
(much mare so than cards or pyxr tape) and the
keyhoard <1t comunation docsu’t generate moun-
tains of paper. The prozram can he wrlten and
debugged with a mimmum of “hard copy” output,

Another magactic tape me thad has hecome pepu-
far recently, the “hey-to-tape” unit allows the mag-
netic tape to seplace the punched eard wathout
changing drastically the heypunch gul's dutics. She
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still transfers infonnation fram the eading <heet to
8 kst e, hut the snformation 15 stared w a tape
reel instead of punched cards Once on tape, the
mionmation is of a more poraanent pature, less
likely to be destroyed, and more comventent to
handle, furthynnore, it st much more expensive
than the old kevpundh incthad,

The “cawette™ tape housmg. physically similar

. to umts designed for stereo tape players, is be-

comung mare popular The additional case of hand-
ling and stonng cassettes is obvious and the tape
sees less exposure to atmospherie impurities and
dirt particles The develapment of cassette tapes
for future computer systems will be something to
watch.

Interfaces to the mini

The equipment nceded for conscrsation with the
minicomputer should satisfy certain requurements:

® Equipment should not be expensive; nobody
wants to pay $33,000 for a linc printer that will be
connected to a $10000 computer.

¢ The epnpent should he relatively fast, con.
vement to use, and reliable °

The standard wterface of the minicomputer fn-
dustry 15 probiably the Teletype as-33 This versa-
tile machme provides heyhoard input, printed out-
put and paper tape [ O—and all at relatiely low
cost of about 81500 The disadvantages of this
telets pew niter are w ell knoun: low speed printed
output (abaut 10 characterssec). low speed paper
tape 170, and paper tape itself which is uncuestion-
ably the least converuent hulk storage medium to
work with

Altcrnatives to paper tape arc punched cards
and magnetic tape Cards nre consvcnient to work
with and easier to store than tape but unfortunately
the card handhing equipment (readers and punchers)
ts sery expensne when compared to paper tape
equipment Hhistonaally, magnetic tape has been
even more expensing, but it appears that low cost
cassette equipment will soon be competitive with
paper tape The added comenince of the mag-
nctic tape more than offscts the added expense

When magnetic tape s combined with a simple
keyboard mput device and a crt display, the sys-
temas very powerful We are not far from the day
when this bind of system will be much lower
cost, already avalible fs the IRA Systems mascorr,
a umqgue keyboard-mput et penpheral that sells
for under $6,000

The ouly commumication device missing from the
above system (heyboard, ert and magnetic tape) 1s
some kind of a pnnter, of course, the old tele-
type is always avadable with its low speed handi-
cap Current pnnters include several moderate-to-
high spced madels Teletype's snsmionic ter-
minal 1s now available as a recewve-only model, a
moderately high speed priuter without mowing

parts in its prnt mechanism Charged partucdes of
koot toward ardiiey Blitype paper at a rate
of 105 c<haractersssee, (abont 10 times faster than
the ars-33). Thas sate produces saut 0 hoes, man,

Alo asaibsble are soveral hich e d, relatnddy
Iwecost printers such as the Clesite 4400 which
prints $500 (6 chararter) Bwies‘min, and the
Latton Indwstries Dataten sie- 8500wl prnts
6000 (55 character) hnes mm. The se small panter
appear 1o he uleal for the anall computer <y stem,
in adhtion, they would chminate the lonz time
required to get hard copy output from a teh type-
wnler.

Input/output control

Programmed 170 is a term that can describe the
type of 170 operation in which the data (input to
or output fram the cumputer) must piss !Lmu;;h
an nternal o gister of the CPU. Uwnilly the ac-
cumulator 1s the segister throuzh whieh the data
passes. This means that the computer must be
dedicated entirely to the input ar o *pat oprra-
tion throuchout 1ty complte cycle—a g draw.
back

This method of 170 coutsol requires the Teast
extra hardware, because at's the lont oxpousve
to implement its in most asmcomputers, Pro-
grammed [70 1 defimtedy a deanback of the apph.
cation requirs a liree amonnt of 1 O But of the
apphication needs infrequent T O and onlv i short
“bursts,” then programmed LO is an exceliunt
means of saving moncy.

Most mmicomputers wath programmed T O will
provide onh one interrupt with the baue ssvtem
If more than one ponpherid denvace v to be con.
nected to this computer, the dovices must e con-
nected in “party-line” fashian  Brst came, first
served—there 1s no prordy other than the chedks
by the mterrupt handling seftware o see which
device 15 making the aterrup? moequost ,

Minicomputers wlich provide anly this means of
1,0 control are

Computer Automation PDC-20S
Hewlewt-Packard 2114A
Data Technology DT-14%)

Xcrox Data Systems CE-16, CF-16
These computers ofler no optiva to the programned
1/0 muthed .

Direct memony access—The direct memory access
(DMA) channed 1s a popular altemative to pro-
grammed 1O, but DMA requises more hardware
so it’s mare expunine Mast numeomputiry with
this feature offer it as an option (not included 1n
the basic price). The DMA channd! enables an 1O
data transfer to be imtiated under program control
and then carmies out the transfes independent of the
CPU The data path 15 usually to from the pcn-
pheral device directly from/to the core memory.
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Completion of the 170 transfur operation is then Other compunics mtend to offer 2 compreherave
signaled by a prionty mtemipt software package hut do not hve thar packaze Teblo $11: Paromcter volues for colculation of price/performance ratios
Actually, mimcomputers don’t really carry out completed yet Mot of these frns have the <ime o e e [ fo e e e e g B -
the T O teansfers wath complete dpendence from pack e s those preooeh mcntioned—awith the ' __} Harw 376 parometers Sohware peraiamie s .
the CPL—it just looks thit way The computers exweption of an oper o svatnn this secod group Cose | Au tn 1, ¥ M A T noofh D 8 L AC L 4
utihze a schame calied “evele stealing”™ a0 wlnch wdludes Buviness Infornation Technology, Data- My Mode! 8,0 b N (NN Al s et fpmeld
the 1,0 processor cifects the data transfer, usually mate Computer, Generil \utaination TRA Syatrms, ' C e
on a word bv-word basis wlile the CPU covcle Lackhed Plectromcs Badoor Tempo Compicer, :” 'C’" “23 ;g: gg 53 :g :i “’) : ; :g : ::g ? : : f ; 1; :,g; :17
. . . - st Cw ) ' ' 3 s
1is delayed The c'\clc stealing” method dous not Westinghouse Electne and Data General Cal  PCC 208 699 [S0 SO 70 32 1 8 1 267 O 192 1 1 1 V O o0 338 216
mpair a computer’s ability to execute other pro- All other mmicomputers i this sunvey are made CAI  PDC 216 799 | 50 380 78 63 10 18 2 267 g 121 1 0 e 2 1m2
P 1 v
grams while the 1 O transfer s proceeding It by a third category of sendors who can be charac- gg ;‘3”““ Ova ': ?5 gg :: ;0 :‘ ‘g :: : g: 3 “;f v - g g i;: ;I“:
onlv means the program will not be executed at tinzed as oflermg an assembler, a loader, some DT DY 1600 (X} 30 60 50 32 O 8 1 80 © 2330 : t 1 1 0 o0 264 297
Il speed, even this as a vast improvement over ihty routines, b ' . 0CS Oaa-s0 18 149 90 50 BS 64 8 18 2 10 3 183 TV 1 1 03N 262
fu v d 1;0 hich ¢ be utihly - routines, ',:;'Fn“t much elsr Theee enm OEC PLP B/ 128 80 65 70 48 a 12 15 T 190 1 1+ 1 4 8 35 os8s 128
- programune /O which no programs can pretees are antonded for pphoations that fequire a DEC PUPSE L 85 60 65 70 48 8 12 1 18 1 t20 1 1 v 4 8 735 0«4 X'}
exccuted dunng the [, O operation small dedicated macdune one in wlindh the pro- DEC PDPI/L 199 55 65 70 72 lg xg ; 18 czn 2 ;; : : : : z ”5 ;?: 108
1 POP11/20 930 | 60 90 85 64 1 12 ) 0 2 a3 3
Of the computers in this sunev, the following grams are short and easily wnitten i asambly FHS A S 65 85 70 72 12 18 1 08 O 14 1 1 )y 4 5 75 081 111 -
offer DM\ ac standard equipment, languige, and one in which the progrims will not EAI  EAI 640 28'S 90 B5 85 84 9 18 2 165 2 314 ' 31 t 2 1 go 268 109
usiness Infonmation hanpe atura { . GAal SPC 12 5G S0 65 70 232 4 8 4 20 1 110 t 1t 1 0 @go 078 0 se
B ) BIT-453 be changed Naturally the computers n thie third Ga spcie 100 |60 90 80 64 8 1816 096 3 086 1 t 1 2 % go 105 G99
Technology - group are usually the least expensne . GAI Syaem 18/30 *80 |90 85 70 72 8 18 2 09 5 172 v ) 1 1 1V g0 10 100
Compiler Svstems CSI1-16 Several software packages have been developed GAl 909 9 ;4 | 50 gg ;g :3 |g 1: ; ;;e ; :;: : : l' l' ? 0 :g: 1:;
N . 4 21144 99% .| 60 1 1 30
Data General MOVA for industrial data acypussition and process contsal WP 21154 145 65 70 80 66 10 16 2 20 O 198 T 1 i % 4 go 101 17e
Datarnate Computers  Datamate-16 In particular, two packazes rval the IBM-1579 WP 21168 240 70 0 80 128 10 18 2 186 t 180 1 1 1 v 1 g0 267 213
Digital Lguipinent PDP §$/1,-11, and-15'10 ProOSPRO system i power the DEC rpac$ and o oonsig AN o o H I ; 008 , 54 , R % 161 13
General Automation  SYSTEN 15730 the Foxbore conrac pater 1AM are both wntten Tt 4750 295 1 78 70 15 64 e 178 © Y38 4 1 % 1 0 o 2ate 227
d SPC-18 f £ d both : M| 00 IS 84 HEY o 138 ' to 10 ' q
an - “C por-8 family of computers and both” INT Moier)d 108 80 6 1618 15 ] t 50 a a8
2| MAC 16 or the DFC; },|h g c h j' ~ than that INt N a4, 118 160 60 75 64 6 1816 10 O 182 ¢ + 1 1 1 30 197 178 .
Lockheed Elctronics by recquire  considerably  more hardware an tha IAA St RncE5 1275 190 25 75 64 10 18 2 18 ©0 18 Y1 1 1 1 a0 182 1T 4
Rutheon Computer 703 706 found n a “mimmum si<tem T Another software L8 wvar 18 1995 .50 65 B85 64 9§ 18 I 10 3 Ii" P11 so ;;; :u a
Avrox Data Systems  SIGMA3 system that 15 in roughly the same class in the s a0 2 : N e oS w0 L 33 HES A4 I
Al other computers mav be assumed to have DMA SEL coiras package : Mot AP1000 &5 50 85 55 32 4 8 5 20 0 188 1 1 1 1 0 Jp 212 14 7
available on an optional basis In general, systems that utilize these software PR 1216F " :5 I :g '?g :g :: " :: ! 3?5 ° ::: T 1o e ;z: fﬂ
- . Ay 1)
. packages will be priced well out of the mm:corl‘ :" e 75 155 70 80 e4 n 48 1 09 19735 4 v 1 2 4 e 100 T .
Software for the minicomputer puter” class A mummumn configuration to nnpie AC  R. 10 139 190 8O 80 @8 7 17 1 088 5 1 :a 11 1 1 1 50 toe 101
- o 64 1
In general the software currenth offcred 15 mms- ment any of thise pickages usually stirts at atout ':?LC ;:gg ::g i ;; :3 ;5 :4 .8 :: : ?3: ' ; |; : ,I : : ? ;g ;;}‘ ; :;
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. _ A 32074 1 137
the nunonty  Perlups onc reason for this aituation One trend in the computer industry—and the o wn 995 ‘165 60 €0 o4 9 48 2 18 O 139 1 1 4 ¥ 1 0 121 150
1s that the computer firms sunph have not had mmcomputer ficld 15 no exception—ts the move ;\'Ut; Fres 7000 199 S0 60 65 64 B 16 € 3JO 3 149 t 1 1 t t 63 133 141
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enough time to develop software pachaces for toward separate pricing of hardware and soft -:l-lf 0S5 ( 18 7 :g } :g :: ;: :: : :g : :27 g : :: : : : : g g ::: : ::
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market have been introduced dunng the past 18
months

Predictably, the computers with the mast soft-
ware are products of the oldcr computer companies,
the companu s 1n this catewon are Digtal Equip-
ment Corp  EALL Hewlatt Packard, Honecywell,
Ravtheon Systems Enginecnng Labs and Xerox
Data Ssstems Al of these aum manufacturers
offer a bauc software package that vsually con
suts of a compuler, assernbler, uthity routines math
hbrany and an opcrating system (cluding /0
daver routiaes) In additon, most have hibranes
of appheation onentcd prozrims which can geacr-
alls be adapted to specific applications DEC ap-
pears to have the lead 1 this firld with a hbrary of
applications programs thats available through their
DECUS orgamzation Of course, many compames
are happy to provide programming assistance to a
user, sometunes at not-so reasonable rates .

Compiler Ssstans
General Automnation
Xerox Data Systems
Sooner or later most other minufacturers will

probably follow this “unbunding” trend

Reliahihits and service
Another pomt to keep m mind when cvaluating
muncomputers for a spzclﬁc app'lcuhon n miny
cases, high rolubility 15 mere tmportaot than hich
speed As previoush mentioned usually the faster
machwes have smilicr cores i their memones ard
are more susceptible to elrctnerl nowse than the
dower muchines with the heger cores Of utmost
importance to the computer user who phns a
real ime apphication 15 the system’s rehability
The computer manufacturers are all very opt-
mistic about product rehabihity Many are so oph-
mustic that they infor-nally quote MTBF figures of

about 20000 hours. and nost do not offer hard-
ware panity  choching because (they say) the
memones are so rddnble that the extra cost 1s not
warranti - Even of the computcr mannfacturers are
nght one should conader hardware panty chedk.
mg as a veny doswable option when an auvllary
rotating memory 1s to be used with the min-
computer

When the minicompnter s populanty rose in 1963,
the trind was toward selling hardware The ror-8,1
was introduced with ttle or no software, the first
busvers know that they would have to develop most
of thewr own software As the number of muncom-
puter manufacturers multiplied, the competition
grew tougher, and most manufacturers offered more
software wath thewr machines Presentation of other
services to pumcomputer purchasers followed a
sunilar evolution,

Traditionally, service has been hard to get for
small computers The orgiml approach (of most
manufacturersy was to sl the coneept of “2ll you
have to do s find the board that s bad and © phee
it 7 Ooly 5 ta 10 boards are i modt numecomputs rs,
so this doacsn't sound unreahistic untd o romem
bers that the smimicomputer wat the anly piece of
hardware n the svstem After the users realized
thus (which didn't take too long) they demanded
and are starting to receive more senvice

Several manufacturers (Honeywell, DLC, and
Hewlett-Packard) alrcady bad extensive scrvice
orzunzations, but most of the others had to de-
velup senvice groups Some wendors contracted
larger computer compamies to service thewr systems
For example, RCA 15 servicing General Autumation
computers, and Control Data furshes service for
Computer Automation. -
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Afost manufictirees have b n and still are un.
willing to rent o1 bove ther Timcomputers, they
will conuder onlv an ot 2t p orehace or some-
times a thud puty arrange = 0 A few exceptions
are Ceperal Antomnatinn 1 vwell, Raytheon,
Redivr. and SEL. XDS w7 2 or lease the
stoara 3 bat not the ¢ 16 0- ¢ 15 runicomputers.

__Criteria for rating minicen pu'crs

A tonn that s often mentiened Lot not well defined
is "prce to pedormnce 130" This number (f
accurate) counld tll a ueer v ch computer will
furnich the most “perforn 3n0=" frr e money. A
complete and accurate defi- »on of a pnee ‘per-
forn ince ritin for a comprez= 5 ‘mpassible, how-
ever usable ratios (an be cale v -d o this section,
equations are presonted for **-2> cntena:

® Pyv—hudware price peirmznce

® P,—software price pert wce

o P —tital pricy ‘performa-ce (the average of
P plus P,)

Hardware performance—The facears that affect the
hirdware preformne of a < -=ipater fall into sev-
eral catczories Fust corta ~ sanibles are fixed
(hascd on the mannfacteress specifications) for a
given computer mwadel These pirameters are con-
strunts
M = Core meinory storage capacity of a basic
mchine totil bies
F = Nutalw r of buts in the adcress Beld of single
word mstrictions
W= Word lencth bats
R="Nunoor o F gaent paps e registers
T = Cone memory reudbuz*2 cyele tume
N = Number of “entras” 17 t¢ basic cost of the
micline, wcluding
o Real-time clxck
Power fulure prots 2 on
Automahe restart 2™t power falure
Memory pnn chesing
Memory protect
Other parameters alo 252<* a computer’s hard-
ware pvrfnnn wice but are =% 35 easy to arnive at
as the abne Arthmetic, 1oz 2 a-d 10 capabiities
must reflect <ame degres of cpmon, to minunze
opinion, the fallowing gzdet -5 are suggested
Ay=A numbr proport 1-1' to the anthmetic
capibility of the o, rer—with a range
of 0 to 100,
0 No anthmetic capability
25 Hardware add and complement
50 Hardware add 2-d subtract, software
multply and dazde (Rved pownt, slow)
75 Hardware add zrd subtract, hardware
multiply and ¢ ~de (fxed point, fast)
90 Hardware aéd 2nd subtiact, hardware
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multiple and dwade fived point), soft.
. wre loatng point anthmetic
100 Hardware fiv d print and €nating pownt
anthnetic R
Ly = A mumlue propottional to the loge capa-
bility of the connputer—range of 0 to 100:
0 No T Sop dality
25 "Ard” awd “or” hardw ire
50 “Awsd T o ” and Terdvaine or®
753 Al of the abune, abo word test and
candditional b menictuns

00 All of the above alwn Rig test and bit”

nantpul tion mstruction
100 Al of above ako anthmctic rational
test instructions -
Iy = A numlr proportional to the 1 O <1pa-
bility of the computer—rarg= of 0 to 100.
Q No 1/0
25 Programmed I/0 through internal reg-
1sters only
75 Same as above, also DMA standard
100 All of ahove, alto multiple 170 prac.
essors
The principal factors that affect computer per-
formance can be uced in emp ncal equations for
the colculation of “price to perforiainee”™ rahos
The hardware parameters, M to N and Ay to 1,
are i this equation fur caleulation of Pa, the hard-
ware-price/performance ratio:

W—F
Py = Banc system cost ($) — 1 0l1M [l —(-?\T-

¥ J;P(A.+L.+I.) + 100N + 50, (1)

The vanables are weighted in proportion to their
relative importance to system performnce Equa-
tion 1 is structured so that a *gond” computer will
hase a P. value of about unitv the hieger the
numiber, the less performance pat daltir The equa-
tion for Py docs not contun ficters for operating
systems or compultrs, however, the salue of 'Pn
does give an indication of how esly the machine
can be programmed at the assembler lev el (num-
bers asugned to A, and L,). Calculated values of
P, are in Table 111

The denommator in the above formula s an ex-
pression of the basic hardware performance The
Brst term In the denominator of Equation 1

0.151[1-(“,_;;F)]

takes into consideration the effective reduction in
core size for machines that necd many double-
word instructions It 15 assumed that the larger
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the address field in single-word instructions, the
fewer doubleword instructions wall be needed. 1f
F =0 (teue for many 6 hit computers), the effec-
tive core sive will be one-half of the actnal size.

t The sccond tenn in the denominatar ™~

2}9 {AvtLath)

provides a measure of arithmetic, togic, and 1/0
*poner” of a computer. The core memory read-
write evcle hme (T) has an effect on these param-
cters, therdfore, terms Ay, Ly, and I, are divided
by T. The factur of 20 raises this tean to roughly
the same mider of magmtude as the finst term in
the denomtinator. The basic cffcctive memory capac-

WD Inal 21 vt 2
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Toble IV: Total price/pecformonce

of minicomputens
Manufacturor. Model number [

- —————

Dig tat Equ pment Corp , POP B /L
General Autoination, Ing , SPC-12
General Automation, Inc . SPC 18
Honeywell, inc , ¥ 316

Oigital Equipment Carp , PDP 15710

-—-00O0
L -X -2
-—No®~

. ity and the basic processing power arc idered
of about erqual importance in determung the com-
puter's “hardwarce performance™ factor.

The third term, 100N, is added to Iroost machines
with lurdhwore features that are standard, rather
than optional

The last to LON S0R, rccognizes the fact that a
machine with a Vrger number of general purpose
’! rugsters m the CPU s easier to program Thus is

. true Iecauce the number of memony references
nceded ina gnven program will be reduced.

Software performance —Olniously the hardware
pricy, peeformance rato cxplamed above is only
half the story, because most computer manufac-
turers supply software as a part of the basic sys-
tem package The software ranges from a simple
assembler to a very compl ¢ and comprehensive
package such as a real-tune exccutne for a system
with a bulk mumony deviee and an en-line com-
pler In general the baac pnce of a machine
tends to increase n proportion to the quantity of
software supphed with the basic macline.
It isn’t possible to evaluate qualitatively the soft-
ware package of a given machme without the
benefit of “hands-on™ expenence For this reason,
another quintitative {also cmpincal) equation is
proposed The following vanalles will be in Equa-
tin 2 for software pnce/performance ratio:
D = Off-lme dagnostic routines supplied:
NO=0 YES=1

B = Debugaing routines supphed:
NO=0 YES=1

L = Loader routines supphed
NO=0 S=1

A = Number of asscmblers

C = Number of compilers

§ = Powcr of on-line operating system (range of

0 to 100).
. The rating of the on-linc operating system (S)
only indicates how much the systen does—not how

et a i iada
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i
Raytheon Computer, 703 114 v
Hewleti-Packard Co, 31144 122 .
Business Informanon Technology, tnc 817-463 1r27 M
Digntat Equipment Corp , POP-B/1 128 t
Compiler Systems, Inc , CSI 16 136 1
1
i
Scientific Control Corp., 4700 137 {
Raytheon Computer, 706 141 5
We [\ Etecine Corp , Prodac 2000 ra !
Interdara, Inc., Model 3 148 :
Lockheed Electronucy, Inc , MAC 18 151
Micro Systems, Inc , 810 102
Redacor Cop , RC 70 -1 81
_ Digual Equipment Carp , POP 9/1 165 )
1AA Systems, Inc, SPIRAS 65 t73
Tempa Computer, Inc , TEMPO-1 " :

3
imerdata, Inc  A'odel 4 175 ] ’
Hewlett Packard Co 21154 . 1178
Vanan Data Machines Inc, 620/¢ 180 !
General Astomation, Inc , System 18730 1 86 .
Computer Automation, tnc , POC-216 92 .
Micro Systems, trc , 8OO t 98 ?
Motorola, inc , MOP 1000 203
Data Generat Carp , NOVA 214
Computer Automation, Inc, PDC-208 215
Honeywell, Inc , DDP-516 220 N
Hewlett Packard Co ., 21168 223 «
Xarox Data Systems, CF 16 2123
Information Technology, Inc , 4300 227 4
Xerox Data Systems, SIGMA 3 229 t
Sy Engineenng Lab . inc , B10A 2137 l

1
Varian Data Machinos, Inc , $20/1 237 '
Datamate Camputer Systems, Datamate V6 242
Digitat Eqguipment Corp, PDP 11720 247 !
GR! Computer Corp . 909 252 i
System Enginearing Laboratones, tnc. 8108 269 '
Data Generat Corp , SUPER NOVA 286
Elactronic Associatas, Inc , EAI-G40 289
Xerox Dats Systems, CE 16 293
Data Technology, Inc OT-1600 297
Phiico-Ford, Inc , 1216-F 32z

Internationat Business Meachings Corp , B% 1800 4.64
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NMinic mputersmA
Profile of Tomorrow’s
Component

REG A. KAENEL
Bell Telephone Laboratorties, Inc,
Murray Hill, N. J. 07974

Abstract

There has been an explosive rate of growth of the types and the appli-
cations of minicomputers. This growth is a result of employing small
computers in a new set of applications that were previously unex-
ploited by the manufacturcers of larger computers. To place the emer-
genee of minicomputers in sigmificant perspective, the following analysis
is attempted: 1) typical minicomputer characteristics are outlined,
2) technological reasons for the emcrgence of minicomputers are
suggested, 3) the architecture of contemporary minicomputers is given
in terms of hardware structure, instruction format, and input/output
configuration, 4) a software system that implements a shared environ-
ment on a typical minicomputer system is described, and 5) the ad-
vn.nmgcs of using minicomputers are discussed and represcntative
applications are sketched in the arca of testing, control, communica-
tion, and laboratory experimentation.

