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FOREWORD

The computer revolution is here in the sciences and engineering. No discipline
will remain the same. Computers open up too many new ways of knowing
and doing. Computers offer too much power for control and analysis.

~Small general purpose computers have become an impbrtant part of this revo-
lution. They give the scientist and engineer a way to have computer power
. under their direct control; they are personal approachable tools.

Research scientists use small computers to automatically control experiments
and fo collect and condense data. The small computer allows the researcher
to use emerging data to creatively vary experiment sequences and parameters,
and of course, to perform mathematical operations. Where massive compu-
tation is required, small computers are easily connected to the facilities of
large scale computer systems.

Small computers are also used by the engineer as the control element in
large data handling or process control systems and instruments. In these
applications, small computers not only have cost advantages as compared
with specially designed, fixed-purpose, sub-systems, they have almost un-
limited flexibility and they can be readily expanded if the system has to grow.

The computer described in this handbook, the PDP-8/1, is a new and important
member of this computer revolution. It is the newest in a family of compatible
machines designed with the same word length, instructions and programs. lts
predecessor, the PDP-8, the most popular computer ever made for the scien-
tific community, is presently in use in over 1000 installations. The little brother
to the PDP-8, the PDP-8/S, is active in over 500 installations. Both machines
were desugned to offer potential computer users the best price/performance
ratio ih the industry. The new PDP-8/1 is designed to carry on this tradition.

There is an investment to be made by the scientist and engineer. If they are
to get the most out of their machine, they have to learn how to use it. The study
of the computer fundamentals outhned on the following pages is a good start.

- The payoff for this learning investment is high. Dividends come in terms of an

*entire career; the computer discipline is added to the discipline of science or
engineering.



Digital’'s PDP-8 computer, shown here undergoing final production
testing, is one of the most popular on-line computers for physics
and biomedical analysis and process control.



FLIP CHIP assembly line combines automated manufacturing steps

with computer controlled checkout for lower cost, more reliable
circuits.
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PART I: SMALL COMPUTER PRIMER .



INTRODUCTION

Robert Benchley once wrote that although he realized that a modern bridge
was indeed a very large and complex structure, he nevertheless felt quite sure
he could build one himself, if only he could think of the very first thing that had
to be done. Once over this initial hurdle, he thought, the remaining steps
would fall readily into place one after the other until the bridge was complete.
It was just his inability to discover that first step that prevented him from be-
coming a master bridge builder!

You, perhaps, have been trying to discover the first step to be taken in building
a knowledge of just what a high-speed digital computer system is, how it oper-
ates, and in what ways it might be useful to you in your work. You have heard
that the computer can be an extraordinarily nowerful tool, that it can somehow
remember an enormous number of facts, make decisions automatically, and
solve arithmetic problems at incredible speeds, doing in a matter of seconds
an amount of work it would take you days or weeks to accomplish by hand.
Perhaps you have a large, difficult, or complex experimental problem that is
already beyond your scope without the aid of a computer. Or, you are trying to
find a way to capture and analyze an elusive signal, the slight variation of the
salinity of the ocean, the response of the human brain to a flash of light, or a
faint and fuzzy image on a photographic plate. It has become important to
you to know how to make use of the power and versatility that have charac-
terized the computer’s astonishingly rapid development in recent years.

That the modern computer is vastly more complex than Benchiey's bridge
should not discourage you, for it is by no means necessary to learn all there is
to know about the computer before it can be put to work. Indeed, its basic
operating principles are really. very simple, few in number, and can be learned
easily. Of course, the greater the extent and depth of your knowledge of the
computer and its application, the greater will be the computer's usefulness to
you as a tool. Starting with basic principles as they are applied in simple
situations, you will be able to extend your knowledge gradually to include more
and more complex ones. If only you could discover that first step. . .

It turns out that the first step is surprisingly simple. !t involves no more
a consideration of the kinds of on-off or up-down patterns you might find rep-
resented by a row of simple switches. For the digital computer, with all its
power and versatility, is basically little more than an automatic device for
manipulating just such patterns at high speed according to simple fixed rules.
The computer converts signals from its environment into switch patterns; it
changes one set of patterns into another in arithmetically useful ways; it stores
patterns away for further use, interprets them, combines them, translates
them into characters on a printed page, or into pictures, or sounds, or me-
chanical movements. Master the motion of switch patterns, and you have
made an important start in understanding how the digit computer works.
Not that you must understand how the computer works in detail to use it to
solve your problem. Not at all! Your main concern is going to be rather the
careful formulation of your problem in symbolic terms using pencil and paper.
Oh, occasionally you may want to flip a switch or two to modify or control the
behavior of the computer, and there may be times when interpreting switch
patterns as they are displayed in rows of indicator lights on a console will be
helpful. But by and large you will be content simply to “feed” the computer
your problem and its data in symbolic or electrical form, and have the results
returned to you with as little fuss as possible on some kind of printing, plot-
ting, or display device. You won't care how much pattern manipulation the
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computer carries out in the process. The fact remains, however, that switch
patterns and their manipulation underlie and define everything that the com-
puter is capable of doing, and it is therefore a good idea to know somethmg
"about them.

"PATTERNS IN SWITCHES

Consider a row of three switches as shown in figure 1. Think of each switch
as being in either an UP or DOWN position. For the present, suspend your in-
terest in which position corresponds to on and which to off and describe the
pattern of switch settings by means of the letters U and D strung together in
the right way. Thus, you can write down the pattern represented |n figure 1
asUDU.

