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Foreword

The data processing industry has expanded so rapidly during the
past twenty years that there has always been a scvere shortage of
trained' personnel. Many new job openings are created each year be-
cause new ways for using the computer are continually being developed.
Consequently, the computer industry has a real problem training pro-
grammers and engineers fast enough to fill these newy jobs.

Fortunately, this situation is improving, primarily because our uni-
versities, high schools and training schools have greatly expanded their
abilities and facilities to train students in data processing. We are espe-
cially heartened by the great strides being made at the secondary school
level. Computers are now an integral part of modern life; high school
students are using computers to learn to solve Algebra I problems;
engineers are using the computer as an “electronic slide rule”; chemists
are using the computer to aid in analysis and control of chemical pro-
cesses; many businesses are using computers to process payroll records,
control inventories, and many other applications,

We anticipate that this book will be useful to both teachers and
students as a training text and reference handbook. For users of our
small computers, it will also be the basic programming reference source
for use in conjunction with the many small computer systems of the
PDP-8 family produced by DEC.

~ Introduction to Programming was prepared by the Software Writing
Group in the Programming Department at DEC, with the assistance
of many others, including instructors in our Training Department, many
DEC and user programmers who have reviewed the manuscript, and
teachers who are presently using a PDP-8 in their computer sciences
courses.

We are most grateful to everyone who has contributed.

e A L

Kenneth H. Olsen '
President :
Digital Equipment Corp.
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Preface

This textbook is an introduction to programming digital computers,
particularly Digital Equipment Corporation’s PDP-8 family of com-
puters (often referred to simply as PDP-81). Over 3,000 of these small,
gencral-purpose computers have proven their versatlllty in hundreds
of different applications.

Introduction to Programming can be used by students, programming
trainees, and experienced programmers. It offers two approaches to
learning computer programming: (1) learning to program in machine
language, that is, learning to write programs using the actual instruc-
tions that the computer was built to perform and (2) learning to pro-
gram in a common programming language that uses many English
words and standard mathematical notation. Although easier to learn,
common languages, such as FORTRAN, ALGOL or FOCAL, are not
as efficient as machine languages, in terms of program execution times
and core memory requirements. Of course, machine language and com-
mon language programming are complementary, so it is useful to learn
both.

Teachers and programming students will find Chapters 1 through 5
useful as an introductory text to machine-language programming.
Chapters 6 through 9 are devoted to the descriptions, uses, and oper-
ating procedures for PDP-8 system software; this software has proven
its ability to simplify the tasks of writing, editing, assemblmg, compil-
ing, debugging, and running user programs.

Chapter 6 describes PDP-8 system software and provides detailed
operating procedures for the Symbolic Editor, the assemblers, and other
commonly used software, These operating procedures can be used by
the computer operator or programmer mdependent of the remainder
of the book.

Chapters 7 and 8 describe the Disk Monitor System and the TSS/8
Time-Sharing System.

1 PDP stands for Programmed Data Processors and is a trade mark of Digital
Equipment Corporation.



Chapter 9 is a complete student’s text on the use of FOCAL
(FOrmula CALculator), a conversational interpreter for solving nu-
merical problems. FOCAL language consists of short, easy-to-learn,
imperative English statements. FOCAL puts the full calculating power
and speed of the computer at the user’s fingertips, providing an easy
way of simulating mathematical models, plotting curves, handling sets
of simultaneous equations in n-dimensional arrays, and much more.

Scientific programmung is explained in Chapter 10 along with a de-
tailed special program designed to gather physiological data.

After becoming familiar with PDP-8 programming, the user may
wish to join DECUS (Digital Equipment Computer Users Society).
DECUS is a user’s organization that exchanges ideas and programs;
it is described in Chapter 11 together with a list of programs available
from DECUS.

A detailed index/glossary, a summary of instructions, answers to
selected exercises, and tavles of conversion codes are included at the
back of the book. More experienced programmers will find the book
and its index useful as a reference guide.

Preface to the Second Printing

The text is unchanged, except for the correction of minor errors.
Most of these errors were reported by diligent readers, to whom we
are most grateful. As we expect to improve this book in future re-
visions, all readers are earnestly requested to send corrections and
comments to: ‘

Manager, Software Documentation
Programming Department

Digital Equipment Corporation
Maynard, Mass. 01754
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Chapter

Computer
Fundamentals

INTRODUCTION

During the past 20 years, the computer revolution ‘has dramatically
changed our world, and it promises to bring about even greater changes
in the years ahead.