Manuscript reccived August 13, 1970.

I. lntroduction—The Emergence of the Minicomputer

The Minicomputer Growth Rate [1]

Over the past five ycars, the computer arcna has wit-
nessed the emergence of low-cost computLr syshms (sce
Fig. 1) which have been named * ‘minicomputers”, As a
matter of fact, the greatest growth in the computer in-
dustry in this period has been in minicomputers.

The first minicomputers were introduced m 1962 for
aerospace applications. They included such machines as
the ArmayMicro Computer, the Burroughs D210, the
Hughes HCH-2C1, and the Univac Add-1000. Commer-
cial minicomputers by such manufacturers as Honeywelil,
Scientific Control Corporation, Nerox Data Systems, and
Systems Engincering Laboratorics appeared on the scenc
about 1966.

Today, some 10 000 systems have been installed rep-
resenting over 100 differont municomputer types manu-
factured by more than 50 companies (not counting an
additional 15 varieties by 10 foreign companies).

Minicomputer shipments grew approximately 75 per-
cent between 1968 and 1969, reaching about 6000 units
per year. The industnal and data communications sectors
paced this growth. Conunued expansion in these sectors
combtned with that in the business and laboratory sec-
tors 1s sufficient to support the anticipated growth shown
by the median of Fig. 1, indicating an increase in total
shipments from 6000 units in 1969 to a probable 40 000 in
1975. If the education and transportation markets be-
come significant, production could reach the upper bound
of Fig. I—over 45 000 units 1n 1975.

Fig. 2 indicates substanual growth for the industrial
market—from approximately 2500 units in 1969 to over
15 000 units in 1975. Other areas with strong potential
are data communications (650 to about 5000) and busi-
ness (less than 100 to over 9000). Growth in the labora-
tory market will continuc (2000 to about 5000 units),
but this will becomie a less sigmificant portion of the total
market. Only moderate applications are anucipated for
typesctting und education,

" Markcet studics indicate a significant downtrend in
average costs for the central processor umit (CPU). New
technologies should begin to reduce CPU costs signifi-
cantly in the not too distant future. Thus, although unit
shiprients arc cxpected to risc perhaps fivefold, their
dollar value should increase only about threefold, from
about S100 nullion in 1969 to about S300 million in 1975.
The ratio of total system to central processor value is ex-
pected to advance from about 2:1 in 1969 to about 4:1 in
1975, reflecting the growing valuc of the peripheral de-
vices of the system. Total system value will rise from
about $200- 3250 million n 1969 to $2-85 billion n 1975,

Over the past five years, the number of nunicomputers
in usc at Bell Telephone Luboratories has grown to some
120, comprising 34 dutTerent types from 12 manufacturers.
About half of these systems arc employed in some sort of
testing application, most of the other half are for lab-
oratory systems and communication cxperiments.

Repninted from JEEE Trans Audio Electroacoust., vol. AU-18, pp. 354-379, Dec. 1970.
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Fig. 1. Projection of the annual delivery growth
rate of minicomputers (after Arthur D. Littie, Inc. [11}.

Today's Minicomputer Industry

The Industry Structure: Early in its development, the
minicomputer industry was dominated by a few main-
frame manufacturers. The supporting software sector was
comprised essentially of small firmis: the larger software
companics tended not to cater to this market. More re-
cently, the industry has expanded to include many com-
puter and system manufacturers,.supplicrs of peripherals,

" independent software suppliers, and systems houses which

supply turnkey systems. Let us bricfly characterize these
industries.

The Mainframe Manufacturers: Today, Digital Equip-
ment corporation, Varian, Hewleuwt-Pachard, and the
Computer Control Division of Honeywell, i order of
importance, Jead the industry, accounting for about 80
percent of total umt sales during 1969, Original equip-
ment manufacturers (OEM) represented about 50 pereent
of total sules for Digital Equipment, the Computer Con-
trol Division of Honeywell, and Varian, and 20 percent
for Hewlett-Packard. The remaining sales are for ap-
plications where the end user 1s purchasing a system in
which the minicomputer is only a4 component Tather than
buying the minicomputer as such to incorporate in a
svstem of his own design. Hewlett-Packard’s greater em-
phasis upon end uscr systems is duc to its activity in the
industrial mstrumentation market through its other
divisions. .

Other companies m the mimcomputer busimess include
lrge enterprises ke Neroy Data Systemy, which possess
the resources necessary for penctrution of this muarket,
Additional firms will undoubtedly decide that this market
is sufliciently compatible with their other corporate ac-

tivitics to address themsclves to it for cither OEM, end -

users, or both. Somic companies aming for the end user
maurket attempt to enter it by initiating their own devel-
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computers, The application categories are defined os
follows {after Arthur D. Litife, tne. [1]).

1} Industrial: management control, such as data collec-
tion, and manufacturing including production control.
batch
store-ond-forward message switching and preprocess-

2) Data communication: terminal controllers;

\ng equipment, and data concentrators.

3} Laboratory applications physical sciences, e.g., gas
diromatogrophy and ocoustics, medicine, e.g., chinical
analysis.

4} Business applications: fiscal management, e.g., pay-
roll and invoicing.

+

opments or by becoming associated with a significant
system and service capabulity. )

The Peripheral Manifucturers: Until recently, the in-
put, output, and storage devices used with low-cost cen-
tral processors were those developed for Jarge systems,
and m many instances thair performance, capacity, and
cost were not compatible with the requirements of sys-
tems using minicomputers, In fact, only a few of the
minicomputer manufacturers have supphed peripheral
devices of their own make.

During the last two years, a new class of peripherals
for use with miniconputer systems has been emerging.
The class includes lower cost and lower performance sec-
ondary storage medin—disks. drums. and magnctic
tapes; data entry storage using magnctic tape cassettes or
cartnidges which compete 1n cost and convenience with
paper tape and card equipment; line printers; and alpha-
numeric cathode-ray displavs. Higher performance serial
printers are also now aivailable.

In the nent few years, more of the larger suppliers of--
mincompuiers are expected to develop a strong capability
for manufacturing thar own hine of components with
broad performance and cost ranges, whiie a number of
new companics specializing in subunits for minicomputers
will offer limuted product hines. The impetus for such a
devclopment 1s the ratio of total sysiem cost to com-
puter cost, which ranges from 2:1 to 10:1,
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The Software Supplmrs System softwarc and applica-
tion programs arc dudopud by computer manufac-
turers, cnd users, progran.ning firms, and original equip-
ment manufacturers (OEM) customers. Typically, com-
puter manulucturers supply system sofiware for their
product linc, and the larger firms assist with application
programminy and supply programs for tunhey systems.
In general, Lowever, application programnung falls to
the users ratiier than the manulucturers, The application
librarics of established manufacturer® are largely the
product of user group associations.

Programnung stafls of manutacturers tend to be small
(with the exception of the major suppliers); therclore, in-
dependent software firms are important to both computer
manufacturers and their customers. Expenditures for all
software desclopment have been estinmated at about S100
million in 1969 and could reach about Si billion by 1975
when the total population of machines 1n this class will be
more than 100 000. The greatest number of these will be
smaller machines in dedicated applications. These ma-
" chines will utlize modularly constructed softwarc sys-
tems that consist largely of a specialized combination of
general-purpose software packages whose development
cost can be amortized over many applications. This tends
to keep the average software expenditure per machine on
the low side.

The Systein Suppliers: Independent system suppliers
offer a capability based primarily upon knowledge of
specific application areas. These independent system
companics compete with’ minicomputer manufacturers
selling dircctly to end users. A typical company in this
class will develop, or have developed for itself, the soft-
ware for an application, but will purchasc virtually all
equipment from established computer supplicrs, pre-
ferring a single source for all equipment, if possible.

Thesc companics face the usual service probicims of the
equipment manufacturers as well as a few that are unique.
To grow, they must recruit personnel with a strong com-
bination of techmical skills and the ability to apply them.
In addition, the development of workable, mtegrated
“turnkey” systems requires the sclection of applications
with a suflicicntly broad market that the development
costs can bc amortized over a reasonable number of
salcs. Scrvices demanded by custonsers, such as main-
tenance of software and hardware and training programs,
are usually supphicd by the combined cfforts of personnel
from both the systems firm and the computer manufac-
turer.

Profile of Contemporary Minicomputers

What is a Minicomputer?: Minicomputers arc having
a remarkable mmpact on the computer industry since 1n
some respects thew performance is even better than that
of their big brothers which have built up the computer
industry over the past 20 vears. For instance, many mini-
computers have core cycle times and peripheral transfer
rates which are considerably higher than the conven-
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Fig. 3. Typicol ranges of minicomputer charactenstcs {2).
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tional large-scale computers. Core cycle umes of less
than 1 ps are common and some machines are in the
region of 3 ps Maximum I,’0 transfer rates are frequently
determined solely by memory speed. and with 16-bit ma-
chines transfer rates of over two million 16 bit-characters
per second are quite common. )

[t 15 interesting to compare these paramders with an
IBM System 360/50 which has a core cycle timie of 2 us
and a maximum I/0 data rate of 800k bytes per second
on the selector channel (which 18 the f{astest channel).
The 360/50 could in no sensc be classified as a mini-
computer and. of course, in other areas such as core size,
instruction repertoire, range of peripherals, standard soft-
ware markup, etc., it is far more powerful than any
municomputer, Nevertheless, this does indicate that for
those appheations where high-speed minimum-com-
plexity processing ts required and rapid 170 transfers are
needed, nunicomputers may well be more effective than
their large counterparts

How, then, are nunicomputers defined?

It appcars that uny attempt at defining minicomputers
must be in terms of their price, performance, and ap-
plications. Let us, therefore, consider these fuctors.

Characteristics of Muncompurers: Minicomputers have
often been defined by thenr price rather than by their
performance. As recently as early 1969 sonic observers
were classifying municomputers as those with a mimimuni-
system cost of less than 550 000. Today a more reason-
able figure would be S20 000 and some people may press
for S15 000 or ¢ven S10 000.

Nevertheless, considering the performance of
computers offered today, 1t as found that they typicully
have fast processing rates, relatively short word lenaths,
and versatile input-output structures [2] (Figs. 3 and 4).
Their cost 1s generally reluted to word length, scope of
the instruction sct, and the degree of versaulity of the
input-output structure

muni-
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' The central processors are single-address binary proces-
sors with negative numbers expressed as two's comple-
ments, The processors vary the most with respect to the
“number of accumulators provided, the instruction scts
implemented, the instruction decoding technique, and in-
terrupt handling capability. Most processors have an in-
struction sct of 64 to 100 instructions; some have many
more, to a maximum of over 200. Many of the hardware

. features of larger processors have been carried over to

. ' minicomputer designs and can be recognized in the

1

« tabulation of Figs. 3and 4.

Examunuig the typical apphcations of minicomputers,
it is discovered that the minimal system is usually dedi-
cated to control funcuons, data acqusition, and display.
Typically, these systems are used for monitoring and
control of & precess, or monitoring a process and dis-
plaving appiopriate data for manual control, The data
reauction and analysis capabilities of the average equip-
ment imply longer word lengths, a more comprehensive
instruction set, Jarger primary memory, and usually a
need for a secondary store as well as more sophisticated
display equipment. The display equipment may be a
printer, an x-) plotter, or a cothode-ray tube to gencrate
hard copy and/or on-hine interactive displays. The maxi-
mal cquipment is usually dedicated to perform all of the
functions of tic lower-type systems and is programmed to
operate in a time-sharing mode, supporting foreground
and background modes. Thus, an operator may interact
with the system in the background mode, ¢ g., for pro-
gram development, as it monitors and controls instru-
mentation in the foreground mode.

It 1s clear that no simple definition of minicomputers
custs. Even the characteristics of contemporary mini-
computers have a wide range. Still, comruters whose
characteristics full within the ranges summarized in Figs.
3 and 4, und which are used in dedicated real-time type of
applications, are generally classified as nunicomputers.

. The Impact of Component Technology on Minicom-
pulers

Technological Background

In the years since World War 11, electronics has passed
through two distinct periods and has entered a third one,
namely that of integrated clectronics.

The first period centered on the vacuum tube. It reached
its culmination and simultancously 1s economue himita-
tions in the 1950%s. The second period was introduced by
the invention of the transistor. The basic building blocks
of the transistor-based technology are transistors, diodes,
resistors, capacitors, and inductors. These discrete com-,
ponents are mounted by mass-soldering on the ubiquitous
printed circuit board.

Transistor tcchnclogy developed at a rapid rate in the
decade beginning in 1950, but leveled off 1n subscquen
years. For example, frequency response increased from
10 to 10 000 Mc, fuilure rate per billion element hours de-
crcased from 50 000 to about 1, and the cost per transis-
tor dropped from about $i0 to about S0.10.

The cnsuring lower rate of improvement in transistor
technology has been offsct by the great strides made by
integrated clectronics, which requires extensions and re-
finements in the processes of transistor technology. A
side-by-side comparison of discrete silicon transistor
manufacture and silicon ntegrated circuit manufacture
may best illustrate the significance of contemporary in-
tegrated electronics. '

Both fabrication processes start with a slice of epitaxial
silicon. For discrete silicon transistors this slice may pass
through about 88 consecutive steps of diffusion, etching
photohithography, and varnious cleaning operations. The
fully processed shice will then contain some 3000 transis-
tors that are separated to produce 3000 individual chips.
Each chip 1s then further processed to produce a her-
metically scaled discrete transistor. This “packaging”™
process 1s very costly compared to the intrinsic cost of the
transistor chip. :

In the fabrication of silicon integrated circuits the same
kinds of processing steps are performed eacept that the
number of steps is about 50 pereent larger. The processed
slice will typically contwin 20 000 devices (r.e., 400 in-
tegrated circuits cach containing about 50 clements). It is
scparated into individual integrated circuits cach of which
contains ategral leads that pernut casy attachment to
thin-film substrates. Euch integrated circuit is fully pro-
tected both chemically and metallurgically agawnst the
atmosphere and does not require an expensive protective
can. Integration, in addition to reducing size and cost,
also reduces the failure rate by orders of maguitude.

The level of integration of dizital electronics has moved
from one functional circuit, such as a gate or an amplifier,
per chip to the dozen circuits per ¢hip now found in com-
puters. Severul tens of circuits per chip are already a
proven reality, and serious work 1s progressing towards
the 100 or more circuits per chip arca. The projected
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number of circuits per chip available commercially ap-
pears to grow at the rate of 01e order of magnitude every
six ycars.

The statistics are even moi¢ impressive when expressed -

in terms of actual compoucats per chip Considering the
logic in delivered machines, the density today is of the
order of 100 components per chip, and ts growing at the
rate of about an order of magmitude every four years.
Production announcement represents a density of about
an order of magnitude higher and advancad development
is attempting still another order of magnitude of higher
density, Expressed in circuits per square inch, the level
of intcgration used today is about 100 and has grown
about two orders of magnitude over the past ten years,
starting with a density of 0.1 circuit/in® in 1960 with dis-
crete components, and progressing through a density of 2
circuits/in® with hybrid integrated circuits' (1964), 10 cir-
cuits/in® with integrated circuits (1967), and is expected
to recach 200 circuits/in® with larger scale integration in
1972, Regardless of the degree of integration cventually
reached, this approach already offers the possibility of
reducing circuit costs to a few cents per circuit, of im-
proving refiability, and of offering the ultimate in high-
spced performance.

However, to obtain low-cost integrated devices, pro-
duction must reach sufficient volume to make the startup
cost insignificant. These startup costs include design and

" debugging, generation of test procedures, paperwork for

production control, and the effects of initial inefficiency in
making a new product. Today, for example, it can easily
cost between S10 000 and $100 000 to develop a 50-cir-
cuit chip and put it into manufacture. Unfortunately,
however, the greater the number of circuits on a chip, the
more difficult it becomes to obtain multiple usage of this
chip and thus achieve high production levels. This im-
plies the existence of an optimum scale of integration for
a given situation.

Two approaches are being pursued to enhance the po-
tential of integrated devices. The startup cost is being re-
duced by computer-aided design methods and simphified)
automated fabrication techniques, thus reducing the
prove-in volume requirement. The other approach aims
at defining standardized generic functional components
from which logic systems can be constructed. Mcmories
are one such standardized component. The benefit af-
forded by applying integrated electronics to such a stan-
dardized component 1s very substantial, especially where
the restriction imposed by such a standardization 1s
negligible or 1gnorable.

The significant improvements in digital electronics have
been the key contributors to bringing down the cost of
the carly comipact acrospace minicomputers, and thus
opening up the explosive commerctal market for mini-
computers which we uare currently witnessing,

Functional Minicomputer Devices

Which Functional Decices?: Since the advent of in-.

¥ This term 1s often used to mean the combination of silicon
ICs and thin-film components.

KAENEL MINICOMPUTERS—A PROFILE
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tegrated clectromes technology, several schemes have
evolved for the utihzation of large arrays to their full
potentiad In u common and straghtforward approach
the designer restiicts himselfl to the equipment under con-
stderation at the moment. Faced with only a limited set
of problems, he has litle difficulty specitying the in-
tegrated array types that will efliciently complete the de-
sign, While the results are quite encouruging for specific
cuses, the drawbacks of any mass adoption of these tech~
niques are obvious. This, the so-culled “‘custom ap-
proach,” would require the semiconductor mantfuc-
turer to be respunstve to each customer by making nu-
nierous low-output production runs of highly specialized
devices. The per-unit cost to the user, for his own efforts
as well as those of the manufucturer, would be quite high
because of the latier™s nability to spread initial costs over
many devices. Also, the complexity of 100-gate-plus ar-
rays is such that it is diflicult to substitute one for another
(with efficient results) 1nis would severely hmut the off-
the-sheif capabilities for both user and manuracturer.

An obvious solution to these problems is the introduc-
tion of u small sct of standard, integrated, functipnal
components Semiconductor supphiers, muking tentative
advances into integrated circuits product marketing, have
already proposed such devices as adders, counters, and
shuft regisiers. However, this represents the solution to
only part of the overall problem. A design heavily com-
mitted to the use of these devices must fall back on hybrid
circuntry using clementary integrated circuits for the large
remainder of the circuitry. The reason is that adders,
counters, registers, and other orderly, well-defined func-
tions represent the regions of the system with the highest
ratios of logic gates to the number of pins thropgh which
the functional untt 15 accessed (i.e., gate-to-pin ratios).
After these portions are lifted out of the system, the re-
mainder is characterized by very low gate-to-pin ratios,
notably within the control and data routing functions.
Unable to continue sutisfying the integrated electronics
design enteria of hugh gate-to-pin ratios, the designer
must look to more standard (1.c., discrete) components.
Unfortunately, for the problem of partitioning logic sys-
tems to niike best use of integrated efectronics, any pro-
posed solution that lacks a total system approach tends
to dnift toward this putfuil.

Two conceptually different approaches to partitioning
are being pursued today: bit slicing and tfunctional par-
titioning  To llustrate the dulerence, consider the data
portion of the computer. In funcuonal partitioning one
may spectfy an adder as one mtegrated array, registers as
another, a shuft register as a third, and so forth. On the
other hand, in bit slicing one would design an integrated
array consisting of @ combined one- or two-bit adder,
registers, shift registers, ete., then build up his system from
this ciup type according to the desired word length.

The bat-slice approdch has resulted in some notable
advantages, particularly tiie ability to achieve very high

gate-to-pin ratios and miplement systems using a small

number of different arrav types. However, bit-sliced
modules appear to be quite system-dependent [3]. Func-
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tional partiioning has also been applicd successfully.
Combming it sheing and functional partitioning gives
the approach the versatibty to implement both complex.
and simple swstems of different word lengths with equal
efliciency [3].

There appears 1o be general agreement that control
* functions are more diflicult to modularize than functions
related to data operations. Micromemory control tech-
DIUEs Using READ-ONLY  memories with built-in - se-
quencer and instruction registers lend themselves well o
bemg partitioned into the large modules necessary for
integrated implementations. These modules have a well
ordered structuie that makes them casier to produce than
complex cirewit arrays. Control functions in this form are
then amenable to reproduction in large quantitics of
identical umts.

A representative set of functional devices for mimcom-
puters then could be: register storage. gcencral logic,
arithmetic logic, input/output, micromenory counter,
microinstruction register, microarray, scratch pad mem-
ory, up 'down counter, switch, and mamf{iame memory.
Which set of functional devices will eventually form the
staple components of minicomputer manufacturers re-
mains to be seen. In any case, the assumption that in-
tegrated functional devices will be used in large quan-
tities, and produced with improved manufacturing tech-
niques, suggests a declining cost trend. As the costs de-
crease, the speed range of bipolar integrated circuits will
continue to improve. The benefit from this speed im-
provement is likely to be small since present bipolar cir-
cuit spceds are more than adequate for most minicom-
puter apphcations. Typical MOS intcgrated circuit
speeds, which generally are significantly lower than those
of bipolar circuits, can be expected to improve by about a
factor of 2 to 5 during this period. As the speed of MOS
circuits increases, the construction of all-MOS high-
performunce processors will become feasible. However,
present MOS circuit performance is already adequate for
many applications, .

Parutitoning of minicomputers for the most cffective
use of Integrated electronics allustrates the econonic
criterion underlying the engineering design for integrated
embodiments, The conventional criterion of minimizing
the number of components is changed by the introduction
of the integrated electronic technology, with modularity
(or commonality) becoming more important and with

component count becoming less important.

" Mawmframe Memorics: It turns out that more than half
of the cost of the central processing unit of most contem-
porary compulers is attributable to primary memory.
Usually, the more sophisticated computers come with a
larger minimum size of primary memory. Historically,
the echnolooy used 1 mentory systems (maznctie de-
vices) has been sufliciently ditTerent from the technolog)
used in the rest of the mainframe of computers (senu-
conductor devices) thut menmiory systems have become
important functionual devices.