& @ & ROW OF SWITCHES
U D U

PATTERN

Figure 1 A Pattern 'of Three Switches.

Now, you rmghf ack some simple mlnehnnc about these patterns. For ex-

ample how many different patterns can be represented with three such
switches? With four switches? With no switches?

It is clear that with three switches you can represent twice as many as you can
with two switches, and with two switches, twice as many as with one switch.
One switch provides for the two patterns U and D; two switches, therefore, pro-
vide for 2 X 2 =4 patterns; and three switches, for 2 X 2 X 2 =8 patterns.
Adding a fourth switch doubles the number of possnble patterns again, giving
2 X 2 X 2 X 2 =16 patterns, and so on. Clearly, the rule is simply that the
~ number of patterns which can be represented by n switches is 2.

Is there a systematic way of writing down all of the 2" patterns possible with
n switches? Yes, there are many systematlc methods, the most important of
which can be summanzed by means of the followmg step-by-step procedure
stated in the all too familiar style of an income tax return:

LINE STEP
1 PUT ALL n SWITCHES DOWN
2 RECORD THE PATTERN
IF ALL n SWITCHES ARE UP, THEN STOP, IF NOT, GO ON
3 TO LINE 4
4 NOTE THE SETTING OF THE RIGHTMOST SWITCH
1 IF THIS SWITCH IS DOWN, PUT IT UP AND GO BACK TO
5 LINE 2. IF THIS SWITCH IS UP, PUT IT DOWN AND GO
ON TO LINE 6
6 ' NOTE THE SETTING OF THE NEXT SWITCH TO THE LEFT
AND GO BACK TOLINE 5

Figure 2 A Procedure for Systematically Producing
All 2~ Patterns Represented by n Switches



Try this step-by-step procedure. Imagine a row of three switches and mentally
carry out the specified actions. You will find that the sequence of settings and
the corresponding patterns will turn out to be:

© & © @ D D H D
& e cH D & @& D cH
e c® e cd @ H e D

Note that if step 3 is modified slightly to read, “If all n switches are UP, g0
back to line 1, if not, go on to line 4,” the set of patterns will be repeated
endlessly. Each pattern then specifies its successor, with pattern DDD being
the successor to pattern UUU. You might, in fact, think of the whole pro-
cedure as one for finding successors according to a simple fixed rule. Start at
line 3 with any pattern whatever, and the procedure will give you the successor
to that pattern.

FLOW DIAGRAMS

No doubt you have had at one time or another, some difficulty in following the
line-by-line tabular instructions on your income tax form. You will be pleased
to know, therefore, that there is another way to represent systematic pro-
cedures, a way which emphasizes the flow from step to step. Such a repre-
sentation is called a flow chart or flow diagram. You are going to find this flow
diagram technique extremely useful when you are ready to formulate your
problem in symbolic terms for the computer, and you will be making frequent
use of it. Let’s recast the table of figure 2 in flow diagram form so that you
can see just what a flow diagram looks like:

4



PUT ALL n SWITCHES
DOWN

|

RECORD THE
. PATTERN 1

ARE ALL
n SWITCHES
U?P

sToP )

NOTE THE SETTING
OF THE
RIGHTMOST SWITCH

T

PUT THIS SWITCH
UP

T DOWN

1]
THIS SWITCH
upP OR? DOWN

PUT THIS SWITCH
DOWN .

!

NOTE THE SETTING
OF THE NEXT SWITCH
TO THE LEFT

Figure 3 Flow Diagram of the Procedure for Systematically
Producing All 2" Patterns Represented by n Switches

" The doited line indicates the modification of the procedure which, if the STOP
is omitted, provides for continuous pattern sequencing.

Although not as compact as the tabular form of figure 2, the flow diagram is
considerably more graphic and is therefore easier to comprehend, especially
in the case of procedures involving many alternative steps. The shapes of the
boxes are not of primary importance, of course; the ones shown, however, are
convenient and more or less.standard.



BINARY COUNTING

Counting is one of the most basic operations of arithmetic. The procedure of
figure 2 or figure 3 is one which generates patterns by a process of counting
in a two-valued system. If you substitute the digit “O” for “D” and “1"” for
*U,"” the resulting patterns take the form of binary numbers. Unlike a decimal
number, which uses the ten digits O through 9, a binary number uses only the
two bits 0 and 1. Figure 4 shows the first four binary numbers and their deci-
mal equivalents generated by our counting procedure:

Count in Count in
Decimal Binary
0 00
1 . 01
2 : 10
3 ‘ 11

Figure 4 The First Four Binary Numbers and
Their Decimal Equivalents

To keep the notation straight, it will be a good idea to use the subscripts 2
and 10 in any statements of equivalence that you might want to write: 00, =
Oio; 01,=1,; 10, = 250; 11, = 3..

The generating procedure we have chosen is one in which binary patterns are
“counted out” in a way similar to the purely symbolic one you learned in grade
school for decimal numbers. You learned to say “ZERO plus ONE equals- ONE;
ONE plus ONE equals TWO; etc.; NINE plus ONE equals ZERO with ONE to
carry.” In binary terms you would say “ZERO plus ONE equals ONE; ONE plus
"ONE equals ZERO with ONE to carry.” Much simpler. The above sequence of
four binary numbers was generated in just that way by our procedure. The
counting went like this:

0> 00}

00

+ 1

1=-> 01
-1\7 carry

01

+ 1

+1

- 2> 10

10

+ 1

3> 11



You can see that if there were more than two switches, the next number gen-
erated would be . : :

1

1 carries
Y )

11
+1
4 = 100

and so on, the sequence continuing with 101, 110, 111, 1000, etc.