The general purpose, digital computers being built today are much
faster, smaller and more reliable and can be produced at lower cost
than the earlier computers. But even more significant breakthroughs
have come in the many new ways we have learned to use computers.

The first big electronic computers were usually employed as super
calculators to solve complex mathematical problems that had been im-
possible to attack before. In recent years, computer programmers
have begun using computers for non-numerical operations, such as
control systems, communicdtions, and data handling and processing.
In these operations, the computer system processes vast quantities of
data at high speed.

The Computer Challenge

It has been said that a computer can be programmed to do any
problem that can be defined. The key word here is defined, which
means that the solution.of the problem can be broken down into a
series of steps that can be written as a sequence of computer instruc-
tions. The definition of some problems, such as the translation of natu-
‘ral languages, has turned out to be very difficult. A few years ago it
was thought that computer programs could be written to translate
French into English, for example. As a matter of fact, it is quite easy
to translate a list of French words into English words with similar
meanings. However, it is very difficult to precisely translate sentences
because of the many shades of meanings associated with individual
words and word combinations. For this reason,-it is not practical to
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try to communicate with a computer using a conventional spoken lan-
guage.

While natural languages are impractical for computer use, program-
ming languages, such as FOCAL, ALGOL, and FORTRAN with their
precisely defined structure and syntax, greatly simplify communication
with a computer. Programming languages are problem oriented and
contain familiar words and expressions; thus, by using a programming
language, it is possible to learn to write programs after a relatively
short training period. Since most computer manufacturers have adopted
standard programming languages and implemented the use of these
languages on their computers, a given program can be executed on a
large number of computers. PDP-8 programmers use FORTRAN and
ALGOL-8 for scientific and engineering problems and use FOCAL-8
and BASIC-8 for shorter numerical calculations. Computer languages
have been developed for programmed control of machine tools, com-
puter typesetting, music composition, data acquisition, and many other
applications. It is likely that there will be many more new programming
languages in the future. Each new language development will enable
the user to more easily apply the power of the computer to his partic-
ular problem or task.

Who can be a programmer? In the early days of computer program-
ming, most programmers were mathematicians. However, as this text
illustrates, most programming requires only an elementary ability to
handle arithmetic and logical operations. Perhaps the most basic re-
quirement for programming is the ability to reason logically.

The rapid expansion of the computer field in the last decade has
made the resources of the computer available to hundreds of thousands
of people and has provided many new career opportunities.

Computer Applications

A computer, like any other machine, is used because it does certain
tasks better and more efficiently than humans. Specifically, it can re-
ceive more information and process it faster than a human. Often,
this speed means that weeks or months of pencil and paper work can
be replaced by a method requiring only minutes of computer time.
Therefore, computers are used when the time saved by using a com-
puter offsets its cost. Further, because of its capacity to handle large
volumes of data in a very short time, a computer may be the only
means of resolving problems where time is of the essence. Because of
the advantages of high speed and high capacity, computers are being
used more and more in business, industry, and research. Most com-
puter applications can be classified as either business uses, which usually

1-2



rely upon the computer’s capacity to store and quickly retrieve large
amounts of information, or scientific uses, which require accuracy
and speed in performing mathematical calculations. Both of these are
performed on general purpose computers. Some examples of computer
applications are given below. -

Solving Design Problems. The computer is a very useful calculating
tool for the design engineer. The wing design of a supersonic aircraft,
for example, depends upon many factors. The designer describes each
of these factors in the form of mathematical equations in a program-
ming language. The computer can then be used to solve these equations.

Scientific and Laboratory Experiments. In scientific and laboratory
experiments, computers are used to evaluate and store information
from numerous types of electronic sensing devices. Computers are par-
ticularly useful in such systems as telemetry where signals must be
quickly recorded or they are lost. These applications require rapid and
accurate processing for both fixed conditions and dynamic situations.

Automatic Processes. The computer is a useful tool for manufac-
‘turing and inspecting products automatically. A computer may be pro-
grammed to run and control milling machines, turret lathes, and many
other machine tools with more rapid and accurate response than is
humanly possible. It can be programmed to inspect a part as it is being
made and adjust the machine tool as needed. If an incoming part is de-
fective, the computer may be programmed to reject 1t and start the
next part.