Three memory technologics appear to be of greatest
importance at this time. They are core, thin film (includ-

ing plated wire and planar thin film), and senuconductor
(ncluding bipolar and MOS mtegrated circuits), Core
memories will be challenzed by plate wire and semicon-
ductor memories in the immediate future,

Seniconductor memories promise 1o offer both cost
and performance advantages over core memory. They
also ofier the potentual for hugher speed and smaller size
than magnetic thin-film memorics. However, the power
level will generully be higher, although not excessively so.
For the ncar term, the performance of semiconductor
memories will be the most important consideration. The
costs imtially are ligher than those for core memorics, but
are expected to drop rapidly. -

Muagnetic Mcemories: Through all of the 1960's, mag-
netie storage elements have been the predonunant mem-
ory devices in all classes of digital computers. The speed/
cost ratio improvement of several hundred to one that
has been accrued during the 60°s by system designers us-
ing ferrite core systems makes the core a rapidly moving
target for any new technology. Core memories semain an
clusive cost target due to continued improvements, fore-
niost of which arc trends toward two- und three-wire
stuck designs, radical unitized packaging, and the use of
integrated circuits.

Core memorics achieve about 0.5- to 5-us cycle times
and are expected to realize a factor-of-two improvement
over the neat five years. The cost per bit is a strong func-
tion of the size of the memory; 1t is halved for every
order-of-magnitude ncrease in bit capacity (e.g., 3
cents/bit for 100 000-bit capacity in 1970).

The higher speed, nondestructive REaD-0UT (NDRO)
capability, and lower power oficred by plated wire pro-
vide a flenibility for accommodating a varicty of system
storage nceds which cores cannot match. Plated wire has
the greatest advantages relative to ferrite cores in ap-
plications requiring less than 500-ns cycle tinme. It 1s in
these areas that the initial growth of plated wire will be
concentrated.

Neither plated wires nor ferrite cores  adequately
satisfy the econonucal integrated-circuit compatibility re-
quirement today. The plated wire bit current, 40 to 3Q
mA for 5 nul diameter wire, will drop to 15 to 25 mA as
2- to 2.5-mil diameter wire is introduced. The plated wire
word drive current, 800- to 1000-mA turns today, can
be reduced to 250- to 350-mA turns by scveral means.
The length of the bit will be reduced from 50 to 60 mils
to 20 to 25 mils. Ferrite core memories have a decided
advantage in bit packing density compared to preduction
plated wire memories. Ferrite core mats achicve 2500 bits
per square inch relatively easily, while production plated
wire memory planes are 550 to 1000 buts per square inch.
Plated wire memories eahibit @ temperature cocefficient
(approximately —0.07 to —0.1 percent per depree cen-
tigrade) that 1s substantially less than the temperature

cocflicient of standard ferrite cores.

In the past, commercial magnetic memorics have not
been designed to mimmize power consumpiion However,
power consumiption will become increasingly important
as memory system prices continuie to decrease and storage
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CAPLICILY INCTCases, [t has hrl:n ostinuated that the hfctime
cost of providing power toihe system and removing the
heat from the system and from the room ranges from $2
to S10 per watt )

This s no longer a negligible cost factor. For esample,
il extended mamn memory prices drop to 0 5 cent per big,
then | mW per bit rases the total ‘cost to twice the ac-
quisition cost. In this content, the reduced power con-*
sumiption of plated wire memories compared to that of
core mentories(tvpieally 1.25) may become a significant
advantage for plated wire memories.

Semicinductor Memories: Tmproved processing, out-
standing photolithography, and refined circunt configura-
tions have resulted in active semiconductor memory cells
having array densities outstripping both core and plated
wire. The advantages of scauconductor memories in-
clude exceptional speed, nondestructive READ-OUT opera-
tion, smaller size, (possibly) lower power, compatibility
with processor electronics, and realization of low-cost
memory modules. These are the stepping stones for the
adaptability to provide a universal memory potential

that magnetics cannot meet.

" Semiconductor technology offers a single-technology
approach which can combine storage, decoding, and
sensing on the same chip. This feature promises to have
significant advantages 1n terms of cost, reliability, and
flexibility.

Probably the strongest single argument that exists for
. the single technology realization 1s that by this means
the total number of off-chip interconnections in the mem-
ory system is minimized. Such interconnections not only
make a major contribution to failure rate. but contribute
. significantly to integrated circuit operating costs today. -
Their nunimization thus 15 a long step toward lower
initial cost and improved realiability of operation—
probably the two most important measures of merit for
a mainframe nientory system once adequate speed s
achieved.

Reliability has been one of the big problems of semi-
conductor memory. Ficld data are becoming available to
indicate that 10° hours or more of mean time-to-fuilure
for interconnccted integrated-circuit chips can be as-
sured. Store reliability appreciably greater than actual de-
vice reliability 1s possible through the use of error-cor-
recting codes.

Store voiatiity is another aspect of the system reliabil-
ity probleni. [nformation is lost from a senuconductor
memory when the power supply is interrupted. This
limitation may climinate senuconductor memories for
certain apphlications, but appropriate system desizn may
satisfy the recovery requiremients of many applications.
One solution is a backup power supply; another solution
15 the provision of a nonvolatile backup store: sull
another solution may be the development of nonvolatile
semiconductor memories such as the experimental metal-
lic nitride semiconductors (MNOS) meniories.

Thus, it appears that the overall system reliability may
be comparable for magnetic and senuconductor niemorics
of comparable storage capacitics.

KAENEL. MINICOMPUTERS—A PROTILE
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READ-ONLY Memories: READ-ONLY micnmiories {ind
two dommant wpplications ' computer mainfranies:
microprogramnung  and macroprogramnung  applica-
tions.

In the mucroprogrumming application & READ-ONLY
memory is used to nterpret he mstruction set by con-
trolling the sequence of logicid operations required (for
example, for an add operation or & shift operation),

Fast READ-ONLY memories, at a cost comparable to or
less than that of the much slower READ-W RITL memories,
offer the capability of implcmenting soplusticated in-
struction sets, anthmetic routines, and major service pro-
grams in ninicomputers using standardizable register
banks und trunsfer gates. Bipolar READ-ONLY miemiories
of 1024-bit size and with access times of less than 50 ns
are now avaluble. They permit implementations of in-
struction sets that have performance specds comparable
to those realizable with the more costly, fully customized
handwired approach. Testing of computers whose in-
struction set 1s realized through a micropogrammed
READ-ONLY miemory s greatly facilitated.

In the macroprogramnung application a READ-ONLY
memory essentially replaces a portion of the main mem-
ory with a fixed rather than an erasable memory. The
READ-ONLY micriory then contains instructions in the
same sense as would an erasable memory.

There are many variations for implementation of READ-
ONLY memories. One possibility, which is applicable to
both magnetic and semiconductor technologies, 1s to have
the wiring pattern for input and output fixed to reflect the
appropriate macro- or microprograni. This approach re-
quires a new ROM 1f programming changes are made,
and represents a disadvantage if frequent, program
changes are expected. .

This problem can be avoided by using HARD-WRITE
memory, such as the piggy-back twistor. In this approach
new nuero- or macroprograms arc clectrically written
into temory and, once they are written, pernnt the men-
ory to be operated i @ READ-ONLY mode. Another possi-
bility 1s the capstor-type micmory where a removable
mask contains the program,

Implementation of all of these types of ROM in semi-
conductor form is being pursued. The most important
candidates at this time appear to bc READ-ONLY diode
matrix memories and senuconductor memorices.

-

The Technological Impact

The rapid advances in component technology have
had a spectucular etfect on computer technology. Over
the last decade, computer speeds have increased by a
factor of 1000; costs of computation have decreased by a
factor of the order of 500, and the memory capacity of
digital computers hus gone up by some three orders of
magnitude. This remarkable technological progress huas
made possible the construction of low-cost and stripped-
down computers, i.c., minicomputers, whose performance
characteristics sull muake them most suitable for a wide
range of applications and, despite their very general

<
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capabilitics, highly competitive with specialized digital
controllers in terms of both cost and performance.
Since their introduction, the cost/periormance ratio of
minicomputers has itsclf improved by two orders of mag-
nmitude as a result of advances in integrated circuit, core

-memory, and pachaging technologies. There is liutle

A4
doubt that the trend toward cven more cost-cticctive
minicomputer processor hardware will continuc in the
forcsceable future,

The potential of integrated electronics will have an in-
creasingly beneficial effect on the cost,/performance ratio
of minicomputers as 1) the fixed costs associated with
circuit designs are reduced, 2) the minicomputer manu-
facturcrs become larger so as to justify increasingly au-
tomated production facilitics, and 3) an increasing stan-
dardization of product and functions is achicved.

In particular, the impact of scmiconductor meniory
upon machine architecture will be great. As a result of
the higher performance of semiconductor memory, the
nced for general registers which serve primarily as speed
buflers for processors will be diminished. Also, in those
instances where input/output buflers have been incor-
porated into the channel controllers, it will be feasible for
many systems to make a direct data transfer to main
memory. For minimum-cost systcms it may also be pos-
sible to incorporate various control registers into the main
memory. Thus it appears that integrated electronics may
remove.the designation of the mainframe memory as a
historic distinct functional computer device.

It has been speculated [4] that an entire processor may
be fabricated on a single chip in the not too distant fu-
ture. The ultimate cost of such a processor, utilizing MOS
technology with 1000-16 000 components per chip, may
be in the $10 range. A computer can then be constructed
from such a processor chip by combining it with a RL.AD-
oNLY memory and a semiconductor READ/WRITE mem-
ory.

Before a fully integrated processor is produced, how-
cver, there will appear an ever-increasing number of
minicomputers [5] which will employ varying degrees of
integration based on the availability of a rapidly growing
number of integrated circuit devices which challenge the
ingenuity of the system designer.

In the meantime, however, the rapid and significant
advances in integrated component technology also ap-
pear to be causing a profound change in the structure of
the component suppliers and computer manufacturers.
The use of increasingly sophisticated integrated circuits
has made the computer manufuacturer increasingly de-
pendent on proprictary integrated circuits to produce
unique computer systems; the computer systems differ
less in the combination of components used and more in
the types of components employed. This has the eflect
that computer nuanufacturers tend to build up their own
integrated electronics capabilities (this trend 1s somctimes
referred to as a downward integration). Concerned by the
gradual crosion of the dependence of their customers, the
integrated circuit supplicrs are expanding their systems
development cllocts, going even as fur as developing their
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own computers, which puts them in direct competition
with tharr customers (this is sometimes calicd upwird
integration). The big question today 1s how the computer
manufacturers will deal with the supplicrs-turned-com-
petitors, It is quitc conceivable that both computer
manufacturers and components supplicrs will gradually
become largely sclf-sufficient supphicrs of integrated sys-
tems of increasing sophistication that are aimed at differ-
ent market scgments.

lll. Systems Architecture for Minicomputers

Functional Description of Minicomputers

General Sequence of Events: A typical mainframe con-
sists of a memory section, a processing scction, and an
input-output (I/0) scction. Each of these sections con-
tains several registers; in particular, the processing sec-
tion includes a program counter, an accumulator, an ac-
cumulator extension register, and one or more index
registers. All of these registers are connccted by several
data buses.

During program exccution, an instruction is moved
from the location pointed to by the program counter into
the instruction decoder. Depending on the instruction
fetched, a data item is moved from one register (or
memory) to another register (or memory) via the data
buses; also, the instruction decoder may cause the data
to be modified or combined with previously moved data.
The instructions recognized by the instruction decoder
are exccuted by the processor control unit which se-
quentially operates a sct of transfer gates and thus im-
plements the instructions. When the exccution of the in- *
struction has been completed, the program counter is ad-
vanced and the neat instruction is fetched for execution.

The traditional control units are fixed wired. The use of
microprogrammed control units is relatively ncw in
municomputers though old in concept. Microprogram-
mung is the employment of a stored program module for
the control unit of the CPU rather than the traditional
fixed wired control unit. Within the stored program con-
trol unit, a set of microcommands is stored. These micro-
commands, when addressed from either a microprogram
location counter or from a microcommand register, are
decoded and executed. The microcommands normally
perform clementary processing operations and are each
exccuted in onc machine clock cycle.

Stored Program Control Unit: In computers which use
the nucroprogram technique, basic operations are de-
termined by a stored program rather than by hard wiring.
Since the stored program can be easily changed or cx-
pandcd to suit the application, the hardware of the com-
puter need never be altered. The result 1s a more flexible
system at a lower cost. '

Microprogrammed computers generally operate from
two leveis of stored programs: 1) a microlevel stored con-
trol unit, and 2) a macrolevel using comumands in core to
specify the mucrocommands performed by the control
unit. In the latter a macrolevel instruction ‘that can be
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Fig. 5. lower cost, more versahle computers

are feasibie through exponded vse of ROMs
for microprogramming. Computer instructions
and counter supply address inputs to ROM,
whose outpuls are vsed as microinstruchons.

uscr-generated calls a set of microcommands in the
stored control unit to performi a specific function of sub-
routine. Hence, a nucroprogrammed computer 1s emulat-
ing the opcration of a fixed control unit.

Whlk the nucroprogram technique can be applied to
the entirc computer operation, present usage is a com-
bination of hard-wiring and stored programs. The micro-
program storage unit typically consists’ of u READ-ONLY
memory (ROM) since the stored program usually need
not be electrically alicrable during normal operation.

Minicomputers that use ROM to store niicroprograms
attain a high degree of flexibulity but sacrifice some speed
in conventional instruction exccution. Despite the high
specd of ROM (typically 100-ns cycle time) and the high
speed of microinstruction exccution times, the total in-
struction exccution time increase since a conventional in-
struction consists of several nucroinstructions. However,
the user can define an instruction set specific to his ap-
plication. This may mean that the overall throughput for
the specific Job may be increased and the core storage
requirement decreased. Microprosrilmming is a tech-
nigue for pamimg Faster execution of compound instue-
tions without p, nylnu the price of Tinkages, jumpsave, and
other features required 1n traditional gencral-purpose
softwarc,

Use of a ROM in a microprogram is tlustrated in Fig,
S. Here, the combination of the computer instruction and
a counter are uscd as the address inputs to a ROM and the
resulting outputs are used as microinstructions. The full
nmicroprogram sequence begins with an instruction that
has been read from memory at the location specified by
the address in the address reguster. The operations code
of the nstruction scieets the required microprogram by
addressing a particular portion of the ROM. The first
output word of the ROM (the microinstruction) 1s gated
into the microinstruction register and an operation is
performed in the control unit. If the result of the opera-
tion 1s incomplete, the control unit advances the micro-
location counter and the new address sclects a second
microinstruction, and so on.

When the control unit completes its operations, it re-
qu:sts a new instruction by advancing the address in the
KALNEL MINICOMPUTERS—A PRO?ILT i
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address regisier, then fescls the microlocation counter so
that it is prepared Tor the next NUCrOprogram sequence.

Program Exccution Interrupls:

Interrupt Cupahilities: Interrupt systems cquip mini-
computers for quich response to mput, output demands
or other events that require immediate attention. A
priority interrupt system provides immediate response,
conserves Memory spadce, ind iImproves prograni running
speed. The alternative technique of scanning (polling)
devices in sequence 1s much more expensive in terms of
program leneth, memory space, and program running
time, and does not provide immiediate response.

Interrupt systems for nunicomputers are quite exten-
sive and consist of internal and external interrupt levels,
The internal interrupt levels include power fuil-safe,
memory parity. memory protect, and real-time clock in-
terrupt levels, Usually, the memory protect level can be
intubited from the operator’s console, but the other in-
ternal interrupt levels cannot. The basic external inter-
rupt system usually consists of one or two levels: addi-
tional interrupt levels can be added in modules of ‘two,
four, or eight levels providing maximums from 16 to 256
levels.

External interrupt levels are under program control
and can usually be disarmed or inhibited individually. A
disarmed interrupt level ignores an interrupt signal; an in-
hibited interruptlevel stores an interruptsignad butdoesnot
cause an interrupt until the inhibition has been removed.

Interrupt Sequence: Usually the interrupt procedure
implemented in the hardware consists of suspending
processing and completing a set of instructions out of
sequence; the interrupt level provides the core‘uddress of
the first instruction to be executed out of sequence. If the
interrupt servicing subroutine consists of only one 1n-
struction, the contents of the program counter are not
changed, and the interrupted program is continued after
the interrupt nstruction is finshed, I the interrupt
scivicing subroutine consists of seseral instructions, how-
ever, the mstruction stored at the location uddressed by
the interrupt instruction must be a transfer of control to
the interrupt servicing subroutine. The interrupt proce-
durc then cxecutes a transfer of control instruction to an
indirect address i a core location selected by the inter-
rupt level. Sometimes the procedure includes storing the
processor status betore transferring control to the inter-
rupt servicing subroutine.

Some hardware provision is made to block out all in-
terrupts until the interrupt servicing subroutine has
stored the status of the processor, contents of the ace
cumulator, indey I'L“'Ibkl' program counter, overflow, ctc
In addition, hardware provision is made to block out all
interrupt levels of an equal or lower priority untl the
current interrupt level is released by instruction.

Functional Description of the Minicomputer Sections

The Memory: Contemporary machines use core mem-
ory exclusively for implementation of the memory sec-
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tion. Memory sizes range from 1000 to 65 000 words and
memory speeds from 0.5 to 8§ us. Options offered for
memory include a parity check bit per word, which serves
to detect read crrors, and a memory protect bit, which
prohibits writing into sclected memory scctions eacept
when the computer opcerates in a restricted supervisory
mode. The memeory protect methed is used to permit
partitioning memory into scparite banks, cach contain-
ing a scparate progruin, so that execution of a program in
one bank cannot affect the program located in an ad-
jacent memory bank. Another implementation of the
memory protect feature is by upper- and lower-bound

- registers that define the protected core arca, This feature

also includes a sct of instructions that is effective only if
the machine operates in its supervisory mode and that
permits setting up the protective fences. An associated
interrupt level signals @ protect violation or a parity
failure.

Three memory addressing modes are customarily made
available: 1) diregt addressing by which the memory
location specified 1n a memory reference instruction is
accessed, 2) indirect addressing by which the location
specified in a memory reference instruction contains a
pointer to (i.c., address of) the location to be accessed,
and 3) indexcd addressing by which the content of an
(inden) register 1s added to the direct or indirect address
to establish the eflective address of the location to be
accessed. ’

The entire core is usually addressuble via indexing
and, or indirect addressing. In someé cases, an address
eatension register or double word length instruction per-
mits direct addressing of all of core. Indircct addressing is

-
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by 6 Typical type | architecture using four buses, The
following seven registers are prowided in this exemple.
The occumulator {A) ond index register {X) are the
principol regesters vsed for working storage. Most in-
structions which opcrute on dota {operonds) make use of
these two reqisters ond the arithmetic logic wnit. The
tnstruchion  counter (P} holds the imstruchion address.
Reguters R, W, and M work in conncction with the
memory.

usually recursive (chaining of indircet addresses) with in-
deaing allowed ateach level.

Because of the short wordlengths, most minicomputers
use a paging technique to address core by o one-word
memory referencing instruction. The length of the pages
is defined by the number of core locations thut the ad-
dress ficld can specify. These instructions can directly
addiess the local pirge that contains the instruction and/
or a specified base page n core. This base page is usually
the first page in core. Some machines permit specifying
the Jocation of this page by a page register. Despite the
paged use of memory, overlapped timing for the pages is
not used nor 1s 1t used for the banks of partitioned mem-
orics. )

The 8-bit mimcomputers differ httle in addressing
capabilitics frow the 16-bit machines because the memory
reference instructions of the 8-bit machines use two words
Per instruction instead of one.

Scveral municomputers include a READ-ONLY memory
(ROM) cither as basic hardwarc or as optional equip-
ment. ROMs have a shorter cycle time than core mem-

“ories or even semiconductor READ/WRITE memories. The

ROMs are used in two diflerent ways: 1) to store, pro-
tect, and decrease the exccution time of real-time pro-
grams, executive routines that allocate the processor time
to different application programs, and frequently used
subroutings, and 2) to storc microprograms that define
the processor’s instruction, sct.

The Processor: As mentioned before. the processor
section typically consists of gencral registers, the arith-
metic logic, and a control section which can use either
microprogranuned or hardwired logic hardware. The
principal variations in contemporary processors are in
the number of registers provided, the instruction set im-
plemented, the instruction decoding techmique, the in-
terrupt handhing capabiliny, and the bus arrangement.
The general 1egisters may vary ftom 3 to 256. In most
cases the processor operates 1 a word mode, but in some
machines the umit processed 15 i by te wath the unit stored
I a memory register being one or two byies. Instruction *
sets implemented by the control unit in combmation with
processing units range from a very rudimentary sct with
functions such as multiplication, division, and floating
point available only in softwiare to a compley set which is
a subset of that for the IBM 360 system. The instruction
scts provided are discussed in more detail in the section
on processor operational capabilitics.

Two distinct bus structures are used. In the type T struc-
ture [6] a multiplicity of buses interconnect memories,
accumulators, anthmetic units, nstruction and index
registers, and other key clements (see e 6). In the
more reeently muoduced type Hosiactue [7]. [8]. often
refecred to as a Umbus structure, all the key elements are
attached to two buses, 1.c., the source and destination
buscs (see Fig. 7).

The type 1 structure is not as functionally oricnted as
the type I structure. In the former structure, the proces-
sor is primarily oriented to accumulate daty front a sub-
system, perform anthmetic caleulations on 1t, and return
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Fig. 7. The elements are brought outside
the octual processor, and all computer
devices are connected across the same
ous structure as the devices to be con-
trolled [7]. The bus modifier provides a .
progrommable poth thot permits taking
data from any input device and moving to
ony output device, and performing oper-
ations on the data as they pass from one

device to the other. Program control pro-

vides the signals that indicate when a
source device is lo send doto, sets up the
route the data are to follow, and specifies
the deshnation device that is to receive
the data. . -

the results. It was not conceived in terms of controlling
ahd sequencing activities that may notinvolve mathenmat-
ics at all, Tn fuct, the user of a type | minicomputer must
program control systems function in terms understood
by the more arithmetically oricnted structure despite the
fact that these terms may bear little relauonship to the
functional requirements. The actual programauny of the
control function 1s then often turned over 10 i program-
mer specialist who relates the systems requiremients to
equivalent terms that can be translated as mstructions to
the computer. However, 1n so delezating system develop-
ment tasks, project control becomes more difficult und
development cost increases. The type, I structure has
been chosen to facilitiate the functional programming for
control applications. Thus will be illustrated in the séction
on processor operational capabilities.

The I/0O Structures:

Responsiceness of the I O Schemes: In the many ap-
plications of nuntcomputers, the mput and output of
datias o donumant Lector, Mincomputers are bemy, used
extensively for process contral, data muluplening, cam-
munication hine concentration, switchimg, and other areas
in which data are conunuously transnutted between the
computer and external devices. Requirements for nuni-
computer systems in even one 1O apphication area can
vary greatly. For example. when multiplexing communi-
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Fig. 8. Fully sequenhal I/O scheme. The left side of the illus-
trahon functionally indicotes the sequence of events for a typical
1/O operation, The right side shows a representative implemens
tation. The peripheral devices {P,) are enabled for I/O by the
decoder circuitry Dato Iransfer lokes place by the dota bus.
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cation lines. a typical small-scale system might consist
of an in-house time-sharing computer with a minicom-
puter front end. The minicomputer would be used to
handle the communication hine processing for say 10 to
30 low-speed lines, each connected to a single teletype-
writter, or it can scrve as a line concentrator for up to
64 full duplex lines uat speeds up to 4800 bits per sccond.
The basic faclity for transferring data between the
computer and the 1, O device is generally referred to as
the 1/0 bus. :
Signaling on the I,/O bus may be either nonresponsive
or responsive (handshaking). Nonresponsive signaling
may be simpler dnd less costly: signals remain on the

" hines for a presct time (dictated by the worst anticipated
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conditions), and are then removed under the assumption
that they have been detected at the recciving end of the
bus. Responsive signal systems present data to the re-
ceiver, continuously or repetitively, until an “acknowl-
edge™ signal s returned  Advantages of the latter ap-
proach are: 1) less st toleranee, or faster operation,
2) greater control, and 3) Aevabihity 1 adapung to varia-
tions in controller specds or in bus lengths, Victually all
minicomputers use a responsive I O scheme.