Symbolic procedures of the sort we have been using are known as algorithms
(after the ninth century Arabian arithmetician al-Kuwarizmi, to whom the
credit is due for this method of calculating by means of symbol manipulation,
a vast improvement over the method of counting pebbles). Thus you would
speak of the procedure of figure 3 as the binary counting algorithm, or of the
familiar grade school decimal counting algorithm, and so forth. All of the fixed
rules followed by a digital computer as it goes about solving a problem are, in
fact, algorithms of one kind or another. ‘ '

What is the meaning of a binary number, anyway? What is the quantity of
pebbles represented by a given binary number? The answer is that each bit
. Wwithin the string of bits stands for a different portion of the whole quantity,
- depending upon its position in the string, just as in decimal notation.

Recall that in the decimal system, a number such as 349, for example, has
the meaning “nine ones + four tens + three hundreds.” The values one, ten,
hundred, and so forth are the consecutive powers of ten; that is, 10°, 10,
102, etc. ) S

3 49

I I'—S‘ll = 9
4x10 = 40
3x100-_3_02

SUM = 349

2 binary system, a number such as 10110 has the meaning (again read-
'm the right) “zero ones + one two + one four + zero eights + one six-
or twenty-two. The values one, two, four, eight, sixteen, and so forth are
nsecutive powers of two; that is, 2, 2!, 22, 23, 24, etc. The binary digits

1 are called bits (for binary digits), and just as we say that 349 is a
decimal number, we say that 10110 is a 5-bit binary number. Repre-
349 pebbles requires a 9-bit binary number:




101011101,=349,

1t 01t 011101

L-111 - 1

l Ox2 = O
1x4 = 4

1x8 = 8

1t x16 = 16

O0x 32 = 0]
1x64 = 64

Ox 128 = 0

1 x 256 = 256
SUM = 349

BINARY ADDITION

You may be wondering how addition of two binary numbers is accomplished
directly in binary. Very simple, really. The addition algorithm is just an exten-
sion of the counting algorithm. The bit strings of the two numbers, the
ADDEND and the AUGEND, are lined up one over the other, and for each col-
umn, the rule “ZERO plus ONE equals ONE; ONE plus ONE equals ZERO with
ONE to carry” is applied, starting from the rightmost, or least-significant bit
-column. You might try the following example for 12-bit numbers yourself.

Carries

1 11 11

) Xk &\
ADDEND ' 000 010 101 101 . ( 1730)
AUGEND 01} 010 001 011 (+ 1675,)
SUM 011 100 111 000 (= 1848,)

In the fourth column from the right, you will notice that three ONEs had to
be added together. Of course, you simply add two of them together first, get-
ting “ZERO with ONE to carry,” and then add the third ONE to this, getting
finally “ONE with ONE to carry.” If the sum is also supposed to be a 12-bit
number, any carry produced in the leftmost column, the end-carry, can simply
be discarded.

But discarding the end-carry means, doesn't it, that the sum is incorrect?
Yes, it does in a way, but it also makes possible a simple representation of
negative numbers within certain limits. For if the sum turns out to be zero,
i.e., 000 000 000 000, either the ADDEND and AUGEND are both zero, or,
more to the point, the ADDEND and AUGEND can be thought of as having
values which are equal in magnitude but opposite in sign since these are the
only kinds of values which add up to zero. For example, in the addition



end carry

@ 111 111 111 11  cary

AN
111 111 111 111 ADDEND

000 000 000 001 AUGEND
000 000 000 000 SUM (rightmost 12 bits)

you recognize the AbDEND as having the value “1” and it must be, therefore,
that the AUGEND has the value “—1.”

We say that the numbers 111 111 111 111 and 000 000 000 001 are 2fs
complements of one another; addition in which the end carry is discarded is
called 2's complement addition.

We car arrange the set of 12-bit numbers in a way which shows all of the 2's
complement pairs, and assign corresponding decimal values and their signs as
in figure 5. :

. PAIRING (Two‘saém{msm) DECIMAL
—_— | 011 111 111 111 +2047
* L]
. .
—— | 000 000 000 100 +4
—— | 000 000 000 011 +3
Q00 000 000 910 +2
000 000 000 001 +1
E 000 00C 000 000 0
°e* 11T 111 111 114 -1
111 111 111 110 -2
L——p [ 111 111 111 101 -3
L——p 111 111 111 100 -4
o [
- *
. ) N .
& | 100 000 000 001 | -2047

Figure 5 Two's Complement 12-Bit Binary Numbers and Their
Signed Decimal Number Equivalents

The leftmost bit, you will notice, is ZERO for all the positive numbers and
ONE for all the negative numbers. It is called, therefore, the sign bit of the
- number. Actually there is one more “negative” number not shown in the

table. It is 100 000 000 000, = 2048,, — a bonus or a nuisance depending
on your point of view. .

You may have perceived that the way to negate either a positive or negative
number is to change all its bits from ONE to ZERO and vice versa (a process
called complementing) and then add 1 to the result.

The whole business is getting to be a bit tedious, isn’t it? Bear in mind,
though, that the computer is going to take care of practically all of these
binary details for you automatically, and that you can work with the decimal
number system directly if that is what you wish to-do. Conversion between the
two systems can be achieved by means of suitable algorithms, and at this
point perhaps, that's all you want to know about that.

9




WHY BINARY?

You can see that binary numbers are much less compact than decimal num-
bers. They are, however, quite the right sort of numbers to represent in two-
state devices as two-position switches. The reason that the binary rather than
the more compact decimal system is used in electronic digital computers is
primarily that two-state devices have been found to be technically and eco-
nomically sounder than ten-state devices in computer construction.

Two-state devices of various kinds are used extensively. The electronic version
of the two-position switch is picturesquely known as a flip-flop. The computer
is able to put a flip-flop into either of its two states by means of electrical
signals, just as you are able to put a switch into either of its two states by
hand. Computer memory unlts are composed of a Iarge number of tiny, mag-
netizable doughnuts misnamed cores, wired LogeLuer in geometricai arrays
and arranged so that each core can be magnetized in one of two ways. Binary
numbers can also be stored in the form of two-state magnettzed spots on
tapes, discs, or drums coated -with magnetic material, or in the form of holes
punched in paper tape or cards (the two states being “hole’ and “no hole”).
A set of n two-state, i.e., binary, devices used in the representation of an n-bit
number is called an n-bit register. Thus, a row of twelve two-position switches
is called a 12-bit switch register, and a set of twelve flip-flops, a 12-bit flip-
flop register. A 12-bit register can represent or “hold” 2'2, or 4096~ different

binary numbers.

OCTAL REPRESENTATION

Even though you may be talkmg about or writing down a 12-bit binary number
very rarely, it is still quite a nuisance to have to deal with binary digit strings
like 101101110010 or 001100101101. You will be relieved to learn that there
is a simple shorthand that can be used instead. It involves yet another
system, the octal number system, in which numbers are based on powers of
eight, and the digits O through 7 are used. But do not despair, for it is the
- notational rather than the arithmetic aspects of the octal system that wm con—

| o) ~ P e £ T ki bnlem
cern you. To usc it as a shorthand notation for a 12-bit binary number, for

example you S|mp!y divide the twelve bits into four groups of three bits and
assign irv piace of each group its octai equivaient taken from the 3-bit tabie of
figure 6, which you can surely memorize:

—;

OCTAL BINARY
0o 000
1 001
2 010
3 011
4 100
5 101
6 110
7 111

~

Figure 6 Octal-Binary Equivalents

10



For example, if you find it necessary to deal with the number 101101110010,
. you can subdue it as indicated below:

101101110010
3 ¥ 2
101 101 110 010
B2 A |
5 5 6 2

Octal digit equivalents
1011011100102 = 55625

It's easy to see that the process can be reversed. Given an octal number such ‘
as 1347, you use figure 5 to find the 3-bit binary equivalents of each octal -
digit and string these together. -

1347
¥ ¥ N\
001 011 100 111

13473 = 001011100111,

Handy. Almost as compact as decimal, furthermore.

STORAGE AND RETRIEVAL OF BINARY PATTERNS

By now you have the idea that a register can be thought of as “holding” a
number. A given 12-bit register can hold only one 12-bit binary number at a
time, but any of the 4096 possible 12-bit humbers can be accommodated. A
‘ number can be copied or transferred electronically into any flip-flop register
large enough to accommodate it, and a computer, in fact, makes many such
transfers in the course of a calculation. To accomplish a number transfer, the
state of each flip-flop or switch within the source register is represented as an
electrical signal which is then transmitted to the destination register where it
sets a corresponding flip-flop into-a matching state. If all n bits are copied
simultaneously, the transfer is said to be a parallel one; if the bits are copied
one at a time, a serial one.

One of the most important functions of a computer is the storage and retrieval
of information—facts, dates, measurements, names, messages, instructions,
data—all represeptable as binary patterns of one kind or another. Before the
computer can solve your problem, you must supply it with all the information
relevant to the problem, the procedures for solution as well as data. To do its
job the computer must have rapid access to many, many numbers, far too
many to hold entirely in flip-flop registers, which are relatively large and elabo-
rate devices. Instead, a special storage unit, the core memory, is used. In a
core memory, the two-state elements are the magnetic cores mentioned
earlier, rather than flip-flops. These cores are arranged to function as sets of
identical n-bit registers, into and out of which parallel n-bit transfers can be
made one register at a time.

The registers within a core memory have identifying numbers associated with
_them, much the way houses on a street have addresses. These numbers, in
fact, are called addresses, and you can speak of “storing a number at a cer-

11



tain address” in the memory. Addresses are also referred to as “patterns” or
L1 ”
words.

This process is so fundamental that you will want to see a specific example,.
perhaps one in which the address and pattern are copied from switch registers
-even though in a typical computer situation other kinds of number-input de-
vices will be used. A simple 64-word 12-bit memory system and a 6-bit ad-
dress register are shown in figure 7.

KXOXK 0 Ot OO Oy
? .

STORE
ADDRESS CORE MEMORY PUSHBUTTON
12 - BIT CORE
REGISTERS)

RETRIEVE
PAYTERN

080 80¢p| |0pd 9pd 9bg b

6~ BIT ADDRESS REGISTER 12-8IT PATTERN REGISTER

Figure 7 A Simple 64-Word 12-Bit Memory System

You will notice that because there are 64 addresses, the binary address regis-
ter must have 6 switches: 2 = 64,,, To store patterns or “words” in this
simple memory, you sct the switches of the address regisier 1o represent the
binary form of the address designating the core register you want to use, set
the switches of the pattern register to hoid the pattern you want to store, and
push the STORE push button. You can repeat this process with other ad-
dresses and patterns, if you wish, until all 64 registers are “full.” The registers
may be used in any order whatever, sequentially, if you wish, or compietely at
random. The core memory system is said to provide random access to its
registers.