Two categorics of responsive I, O schemes can be dis-
tinguished. They will be referred to as 1) fully sequential
schemes, and 2) overlapped schemes. Most minicom-
puters use, & combination of these schemes to match
their intrinsic speed with the response rate of the 1,0
device.

In the fully sequenual schemes (e.g., Fig. 8) an I'O
operation is fully cvecuted before the next operation is
intiated. As a result the required handshaking sequence
assoctated with a spedific T O operation s completed be-
fore the next sequence s activated. Recanse of the ngad
handshaking protecol, most sequentiad [ O schemes tse o
hardwired 1 O nterfuce to perform the handshaking
sequence within i computer instruction eyele,

The handshaking sequence associated with some 1,0
operations can be ntninsically slow. For example,
acknowledgment of a **start I O device™ may take several
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nal bus

milltscconds, which is very long compared with the micro-
sccond cycle rate of most contemporiry nunicomputcers.
In these instances it is preferable to intiate the /0
operation and determine the success of the exccution of
the I; O instruction at a later time.

Using an implecmentation similar to that used by a
fully sequential I,0 scheme, the processor can determine
the I,/0 device response by querying a register associated
with the device under program control. Thus, the hand-
shahing scquence 1s broken down into programmed
distinct 1/0, operations.

The implementation of an overlapped 1/0 scheme
shown in Fig. 9 is assuming increasing importance in
communications oriented: systems. All 1,0 devices are
serially Jocated on a common 170 bus. Each device is
equipped with circuitry that recognizes the operation
codes thut are addressed to the device; cach device is
also equipped with circuitry that associates the responses
with un identfication code designating the device from
which the response ongimated, In some systems, the de-
vice addiesses are exphatly prven (enally coded or
transnuticd along a parallel bus): m other systems cach
device is associated with a distinet tme slot (ime mulu-
plexing), simplifying the decoding circuitry,

The duta strecam to the peripheral 1/0 devices is
placed into an output queue from which it is trans-
mitted to the 1.0 devices. The inputs from the devices
are placed nto a response queue from which they are
fetched to be anulyzed by the processor and related to
the proper I, O opetation mstruction.

Some overlapped 1,0 scheimes provide means for
rapidly detecting specific response codes which can
cause a processor interrupt. These responses can thus
be prompily recogmized and the proper action immedi-
ately taken. Other scheries provide means for automati-
cally 1gnoring codes tnat niterely represent a standby
condiuan (idling codes).

Sequential 1/0 Schemes: The most widely used 170
schemes are of the fully sequenual type. Several schemes
of this type are currently offered with virtually all mini-
computers, Because of their importance, these schemes
will be briefly discussed. .
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In the sense that overall system operation is under
control of the program, it may be said that «ll input/out-
put teansfers arc also under program control. However,
there are wide variations in the amount of program con-
trol necessary to effect a transfer.

Fully  Program-Coutrolled 1/0: The standard
method used 15 a programmed party line channel. This
mcthod is under full program control. Each word is
transferred on the 1/0 bus between a working register
and the 1,0 device, and stored in memory by means of
program instructions. Thus, the mavimum data transfer
rate over a programmed party line 1/0 channel 1s lunited
by the program overhead for servicing the 10 devices
requesting service.

Data transfers performed on the standurd 1,0 bus
require program intervention for each word transferred.
There are two methods for using the program to control
transfers. In the first method, the transfer of each word
is cffected by means of a program request. The program
addresses the desired 170 device and then waits until the
device 1s ready to transnut or reccive data. This delay
leads to processing efficiency. Therefore this method
is resonable only in cases where the 10 data is highly
disciplined (predictable and program synchronized),
or where processing requirements are low.

To free the program for other tasks during the waiting
period, the interrupt method is used. After the 1/0 device
is instructed on the funcuion to be performed, the pro-
gram may continue processing until an interrupt signal
is recenved, mdicating that the device is ready for the next
instruction. With this method an interrupt followed by
an interrupt processing scquence are still required for
cach word that is transferred. .

Memory Access 1, O: The throughput can be in-
creased by reducing 1 O interrupts and program control
of 1 O wransfers, i.c., both direct-processing time for the
tanster and the tme requied for provsam miertuplts,
Thos reduction is obtamed by employing additional
cquipment i which 170 transfers between peripheral
devices and mamframe memory are controlled by hard-
ware instead of by the stored program. When data is
transferred directly between an 170 device and memory,
program intervention is required only at the beginning
and end of the transfer, or when there is a detected error.
Dedicated locations 1n memory provide the beginning
and final core addresses that define block length. Thus,
it is possible to transfer larze blocks of information while
simultancously processing other data. Tlus allows rela-
tively high-speed devices to interface to the channel for
data transfer,

Three miethods are used for transferring data directly
between the main memory and the penipheral devices.
In the first method a direct memory access channel
(DMA) provides a direct data path to the memory. It
permits the high-speed transfer of a contiguous block of
data, Control and addressing logic wre in the eaternal
device which requests service, and connection 15 made
dircetly to the main memory rather than through pro-
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cessar registers. The DMA connection periiits stealing
of main memory cycles from the processing unit when the
appropriate peripheral device demands service. One of
two modes may be used for performing cycle stealing.
One is to switch control to the DMA interfuce and per-
form a block teansfer. The other is for the input-output
contrel lTogie to chieck for a peripheral **ready™ status; if
the peripheral 1s pot requesting service, control is returned
to the processor until a peripheral transfer is ready.
Because most nunicomputers have only one memory bus,
transfers via DMA suspend processing if the processor
and DMA try to access memory simultancously: the
DMA channel has priority. Several devices can usually
interfere to u DMA channel, but only one device can use
the channel at a time.

A second interfuce method is direct multiplexed mem-
ory access (DMC). With this arrangement a number of
peripheral devices are serviced by a hardwired input/
output program that is exceuted when a data transfer is
to occur. This program eflects the data transfer by way
of the stundard put/output bus and associated pro-
cessor registers in which the data are assembled and
buffered. The multiplexor channel consists of a number
of subchannels that are scanned in sequence for service
- —oF can request service by an interrupt. A priority channel
is usually used to support high-speed devices.” = - -

Two puirs of core locations are dedicated to each
subchannel to provide initial (or current) and hmit ad-
dresses for continuous block transfers. The subchannels
usually share a data buffer and current address and hmit
address registers.

Thus, several memory ¢éycles are required to transfer
each byte of data because the channel must automatically
access memory to load the current address and limit
address registers, to pack the current byte 1n the current
word, and to restore the current address in memory, Up
to six meniory cycles may be required depending on the
number of subchannels active, the order in which the
subchannels require service, and the design of the channel.
This causes the DMC 1o have a data rate noticcably
below that of @ DMA arrangement.

The third method 1s a block-muluplexed access method
(selector channcl). At any one ume, only one [0 unit
can access memory. The other units can gain_memory
access only at the end of a block transfer.

It is clear from the foregoing discussion that the hard-
ware for memory access [ O must automatically perform
memory addresstng The current address and the end of
the data block must be stored and accessed. As cuch
word of data 1> transterred, the current memory address
is.updated, and a check 13 made to determine 1f the final
address has been reached. If so, an interrupt must be
generated. The current address is imitiahized by the pro-
grum at the beginning of the transtfer operation as the
starting address of the data transfer.

Curreat and final memory addresses may be stored in
reserved locations of core memory or in separate external
registers. The latter case results in more expansive but

KAFNEL: MINICOMPUTERS—A PROFILE

faster throughput. Those deviees which are capable of
interlacing transfers by word require a sct of current
and ending addresses for euch device connected, or for
the maximum nuinber of devices capable of simultancous
opceration.

Other registers are often provided, especially in com-
munications otiented computers, to detect special control
codes embedded within the data stream,

Since the register 1s associated with a control unit and
is program loaduble, the user has wide flexibility in his
selection of criteria with which to end o data transfer
and interrupt the program.

Priority Contiol: When a number of units are con-
nected together on a common bus, several techniques
arc available for establishing priority and resolving con-
tention between two or maore units, If [ O duta are dis-
ciplined, transfers can, with reasonable efliciency, be
under program control. Then the sclection of the 170
umt may be by any appropriate algorithm. Alternatively,
if control is by means of interrupt, three basic technigues
are employed, as follows

1) A single common line is used by all I, Os to signal
an interrupt. When the interrupt 1s alfowed, the program
polls each device, according to a polling table, to deter-
mine which devices are bidding. The priority 1s implicit
inthe order in which [“Os are listed in the polling table.

2) A single interrupthime 1s-used, and a single go-ahead
is used. I, O devices ure connected in a daisy-chain
arrangement on the go-ahead line, with priority assignea
in the order of connection to the line. Higher priority
units obtain access first, and when not bidding, relay
the go-ahead signal to the lower priority devices in order;
the device which is successful in obtamning an intecrupt
sends itsadentity on the address lines.

3) Scparate interrupt lines and scparate go-uhead
lines are provided for cach device. Contention is resolved
on a priority basis by some type of hardware.

In a number of computers, prioritics are program con-
controlled by what is usually referred to as a masking
wstruction. This type of struction can selectively pre-
vent an [/O unit from generating an interrupt until the
instruction is negated. This facility provides an efficient
means for allowmg only higher priority wnterrupts to
interrupt lower priority interrupts.

Operational Description of Minicomputers
The Mucomputer Instructions:

The Instruction Set: Most of the operation codes of
the instruction sct are used for memory referencing in-
structions.  Nonmemory referencing  instructions  use
additional bits of the instruction word as part or all of
the operation code, so the number of instructions is not
neeessarily small. The modification field further qualifies
‘the wstruction by defining the addressing mode (direct.
imdirect, and;or indeved) or specifyving that the address
ficld contains a constant (i.e., the address field contains a
hteral).
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As discussed carlier, because of the short instruction
word length, most nmintcomputers use a paging techmgue
o address core. Memory-referencing  instructions can
directly address the page that contuins the instruction
and’or i base page. Tn this case, the addiess fichd provides
an address merenment. The effective address s caleulated
in accordance with the address mode: usually a base ad
dress of scro or the content of the program counter
spectly the page number (1.c.. the base address) and the
address ficld speaifies the core address relatne 1o that
page. The enttre core 1s generally addressable viandesing
or indirectaddressing. In some cdses. un address extension
register of double wordlength instruction enables directly
addressing all of core,

Most contemporary processors are  single-address
binury proctssors with negative numbers expressed as
two's complement. The basic instiuction set of type 1
structure machines usually includes the anthmetic opera-
tions of fined-point add, subtract, multiply, and divide,
although muluply and dwvide are frequently available as
optional features. Double-precision fised-point add and
subtract are frequently provided. A few of the larger
machines offer floating-point hardwarc as an optional
feature. All offer some form of logic, compare, and shift
operations: many also offer byte manipulation instruc-
tions. The 1/0 instructions ure usually very general and
complex. Commonly. the 1/0 instruction a)so provides
control for operational features, which are addressed as
1/0 devices. .

General-purpose machines have a greater number of
instructions aviulable, and therefore generally have a
more tradiional fised-wired processor. The controller-
type machines have a more hmited number of 1nstruc-
tions and frequently rely more on microprogrammed
organization 1o pernit spectalized instruction sets and
user-generated macroprogrammed languages.

When a nunmicomputer 15 equipped with a memory
protect feature, the instruction set ancludes a protected
st of instructions, such as those that Joad the upper- and

Tower-bound registers or change the interrupt status and
1/0 instructions.

Type I structure machines could specify an instruc-
tion set akin to that of type I machines. However, recog-
nizing the capability of transferning data directly beiween
the vanious processing units of type 11 machines and to
orient these machines more toward control apphications,
the instruction set consists of one muam mstruction:
“Device X to Device Y. Provision of this type of in-
struction has been found to greatly faciluate certain
control apphcation programs. and provides a natural
cnvironiment for recogmizing the numerous 1/0 devices
connected to type 11 machines.

The Imvtruction Format Maost 16-bit processors of
type | architecture use onc-word mstiuctions with the
followmg formut (see Fig. 10): a 4- to 6-bit operation
coade. o 2- 1o 4-bit modification ficld, and an 8-bit address
field. The 8-bit numcomputers differ little in addressing
capability from the [6-bit nunis because the memory
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type | and type Il architectures.

referencing instructions of the 8-bit machines use two
words per nstruction instead of one.

Some 8-bit processors opcrate simlar to the 16-bit
processors by using two words per instruction. Others,
however, require only onc progranmumied byte for many
instructions by using a byte-sharing technique. These
instructions also use two bytes per mistruction but only
the first byte 1s stored as part of the progrum. The second
byte 1s stored as a constant (shared byte) in a dedicated
core arca and is referenced by the first byte. The 8-bit
instruction word format uses three or four bits as the
operation code, none or one bit as a modification, and
four bits as the address ficld.

The operation code specifies an instruction class, such
as compare, and a dedicated core arca of 16 locations.
The address ficld of the instrucuon selects a location
within the dedicated core arca: the aceessed core location
contauns the shared byte that fuither defines the instruc-
ton, such as tpe of compare and addressing technique.
The shared byte does not increase the number of opera-
tion codes avatlable, nor does it Jecrease the instruction
exccution time: it does decrease the amount of core stor-
age required 1o store programs.

The mwstructions for machines of type 11 urchitectures
have the single format shown wn Fig 10, The actual
operation performed by an mstruction is dependent on
the umique combination of source address, destination
address, and meodificr This txpe of format appears to
naturally and meamngiully represent the typical control
computer environment with 1ts charctenisucally large
1/0 control devices. All nternal and external system
clements are thus directly addressdable by use of a com=
piler-bike functiona® language rather than a mathema-
tically oriented lanruage. The programimer does not have
to deveiop the mnolved command sequences that will
transhate process data into a language that the computer
can understand. ard then badk again into mstructions
that the equipment can react to. The unimpeded flow of
data from device to device saves temporary storage loca-
tions for bookkeeping purposes and provides the de-
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signer with modularity and flexibility to adapt the com-
puter to specific system requirements.

The Minicomputer I, O Interfuce Systems: Since
virtually all nunicomputers are used within an environ-
ment that is strongly dominated by [,/0 devices, the /0
- interface has an operational significance sinular to that of
the instruction reperteire. It is through the suitable
application of the instruction repertoire 1n combination
with a properly configured I/0 interface that a nuni-
computer is made to perform a useful function.

Functionally, the I; O bus permits the transfer of data
between 1/0 units and the working registers of the com-
puter. Some computers have dedicated registers for /0
transfers, reducing housekeeping requirements. The
_ number of devices which may be connected is determined

by the size of the address field of the computer’s /0 in-
struction, and correspoad:ngly, the number of address
lines in the 1/0 bus. Thus, a one-byte addressing structure
will accommeodate 256 individual 1/0 units. This is, of
course, a theorctical maninum and does not imply that
the logic devices can be contained in one cabinet, nor that
the computer has the capability of accommodating the
throughput of any combination of 256 devices working
simultancously.

The I/0 bus will contain communication lines for the
following purposes (see Fiz. 11).

1) Data output lines for transferring data from the
computer to the device, and duta input lines for trans-
ferring data from the device to the computer. Transfers
may be onc word at a time or tn multiples or submultiples
of a word.

2) Output address lines for enabling the computer
programs to sclect one of the 1,0 devices connected to
the bus, input address lines for enabling an 1,/0 device to
identify itself to the program, function lines with which
the program designates the functions to be performed by
the sclected 1,°0 device, status hines whereby the device
indicates to the computer program s status of busy,
ready, cte., program interrupt lines with which devices
signal the program to request an interrupt, parity crror
lines whereby a desvice indicates to the program the detec-
tion of an error, and various mscellancous control tfunc-
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tions such as setting and clearing of interrupt mask,
“system reset.

3) Timing lines whereby the dcvice operations are
synchronized.

To reduce costs, somc of the above functions may be
combined on the sume lines. For example, the data lines
are often uscd also for the device address and the func-
tion information. Additional signal lines are then used
to indicate the type of data present. The time-multiplexing
of lines by different picces of information achieves lower
cost at the capense of slower operation.

To connect an 1,0 device to the computer 1O inter-
face, a device controller is required. Quite a large set of
signal leads may have to be connected to facilitate the
handshaking sequences of a responsive 1/0 scheme [9].

IV. Software Systems for Minicomputers

Overview of System Software

System software 1s designed to assist the user in pro-
gram preparation and in system initialization and opera-
tion. For program preparation, an assembly language
plus various aids to the programming of the machine
are usually uvailable including trace, editing, breakpoint,
debug, and hnkage routines. Quite a few manufacturers
also supply a basic FORTRAN compiler to aid the user in
developing unthmetic programs, and some aiso provide
a standard TORTRAN compiler. For system initialization
and opcration, the manufacturers customarily make
available such aids as peripheral operating systems, real-
time monitors. partitioned (multiprogramniing) operating

systems, loader and utility routines, machinc diagnostics,

and restarty fallback routines,

Asscmbly languages vary in structure from onc ma-
chine to another. Most assembly languages are indications
of the specific machine’s overall hardware architecture
and logic. An increasing, numiber of assembler systems for
minicomputers that run on large general-purpose com-
puter systems are becoming available. This avoids the
necessity of equipping the minicomputer systems with
general-purpose 1/0 devices that are usually not needed
except for program development. Some of these systems
are simulator packages for larger machines which permit
program deselopment for the minicomputer directly in
the assembly lunguage of the large machine, and thus
make conveniently available the sophisticated macro-
assembler capabilitics of these large-system assemblers.
Mauny of these systemis have been derived from the com-
piler systems used for programming the large computer
by providing suitable pre- and post-processors.

Efficient compiler operation s ditticult to reslize in
snall machines, and virtually impossible i S000 woras
of core. Most municomputer compiers require 3000-
12 000 words of core. This represents a greater cost to
the buyer for the use of a compiler fucility, and makes
more attractive the use of compilers that are operational

on lurge machines of computer centers, It should be,
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noted that while many of the translators are termed
compilers. many are actually interpreters: w these the
Input code s translated to an intermediate language that
»merpreted duning the exceution of the program, The
advantagze of this approach s that less tme is required
during compilation and less storage 1s necessary for inter-
mediate aad final forms of the translited code. However,
the storage and compilation time savings are paid for by
the increased execution time characteristic of interpretinve
SVsleims,

Applications Software

Today, appheation hibraries contain prozram modules
or subroutines written for control of certan luboratory
instruments, 1 O nterfuce routines. typesctting machines.
graphic displays. and specific industrial processes. Despite
the contnibution of the large manufacturers, most appli-
cation hbrarics are user gencrated and supplied through
user associations.

Muany application programs are supplied as part of a
total ““turn-key " package which consists of a completely
sclf-contained hardware ‘software svstem. Offerings exist
for laboratory, data communication, ndustrial instru-
mentation, and specialized business systems.

Recl-Time Monitor Systems

Moucation for a Monitor System: For- many of the
applications of minicomputers an operating system that
supports the use of the computer is superfluous. These
sysies comprise program routines that aid in the prepa-
raton of appheation programs (1.¢ . assemblers and com-
prlershfacthitate the performance of input output opera-
uons (Lo, mput ‘owput control SVStems), assist an the

debugzing of programs (1c., debug routines), and con-

.trol the execution of individual program subsystems

(i.c.. executne svstems, often also referred to as moni-
tors). However, when the system operates in a reaj-ume
environment and must respond to interrupts from a
nunmiber of sources, then some 1) pe of an executive system
is needed.

Some recentls described executive svstems have ad-
vanced capabilities. OF particular interest are several
svstemis which include o hnuted form of muluprogram-
nunz. Some of these pernut foreground operation in
real timie while other activities occur in the background.
Far compuiers intended for both process control and
other acuvities. the foreground is generally used for the
control apphication while the background may include
the compilauion of programs.

The Jdesirabibity of using a real-tinte monitor system
1s based an the economic adyantage of sharing resources
antong difierent tashs, if possible. Considering the cost’
performance tradeofl of storage devices (see Figo 12)
makes 1t quite apparent that whenever tushs become
inactive for more than some speaiic time, they should be
moved Irom the expensive ngh-speed mamniranie memory
10 4 much fower cost bulk stordge dJevice. Most real-time
applicanions are structured to permut this tvpe of reallo-
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ship of store systems.

cation of task resources: the real-time monitor system is
the instrument that controls the reallocatien operation.
The performance characteristic of such monitor systems
are perhaps best outlined by a specific eaamiple.
Example of a Muluprogramnung, Virtual Memory Sys

tem for Mmicomputers:

Ocerview: The system described here for illustration
supports a \virtual-memory addressing scheme and a
multiprogramnung user environment on a Honcywell
DDP-516 minicomputer. The system supports virtual ad-
dressimg by providimg o mechainsm to convert virtual
addresses 1o reu) munframe memory addresses, i task
that requires memory management if the addressed data
arc not currently in the mamframe memory. It manages
memory by moving prozrams and data between the main-
frame memory (core storage) and bulk storage (disk) on
demand:at also provides a low-level interrupt - handler for
1 O. The multiprogramming support is provided in the
form of the tables and memory management required 1o
automatically switch control from one user 10 another
without mterference {10].

The various programs to be executed on the computer
svstem are stored on disk as segments. The program seg-
nients are nmovad to core by the nmonitor systein whenever
they become active and are to be executed.

A segment is a conuguous block of storage which can-
not be subdinvided. It is the basic bullding block of I pro-
erams and data. There are eight mizes of seaments from 64
to 763 words, although 64 is the
data files are orzumzed nto stnings of 6+-word segments,
When a segmient 15 allocated, 1t s assigned o uiigue
name (ID) which 15 used to reference this scgment. To
miplement the systeni. a segment also contains words of
header or overhead for meimory marazement purposes.
This includes the v pe of segment, such as daty, program,
cte, s wize, and an imdication of usage 1o dctci}]mnc
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which segments to throw out of core when more space is
required.

The process of dynamically moving the seuments from
disk to core as they are referenced and back to disk when
they are no longer needed 1s not apparent to the users,
who get the impression of having a large virtual memory
available. Of course, time 1s the price pard for not having
all of a user's progrum and data in core at once Butin g
multiprogrammung environent, while one user 15 waiting
for a referenced segment to be trunsferred into core,
another user will be making use of the processor.

There are problems associatea with this type of dy-

namic memory management. For example, if a segment

contains a program, its internul addresses must be re-
located relative to the slot 1t occupies (relocation) after
it is transferred into core. Also u mechuwmsm must be
provided to permit one program segment to call or ad-
dress another (linkage). There are also memory manage-
ment problems For example, fetching a segment from
disk requires that one or more segments be pushied out of
core to muhe room for it. These pushed sczments may
not be adjucent, so the system shifts the segiments 1n core
until all holes obtained by pushing segments are ad-
Jacent and can be merged. The new sezment can then be
transferred into core.

It has proved convenient to provide four distinct ad-
dressing modes for segments (sec Fig. 13).

1) Intrasczment addresses provide a method for pro-

gram scgments to reference themsclves

2) Absolutc addresses allow sezments to reference the
system. -

3) Virtual addresses are the generabized intersegment
linkages.