To retrieve a pattern you have stored, you again set the address switches to the*
address of the register holding the pattern and then push the RETRIEVE push

button. The pattern held in the designated core register is copied into a spe-

cial 12-bit flip-flop register, which is connected to a set of twelve lights for

you to look at. Lights which are on correspond to ONEs in the binary pattern.

Simple? Logically yes, but electronically, no. The process of tuning electrical

signals into magnetic states and vice versa is one requiring many electronic

devices and circuits.

So, in a memory system like the one above you can store a set of quite arbi-
trarily chosen patterns: In figure 7, the switches are set to store the number
5123, in the register whose address is 76;. You can summarize the state of
affairs at any point by listing the patterns and their address locations in octal
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notation (using the table of figure 6 which you have, of course, memorized).
You might have something like this: ' '

Ead

LOCATION | CONTENT
(OCTAL) | (OCTAL)
00 4321
o1 0000
02 7777
03 5123
04 0510
05. 7401
06 2111
07 3043
10 6571
) 11 1234
° ° ’

o [ ]

. ®
76 5123
77 | 1234

Figure 8 The Contents of a 64-Word Memory
Register 07,, for example, holds the number 3043; and the “next” register,
+ 10, holds the number 6571:. Of course, if you are actually setting switches or
looking at lights, you can readily convert these octal numbers back to binary
if you wish:

07, =000 111. 3043, = 011 000 100 Ol1l,
10, = 001 000, 6571, = 110 101 111 001,

' ¢
By the way, notice the disconcerting skip from the number 7 to the number 10
in an octal counting sequence. This will probably always bother you, but
nothing can be done about it. The same thing happens at ‘17, which is fol-
lowed by 20, and 27,-37, 47, 57, and 67. The number following 77 is 100,
and so it goes. Just skip any numbers which have an 8 or 9 in them, and you
can count in octal if you really want to.

ORGANIZATION OF THE COMPUTER

“This is all very well,” you can be heard to say, “but what does it have to do
with ‘capturing and analyzing an elusive signal,” for’ example?” A fair question,
it must be admitted. The step from storingrand retrieving binary numbers
using switches set by hand to solving a complex problem is seemingly great,
but be assured that you are on the right track! For it turns out that a com-
plete digital computer can be built around just such a simple storage and
retrieval scheme as ‘the one outlined above. There will have to be more core
registers and correspondingly larger addresses; some kind of unit capable of
carrying out various arithmetic algorithms will have to be provided; for con-
venience, it will probably include at least a keyboard/printing device such as a
teletypewriter.

The structure and operating principles of such a computer might be repre-
sented in terms of a simple diagram: '
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UNIT

INPUT = MEMORY QUTPUT

ARITHMETIC
UNIT

Figure 9 A Simple Mode! of the Computer

The input, memory, and output elements are similar in principle to the pattern
switches, memory, and indicator lights of figure 7. Input and output, of
course, can be and frequently are handled by a wide variety of devices much
more sophisticated than switches and lights, such as display scopes, magnetic
or paper tape units, analog/digital converters, and teletypewriters. No matter
how complex such a device might be, however, it always transmits information
into or out of a digital computer in binary patterns which could be set in
switches or readin lights. (How slow that would be!)

Storing and retrieving binary patterns in a core memory certainly has little
~appeal unless you can also manipulate the patterns in some useful way, per-
haps to do arithmetic calculations with binary data which is in the memory.
The arithmetic unit not only accepts numbers previously stored in the mem-
ory, but is capable of performing various algorithmic operations on these
numbers (i.e., adding two numbers together), and returning them eventually
to the memory or to an output device. Since it must be able to manipulate
numbers, as well as “hold” them, the arithmetic unit usually consists of spe-
cially designed flip-flop registers which aré more powerful (and more expen-
sive) than core registers.

If any part of a computer can be thought of as its “brain,” it is the controi
unit. This unit coordinates all the parts of the computer so that events hap-
pen in a logical sequence and at the right time. To show all the pathways
control signals might take to the other parts of even the simple computer
model shown in figure 9 would quite obscure the drawing! This is the unit
which “makes things happen.” :

This is neither as powerful nor as mysterious as it may sound, for the control
unit only does exactly what you tell it to do. Numerically encoded instruc-
tions, which you store in the memory, can be sent to the control unit to direct
it to carry out certain basic algorithmic steps. The control unit is designed to
“decode” each.number sent to it and to initiate a chain of events designated
by that number. For example, the instruction: code number 7001 might ini-
tiate a counting algorithm step in an arithmetic unit register. When one chain
of events has been completed, the control unit is ready to receive another
number from the memory and to initiate the chain of events designated by
that number, and so on. :

Relatively few algorithms or instructions which the control unit can interpret
are actually built into the computer, but they include ones which make it pos-
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sible, when combined in the proper sequence, to synthesize any algorithm
whatever that could have been built in! This remarkable circumstance gives
the computer enormous versatility. We speak of this kind of computer, one
that stores its own instructions and provides for the general synthesis of algo-
rithms, as a general purpose computer. ' ' : '
The set of instructions which the computer is directed to carry out in a speci-
fied sequence is called a program. It is the program that states the pro-
cedure the computer is to follow in solving the problem at hand. The program
is thus a large problem soluation algorithm composed of many simpler algo-
rithms, namely, the basic ones provided in the repertory of the computer. .
Your task in using the computer to solve a given problem is primarily one of
“writing an effective program based ultimately on the simple operations the
computer “knows” how to do.