4) Direct addresses are w speciabized form of interseg-
ment linkage.
Lct us discuss these addressing modes in turn.

Addressing Modes: The mtrasegment uddress s the

KAENLL MINICOMPUTERS—-A PROJILE

normal tvpe of intraprogram reference—u reference to
data assemipled into 4 progrdam or a transfer of control

- within the programi. The problem arising from the use of
segments 15 address relocation— the addresses must be
correct wherever the segment happens to be located
within core at the ume 1t is executed. Relocatior diffi-

- cultics have been avoided by using the index register as
a base register. The index register is loaded with the ad-
dress of the currently executing segment. Thus. all mem-
ory-reference instructions and indirect addresses which
point within the segment are assembled using the relative
address within the scgment and have the index bit set.
Notice that this scheme works since indirect uddresses
contain the index bit which are automatically set by the
assembler.

The fact that & memory-reference instruction has a 9-
bit uddress ficld makes 1t consenient to limit program
segments to 512 words, which is quite a reasondoie hmit
considering the small size of core memory. However,
larger segments may be written by making appropriate
use of indirect addresses. .

The absolute uddress points to a fixed core location in
sector O which is part of the areu of the monitor system.
To reach sector O, the index bit is simply set to zero. Ab-
solute addresses are used to idenufy frequently referenced
information. This use will be discussed below.

Virtual addresses provide intersegment linkage. They
are interpreted by software routines and consist of two
words. For example, assume that segment A contains a
subrouunc call to segment B. At assembly time the call
statement is converted into a subroutine transier to a svs-
tem CakL program, followed by a two-word virtual ad-
dress, The first word of the virtual address is the igentifier
(ID) of segment B. The second word contains the réelative
address (RA) within the referenced segment and the LL
ficld (seven bits wide). The LL ficld is a “loose Link™” which
speeds up the process of locating the referenced segment;
its function will be expluained below. The ID contains
the address where the segment is stored on disk (13 bits;
20X 16=500k) and the segment size (three bits, designat-
ing one of eight possible sizes).

The direct address1sa more privileged addressing mode.
It also acts as un ntersegment link, but it is simply an
absolute poinier to a4 segment. Hence, it must be updated
cach time the referenced segment is removed. This re-
quires that the referenced segment be held in core as long
a5 any direat address points to it. This address mode is
desirable becuuse it s much faster than virtual addresses
(software interpretation), even though it is substantially
more difiicult to set up and take down (greater system
overhead). Itis, therefore, used for linkages to data which
are referred to frequently.

Direct addresses are exphiaitly set up by the prog-am.
By commuand within the program, a specified virtua) ad-
dress s anterpreted to produce a direct address that is
stored 1 g specified location in the thread block. Simul-
tancously, the ducct address count of the referenced seg-
ment s augzmented by one. This direct address count is
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gred in the descriptor table which s physically located
atthe top of every segment (see Fig. 14). The program
a then refer indirectly to the virtual address location
wthe address stored in the known location mn the dheead
ole. Whenever an enisting direct addiess 15 femosed,
e direct address count in the deseaptor table of the
wNient containing the «duress is decreased by one. Thus,
Hicnever the drrect address count s zero, there is no
gerence to that sezment by direet address and therefore
athrnge that would require the segment to remain 1n core.
The Memory Management Rouwtines of the Momtor
Sstem: The scoments that currently reside in core are
dted in the segment table of the monitor system (see Fig.
£). When a virtual address reference 1s made, a system
outine scarches this segment table to determine whether
ae particuiur scement (idenufied by its 1D) iy in core,
“his routine begins s search at the location pointed to
& the LL ficld of the virtual address block. If the actual
atry is different {rom that pointed to by the LL ficld,
fen the LL field is updated with the new location. The
«rtual address (consisting of 1D and RA) 1s converted to
die proper core location by adding the relatine address
RA) to the base address found in the segment table. If
ontrol is to be transferred to this new segment, the base
rgister is Joaded with the base address, and control is
Tansferred to the relative address within the segment. If
Btie LL ficld points to the correct entry in the segment
zible. then the conversion from virtual address to phys-
kal core address is relatively rapid (in the order to 20 us).
1f the corresponding 1D of the desired segment canriot
& found in the segmient table, then the segment is not in
core and must be fetched from disk, Remember that the
1D s seementdentifier and also contans the mforma-
uon required to feteh o seament from disk (Jlocation and
size). This greathy fuaihitates the fetching operauon. Upon
moving the required seement o core, the proper seg-
ment table entry 1s made i a4 vacant table locauon.

When core is filled with segments and a new segment
is required. one or more of the in-core segments must be
pushed (written onto disk or discarded) to make room for
the new scgment. The algorithm for choosing the seg-
ments 10 be pushed out of core i1s simple and uses the
descriptor tables. A sequential scan of the descriptor
tables produces push candidates. The scan begins where
the last push scan ended and ends when successful pushes
have vielded the desired amount of space. A candidate s
pushed it and only af the direct address and interrupt ad-
dress counts of the descriptor table are both zero. The
leading bit of the segment-type entry tells whether the
s oment must be written on disk when it is pushed or can
be simply discarded.

When cnough segments have been pushed out of core
10 muahe the desired amount of space, the holes left by the
pushed out segments are gathered at the wop of core. This
is accomphished by moving all the seaments above the
holes down over the holes. Moving the scgments in core
requires that all direct addresses be changed to reflect the
core shift. These include the segment addresses in the
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Fig 14, Additional tobles used by the monitor

system for implementing @ virtual memory ond
multiprogromming The descriptor
table contains such items as the segment type, seg-

environment,

ment size, direct address count, and interrupt od-
dress count.

segment table, the users’ call pushdown lists, the direct
addresses 1n the thread table, und various pointers to
system subroutines which arz relocatable. Since this is a
long list and shifung the segments down is a long task
(about 50 mis), an attempt 1s made to free a large block of
space instead of just the amount requested. This makes
the next few space requests casier to fill since a segment
push and core shift are not required.

When o call to o subroutine is made, the return direct
address of the calling sexment and the direct address 1o
the called segments are pushed on a list contned in the
thread table, and the direct address count for the called
scgment 15 ineremiented The direct address of the called
scgiment 1s pushed to store the base address of that sez-
ment. This base address may be needed 1 combination
with the return address of that sezment should this seg-
ment execute a call 10 still another segment. Upon execu-
tion of a return. these direct addresses are retrneved from
the hst 10 find the return address from which point
processing s 1o resume, and the count 1s decremented.
Hence, all segments on user pushdown lists are loched -
INLo core. as are ali segments pomted to oy direct ad-
dresses established by the user | O interrupt handlers are
also allowed 10 be segments. when i use, they are locked
mnto core by incremenuny the mterrupt address count.
This techngque for heeping track of the return path of a
series of subroatine calls intnusically permus the use of
recntrant subre utings. '

AL assembly time, programs refer to external segnent
locations by i me. During load ume, a name versus 1D
table 1s first coastructed (during the {irst loag pass); this
table is then used to mmsert the vintuel address nto the
scgments (durig the second load pass) and to construct
the proper descriptor table entry.
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Rouumes for Mulnprogrmlmnmg.‘ Processor control
15 automatically allocated to various users in & multi-
programming environment In general, time can be al-
located cither by roadblocks or by interrupting events
such as & umer. When allocating time by roadbiocks, a
user 18 processed untid he needs I, O, such as a message

from a teletype. or an out-of-core sepment from disk,

Then he is roadblocked until I, O completion, and the
monitor sequentially scans the list of inactive users until
it finds one ready for further processing Thus. service
is granted on 4 round-robin basis, not according to some
priornity scheme.

The heart of the multiprogramming routines in general
is a thread table (Fig. 14) which is continuously present
mn core. It contains an entry for gach of the possible
threads. Thus, a user is defined by his thread table entry.
This forins the busis for the processor allocation described
above. '

Part of the thread table is moved into a predesignated
arca in core sector zero whenever a thread becomes ac-
tive. The “thread save™ block contains all the data and
pointers required by system and user to implement pure
procedure progrums. Before a thread save block 1s moved
into core sector zero, the save block n core sector zero is
restored to the previous thread save block. This data
movement constitutes most of the overhcad involved in
changing threads (in the illustrative example it takes about
one ms). However, most of the roadblocks that occur
when a thread is using hard-core system programs re-
quire only four of the data cefls in the thread table entry

-to be in core sector zero. Thus, moving the threud table

by parts can reduce the thread changing time by a factor
of 20.

A thread can roadblock for several reasons. If the
thread requests input or output, a roadblock occurs and
the 1O proceeds under interrupt control. When the
1/0 15 complete, the thread is no longer roudblocked. A
thread can also address a sczment which 1s not 1n core,
which causes a roadblock until the scement is brought 1n
from disk. If a thread is suill roadblocked (1.0 not com-
pleted yet) when its turn comes around again, it will be
skipped. Thus a thread is given control only when its
roadblock 1s removed and 1ts turn comes around.

The desirability of moving the thread table by parts
into core sector zero is shown by the following example.
When an out-of-core sczment ts addressed. a thread could
be roadblocked three or four times for things hike reading
the disk ID table, making space for the segment, and
finally transferning the segmient into core. Only after the
segment is in core and the address 1s about to be com-
puted 15 the complete thread save block required to be in
sector zcro.

There are several other interesting roadblocks which
can occur. For example, a low-usage program mayv be
more compact and stmipler it 1t 1s not pure procedure (re-
quired by multiprogrumaung). This s alfowed by using a
GATE statement at the start ol the program The gate al-
lows only one thread to be an the program. Any other
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threads that triecd to enter would be roadblocked until
the first thread opened the gate on 1ts way out.

When the system 1s otherwise idle it scans the thread
tables for a thread that is not blocked (roadblock bit=0).
When such a thread is found, its four temporary data cells
are transferred to core sector zero, and the thread is re-
started at the address specified by the thread table entry,
This restart address is always within the hard-core system;
before control 1s pussed to an outside progrum scgment,
the thread save block is 'moved into core sector zero.

Routines for 1'0: Tt is customary to perform all in-
put/output operations under the interrupt system with the
aid of the I O table. This table contains an entry for every
['0 device attached to the computer, specifiying the in-
terrupt handler address for the device, the buffer ad-
dress, the buffer size, the buffer cursor (current charac-
ter pointer), escape character, the iniual character, and
the link to the thread using the 1O device.

When input or output are desired, the appropriate
program is called with the buffer segment and the escape
character supplied as arguments, The called I O program
then fills in the I O tuble entry, primes the I:O device,
and roadblocks the thread. When an interrupt occurs,
the system gives control to the location specified by the
terrupt handler address in the I'O table entry for the
interrupting device.

On interrupt, a character is transferred between the
I. O device and the bufTer specified in the I;O table, using
the buffer address and the current character pointer.
When an escape character match or full buffer are en-.
countered, the thread table pointer in the I/O table entry
enables the program to clear the roadblock, and the 1/0
function is complete. :

To accommodate a large number of different 1/0 de-
vices, with only a few of them active at one time. interrupt
handlers are allowed to be program segments. When an
[/0 device becomes active its interrupt handler scgment
15 Tetched and locked anto core for the duration of s
activity. .

The key 1'O routine for the system is the disk handler.
Disk I, O is controlled by the disk I/O queuc which con-
tains a maximum of twenty entries, one for each disk [/G
request. Each entry contains mformation such as the
disk address, the core address, and the thread table
pointer. A disk transier is initiated by finding an empiv
qucue entry and inserting the address of the appropnatz
disk transfer program and s arguments. The requesting
thread is then roadblocked.

The disk IO handler is un sutonomous process which
zoes on in the background of thread processing. When 2
disk IO task 1s finished, the current disk rotutional pos:-
tion is read and the disk addresses on the disk I/0 queue
are scanned to pick the I O operation that can be per-
formed most immediately (re., the tusk with the least
lutericy). Control is then given to the chosen entry’s disk
transfer prograni, which sets up the disk IO, Upon com-
pletion of the task, the thread is unbloched using the
thread table entry address in the queue eatry.
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V. Application Areas of Minicomputers

The Merits of Minicomputer Applications

The explosive growth of the minicomiputer market is a
result of employing minicomputers 1n a new set of ap-

plications that were previously unexploited by the larger

computer manufacturers.

In the past the larger computer companics first focused
most of their attention on commercial uses for data
processing. These companies pioncered the application
of computers in finance, manufacturing, and marketing,
More recently, they have made the computer encroach
progressively into the engineering design process. Ini-
tially, the computer was merely put to the task of analyt-
ical computing, taking advantage of its most obvious
capubility; then 1t was more initimately linked into the
total engineering design cycle with the introduction of
improved man-machine communication techniques such
as graphic input devices and problem-oriented languages.

Sull, the larger computer manufacturers, while they
have great computer eaperitise, have in gencral had
neither the knowledge nor inclination to automate real-
time processes such as the control of chemical plants, the
control and acquisition of data from scienufic esperi-
ments, and the automation of test processes. These ap-
plications, for the most part, have been served by com-
panics who have an understanding of the process. It is
this tvpe of organization that has pioncered the bulk of
the mimcomputer applications, predonunantly in the
arca of real-time apphications.

There are five compelling motivations for using a
programmuble minicomputer instead of specialized hard-
wired logic (sce Fig. 15).

One of these motvations is the possibility of develop-
ing the hurdware poartion of the application system con-
currently with the software portion through a clearly
definable interface, 1e., instruction repertoire and tuming
disgrams. This can significantly accelerate the develop-
mcent of the system. Often written for a computer data
installation 1s a simulation program that pernuts eaien-
sive debugging and system testing long before the hard-
ware system is operattonal. This capability 1s a highly
cffective development aid, since the software system
usually contans the detasls of the application which are
always subject 1o substantial changes during the system

Y

Fig. 16.
dato-processing tasks as o function of the computer system size

lliustrative cost per computation for simple and complex

{expressed in terms of rental cost).

definition stages. Such a simulation program also permits
the writing of diagnostic programs that can be used for
the efficient debugging of the hardware system.

As a result of this hmited yet crucial interdependence
between the hardware and the software portions of a
system, the system offers a high potential for growth, and
associated with this, a much longer uscful life. Experience
has shown that most real-time applications are dynamic
in their capabilities. Each successful application reveals
other associated applications that are cconomically, tech-
nically, or administratively desirable.. Programmable
systems provide the flenibility to economically accom-’
modate these ever-changing system requirements. |

Despite their flexibility, contemporary programmable
systems often even represent the lowest cost implementa-
tion. This is probably the most important maotivation of
all for using minicomputers. The possibility of sharing
resources with a progranumied system (as was discussed
i Section 1V) and the use of general-purpose integrated
components made in large quantities (as discussed in
Section ) are the two main reasons for this cost ad-
vantage.

The Economics of Minicomputer Applications

The relationship of the cconomy of size in computer
systems has been widely discussed {11}, [12]. It is gen-
crally agreed that the cost effectiveness increases with the
size of the computers (sec the trends depicted in Fig. 16).
What is nteresting 10 note are the points of diminishing
and ncreasing returns For complex programs, such as
accounting, it has been shown that a ninnuum configura-
tion is needed to reach a region where the cconomy af
size is sigmficant. However, 1t can be arpued that for
simple programs, such as that for comimunication which
uscs an clementary nstruction set and few peripheral
devices, a pont of diminishing return clearly hmits the
realizable economy of size. For these applications it ap-
pedrs that minicomputers clearly offer the most econom-
ical solutions, since they lic below the pont of diminish-
ing return,

ILEE TRANSACTIONS ON AUDIO AND LLECTROACOUSTICS DCCLMBER 19N

~ A



Jemere e et A dr emoRY

e

~ e

- !
o \ l
E 5
< > A
3= b &7
WX QD
[ ] vep o | & # '
& TP T NT Y .
=3 o P, uztasy
o a '
-~ .
g ﬂ‘- i
o £OV H .
Wt i
' . T .
100% 50% 100°%

SIMPLE PROGRAMS COMPLEX PRIGRAMS

Fig. 17. llustrative cost per computation as a function of
the complexity-mix of the data-processing tosks, shown for
different size computer systems.

What are the conscquences of these cconomy-of-size
trends in a data processing environment? Let us consider
a hypothetical example (refer to Fig. 17).

Assume that a “low-rent” computer 15 operating with
a program mix of which 20 percent are simple programs.
Assume next that the program load doubles, requiring
cither two “low-rent” computers or one “intcrmediate-
rent” machine. If the program mix ratio remains the
same, then it is more economical to trade up to the larger
computer. However, if the program mix increases in
simple.programs (¢.g., 50 percent), then it is clearly pref-
erable to add a sccond “‘low-rent’” computer. In fact, it
may be even morc economical to repluce one of these
computers with a minicomputer and the other by a
slightly more powerful machine specifically designed to
process complex progrums only. Most minicomputers
handling the communication tasks of large data process-
ing installations (i.e., front-end communication pro-
cessors) are doing just that.

Typical Minicomputer Applications [13], [14]

It is useful, for discussion purposes, to group the mini-
computer apphications into the following categories: com-
munication, control, laboratory, and data processing. In
all of these applications the nunicomputer operates in an
environment where real-time responses are important.
This is evident in the application of minicomputers to
operating departments where these systems are already
used to transact routine business {e.g., invcntdry control
or credit verification).

Generically speaking, all minicomputer systems com-
prisc a combination of the following clements (see Fig.
18): 1) onc or 4 multiphicity of nunicomputers that pro-
vide the central system control, 2) input/output devices
thut furmish an eflective man-machine commumication
facility for such uses as operator control, 3) bulk storage,
such as disk files, to augment manlranic Memory so as
to permit the ccononncal mmplementation of cflective
system-operating and application software, 4) com-
munication cquipment for gaining automated access to
other computer systems for such purposes as augmenting
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Fig 18. Components of the most general minicomputer system

configuration. The components include o minicomputer, I/O de-
vices for man—machine communication, 1/Q devices for control
applicotions [sensors and controllers), bulk storage devices, ond
devices for communicating with other computers.

the computc and storage capabilities of the minicomputer
system, and 5) instrumentation that couples the system
to other systems such as a manufacturing plant. Con-
sideration of a few specific examples within the applica-
tions areas listed before will illustrate the use of these ele-
nients.

Data Communications Applications: The cost of sraall
computers 1s decreasing faster than the cost of data com-
munication factlities. Notwithstanding this, the utility of
centralized duata bases and eatensive program libraries
available only with large computer systems offscts the
added communication line charges of using large remote-
access computer systems instead of using smuall, locally
installed systems. However, most large computers werc
designed bastcally for butch processing, and the concepi
of high-speed real-time interaction with these machines
often has been added us an afterthought. Thus, when it
is attemipted to use these machines for systems such as
airhines reservations, time sharing, and message switch-
ing, 1t is found that 1t is relatively casy to burden the
large processor with the simple tasks of handling com-
munication lines, attending to external interrupts, and
interrogating Jarge data files, thereby leaving no time for
the busic computation thut muy nced to be done and for
which these computers were specifically desizned. The
realization of this has led to the off-loading of the siniple
jobs handled by large muachines onto mimicomputers
which cun be cconomically dedicated to the high-speed
but relatively simple tasks and which provide a system
of greater cost effectiveness.,

Duta communication appheations cun be meaningfully
grouped 1nto pure telecommunication applicatons where
miicomputers operate as an ntegral part of 4 com-
munication network, and preprocessing (front-end) ap-
plicutions where nunicomputers provide a flevble inter-
face between input, output devices and a data processing
facility. In some configurations the two applications are
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intcgrated into the same minicompute- systems [15], [16].

One gelecemmunieation application is for message
switching. Ayalable telephone communication systems
using line switching facilities appear to be -cconomically
and lcchmcully ancflicient to nuecet typical communication
requirements @f dnterconncoted computer systems, The
traditional methed of routing anformation through the
common-carrigr switched netwerk establishes a dedicated
path for cach comyersation. Wath present technology, the
time for this fask ds in the order of scconds. For voice
communication, this overhcad time is negligible. But in
the case of many short transimissions, such as may occur
between computers, this time is excessive. To micet the
requirenients for burst-type communication profiles, it is
preferable to employ wideband leased hines over which
messages arg routed by computer-controlled switching
eguipment according 10 the address that cach message
carrics. Minicomputers have been effectively used for
implementing message-switehing networks of this type.

Another tclecommunigation application is for data
concentration, which js often made an integral part of
message-switching netwerks. Data concentrators sub-
divide a high-specd compiunication channcl into several
low-speed comniunication channels to realize some of the
economy of size in the tclecommunication field Minicom-
puters have been found to be an effective method for
multiplexing in time several low-speed channels onto one
high-speed channel.

Still other telecommunication apphcanons use mini-
computers for controlling switching matrices of private
branch eachanges (i.e., private switchboards), and for the
digital processing of signals for such uses as reduction of
data redundancy. In all telecommunication applications
the minicomputers are often used for such auniliary tasks
as converting codes and data rates, inserting error con-
trol information, formating and ussembling characters
and messages, performing echo check control, conducting
traflic accounting, and accumulating network stutistics.

Lct us now turn our attention to the preprocessing type
of nunicomputer applicutions. Several functions must be
provided at the remote-access computer site facility to
control data communication. They include means for
assembling bits to characters and then the characters to
messages, means for converting character codes (c.g.,
EBCDIC to ASCH), means for controlling the communica-
tion lines and the input/output devices attached to them,
and means for buffering the messages to smooth out the
processing worklodad. This is patticuladdy necessary when
the messapes arnive in a random fashion and m uctuag-
ing quantitics, as in commercial time-sharing systenis,
These fungtions are increasingly delegated to preproces-
sor mimicomputers which communicate only completed
messages to the data processing computers.

Additional functions, which benefit neither from a
complex and extensive instruction repertoire nor from the
considerable bulk storage devices available on the large
data processing computers, are often also delegated to a
minicomputer preprocessor. These functions include
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A typical minicomputer system providing a ficxibic interface He-

fig. 19.
twecen 1/O devices ond a general-purpose computer center.

editing capabilities, interactive compilauon systems, and
centralized control functions for sopiusticated input/
output devices.

The use of minicomputer preprocessors not only in-
creases the cost effectiveness «of most systems, but also
greatly facilitates interfacing equipment from different
manufacturers. Without preprocessors iic technical
problem of interfacing is usually a very difiicuit one, in
volving both hardware as well as softwure incompatibili-
ties. Today minicomputer preprocessors for all major
data processing systems (e.g., 1BM 360, Unwvac 1108,
Burroughs B-5500, and Control Data CDC-6600) are
available commercially.

A rather effective and advanced use of 4 minicomputer
configured to interface: graphical ternunals to a large
batch-processing computer 1s shown in Fig. 19. It uses a
system software system of the type described under the
section on real-time maonitor systems. The simall computer
can provide the graphical terminals with real-time process-
ing for generating, editing, and manipuiuting graphical
or texat files. The small computer passes requests along
to the large computer for large tasks und provides access
to the data base in the large computer. The.configuration
also provides remote concentration. The terminals are
connected to the system dircctly or through several Jow-
speed data sets (300 bits/second). The small computer
then is connected to the large computer through a single
higher speed data sct (2400 bits//second). This configura-
tion reduces communication costs for a group of ter-
minals located remotely from the large computation
center. Thus, the system appears as a iarge autonomous
file facihty to the mimmicomputer systems which can also be
attached to the system,

A minicomputer system of this type has been con-
structed {10]. In its present form it consists of a 16-bit _
Honeywell DDP-516 with 8k of core, and a 500k fixed
head disk. The system accommodates up o cight simul-
tancous users and allows them to -iccess program and
data scgments on disk as if they sere in core. Thus the
core memory appeers to the user to be very large. The
DDP-516 with 1ts disk connected through a high-speed
direct memory access port provides the hardware founaga-
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tion for & virtual memory system. A 201 Data-Phone” set
with automauce catling unit provides communication with

the large computer, which s a General Electric 635 op- -

crating under the GICOS 1L operating system,

Laboraitory, Applications: The autonuation of laborutory
instruments by computers 15 an caccomphshed  fact.
Whether the automation computer 1 a niinicomputer
dedicated to a specific upplicution, or a farge trime-shared
systent thut services several experimients simultancously,
depends on such factors as the rate al which data are
taken, the accuracy required, and the computational
compleatty of data reduction. It also depends on such
managerial questions as budgets, the willingness (and de-
sirability) of scientists to learn simple programming, the
mvailability of support personnel. und the rate of change

. of the laboratory environment. In either case the system

requires an effective man-machine communication inter-
face that facilitates control of the automated laboratory.

A properly automated laboratory leaves the screntist
or engincer more free time to spend on truly creative
parts of his job, i.e., reseurch and development. Such a
system can {ree people from the time-consuming chores
of collecting data. At the same time 1t can improsve the
accuracy of the data by removing human errors resulting
from the performance of repctitive operations. In addi-
tion to speeding up the acquisition of data, the data re-
duction process can be expedited and facilitated to be-
come a real-time process. Techniques of information
theory can be applied to the data in recal time to imme-
diately produce results that ure mose meaningful and
lend themselves best to interpretation. These techaiques
include filtering, spectral analysis, correlation analysis,

“signal-to-noise enhancement, and statistical estumation.

The automated laboratory can open up new exaperi-
mental dimensions. 1t makes possible experiments with
more variables, faster measurement rates, and more data,
This permuts the mvestigation of phenomena heretofore
mnaceessible by clissical mstrumentation,

There 1s o growing acceptance of dedicated minicom-
puters for controlling the mnstrumentation of laboratories.
These computers are usually more econonucal than large
time-shuring  systems winch require costly  executive
monitor systems, involve sophisticated input-output
devices, and nccessitate complex interfaces. Also, dedi-
cated municomputer systemis allow the user compleic
frecedom of action within the Linutations ol his computer.
They do not imposce the lintations of large time-sharing
systemis, such as timung pnterferences between different
cxpcrimcnl:. and programming restrictions assochted
with the executive monitor.

Most programs of dedicated systems are written in
assembly lanzuage. To enhincee the computational capa-
bilitics of these systems, there 1s a4 growing tendency to
interface them o a large tume-shanng computer which
provides computational  capabilitics from  high-level
languages, as well as large secondary data stores and
powcerful input output capabilitics. This  hicrarchical
structure of 1nterconnected computers appears to offer
mmmense potentials,

KAENEL: MINI(OM.PU'” RS —A PROFILE

The applications “of ‘minicomputers for automating
laboratory systems are many. ‘In the physical sciences
they include fucilities for rescurch in signal processing,
for speech and visual rescarch [17], for chenucal analysts
(v.g., gas chromatography), for nucltu'r;'p'h_\.\xm studies
(v.g., nuclear magnetic resonance), and for seismographic
mvestizations (e.., probing for oilsources) In the medi-
cal sciences they include facilities for the clinical labora-
tory (c.g., autoanalysers), for automated waveform
analysis (e.g., EKG and EFG), and for patient momtor-
g (¢ g., in the intensive care units). The dedicuted auto-
mated laboratory even has found 1ts way ato the arts
for such applications as musical composition and chore-
ography, und will probably cstablish its place in areas
not concenved of today.

Industrial  Applications:  Minicomputers have been
controlling production facilities for some time. In some
applications they ure used strictly as a data source that
transnuts sequences of commands to hardwired numeri-
cally controlled (N, C) machines. These machmnes perforin
such tasks as metal working, assembling (¢ g, bonding
or robot-type assembling), and mask-muking (i ¢., photo-
fithographic semiconductor device fabrication). In other
applications nunicomputers send actuating pulses di-
rectly to the servomotors attached to the machine tool.
At the same time they may perform calculations for
contouring and interpolating, and they may even control
another machine tool.

Extensine computational power may be required to
prepare the sequences of instructions for the N/C ma-
chines (e.g., for contouring N,'C machines or N/C mask-

. making machines), and large amounts of core storage

are usually required to implement higher level program-
ming languages (as for APT and XYMAsSK). It is then cus-
tomary to produce a compact instruction scquence on a
large gencral-purpose computer and submit this sequence
to u miinicomputer for post-processing. The results may
be retained in the micomputer system which then di-
reetly controls an N,’C machime; often the results are
punched out on paper tape which 1s then mounted on the
N./C machine for exccution.

Virtually all computer-controlled test fucilities employ
a numcomputer for generating the sequences of test
instructions that control the instrumentation (¢.g.,
voltage sources. current sources. pulse generators, and
voltmeters). In these applications the minicomputers also
analyze the results, which may determine the subsequent
test steps to be exccuted and automatically produce a
log of the items that have been tested.

Miniconputers are also. extensively used o regulate
the flow in continuous operations, such as the flow of
material in chemical processes and the flow of electricity
i power systems. Two approaches are used - set pomt
control and direct digital control. In set point control,
which s the traditional approach, the computer serves
only as a supervisor for the analog controllers, adjusting
the desired values for the process (1.e., the set points).
Il the nunicomputer or one of 1ts assockited peripherals
fails, the process can continue operation under manual
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control, sice the analog controllers ure present. In the
more recently mtroduced direct digital control approach,
the analog controller Tunctions are performed by the
minicomputer v sollware progrzins eaceuted by the
computer. The minicomputer drives the process actuators
directly, usmg operational amphiiers to maintun the
proper driving condition between suceessive output cal
culations for cach loop. In this approach, if the mmi-
computer o an assoadted penpheral fals, the entire
process is without controb uniess extensive bachup facil-
ities have been provided,

The required computer performance depends on the
rate of process variauon, High rates of varauon require
migher measurement sampling rates and higher rates of
contral commuands than slow rates of vanation. Also,
the direct dizital control approach places w much lurger
computational load on minicomputers than docs the
sct point approach, since the computer must simulta-
neously serve a muitiplicity of control loops. To imple-
ment this multiple control loop environment, each con-
trol loop comiprises the control programs and a status
table that contains a listing of the control parameters for
that loop. intermediate values which are carried forward
from previous control calculations, and branch codes that
indicate which of several control algorithms 1s being
applicd. However, there is an increasing trend toward
implementing the more sophisticated control systeins by
the dircet digital control approuch, thercby avoiding the
expense of complex analog hardwired controllers and
affording the fleaibility which permits the control systems
designer to adjust the control methods and parameters to
obtain a more efficient process operation at minium cost.
Contemporary direct digital control systems may have
typically from 50 to 1000 control loops.

Suill another increasingly important industrial applica-
ton of mincomputers is in the arca of matenial handling
and warchousing. For exaniple, minicomputers are now
used to control the Tull operation of a fleet of forkhits
and pickimg vehicles. Each vehiele commuanicates auto-
matically with a centralized control nunicomputer up to
saveral times a second, reporting its eaact position in the
warchouse. The ‘control computer sends the traveling
and operation communds directly to each vehicle via
completely buried cubles. The cabling both guides the
vehicles accurately und allows two-way diata communica-
tion between the control computer and each vehicle.
Such an automated system oflers several advantages;
they include faster and more accurate order processing,
higher vehicle usuge, possibility for better inventory
control, and improved space utilization.

Sunilar material movement systems eaist using stacker
crancs and ral-based carrier vehicles. Each carrier is
marked so that a control computer can actin ate the proper
switches for cach carrier. .

The use of minicomputers in industrial applications
promises to facihtate the administration of industrial
activities by automatically supplying tumely and accurate
production and inventory data to administrative systems
(re.,, mangement information systems). These systens

can be programmed to snitiate rouiine acitnlics auto-
matically and single out sigmificant or exceptional data
on which miunagement must act,

Admmitratice Applications: The administrative appli-
cations, as understood here, nclude computer-based
systens for production management (¢.g., activity sched-
uling, acunaty reporting, order processing, inventory
control, and material management), personnel manayg-
ment (c.g.. payroll, status reports, vacation and sick
leave, personnel ventory, labor distribution, turnover
statistics, schedule of hours report, and audit reports),
fiscal management (c.g., invoicing accounts receivables,
general ledger accounting, nonoperating expenses, operat-
ing expenses, and budget control), and staustical analysis
(e.g.. sales analysis, sules forecasts, production planning
and simulation). Using mimicomputers for these apphica-
tions has been only a recent development, lurgely for two
reasons: 1) the numcomputer munufacturers are just
beginning to comnut resources to the provision of train-
ing, product servicing, and software support as required
by small commercial data processing installation, and
2) low-cost peripheral equipment for business appiica-
tions that make minicomputer business systems cconomi-
cally attractive are only now becoming avalable. In most
business applications the price,/performance ratio of the
penipherals, the software provided, and the 1,0 speeds of
the central processor are far more important than the

" computation featurcs of the central processing unit.

The cinef advantages m the use of minicomputer sys-
tems for adminstratine applications are their low cost
and rapid response uime, provided the systcms come
cquipped with the applications programs that completely
meet the user’s needs. Many organizations that could not
Justify a lurge data processing center find that they can
casily afford a minicomputer 1nstallation that comes as a
turn-hey packiage where the program developinient cost s
amortized over many customers, Such a dedicated muni-
compuier system located direetly m a user depaitiment
ustilly can then be made niuch more responsive to that
depaitment’s needs than a cenirally operated computer
center run i the batch mode ever could. Time-shared
systems will eventually be capable of providing the kind
of responsive service obtunable with dedicated mini-
computers. However, the use of ninicomputers promises
to fucilitate the evolution to large, integrated computer
networks. This 1s bused on two opposing applications
that have recently emerged.

There is an increasing trend toward centralizing data
processing in large and sophisticated computer centers
that are staffed and operated quite autonomously by
exceedingly capable specialists, These centers strive to
increase their processing efficieney by muaking best use of
the most modern equipment available and by developing
highly sophisticated progrinmm systems. Eventually, the
nunicomputer centers will probably want to tap the sophis-
ticated resources available only at these large computer
centers and to muake inereasing use of them. They wi.li
gain access to these resources by highly cfficient data
communication networks designed to et the specific
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necds of comiputer-to-computer communication. Thus,
niinicomputer systems car be viewed s rather autono-
mous system clements of large scale computer networks
which pernut the evolutionary installation of complex
conmputer systems,

In the process of attaching mimcomputer systems to
large computer centers, the actual data processing load
of the minicomputer system will probably decreuse. Sull,
it will probably be advuntageous to muintuin some files
locally so as to not swamp the centril computer with
excessive details, which could make the composite file
unmanageable, and hinut the data flow between computers.
Thus, nunicomputer systems will probably assume 1n-
creasing importance in the area of data communication
and data base management, and gradually lose some
importance in the arca of actual data processing.

Despite the gradual loss of the functional importance
of minicomputer centers, their use pronuses to make the
realization of complex management information systems
practical. The reason is that the use of minicomputer
centers permits breaking the total data processing job
into manageable proportions. It permuts the development
of a modular information system where the tcraction

.between modules can be minmmized and where each

module can be made to pay for itself before the next
module is added. One bencfit of this modularity is the
possibility of using individual applications long before
they have been perfected and completely integrated into
the total system, thus facilitating a think-do-think-do
cycle which enhances the controlability of a project.
Another bencefit is a reduction of the total capital invest-
ment required to achieve a flexible information systen,
since individual upplications can be made to puy for them-
selves as soon as they are operational. Sull another benefit
is a reduction in the probability of fuilure of the system
development, since the individual modules can be carefully
tested and individually debugged.

Other Applications: A rapidly, increasing number of
dedicated systems for a variety of other apphcations
where nunicomputers play an integral part are now being
developed.

For example, minicomputers are used to control key-
tape and keydisk systems in the preparation of data-
processing data through keyboard entry devices. Instead
of punching the data on curds on these systems, the data
are dircctly asscmibled on maginctic tapes or disks from
which point tlicy are then transferred to the data-proces-
ing system. Minicomputers are usually used to control
several keyboards in combination with one bulk storage
device.

They are also part of large data-processing systems
where they increase the throughput for-such functions as
computation of the fust Fourier trunsform and data
sorting.

Furthermore, minicomputers are being applied to
typesctting tasks where they control the justification and
hyphenation of tent, and the preparation of input media
for typesctting machimes such as photocomposition
equipment,

KAFNEL MINICOMPUTERS—A PROTILE

Vi. Epilog

Minicomiputers are here to stay, They represent a new
and powcrful building block in their own right and will
find increasing use. In fact, this trend will be aceclerated
because of the continuing decrease m‘ the cost of mini-
computers us a result of progress in scmlumduotor and
memory technology fields,

Eventually, many minicomputers which are now exter-
nal units will become an integral portion of the system,
actually built right into many of the individual devices.
And because of the increasingly higher efficiency of the
central processing unit, many of these minicomputers will
be operated in a multiprogramming mode to make the
best use of the peripheral devices attached to them,

Minicomputers will also have a profound effect on the
component technology. They pernut the defimition of
functional blocks of increasing complexity without mak-
ing these blocks narrowly specialized, and thus unlikely
to reach large production levels where the startup costs
become insignificant. Minicomputers, because they are
usually sold in larger quantities, gencrally offer more inte-
grated electronics part numbers than do the conventional
large coniputers. This helps rcalize the economics of
integrated electronics even more, even for nonnieniory
components. This will result in minicomputer structures
that are even lower 1n cost. Onc day an entire processor
will be fubricated on one chip at a cost of perhaps $10-520.
With from 1000 to 5000 MOS devices per chip, this 15
completely within the realm of possibility today. Com-
bining this processor with a ROM with less than 50-ns
access time will make the resulting minicomputer also
substantially faster than present models.

Thus, minicomputers are becoming the embodiment
“of tomorrow’s functional devices. In fuct; people will
esentually wonder how they ever did without them. To
make this happen 1s one of the great challenges of the
1970°s.
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A TECHNIQUE
FOR SELECTING
SMALL

by Robin T. Ollivier

t«.

Computer salesmen have multiplied nea'.rl_v as
fast as the machimes thev sell The systems en-
gineer selecting a @ant number cruncher prob-
3 -3 ablv doesn’t recall anv selection problems—he
ncver drew a sober breath. On the other hand, I've been
installing minicomputers The salesman takes me to the
automat—I have to contend with dyspepsia, as well as
headaches from reading fine print.

The 'marketing principle imphed m this httle story dem-
onstrates the necessity of having a quick, analytical method
for comparmg small computers. It has to be quick. One
can't spend $20,000 worth of engineering time to buy a
$10,000 computer It has to be effective. Different apphica-
tions demand different approaches. As a matter of fact,
each of the more than 30 ¢pu manufuctuiers thinks his
urnquely designed product is the best for most tashs,!

B ae a3

terms and conditions

A selection techmique s proposed in thas paper that has
proved both (uuck and eftective. The assumptions on which
this techmque s based are histed below:
1. Qualified vendors will make competitive proposals.
2. Vendor proposals are tactual.
3. The system designer has analyzed the problem to be
solved.
4. Exaluatars are capable of relating computer characteris-
tics to a detarded task desenption,

The procedure mav be summed up m the following
definttions:
Basis. Cpu selection will be based on peiformance and on
effective cost,
Performance,

Peiformance (P) s defined to bhe the

1. For a current survey of processory sce one of the foliowing-
D.J Theis and LC Hobbs, “"Mini Computers for Reol-Time Applica-
tions,” Datamation, v 15, no 3, 1969
R. Ollivier, ""Revolt Within the Rack” EDN, v. 14, 1969,
J. Cohen, “Minicomputer,” hAgc_der:\“Do!o, v 2, no 8, 1969.

Repnnted with pernussion from Damman‘on®, vol. 16, pp. 141-145,Jan. 1970. Copyngnt 1970, Technical Publishung Co., Bartington, IlL ]
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sifting the minis

COMPUTERS

weighted sum of equipment and vendor capability.

Effcctive cost. Effective cost (S) consists of quoted price
plus the software and engineering costs of implementing a
given computer.

Equipment capability. The weighted sum of discrete com-
puter characteristics. Each characteristic 1s evaluated on a 0-
4 point basis.

Vendor ability. The weighted sum of discrete vendor per-
formance factors, each rated on a 0-4 point basis,

Quoted price. The number of dollars the buyer’sees on the
contract,

Software costs The number of dollars worth of program-
ming service required for this task plus hardware add-ons or
deletions to the cuuoted eqrupment requiied by software.
Engineering costs. The number of dollas worth of engincer-
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i seevices such as devign, fabncation, and documentation
plus hatdwaie widd-ons ur deletions 10 the quoted equip-
ment,

Waghted sum. The reltive wnportance of one factor to
another is determined by assigning cach factor a muhtipher.
The seme for o given factor s multiphed by ity weight and
then added to the seoes of other factors.

Fuctor, A diserete, measurable characteristic of some impor-
tance to the task at hand.

the method

Computer procurement {of machine, not by madhime)
procecds i fomn distinet stages:

Design, The task s analvzed and one solution (fiom
among many) is chosen. An envelope of consthamts s
defined, Minimum spees and masmum dollais we estab-
Ished for the computer, Tnital badwaie software tade-
ofls are made. A st of qualified vendma s developed.

Solicatation. A problem deseniption, minmmum specs, and
appronmate joh-scope mfarmation is supphied to vendors.
Proposals e requested. Two to four wechs should be
alloned for preparation. {Shorter times restiict competi-
tion: longer periads suggest larger systems and more exten-
sive selection procedures.} Prior to recept of proposals, the
evaluators must complete the hst of evaluation criteria and
assign weights to factors. System design should be reviewed
and refined during this period.  *

Evaluation. Scoring of proposals proceeds quickly. Im-
partiahty is guaranteed by the objective requuements of the
weighted factors. .

Greater care must be taken in developing effective costs,
Sottwaie hemel routines for kev processes must be fiow-
charted or otherwise designed to provide a basis for estimat-
ang 1 o timmng, memory requurements, and manpower re-
sources. Longincening and fabrication costs may be laghly
vendor dependent. The task should be bioken down to the
cost of cachi logigeal function o identifable module.

The evaluation procedure succeeds in ranking proposed
equipments acedmg to their performance and cost. This
data mav be presented nv two aedered hsts or plotted as cost
vs. perforance. Thas completes the objective evaluation of
competitiy e eqanpments

Negonution Competing proposals have been anahy zed
and Lanh evalnated, The analy tieal data Toims the basis for
final selection. The thought processes that effect this dear-
s106 are subjectn e m natue, Only some of the more obvious
considerations will be reviewed here. '

Guideimes may have heen established in the solicitation
phase for a maximum effective cost and nunmmum peifor-
mance score. Using these guidelines one nmight choose any
of the following.

I. The best petformer whose eflective cost is less than the
manimun.
2 The lowest cost equipment whose pesfoimance exceeds
the nununum standard,
3 The cqmpment that satisfies cost and performance stan-
dards and has the nghest performance/cost ratio.

L}
a sample recipe

The method has been brieflv sketehed in precedmg para-
graphs Tt s mtended that ths techimgue can be apphed
almost directhy fiom the cookbook. An example of mmi-
computer selection s @miven n this section as a means of
fuither defimng the techisque,

Task Difiminon. The dynamics of an object falling
through a tube will be studied by analyzing time and
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pressure infoimation, The data s generated by eight pres-
sute ports Jocated along the tube and as any as 16
presence sensars Enough data wall be taken to adequately
define the presswe vs, ame plot Event-tuning resolution to
5 usee worequued. Placement of the pressurc sensons, sam-
pling stiategy. number and 1elation of tmunyg events, and
eatent of postespariment anabysis was {aud 18) sall under
discosaen The manimum number of samples for any tun
should be m the tange of 1000 10 2000.

‘dota acquisition

Thie descnption by the saentist resulied e the data
acquintion system speatfication shown o ing 10 A pro-
wammed dizital computer provides on-site contiol and
calibration functions. Run data s buffered m coie memoy.
Those runs 1equirmg more aralvsis than that provided at
the site are tansfened seanally by phone liwe o a data
center computer. System design was undeitaken. The ap-

1. Digital Inputs
16 Cheanels
Puise width 1 usec. minimum
Provision for electrical signal conditioning

2. Digital Outputs {number of bits in parentheses)

Enable /disable acquisition (1)

Start/stop A/D scan (1)

Set end scan channel (3)

Select sampling rate (3-7)

Select timer rate (4-9) °
Set submultipiex channel (3}

3. Anclog Inputs

7 primary scan chonnels

8 submultiplex channels

Scan rate to 5Q KHZ maximum
Input impedance > 10 megohms
Input voltage = 10 v full scale
Conversion to 10-bit digital

All channels single ended

4. Timing Meaosurements

Clock increments 8-16-bit register
Interrupt on overflow
Parallel read on commond

Fig. 1 Data acquisition specification.

proach was to develop a multi-application data louger with
hanted processing and displny capabibities: The computer
wits requied to provide for mdependent calibiation 1uns
and to pernt rapid modchfication of sampling strateges.
Analog multiplexing schemes were heved to the occunence
of digital events, Int rates, osder of channels. Number of
chamels, tme offsels, ete are selected by the expeiimenter
These options are selected by English language commands
fiom a teletypewniter. This method of contiol provides 4
hard-copy 1econd of each run.

weighting the factors

Fa ahuation cntena for the computer were developed and
werghted, The same was done for manufactunag aspects of
the procurement, The results are shown e ies 2 and 3.
Nute that speaifications we firmhy ticd to objective quian-
tities.

Smee we mtended to build a angle ssvatem—or at mosi
two—we felt that the quality of the venaor was relaun ch
mpotant. We thereiore assigned an over-ail weighi of two
to the computer and one to the manufactuning cntena. Put
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another way, the sum of the compute weights was twice as
L e as vendor werghts No attempt was made to get “neat”
numbers for the som of weights, only to see that the tactors
be teasonably 1elated to each other. An agreeable way to

start s by assignung a weight of one to the least important
factor and proceediug comparativelv up an intuitively
hnown ladder of sigmhcance. Computeischaactenstics
were weighted fist Then half the total'of the computer

.FACTOR WEIGHT SCORING BASES
YWord Size 10 4: 16 bits or more; 2: 12 bits
0: 8 bits or less
Cycle time 6 4: 1 usec, 3-1: 1-2 usec
0: 2 usec L.
Instruction set ) 4,3: Extensive; 2, Adequate; 1-0. Primitive
Arithmetic 4: Hardware mulnply/divide; double
precision and floating point options; .
good precision -
3-1: Adequate capability; hardware mul/
div or fast subroutines
0: Very hintle arithmetic capability
Addressing 4 4-0: Score one for each of the following:
indirect, relative, indexed, direct to
greater than 4096, or by oddressing
Programmable registers 4: Many; 3-1: More than one, O: One
Interrupts - 4: 3 or more priority, no identfication
necessary, 3-1. Adequate for 3 devices
: 0: None quoted
Input/Output 8 4: 2 or more automatic chonnels at rates to
° ) . 1.3 megobits/sec, 3-1: At least one
1.0 megobits/sec with good accumulator
I/Q; 0: Marginal 1/O capability
Physical size 1 4-0: Subtract one point for each 5 inches
over 11 inches
Console 3 4-0: Sense switches, displays, debugging cids
Fig. 2 Computer criteria.
FACTOR WEIGHT SCORING BASES
Delivery time ‘ 7 4,3 Less than 45 days ARO, 2,1: 45-75 days ARO
0. Over 75 days ARO
Past performance - 4 4-2: }\any reports of on-time delivery ond
good service
1-0. Known for late delivery, poor service
Maintenance 3 4-2 24-hour turnaround on ¢pu, on-call
maintenance, 2-0 No experience, remote
or difficult corporate interface
Location : 2 4. Southern California
2 Within 500 mdes
0: Distant
Alternative sites 1 4. Same computer installed at JPL
3-1: Locally available
0: No Alternative site
Number installed 4 4: Over 100; 3-1. 10-100 instolled
0: Less than 10 in field
Documentation & training . 5 4: Excellent hardware oAd software manuals,
or training provided
) 3-1- Adequate interface and programming monuals
O: Little or no documentation
Fig. 3 Manufacturer critenia, .
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SELECTING SMALL COMPUTERS...

weights were distributed amoenyg the vendor charactenstics.
Factors are alo rated as to therr sgmbcance o the
project The follow g statements llustiate what T mean.
1. Most factors e sigmficant to the project and must be
stored whether or wot the sendor supplies adequate
mformuation to do <o in ins proposal.
2, Some factors are penpheral in nature and need not Le
scored (changing the basin). or may be ginen a nomimal

score if msufficient data exists.