In principle, then, the steps you must take to use the computer to solve your
problem are the following: : :

1) Program: The problem must be analyzed and an algorithm for its solu-
tion constructed in the form of a program of instructions which
are in the repertory of the computer. '

2) Input: These instructions must be encoded.: in binary form and stored
in the memory together with any data and parameters required

by the program. ‘

3) Operation: The computer must be started at the first instruction; all the
steps of the program are then automatically carried out, the
computer alternately “fetching” instructions from its memory
.and “executing” them. ' '

4) Output: The binary results must be retrieved from the memory.

You would find these four steps quite tedious if you had to carry them out in
detail. Fortunately, in practice, there are many simplifying variations of these
four steps, designed to make your task easier. It will be possible, for example, -
to express your problem not in the relatively simple basic "instruction “lan-
guage” of the computer, but rather in a more powerful language better suited
to your needs, which wili be translated into the basic language and encoded
in the necessary binary form automatically. You will be able to incorporate
into your work some of the many programs already written by others, taking
“advantage of an ever-increasing base of useful procedures. Devices will be
available to ‘capture that elusive signal in binary numerical form and store it
away for you. Printers, plotters, and recorders of various kinds will simplify
the retrieval and display of results’'in decimal or graphic form.

A SPECIFIC EXAMPLE.

Someone once suggested that the ideal digital computer would be powerful
enough to solve any problem in one second or less, would cost no more than
ten dollars, and would be sa compact that you could simply paint it onto anye
handy surface. Such a machine is not yet available. Instead, focus your atten-
tion briefly on the organization of a specific available digital computer as a
preface ‘to learning just what kinds of instructions can be used in writing
programs. :

Figure 10 shows a diagram of the PDP-8, a simple, high-speed, general pur-
pose digital computer which operates on 12-bit binary numbers in parallel
fashion. _
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Figure 10 A Block Diagrdm of the PDP-8

The diagram clearly introduces several new terms with which you will become
familiar, but each component can be directly associated with the simple
model of figure 9. The switch register and the teletypewriter for example are
typical input output devices.

The PDP-8 memory contains 4096 12-bit core registers and therefore reguires
12-bit addresses. A 12-bit flip-flop register, the memory address register, is
provided to hold an address during a memory reference period, or memory
cycle as it is calied. Another 12-bit flip-fiop register, the memory buffer regis-
ter, holds ali words which move into and out of the memory. These two spe-
cial registers and the memory make up the memory unit.

The arithmetic unit has two elements in the PDP-8. The accumulator is a 12-
bit flip-flop register whose main use is in arithmetic and other operations on
numbers held in the memory; it is surrounded by electronic circuits which
implement the binary algorithms for these operations. lts name comes from
the fact that it accumulates partial results during the execution of the pro-
gram. Notice that the accumulator also communicates with a Teletype ma-
chine—about which more later—and has attached to it a 1-bit flip-flop regis-
ter, the link, which is used primarily in calculations in which twelve bits are not
enough to represent the numbers involved. The accumulator can also be set
from the switch register.

The instruction register and major state generator, together with the program
counter, can be identified as part of the control unit. The 3-bit instruction
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register holds a code number specifying the main characteristics of the in-
striction being executed (other details are specified by other bits of the in-
struction being executed (other details are specified by other bits of the
instruction as they appear in the memory buffer register), and the major state
generator keeps track of the fetch and execution phases of operation.

The program counter is used by the control unit to keep track within the pro-
gram of the addresses, i.e., the locations in memory, of the instructions to be
" executed. Ordinarily these instructions are stored at numerically consecutive
locations, and the process of keeping track involves no more “counting along”
the.number in the program counter; that is, replacing it with its binary succes-
sor usirig built-in electronic circuits which implement the by now very familiar
binary counting algorithm of figure 3. The program counter can be set initially
to the address held in the 12-bit switch register so that operation can start
properly with the first instruction in the program. This setting procedure can
also be used in the simple kind of storing and retrieval scheme discussed
earlier. - ‘

Not shown on either of the computer diagrams is a very important component
called the operator console which makes it possible for you to communicate
with the computer directly, should you wish to do so. A simplified picture is
shown in figure 11: :

PROGRAM COUNTER

I0001I000I000I000

MEMORY ADDRESS

1000I000I0O0I0OO

MEMORY BUFFER

10.001000I10001I000

. LINK . ACCUMULATOR

O 10001000I000I000O

SWITCH REGISTER

909/000|09d|9pd¢g

C9) sTaRT

C9) LoAD ADDRESS
C9D) oeposIT

CH) EXAMINE

)} CONTINUE

C9 sTop

Figure 11 A Simplified Picture of the PDP-8 Operator Cohsole

On the console are manual keys which act as push buttons for storing, retriev-
ing, starting, etc. There are indicator lights for each flip-flop to provide a
binary form of visual output, and which you can read when the computer is
stopped. The single switch register, in conjunction with the keys, has many
applications.

Why not start by seeing how you might use this console to store binary pat-
terns in memory? The switch register supplies both the address and the
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pattern itself, unlike the earlier example of figure 7 in which two switch regis-
ters were shown. In the PDP-8, the address is first set into the switch register
and the key labeled LOAD ADDRESS is momentarily lifted. This action causes
the address set in the switch register to be copied into the program counter.