3. A few factms have astical himits, A zero seore on am
one of these factors would result i disquahlication of

that proposal.

In this example. three factors—intenupts, 1o capability,
and tinely delivery —had ceritical linnts. A score of zero on

debveny chmmated two maches, and redefined the inoded
number of a thnd.

A rvendor list of cight was prepaed and proposals so-
hetedd, In due comse the mvaluation was completed The
results e samimanzed m s 40350 and G The eaphemism
of vumbered rather than samed computers was used to
apare the editors, However, the discerning eve may dishine
aund the “made " Orange County, Framugham, o1 May -

nind featines.,

For thas particular task, chaacterized by few, buat high
rate. data somees, some mteresting observations 1esolt

1. Eight-hit machies were disappoimtme. 3 o chaacter-

res were not adequate on were relatn e expensine,

2 An SK memory wasiequned tor ail machmes wath less

FACTOR/CFU A B C D E F G H :
Computer
Werd 40 20 0 0 40 40 (o} 40
Cycle time é 12 18 -] 12 12 0 24
Instruction 15 0 10 10 15 15 15 15
Arithmetic 4 2 0 2 4 4 0 4
Addressing 12 8 16 16 8 12 4 i6
Registers 12 0 24 18 18 12 0 18 |
Interrupts 28 7 21 7 21 .14 28 28
Input/output 32 24 8 16 24 24 8 8
Physicol size 4 4 4 4 4 3 4 2 ;
Console 6 b 9 6 9 6 6 9 \
Subtotal 159 83 110 85 155 142 65 144 .
Yendor '
Delivery time 14 2 28 28 28 0 28 21 '
Post performance 12 12 8* 8* 16 4 g* g*
Mointenance 9 6 3 12 ? ) 9 ?
Lozation 4 0 8 8 8 0 8 8
Alternative 2 4 2 2 2 4 2 2
Number installed 12 16 4 16 16 8 4 8
Treining .2 _ 15 5 10 15 5 10 10
Subtotal 7374 58 84 94 37 79 76
TOTAL 232 157 168 169 249 179 144 240
*Nomino! value, no dota
Fig. 4 Evaluation results.
!
ITEM/CPU A B C D E F G H I
Quoted 1.9 6.4 8.1 12.7 16.2 11.4 8.8 12.0 |
Software :
|
Progromming 5.0 5.0 7.5 7.0 6.0 5.5 6.5 5.5 !
Modifications* 0 4.0 2.5 2.5 0.5 0 3.0 0 I
Hardwore :
Interfacing 1.5 0.5 2.4 04 0 03 1.6 06 !
Modifications®® 4.5 0 2 1.5) 1.7 2.0 0 0 i
h - " : - o - |
22.9 15.9 22.5 1.0 24.4 19.2 19.9 18.1 {

*Modifications are for additionol 4096 core memory, except €, additional icvel of interrupt.

*®Addiion of 17O channel, except D, dele
required |/O performance.

Fig. 5 Effective costs.

tion of special interface hardwore A represents upgrade to next model computer to get

DRTEMRATION,




Cost (1000's §) Performance “
8 15.9 E 249 B
H 18.1 H 240
F 19.2 A 232
G 19.9 F 179
D 21.1 D 169
C 22.5 (o 165
A 22.9 B 157
E 24.4 G 144
Cost Maximum Performance Minimum
22.0 150
Fig. 6 Data summary.
] I Ererctive eost ! O ] .
1 ‘ warieon ’ 5 oo oomaAnCt
cost I é o‘
DL 48 e 322 00— i Sy 322 000
H 3 .
! :
s20000} - ———d — @“—: 20020
N
l : oD
ool v 1! ) oo
el (EEHH
. ] HE
sie J E d 116 600
: (]
H
314 000 - ‘: [ o000 .
; (s —
. . 12000 j" }
! I . .
100 120 140 160 18 b w0 260 EIt S

Fig. 7 Performance score.

than 16-bit word leneth Shorter words meant longer
progiams and double length buflers
3 Programnnug costs were relatively tightly grouped.
The nature of the job and the size of the computer
dictated assembly linguage coding. Better mstruction
sets required longer learming cunves. l
4. Interface costs were difficult to estunate unless the
vendor provided Iiterature treating this wssue in depth,
The cost vy performance plot m Fig. 7 provides a good
visual presentation ot analytical results Processors H and B
are the most hkely choices. Computer F is a possible but
unlihely candidate. Note that the S-bit computers G, D, and
G dehiver less bang per buck than the 16-Int cpu's E. A, and
F. It is clear from tlus data that thus task is not suitable for

January 1970
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an 8-t processor.®

The results mthis case were relatively straightforward.
The technical group selected the best performer within the
cost envelope There was a suflicient dolluar pad to allow for
contingencies. Should some unforeseen fiscal calamity befail
the project, management can quickly and relubly shift to a
lower-priced computer.® ]

2. A line of constont performance/dollar can be drawn for items C, D,
ond G and for items £, A, and F. This represents a de facto standard
for this porlicular evaluation. It con be seen that such lines are
roughly porollel and that the verfical separation 13 about $3,200.
Thus even a 4K 8 bit machine is found to be a poorer perfarmer per
dollar than a 16-bit processor.

3. Several additional 16-bit machines received a cursory evalvotion dur-
ing ond ofter the example procurement One could quickly determine
whether furthar evoluahion was desrable,

—_
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CHAPTER 4

MINICOMPUTER PROGRAMMING
WITH ASSEMBLERS AND
MACROASSEMBLERS

INTRODUCTION AND SURVEY

Assembly-language programming will enable us to obtain the greatest
possible effort from a digital computer, i.c., to optimize computing speed
and/or memory requircments., This is because assembly-language instruc-
tions correspond, more or less, to the actual hardwarce operations possible

- with a specific machine and permit us to exploit its features cleverly.  This
advantage of asscmbly-language programming is especially pronounced for
small digital computers, whose algebraic compilers (which must fit into
4K to 8K words of memory) may not produce very cfficient code.

Modern symbolic asscmblcrs not only translate instruction mnemonics into
machine code but also permit symbolic memory references by assigning binary
location numbers to symbols (S:c. 4-2). The better symbolic assemblers
can also compute addresses by evaluating symbolic expressions (Scc. 4-3), can
reserve blocks of storage locations (as well as single storage locations) for data
or instructions, and can arrange for storage and formatting of decimal,
doublc-precision, and floating-point data (Sec. 4-5).  Good general-purpose
assemblers further frec the programmer from assigning program pages and
work with a companion linking-loader program to facihitate relocation and
linkage of multiple program scqments (Scc. 4-17; sce also Sce. 3-6).
Finally, macroassemblers can gencrate uscful multi-instruction sequences
from one-linc commands (Scc. 4-21) and, together with conditional assembly
(Scc. 4-23), can combine some of the programming simplicity of a compnlcr
language v assembly-language cfliciency.

9
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With a smitable operating system, scombly-hinguage program swcpments’
can be neatly combined with FORTRAN programs (Scc. 4-20) <o that even
a htle knowledee of assembly langu yze can be used to improve important or
frequently uscd routincs.

ASSEMBLY LANGUAGES, ASSEMBLERS,

. AND SOME OF THEIR FEATURES

4-1. Machine Language and I'rimitive Asscmbly Languagc. A typical
program sequence for a 12-bit minicomputer, say

2 5

3 T
4  LOAD INTO ACCUMULATOR (the contcnts of) 2

5  INVERT ACCUMULATOR .

€ STORE ACCUMULATOR IN 3

specifies the confents of successive memory locations 2, 3.4, 5, and 6. Loca-
tion 2 contains a data word (5) given by our program, but location 3 is only
reserved for an as yet unspecificd data word to be stored there by the projrram.
The program proper (i.c., the first instruction) starts at location 4. The
proaram counter will he mmalh set to 4 and will stepto 5, 6, and onto 7 as

" each instruction is executed.

Such a program is actually entcred into the computer in binary
machinc language, viz.,

© 000 000 000 010 000 000 000 101

000 000 000 on
000 000 000 100 001 000 000 oto .
000 000 000 101 m 000 100 001
000 000 000 110 01 000 000 011

perh:fps from a binary paper tape or from front-panel toggle switches. The
first "12-bit word on cach line is the memory address of the second word.,
The first line again locates the data word (5). The sccond hine reserves
location 3 for a data word which is not supplicd by the program, but will
be stored there at run time by our last instruction; some assemblers would
deposit 0 in such a location for the time being.

The first word of the third ling is, again, the address of the sccond word.
This time, this stored-program word represents an instruction code and,

. since this is a memory-reference instruction, some address bits needed to

determine an cffeclive memory address.
leading instruction-codc Dbits 001 00 signify LOAD INTO ACCUMULATOR
with the “page 0" ditect-addressing mode (Sec. 2-7). In this case, the
rcmaining scven address bits 0 000 010 dircctly represent the binary
address. The remaining two instructions are similarly transl~*~d.

‘/'

In our simple example, the five’
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42 PROGRAMMING WIHTIT ASSE MUEE RS AND MACROASSE MBI ERS HEY

To work with long programs in this machine-language form would be
decidedly uncomfortable cven if we make the program casier to read and
write by using octal code (Scc. 1-4h} .

0002 0005

0003 cees
0004 1002
0005 7041
0003 3003

which the machine could decode quite readily from typed input. We have
_actually scen people program in octal code to avoid paper-tape assembly!
In practice, even the simplest minicomputers have assembler programs
which translate programs written in terms of mnemonic instruction codes, e.g.,

0002 0005

0003 .
0004 LDA 002
0005 NEG

0006 STO 003

Mnemonics like LDA, NEG, and STO approximate English words; the
assembler program translatcs mnemonics into binary code by table lookup.
We have supplicd addresses and address bits in octal form, just as in octal
machine language.

To improve our primitive assembly language, it would be convenicnt if
we could specify the actual 12-bit effective address of éach memory-reference
instruction, say )

0006 ~ STO 0003

Note that now the assembler must not only translate STO by table lookup,
but it must also compute the correct address bits determincd by the addressing
mode (implicit in STO without extra character codes) together with the
effective address. If the desired address cannot be reached by direct
currcnt-page or relative addressing, the assembler will either stop and print
an error message, or (preferably) it will automatically substitute indircct or
two-word addressing (sec also Sec. 2-7).

4-2. Symbolic Assembly Language. Most practical assemblers are sym-
bolic assemblers, which permit the user to refer to instruction and operand
addresscs in terms of symbols.  In a symbolic assembly language, the sample
program scgment of Scc. 4-1 might {ook like Fig. 4-1. Each symbol (a
string of up to 5 or 6 alphanumeric characters) represents a lecation (symbolic
memory address).  The word in the location-tag ficld (label ficld) of a linc
gepresents the Jocation of the corresponding instruction or data word.

.

f

—————n e -

- . i ——

198 QSYMBOLIC ASSEMRBLY 1 ANGE AGE 42

INPUT 6508 T/ Daa
acsLy . I Bewerved for result
START Loa 1neut ] Getdata word
NEG I/ Toventnt
sTC RESLT ] Deposit eesult
\———V———/ Nemsmmrenay o
Location-tag ficld Instruction Instruction Comment ficld
(tabe) ficld)

cude (if any) address (if any)
\, V)

. v
{nstruction or data word (2 ficlds)

Fig. 4-1. The program scgment of Sec. 4-1 written in symbolic asscmbly lenguage  Note that
each line (asscmbly-language statement) has four fields, all but onc of which could be emply.
When such statcments are typed or punched (one to a teletypewniter fine or punched caid), The
flelds must be scparsted by spaces, telety pewriter tabs, or other field delimiters (colons, slashes
etc.) so that the assembler can recognize the end of each ficld. '

Unless the contrary is specified, consccutive lines still represcnt consceutive
program words. Therefore, if INPUT represents location 2, RESLT must
represent location 3, START must represent location 4, and the last two
instruction words must go into locations § and 6, although we omitted
their location tags in Fig. 4-1.

The first pass of a symbolic asscmbler scans the uscr’s source progtam
and creates a symbol table which lists all user symbols defincd as location
tags together with their location numbers rclative to a starting address.
Symbolic instruction addresses as well as mnemonic instruction codes can
then be translated by table-lookup operations.  Taking duc account o cach
addressing mode uscd, the asscmbler still has to compute the address bits
for each mcmory-refcrence instruction. Geood symbolic asscmblers will
automatically introduce indirect or two-word addressing when a symbolic
address is not within reach of one-word paged or relative addressing (Scc. 2-7).

Multiply defined symbols will stop the assembly process and/or produce
an error printout (Fig. 4-3). Somc assemblers also indicate an error if a
symbolic address has no location-tag counterpart (uadefined symbol). A

PROGRAMMER [oare PaGE
PRGGRAM : CHARGE
l.ourm»q OPZAATION [i] ADORESS, 1 Ojcomwints @l
1) o le 2 i 3 ”

sTRY| | LDA |[cons

AR A _A

"LeAD CONSTANT

— - p—

Sl L

Fip. 4-2. Some people like to use cading forms similar to the onc shown for assembly-Linguage
prosznming The column numbers indicated on the form ase for punched cards  dn tele-
typewriter-preparcd programs, the ficlds are delinuted by tabs, colons. slashes ete  (Honeywedl
infurmation Systems )
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good assembler, though, may automatically supply cach undefined symbolic
address with a corresponding storage location at the end of the program so
that the programmer is relieved of this task. You can sce that a good
symbolic assembler is a fairly complex system program.

NOTE: Prccisely, A represents the assembler-determined address of
the memory location whose contents (A) at run time will be the value of a
constant A or values of a variable A. '

/SAMPLE
«EXT x ./ External reference
000 01t A Al «£Q n" / Pseudo instruction
000 000 R 000 100 A 100
000 001 R 200 010 A START  LOAD 10
000 002 R 400 011 A STORE A1
000 003 R 200 005 R LOAD (10) / Literal
D 000 004 R 701 006 € STARYT JUMPI X / Indirect jump
000 00 R «END START
000 005 R 000 010 A
000 008 R 000 006 €  e————
/ 1 ERROR LINE
* 1 SYMBOL TABLE 3
A 000 011 A
START 000 0017 R
x 000 0068 €
—— Error {multiply External symbo! — Literal—

defined symbol)

Fig. 4-3. Listing produced by a symbolic assembler. The assembler has started at location 0
and has marked cach location and addrcess as absoltute 4, relocatable R, or external £ for the
linking loader (Sec. 4-19).  Words which do not contain addresses are marked absolute (their
locations may be relocatable)  An error line has been found and marked with an error code by
the asscmbler.

If requested by a front-pancl switch setting or typed command, the
assembler will print an assembly listing in an extra pass. The listing shows
the user’s symbolic source program and the resulting octal machine code side
by side with some extra annotations (Fig. 4-3; scc also Scc. 4-2). The
assembler can also produce a symbol-table printout for reference (either in
alphabetical or numerical order). You should consult your minicomputer
manual for the maximum number of symbols and the maximum number of
program lines which can be handled with a given computer memory.

43. Symbolic Expressions and Current-location References. Since correct ”

addressing rcquires computations at assembly time in any case, many
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symbolic assemblers improve programming convenicnce further by per-
mitting symbolic expressions in address ficlds. For example,

/ Adds 000 173
LEAP-HOP+2/ Address is 06
SYM + 2 / Address is 11,

03 ADD INTO ACCUMULATOR SYM
STORE ACCUMULATOR IN
HOP JUMP TO
000 000
SYM 000 173
101 201

LEAP JUMP IF ACCUMULATOR NEGATIVE SYM-4 / Address is 03

Note carcfully that each expression involves addresses and not data.
Intcgers will be interpreted as octal unless the contrary is stated (Scc. 4-5¢).
Such more elaborate assemblers usually make rwo passes through the source
program. plus an optional listing pass.

Some assemblers also admit multiplication and division in address expres-
sions, but these operations may not have the customary precedence, and no
parcnthescs may be allowed. Thus, A+ B°C may be interpreted as
(A+8)'C in an address expression; consult vour assembler manual.
Some asscmblers also permit bit-by-bit AND, OR, and XOR opcrations with
symbolic-address words.

NOTE: Numecrical values of symbok and expressions are ncw.xsunly
fixed at assembly time. The program can only change the contents ‘of
symbolically addressed locations at run time.

As a further convenicnce, it is usually possible to reference thc location of
the curreat instruction, say as « , so that

03 LOAD ACCUMULATOR o+3 [ Addressisos
BOUND  JUMP IF ACCUMULATOR ZERO «—1 [/ Addressisos
JUumMP . o+ A -1/ AddrcssisA + 4

NOTE: To cstablish addresses like s¥m -4 or «+ 3 in our examples, we have treated cach
source-program nstruction as one werd in memory. In general, two-word instructions
Sec. 2-7) will count as mo locations  Chech your assembler manual on this pomne and on the
manner of counting by te lucation (if am)

4-4. Immediate Addressing and Literals.  Some minicomputers permit
you to specify the operand (rather than the address) of a memory- rcfcrcnce
instruction through immediate addressing (Sec. 2-7¢), e.g..

23,

LOAD ACCUMULATOR. IMMEDIATE 010 711"

where 010 711, is the actual number loaded, nor an address. -Similarly,
LOAD ACCUMULATOR, IMMEDIATE SYMBL + 2 loads the numerical value
of the symbolic address SYMBL + 2. not its conlents.

For computers without truc hardware immediate addressing, a symbolic ,
assembler may implement memory-reference operations on literals like
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(010 711) or (SYMBL + 2), which are dcfined as follows:

- 3 . - ‘ .
(010711) is a symbolic memory location which contains 010711,
(SYMBL + 2) is a symbolic memory location which contains the nimer-
ical value of SYMBL + 2.

The assembler automatically assembles memory locations containing each

literal value at the end of the program (Fig. 4-3). It follows that
LOAD ACCUMULATOR (010 711)

actually loads 010711, Note also that

LOAD ACCUMULATOR, INDIRECT VIA (010 711)
produces the same result in the accumulator as
LOAD ACCUMULATOR 010 711

4-5. Pscudo Instructions. (a) Introduction. The assembler can perform
still more opcrations to improve programming convenicnce. To request
operafions to be done at assembly time, we enter pseudo instructions into
the source program. To distinguish pscudo instructions from true instruc-
tions (which directly correspond to operations at run fime). we will write a
word in each pscudo instruction with a preceding dot (.).  The remainder
of this scction will help you to interpret advertised lists of assembler features.

{b) Pseudo Instructions for Decfining and Redefining Symbols. As we
have seen, one can define a symbol (i.e., give it a numerical value) by using
it as a location tag (label). Another way to define a symbol is through the
pseudo instruction

« DEFINE ADDRESS SYMBL

which assigns symsL the value of the current location, just like
SYMBL

As it stands, cither statement leaves the contents of SYMBL unspeci-
fied. With computers permitting rcpeated indirect addressing andfor post-
indexing, however, the .DEFINE ADDRESS pseudo instruction can be used
with indirect or indexed addressing to set the indirect or index bits of the
specified location. For example,

SYMBL
SYMBL

o DEFINE ADDRESS, INDEXED
STORE ACCUMULATOR, INDIRECT

would produce an eficctive storage address cqual to the sum of the contents
of symst and the contents of the index register.
The pscudo instruction (assignment statement}

SYMBL1 «EQ SYMBL2 + SYMBL3 -1

A
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- Jollowing program statements.
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value of the cxpression on the night to SYMBLY in the
Such assignment can be used to define or
redefine a symbol before or after it is used as a label or address. Note,
howcever, that with the usual two-pass asscmbler

asdgns the

SYMBL1 «EQ 7
sYmMaL2 «EQ SYMBLi-2

is legal, but
SYMBL2 <EQ  SYMBLI-2
SYMBL1  .EQ 7

will cause an _error message (“UNDEFINED SYMBOL™) unlcss symat1
was defined (as a label, by' a .DEFINE ADDRESS statement, or by another
assighment statement) carlier in the program, .
(c) Pscudo Instructions Defining Data Types. Most minicomputer
assemblers normally interpret integers in source-program addresses,
expressions, or data as single-precision octal integers, so a statement like

ALFA 017002

rescrves one memory location. Some assemblers can define double-
precision  quantities (still in octal codc) by pscudo instructions like
«DOUBLE, SO

BETA - DOUBLE 7173514

generates fwo words (in locations BETA and BETA + 1).
The pscudo mqtructxon «DECIMAL permits you to enter decimal
integer constants in your source program; thus

GAMMA s DECIMAL 1982

will gencratc the correct one-word binary number.

Some asscmblers will correctly assemble binary floating-point aumbers
when .DeciMAL is followed by a real number containing a decimal
point. (Either 10.73 or 0.1073 € + 02 will work.)) Other assemblers re-
quire a scparate pseudo instruction, such as <FLOAT. It is similarly
possible to declare double-precision floating-point data; the assembler
will correctly assign three or more words for cach data cntry.

Some assemblers also accept hexadecimal integers !'ollowmg the pscudo
instruction o HEX.

The pscudo instruction «ASCil follo“cd by alphanumecric text (usually
delimited by quotation marks) causes ASCIH charucters to be packed into
successive computer words, where they can be accessed, for example, by
output routines for printing error messages, for cxample,

«ASCl! ‘BOOBOO IN LINE 12
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NOTE: In somc assemblers, a pscudo instruction hike . pecimat remans vahd for
subscyuent words until 1t 18 revoked by another data-defiming pscude instructton, such as
+OCTAL,

(d) Pscudo Instructions for Reserving Storage Blocks. A pseudo instruc-

tion like

SYMBL «BLOCK N

where N is a positive intcger, reserves IV storage locations, starting with the
location SYmsL, for data or instruction words. N can be a symbol or,
in fact, an expression; the block size is, in any case, given its numerical
value at assembly time. Some assemblers automatically reset all reserved
locations to O if their contents are not specified. Some assemblers can
also reserve blocks ending at a specified location.

NOTE: Locations reserved for noninstruction words must be situated
at the beginning of a program, at its end, or immediately following an un-
conditional-jump instruction. Othcrwise, the machine might execute a
noninstruction as the program counter advances, with regrettable results!