Next, the pattern is set into the switch register and the key labeled DEPOSIT
is lifted momentarily. This causes the pattern to be copied into the core regis-
ter whose address has been put in the program counter. The number in the
program counter is increased by 1 in preparation for another DEPOSIT action
intended to copy the next pattern set in the switch register into the core regis-
ter “foliowing” the first one used, and the computer stops. .
Direct retrieval is accomplished by setting the address in a similar fashion.
The EXAMINE key corresponds to the RETRIEVAL push button of figure 7. The
pattern found at the address set in the switch register will be displayed in the
accumulator lights. Again, the address held in the program counter is in-
creased by one to facilitate consecutive addressing. ‘

PROGRAMMING THE PDP-8

Now that you have an idea of the structure of the computer, how it represents
and handles binary information, and how you can communicate with it, it is
time to look more specifically at some of the instructions which are in the
repertory of the PDP-8 and to see how they can be arranged into useful
programs.

Let.us begin with some simple sets of instructions. Suppose, for example,
that you have put the following numbers into the memory:

LOCATION | CONTENT
(OCTAL) (OCTAL) |-

L 4 L

* L J

L L J
0Qa0 7200
0041 7001
goc42 7001t
0043 | 7001
0044 7402

[ ] L J

[ ] ®.

. L ]

Suppose, further, that you then set the number 0040: in the switch register
and press the START key. Nothing seems to happen, although the indicator
lights may appear*to blink. The computer is clearly not running, and the ac-
cumulator indicator lights show the pattern.

000 000 000 011
that is, the number 0003. The program counter lights show thé pattern
100

000 000 101
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that is, the number 0045,. Other lights are lit in other patterns. What does it
all mean?

You have just “run” a small program on the computer. The steps of the pro--

~ gram were automatically carried out, the computer alternately “fetching” in- -

structions from its memory and “executing” them. The numbers you have
stored in registers 4 through 44 are the code numbers of instructions for gen-
erating the number 3 in the accumulator. Pressing the START key with 40
in the switch register set the program counter to 40 and started the computer
in its calcuiating mode. The computer “looked up” the contents of register
40, found the number 7200, and sent it off to its control unit for interpretation
as the first instruction in the program. The computer then executed sequen-
tially the five instructions in registers 40, 41, 42, 43, and 44.

To understand just which instructions in the repertory might generate the
number 3 in the accumulator, let us-rewrite the program using mnemonically
useful abbreviations. The mnemonic abbreviations used throughout the text
have been generated for explanation only. There are no standard mnemonics
used by the computer industry. )

Location Contents | Mnemonic
(octal) Comment
Start . . .
-3 (0040 7200 CLA Clear AC.

0041 7001 IAC
0042 7001 IAC Increment AC three times.
0043 7001 IAC .
0044 7402 HLT Halt the computer.

Program Example 1 Generating the Number 3 in the Accumulator

In the PDP-8, 7200 is the code number of the instruction “clear the accu- '
mulator,” i.e., the instruction to set the twelve accumulator, or AC, flip-flops
to the O state. These clearing actions were carried out, the number in the
program counter was increased by ONE to the value 41, and the computer
was then ready to look up, i.e., fetch, its next instruction which it proceeded
to do. In register 41 it found the number 7001, the PDP-8 code number of
the instruction to “increment accumulator,” i.e., to increase the number in
the accumulator by ONE. This instruction was then executed, and the step of
incrementing the program counter contents was also carried out as before.
‘And so it went. Two more increment accumulator instructions were fetched
and executed, leaving the number 3 in the accumulator. The instruction which
was then found in register 44, with the PDP-8 code 7402, simply directed the’
computer to halt, with the number in the program counter set to 0045 in an-
ticipation of another step.

The program might have been stored or relocated in a completely different
set of consecutive core registers without in the least changing its effect on the
accumulator. You have only to start it at the location of the first instruction,
wherever that might be.
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The instructions CLA, IAC, and HLT are examples of a whole group of simple
built-in instructions called operate instructions, so called because almost all
of them “operate on,” or refer to the contents of the accumulator. Members
of this group are recognized by the control unit because they always have a
“7" as the leftmost (most significant) octal digit. By the way, it is always the
most significant octal digit that is sent to the 3-bit instruction register for de-
coding and interpretation.

What about instructions of other kinds, that is, ones with code values other
than 7? A very interesting and powerful instruction is the one having the code
value 5. It is called the “jump” instruction, and has the effect of changing
the program counter. In other words, the computer does not have to execute
instructions as they appear sequentially in consecutive memory registers. The
jump instruction can be used to direct the computer to another memory regis-
ter, out of sequence, for the next instruction,

The rightmost three octal digits, i.e., nine bits, of the jump instruction tell the
computer the address of the next instruction. For example, if the code num-
ber encountered in, say, register 123, during the instruction fetching phase is
5034, the “5” will direct the computer to replace the contents of the program
counter with the number 0034. The next instruction will, therefore, come not
from register 124 but rather from register 34, and the program will go on
from that point. In effect, the program “jumps” from register 123 to register
34. We write this instruction mnemonically as JMP 34, and can describe it
generally as “JMP Y.”* Look at the following example: ' ‘

Location Contents | Mnemaoanic Comment \
{octal) (octal)
S . . .
tart 5 0040 7200 CLA Clear AC.
0041 7001 IAC Increment AC.
0042 5041 ’ JMP 41 Go back to location 41.

4
Program Example 2 Endless Binary Counting in the Accumulator

The program endlessly repeats the entire counting sequence of 4096 num-
bers, replacing the number in the accumulator with its successor each time
“around the loop.” The contents of the program counter pass through the
values 40, 41, 42, 41, 42, 41 . . . endlessly, or rather, until the STOP key
is pressed or someone trips over the power cable.