(e) Pscudo Instructions for Controlling the Assembly Process. The
pseudo instruction

+ORIGIN  (address)

causes the ‘subseqt_x;g_gt program to start {or continuc) from the specified
address (which can be relocatable, Scc. 4-18).
Every assembly-language source program must terminate with the pseudo
instruction
2 END (starting address of program)

to tell the assembler that no more program statemcents follow. The
assembler may then add extra words for litcrals and for previousty undefined
symbolic addresses if it has these features. The starring address is the
address of the first instruction to be executed and is usually appended to the
«END pscudo instruction, so that a loader program (Scc. 4-19) can inscrt a
jump to the starting address and a HALT for convcnient restarting.
With simpler operating systems, absolute starting addresses are sct up with
front-pancl switches (Scc. 3-4). .

NOTE: The pieudo instrnction JEND sigmifics ‘the end of assembh.  Program exccution
may end with the mstruciion HALT of with a jump to an exccutine program.

(f) Other Pscudo Instructions.  Additional types of pscudo instructions
are used 10 link programs{Sccs. 4-17 and 4-19) and to dcfine macros (Sec. 4-21)
and conditonal assemhly (Sec. 4-23).  Some asscmblers also have pscudo
instructions to control or format listings, but it is probably more convenient
to do this with [ront-pancl switches or, preferably, with keyboard-executive
commands (Scc. 3-11).

46. The .nepeat Pscudo Instruction. The pscudo instruction” .REPEAT is a program-
wri sonvenicnce.  The dstement ' .
r «REPEAT  m.n

e e~ anae A S WAea
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where the count m i< a positive integer and the increment 71 g ugned integer (poatinve, neeative,
os zcro), causes the immediately following propram word instrudion or data word) to be
repeated m times with 0, ,, 20, .. . (m — 1in added 10 successine words — For example,

JREPEAT 32
000t
oREPEAT  2,-1
0002

generates

0001

Note that addresscs as well as data’can be incremented.  Some assembliers have more elaborate
oREPEAT pscudo opcrations capuble of repeating groups of words.

INTRODUCTION TO PROGRAMMING

4-7. Program Documentation: Use of Comments.  Unless you interspers:
your program statements with plenty of explanatory comnicnts, not even yo:
yoursclf (and surcly no one else) will be able to understand your program on
month later.  This is true for FORTRAN programs and any other program
as well as for assembly-language programs,

Comments are not restricted to the comments ficlds of assembly-languag
statements; the assembler will recognize any line preceded by 7 (o
similar delimiters such as ;. *, ctc.) as a comment line, say

/ THIS IS A COMMENT LINE

Such comment lincs can also be used for program titles. Comments wi
not causc any program words to be asscmbled, but comments will t
reproduced in the assembler listing for future reference.

4-8. Branching and Flow Charts. Many minicomputers do not ha
conditional-jump instructions but combinc unconditional jumps wil
conditional skips (which fit better into short instruction words):

/ THE FOLLOWING COMPARISON OF THE CONTENTS OF N
/ LOCATIONS A AND B IS AN EXAMPLE OF A
/ THREE-WAY DECISION USING CONDITIONAL SKIPS'
TEST  LOAD ACCUMULATOR A
SUBTRACT INTO ACCUMULATOR 8/ 4°— Binaccumulat.

SKIP IF ACCUMULATOR POSITIVE l A>8?
sKiP ] No testfor 4 = B
JUMP TO POs J Ycs, branch to POS
SKIP IF ACCUMULATOR ZERO /] 4=18?
JUMP TO NEG / No, branch to NEG

2ERO  (program continues) ] Yr= goon
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In general, specific opcr.mon -codc bits ol' conditional-skip instructions
correspond to conditions such as <, >, =, carry, and overflow. Such
conditions can then be ORed together to form combined conditions such
as < (sce also Secs. 2-11. 6-1, and 6-5).

Figurc 4-4 is a flow chart for our program-branching example. Such

flow charts are helpful when there are many complicated decisions and

TEST l

Compute N .
- A-8

POS

NEG

ZERO

Fig. 4=4. Ulow chart fon the evample of Sec 4-8

especially when there are progrmh loops {Sec. 4-9 and Fig. 4-5). A flow

chart is a topological model of the actual paths traced through the computer

memory as the program executes mstructions along different brunchcs\
The source program itsell, on the other hand. is a one-dimensional rendering

of cach path in turn, together with listings of memory locations reserved for

data and addresses (these .do nor appear on flow charts) It can be

helpful to supplement your flow chart with a memory nmp hsting data-

storage locations.

49, Simple Arrays, Loop%. and Iteration. A enc-dimensional array of, S4Ys
1,000 variables A, A2, ... .. 41000 will be stored in the computer mcmory
as an example of a dnta structure arranged to simplify access to the data
during common operations with this type of data.  For our one-dimensional
array, we simply reserve 1,000 consccutive memory locations with

. +DECIMAL
A1 «BLOCK 1000
or (in octat code) .
N EQ 1750 | Permits N to

. Al «BLOCK N / bechanged at assembly

(Scc. 4-5). You should always check carcfully whether the starting value
of the array index [ in Al s [ = Lor J = 0. Thisis a frequent source of
errors. }

e

< e - ——

Ve
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[
TEST;

Imtighize
COUNT = -N
PTRA = Al
PTRB=8I

Looe

Trons fer M
contents ain loop
of Al b+ goeration

{ncrement
COUNT

Increment

: : COUNT=0>>20d PTRA and
PTRB

b
b Yes

-2

) Ext R

Fig. 4-Sa. Flow chart for a simple program loop (Sce. 4-9)

P -~ .

/THIS ACQUTINE MOVES THE CONTENTS OF AL TO 8§ FOR I =1 YO | - N, OR SKIPS
/ENTIRE LOOP IF N O

TESY LOAD ACCUMULATOR NN
SKIP IF ACCUMULATOR POSHIVE { N=07
Jume TO NN+ 1 / Yes, cut
N INVERT ACCUMULATOR / No.ianiahze loop
STORE ACCUMULATOR IN COUNT / Contains - N
LOAD ACCUMULATOR (an) / Note literal?
STORE ACCUMULATOR IN PTRA / Pomntsto a
LOAD ACCUMULATOR {81)
. STORE ACCUMULATOR IN PTRB / Points to B1
LOOP  LOAD ACCUMULATOR, INDIRECT VIA PTRA 1 Y Thics the actial
STORE ACCUMULATOR, INDIRECT VIA PTRB / loop operation
INCREMENT, SKIP IF 2ERO COUNT / N operations dene?
SKiIP . / Wo, repeat loop
Jume 1O - NN+ 1 /] Yes.cut
INCREMENT, SKIP IF ZERO PTRA / TPonts to next ar
INCREMENT. SKIP IF ZERO PTRE {/ Pownts to next 8i
Jump TO Loor
A «BLOCK N 7 Goad place to store
81 +BLOCK N [/ data following
. t
PTRA . / unconditional jump
PTRB
NN e T / Contans N 2 0

Fig. 4-55. A simple loop programmed without an index reguster.
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, 111 MORKE DAIS STRECTURES 410
'
2 .o . N
/ THIS ROUTINE MOVES THE CONTENTS OF Al TO BI FOR I = 1 TO I ¢ N. USING INDEX 1 . 2.' Since a loop may be traversed many tunes, it is unccanomical to include
/ REGISTER, OR SKIPS ENTIRE LOOP IF N = 0 -1 ' unnecessary operations in the loop.  For instance, in the computation
TEST  LOAD INDEX REGISTER NN . f . of
SKIP IF INDEX POSITIVE / N=0? " R
JUMP TO NN+t / Yes, cxit . Yah =a Yh
tOOP  LOAD ACCUMULATOR. INDEXED A1-1 / Loads AN first ) ; (=1 P )
STORE ACCUMULATOR, INDEXED B1-1 / Stores BN first , T . ‘
DECREMENT INDEX, SKIP IF 2ERO / N operations done? { the multiplication by a is common to all tcrms and should nor be
Jump TO too"1 5 I;IO. repeat loop ] included in the loop. The same is, of coursc, truc in FORTRAN or
JUMP TO NN+ 1 | es, exit .
Al +BLOCK N / Good place to BASIC programming.
1 BLOCK N store data' - . ' . . .
':m e // Contains N > 0 : An array may well contain two-word or mu!uword items, such as multiple-
precision or floating-point data. In such situations, index-rcgister incre-
. Fig. 4-5¢c. The same simple loop programmed with an index register. menting becomes only alittle morecomplicated. Toaccess,say,everyfourth

word of an array without index registers, however, is a more cumbersome
(but still straightforward) operation.

Programs for typical array opcrations, €.g., moving the contents of .
£ P y op & & Every loop must comain a test to branch out of the loop when a desired

Al to BI. or Cl = Al + BI I=1,2,...,N condition is met. In our simpl‘c example, this condition was the complction
N ofexaqtly N elementary opcerations, but a loop.could be determined before N
'S = ¥ (AI(B) . : operations, e.g., when a sum exceeds a specified value or when an error

=1 ) . becomes small enough.

Infact, the loop technique is in no way restricted to operations with elements
of stored arrays; array clements could be generaied by the loop. This is
the case for iterative-approximation operations.

require cxccution of a number of instructions proportional to N. Since
memory capacity is limited, it is not just convcnient but quite necessary to
use program loops, which repcat the same instructions with successively
incremented addresses Al, Bl, and/or CI; a counting operation will be set up to

advise us when the loop has run N times (Fig. 4-5). 4-10. More l?ata Structures. (a) Two-dimensional Arrags. Two-dimen-
Figure 4-5a shows how a simplc loop can be programmed for a primitive sional arrays, like )
minicomputer withour index registers. Somé™ minicomputers (PDP-8 A1 A12 AN
series) would simplify the incrementation of PTRA and PTRB by autoindexing ) A2t A22 . A2N )
(Sec. 2-7¢); the 1Sz instruction would still be nceded to increment COUNT .
since it is nccessary to sense when N opcrations have been completed.  But . AM1  AM2 . AMN
by far more efficient loop operations are possible with an index register. )
F'igure4-5bshows how a single index register is used to step two data addresses . (M x N array), are usually stored in the computer memory as onc-
as well as the loop count. Many minicomputers, though, will rcquire dimensional arrays, say by rows, as
separatc instructions for stepping an index register and testing it fc?r 0. We Al A2.... A(MN)
¢ i ach actual loop operation. ¢ .
cogg :::ﬁlztggf?frg ttl:‘cc ll;):; c:;zirc:tlzfr:exrn:tdccz:jd Ct:rztloalfo: P ~ :l;zrz ;he single subscript J in AJ is related to the subscripts I and K of
. index (or COUNT, PTRA, and PTRB in Fig. 4-5a) must be .
! Zz?tiallfzzz ll)r::focrc (thc actual loop processing begins. gWhile )assembly- J=(K-DON+1 I=12....MK=12....M (41)
language statements like ’ . To access the location AlK of the array clement 4K, the computer
COUNT 000 000 will have to add J — 1 to the address A11(starting address), i.e.,
would initialize the loop before it runs for the first time aftcr assembly, o AIK = A1l +' K-DN+1-1

subscquent runs would nor be initialized! . . . I=1,2:.. N:K=12,... M (42

' . ¢
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Larger digital computcrs pcrmnt computation of such addresses by
double indexing (adding contents-of two index registers), but this is nor
possible with most minicomputers even if two index registers are available,
Accessing of the individual array elements AIK (as in matrix computations)
will, therefore, be somewhat cumbersome unless postindexing (Sec. 2-7) is
available (as in the Honeywell 316/516 and the Varian Data Systems 620/1).

From and to

Effective address Stack-pointer accumulator

(stack-painter address —*{ () Stack-ponter
address) —=~| (C] =BOTCM-2 ml address —| (C)
: - - =BOTTOra-
BOTTOM=2 eyl [Tpuen =1 [poe BOTTGA-2 1 (g)
(ayy - BOTTOM | {A)
BoTTOM BOTTOM | (A)
(a)
/ PTR CONTAINS BOTTOM -2
DECREMENT SKIP (F ZERO PTR / “Push”
STORE ACCUMULATOR, INCIRECT VIA  PTR |/ operation
LOAD ACCUPMULATOR INDIRECT VIA PTA / “Pop™
INCREMENT SKIP IF ZERO PTR / operation
® v
/ INDEX REGISTER CONTAINS,-2
DECREMENT INDEX REGISTER / “Push”
STORE ACCUMULATOR. WDEXED 8oTToM /[  operation

sotrom [/ “Pop™
opcrauon

LOAD ACCUMULATOR, INDEXED
INCREMENT INDEX REGISTER /

(c)

Fig. 4-6. Push and pop operations in a simple (one word per item) pushdown stack: memory
map (g) and programmir g without an index register (h) and with an index regisier (c) Addresses
increase toward the bottom of the stack in this example, the contrary could be true,

In that casc, (K — 1)V can be gencrated in the index register by SUCCessive
additions of N, while At1 + I — 1 will appcar in an indirectly addressed
memory location which is incremented to advance 1.

NOTE: As with one-dimensional arrays, you should make sure that row
and column subscripts of given arrays really start with 1 and not with 0.

(b) Stachs (Pushdown Lists). A practically important class of data
structures arc stachs, 1.¢., arrays permutting words or subarrays (items) to
be ad_;om"d removed, or accessed from the top of the stack on a last-n-
first-out basis. Such stacks are plso known as pushdown lists or LIFO
(fast-in-first-out) lists.  Stacks are especially uscful for orderly intermediate-
« » result storage arnd for various systems-programming applications (Fig. 4-6;
sec also Sccs. 4-16, 6-8, and 6-10).

)

N
1t AUNECE LT ANE G STPROGCR AV IING TN BN FRY)

(cy Other Duta Structures  {sce Kefs. 1 to 4). Structures of muliple

. {and possibly variable-lengthy subarrays which can be creared and defered

“look up valucs of tabulated numerical functions.

in the course of computation are often organized as various types of (linked)
lists, rather than as multidimensional arrays, which nught waste permuanently
assigned sforage space. A (finked) list or chain is an ordered set of word
arvays (items), ecch comprising a painter to the next item in the list or 10 a
direciory grray o item starting addresses.  Individual tem arrass can be
located wherever memory space is availahle.  One usually keeps a separate
list of available space; an item js deleted from this available-space hist
whenever an item is added to another list, and vice versa.

List structures are uscd to store and access program hnes {character strings) in cditing
programs, catalog and inventory items, bikliographical references, graphic-display stems
{Scc. 7-11). and rows or columns of sparse matrices (1 ¢ . matrices with many 0 clemonts —this
would make simple two-dimensional-urray storzge uncconomical).  List stems can also contain
backward pomiers to preceding items, poiaters to subitems, and‘or counters indicating si2¢s of
ttem arrays.  Reference 4 1s a4 good wmttoduction to your study of hst processing. which has
opened up many interesting new programnuny techmques.

4-11. DMiscellancous Programming Techniques.  (2) Table-leobup Opcra-
tions.  Scction 4-8 illustrates a triple branch implemented with conditional
skip-jurnp instructions. When a decision has more than a few possibic
outcomes, though, it may be best to store the jump-destinatior addresses
in an array (table} addressed in the manner of Scc. 4-9.  The result of cach
decision will correspond to the value of an array index I placed 1n an index
register or address pointer o access an address in the array. [ the decision
depends on more than enc factor, we can usc a multidimensional-table array
with an index computation like the one in Scc. 4-10a.

Such table-lookup opcrations are, of course, precisely those nceded to
To reduce the size of the
function table nceded to compute a continuously diflerentiable function
with suifable accuracy, we can combine table loohup and interpelation.

Figure 4-7 illustrates a high-spced method for fixed-point table-lookup/
interpolation approximation of a function Y = F(X) in the form

X -X
XH-I - X‘

= F(X,) arc tabulated for 2" + 1 uniformly

Y=(Y - 1) + ¥ (4-3)

where scaled function valucs Y;

_spaced breakpoint abscissas

X;=2Fi— 1 i=0,1,2,...,2" (4-4)

between X = —1 and X,v = 1| (Fig. 4-7a).
begins with the n-bit 2s-complement fraction

X=X‘+(X—X‘)

The program of Fig. 4-7b
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I
1o %

X s | Xa [Xs { %6 % Xg .
-1 -3/4 -2 -1/a b 174 172 /4
(a)

LOAD ACCUMULATOR 2
ADD INTO ACCUMULATOR 2

CLEAR ACCUMULATOR 1 AND CARRY FLAG

b4
(100 000) [/ Complement sign
/  (for 16 bits)

SHIFT ACCUMULATORS 1 AND 2 LEFT N BITS ,

MOVE ACCUMULATOR 1 TO INDEX AEGISTER } Thisis:
SHIFT ACCUMULATOR 2 RIGHT / This produces
STORE ACCUMULATOR 2 IN " TEMPY ] 2YHX - X)
[ = X - X

Xim - X,
CLEAR ACCUMULATOR 1
SUBTRACT INTO ACCUMULATOR 1, INDEXED YO / Produces - ¥,
STORE ACCUMULATOR 1 IN TempP2 [/ and stores it
INCREMENT INDEX REGISTER :
ADD INTD ACCUMULATOR 1 INDEXED Yo | Produces Yy = ¥
MULTIPLY ACCUMULATOR 1 BY TEMP1
SHIFT ACCUMULATORS 1 AND 2 LEFT 1 BIT | Because of fractions
SUBTRACT INTO ACCUMULATOR 1 TEMP2
STORE ACCUMULATOR 1 IN v

/ YO IS FUNCTION-TABLE ORIGIN

/ ACCUMULATOR 2 IS LESS-SIGNIFICANT ACCUMULATOR

(b)

-

Fig. 4-7. Table-lookup/interpolation approximation of a function ¥ =

breakpoint intervals (Sec 3-114)

F(X) with 2V equal

in the form .
[ sign | (V= 1) bits | (n = N)its|
. rcprucnts X, represents X — X, .

Note that the right-hand (n — N) bits represent the nonnegative difference
X = * nceded for.interpolation: we shift them into a second accumulator

E T Al

- e

Q
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{accumulator extension, MQ register, Sec. 2-10) and ~ave them for muluph-
cation.  The sgn bit of X, s compleriented o form the breakpoint index i,
which is added to the table origin YO flocation of ¥,)to produce a pointer to
Y. The entirc operation requires under 40 memory cycles (typically less
than 40 gscc) and can be generalized for nonumiform breakpoint spacing
and functions of two or more vanables {Ref. 10).

(b) Program Switches. A program switch stores the result of a binary or
multiple branching decision to implement the actual branching later on in
another part or parts of the program. An example is precomputation and
storage of decisions for use inside loops (Ref. 3) to frec the latter of repeated
decision making. The decision result can be stored in a memory location,
in a processor flag (if it is not otherwise in use) or, if possible, in an index
register.

’__/-/
EXAMPLE: T T

LOAD ACCUMULATOR a1

ADD INTO ACCUMULATOR A2

ADO INTO ACCUMULATOR a3

SUBTRACT 8

CLEAR INDEX REGISTER

) SKIP IF ACCUMULATOR NOT POSITIVE .
INCREMENT INDEX REGISTER / Positive

SKIP IF ACCUMULATOR NOT ZERO

INCREMENT INDEX REGISTER | Positive or zero

The index register now reads 0. 1, or 21f A1 4 A2 + A3 - B was negatve, 7¢ro, Of positive
respectively. The desired three-way branch can be obtained now or later with

JUMP, INDEXED. INDIRECT VIA PTR
The program will jump via PTR, PTR 41, OF PTR » 2

(c) Miscellancous Examples. The program segments of Fig. 4-8 illustrat.
useful programming techniques possible with typical mmlcompu(cr instruc
tion sets (sce also Chap. 6).

LOAD ACCUMULATOR A

SHIFT LEFT. UNSIGNED

STORE ACCUMULATOR IN TEMP

LOAD ACCUMULATOR 8 - -,
SHIFT LEFT UNSIGNED

CLEAR CARRY FLAG

ADD INTQO ACCUMULATOR TEMP

LOAD ACCUMULATOR A

ADD INTO ACCUMULATOR 8 -
SKIP OGN CARRY FLAG CLEAR
JUMP TO OFLO
STORE ACCUMULATOR IN c

. "',

]

'£
Y

| Overflow-error routine

Fig. 4-8a. Overflow check for 2s-complement addition’(4 + 8 = ) on a machine having
carry flag but no true overflow flag.  Carrics from the most sigmificant bit and (rom the sign b
are both allowed te complement the carry flag in turn, so that they are eflcctively NORe
(sce also Secs. 1-9a and 2-10a). . -
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CLEAR CARRY FLAG

LOAD ACCUMULATOR A2
ADD INTO ACCUMULATOR 62 ,
- STORE ACCUMULATOR IN A2
LOAD ACCUMULATOR At
SKIP IF NO CARRY / Used instegd of
INCREMENT ACCUMULATOR / ADD CARRY instruction
ADOC INTO ACCUMULATOR 81
STORE ACCUMULATOR IN At

Fig. 4-86. Double-precision addition on a minicomputer without COUBLE ADD Of ADD CARRY
instructions. A double-precision number 1s added from B1.82into A1.A2.  A1and 81 hold signs
and most significant bits.  No overflow check s included

/ ONE-ACCUMULATOR MACHINE
/ NEEDS 12 CYCLES

! TWO-ACCUMULATOR MACHINE
!/ NEEDS 8 CYCLES

LOAD ACCUMULATOR A LOAD ACCUMULATOR 1 A
STORE ACCUMUILATOR IN TEMP LOAD ACCUNMULATOR 2 B
LOAD ACCUMULATOR 8 STORE ACCUMULATOR 1 IN 8
STORE ACCUMULATOR 1N A STORE ACCUMULATGR 2 IN A
LOAD ACCUMULATOR TEMP

STORE ACCUMULATOR IN 8

Fig. 4-8c. Multiple accumulators can often save time-consuming memory references by serving
as quickly accessible temporary-storage locations.  As an example, the Data General NOVA/
SUPERNOVA manual compares routines for interchanging the contents of two memory
locations A, B (¢ g, 10 sorting operations)

0 3 s o

LOAD ACCUMULATOR, IMMEDIATE 777000 [/ Load mask

AND INTO ACCUMULATOR Y / Mask 9 low-order bits
STORE ACCUMULATOR N TEMP [/ Save result

LOAD ACCUMULATOR X -

SHIFT RIGHT 9 BITS, UNSIGNED / Shift right

ADD INTO ACCURULATOR Temp  / Combine with v

(Store in array, or ouiput and display packed word)

Fig. 4-8d. This toutine truncates two 18-bit numbers X, Yto 9 bits and packs the truncated
svords into one 18-bit word for a cathode-ray-tube display (Sec. 7-9). -Y istruncated by masking,
and X is truncated by shifting. .

e vngLe-
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SUBROUTINES AN CALLING SEQUENCES .

4-12.  Introduction: Subroutines without Direct Data Transfer.  In many
applications, a reasonably invoived program section is used over and over
again in the course of a computation.  We may then save a great deal of
‘memory if we store such a subroutine only once, jump to its tagged starting
location whenever the subroutine is nceded, and make a“return jump to the
calling program when the subroutineis finished.  Besides saving memory, the
usc of subroutines can give our programsa morc easily understood “modular”
structure, but subroutines will nos save time compured to straight-line
programnming. They will (at the least) add extra jump instructions as
“overhead™ and can provide excclient chances for ma