You will agree that simply counting out the binary numbers isn't very interest-
ing, but the four instructions which these examples introducesshould give you
some notion of what it means to “program a computer.” Perhaps the instruc-
tions don’t look quite the way you expected!

The repertory of any general purpose computer, of course, reflects the organi-
zation of the particular computer for which it was designed, and although the
instructions may seem odd at first, they generally perform very simple opera-
tions which are quickly mastered by the programmer.

*For the present let Y stand for any number less than 200, i.e., any number
less than 128,. These are smaller numbers than you need to address the en-
tire memory, the restriction to small numbers will be explained later.

20



Perhaps the most important single thing to be aware of, as you put instruc-

tions together to form a program, is that the computer is really very simple-
minded. Remember the CLA instruction in the first example? If the computer .
had not first been directed to clear the accumulator, the LAC instructions in
locations 41, 42, and 43, which “increase the number in the accumulator by
ONE,” would have done just that; i.e., they would effectively have added 3 to .
whatever number was in the accumulator at the time. The computer has no-
- way of knowing that that wasn’t quite your intention, and, of course, at another
time that might have been exactly your intention. This necessary attention to
detail may seem picky at first, but you will quickly learn the combinations of
instructions which insure the smooth operation of your program. . :

The instruction repertory is then the “language” of the computer. The pro-
gramming examples which follow will introduce you to some of the PDP-8 in-
structions. The repertory includes instructions, such as JMP and HLT, which
simply direct the flow of events for the control unit. There are instructions
which send information between the accumulator and input or output devices
such as the Teletype, (KSF, KCC, KRS, KRB), and ones which send information
between the accumulator and the memory (called “memory reference instruc-
tions”). : '

Since all the “work” is done in the arithmetic unit, there are a number of in-
structions in the operate group which make it easy to use efficiently. These
include instructions which complement the accumulator .contents, rotate it
right or left, set it to the number helid in the switch register, or cause the com-
puter to skip one instrugction when the accumulator is in a certain state.

~ SYMBOLIC MACHINE LANGUAGE

Before proceeding with more specific programming examples, it will be helpful
to introduce a few more mnemonic aids which you will be able to substitute
for much of the octal notation. ; o :

~N . .
Program example 2, for instance, can be relocated in another set of core
registers, but notice, please, that in this case the program must be changed .
slightly before it will run correctly: the JMP Y must be recoded to match the
new location. Examples: ' _ -

———> 65 CLA ———> 123 ClA

66 IAC ) i 124 IAC

67 JMP 66 125  JMP 124
This can become quite a nuisance,. especially with large prog'rams' in which
there will be many such references to memory addresses. |f, however, you as-

sign a name, say, “CAT,” to the memory register to which the JMP instruction
must return, you can write

——> CLA

CAT, IAC
_“ JMP_CAT
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without, for now, concerning yourself with the actual memory location of the
IAC instruction. Note, in the above example, that CAT is followed by a comma
when it is used as an identifier for an instruction. When CAT is used to sym-
bolize the address portion of an instruction, nc comma is required.

These symbolic references to instruction locations are made possible because
of a special program, called an assembler. When you are ready to run your
program, the assembier will first translate this symbolic language you have
used* into the binary numbers which the computer will use. Clearly a very
useful program!

The PDP-8 assembler is one of many such symbolic translators and we will
use its notation in the examples which follow. Another translator, of which
you have perhaps heard, is called FORTRAN. It can translate more complex
combinations of symbols than an assembler, and may be the appropriate lan-
‘guage for writing some of your programs. '

PROGRAMMING EXAMPLES

Let us turn our attention first to the extremely important skip instructions,
ones that give the computer its ability to make decisions automatically, to
change the course of its calculations, to discriminate between one kind of
result and another. In the PDP-8 each of these instructions takes the form
of a conditional “skipping over” of the instruction stored in the immediately
following register in memory. This skipping action depends on the detection
of certain situations or states; for example, upon the detection of the number
0000'in the accumulator. (The control unit handles sRipping by simply incre-
menting the contents of the program counter one extra time if the designated
situation is found to exist.) ’

For example, if we include the instruction SZA, “skip if accumulator is zero,”
in program example 2, we can make the computer break out of its otherwise
endless loop after it has generated one complete sequence of the 2 binary
numbers. SZA has the effect of skipping the instruction following it if the num-
ber in the accumulator is 0000. The program would look like example 3 if
written in the symbolic language of the assembler. “*110" ic called an origin;
it “tells” the assembler that you want the program to occupy consecutive
memory locations starting at register 110, “C{AC)” is an abbreviation of “Con-
tents” of the accumulator”.

*110
START, CLA Clear AC. i
—» CAT, IAC Increment AC.

SZA Does C(AC) = 0? If not, go to next
______ 71 instruction; otherwise, skip
| next instruction.

JMP CAT ! Jump back to increment again.

Hl:T « Stop the computer; sequence is complete.

Program Example 3 Halting after Generation of One
Complete Binary Counting Sequence

*Note the arrows and lines, though. They are just your notes to yourself.
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The program stops itself after counting out 22 numbers. As you can readily
see, it might instead have been made to go on to yet another calculation by
replacing the HLT with a JMP to the start of a new calculation. To complete
the picture, you might construct the flow diagram for this simple program. It
would look like this: '

'. ( START )
'

CLEAR ACANDL

:

INCREMENT CONTENT
OF AC :

EQUAL ZERO
? ,

YES

C STOP, )

Figure 12 Flow Diagram of Example 3
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