Training by Simulation. It is often expensive, dangerous and imprac-
tical to train a large group of men under actual conditions to fly a
commercial airplane, control a satellite, or operate a space vehicle. A
computer can simulate all of these conditions for a trainee, respond to
his actions, and report the results of the training. The trainee can there-
fore receive many hours of on-the-job training without risk to himself,
others, or the expensive equipment involved.

Applications, such as those given above and in Chapter 10, often
require the processing of both analog and digital information. Analog
information consists of continuous physical quantities that can be easily
generated and controlled, such as electrical voltages or shaft rotations.
Digital information, however, consists of discrete numerical values,
which represent the variables of a problem. Normally, analog values
are converted to equivalent digital values for arithmetic calculations
to solve problems. Some computers, such as the LINC-8, combine the
analog and digital characteristics in one computer system.
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Computer Capabilities and Limitations

A computer is a machine and, as all machmes it must be directed
and controlled in order to perform a useful task. Until a program is -
prepared and stored in the computer’s core memory, the computer
“knows” absolutely nothing, not even how to receive input. Thus, no
matter how good a particular computer may be, it must be “told”
what to do. The usefulness of a computer therefore can not be fully
realized until the capabilities (and the llmltatlons) of the computer
are recognized.

Repetitive operation—A computer can perform similar operations
thousands of times, without becoming bored, tired or careless.
Speed—A computer processes information at enormous speeds,
which are directly related to the ingenuity of the designer and the
programmer. Modern computers can solve problems millions of
times faster then a skilled mathematician.

Flexibility—General purpose computers may be programmed to
solve many types of problems.

Accuracy—Computers may be programmed to calculate answers
with a desired level of accuracy as specified by the programmer.

Intuition—A computer has no intuition. It can only proceed as it
is directed. A 'man may suddenly find the answers to a problem
without working-out the details, but a computer must proceed as
ordered.

The remainder of this chapter is devoted to the general organization
of the computer and the manner in which it handles data. Included are
the number systems used in programming together with the arithmetic
and logical operations of the computer. This information provides a
necessary background for all who desire a basic appreciation of com-
puters and their uses, and it is a prerequisite to machine-language
programming, covered in chapters 2 through 5.
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NUMBER SYSTEM PRIMER

The concept of writing numbers, counting, and performing the basic
operations of addition, subtraction, multiplication, and division has
been directly developed by man. Every person is introduced to these
concepts during his formal education. One of the most important
factors in scientific development was the invention of the decimal
numbering system, The system of counting in umits of tens probably
developed because man has ten fingers. The use of the number 10 as
the base of our number system is not of prime importance; any stand-
ard unit would do as well. The main use of a number system in early
times was measuring quantities and keeping records, not performing
~ mathematical calculations. As the sciences developed, old numbering
systems became more and more outdated. The lack of an adequate
numerical system greatly hampered the scientific development of carly
civilizations.

Two basic concepts simplified the operations needed to manipulate
numbers; the concept of pos1t10n and the numeral zero, The concept
of position consists of assigning to a number a value which depends
both on the symbol and on its position in the whole number. For
example, the digit 5 has a different value in each of the three numbers
135, 152, and -504. In the first number, the digit 5 has its original
value 5; in the second, it has the value of 50; and in the last number,
it has the value of 500, or 5 times 10 times 10. Sometimes a position
in a number does not have a value between 1 and 9. If this position
were simply left out, there would be no difference in notation between
709 and 79. This is where the numeral zero fills the gap. In the number
709, there are 7 hundreds, O tens and 9 units. Thus, by using the
concept of position and the numeral 0, arithmetic becomes quite easy.

A few basic definitions are needed before proceeding to see how
these concepts apply to digital computers. ‘

Unit—The standard utilized in counting separate items is the unit.
Quantity—The absolute or physical amount of units.
Number—A number is a symbol used to represent a quantity.

Number System—A number system is a means of representing
quantities using a set of numbers. All modern number systems use
the zero to indicate no units, and other symbols to indicate quan-
tities. The base or radix of a number system is the number of sym-

~ bols it contains, including zero. For example the decimal number
system is base or radix 10, because it contains 10 different sym-
bols (viz., 0,1,2,3,4,5,6,7,8, and 9).
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Binary Number System

The fundamental requirement of a computer is the ability to physi-
cally represent numbers and to perform operations on the numbers
thus represented. Although computers which are based on other num-
ber systems have been built, modern digital computers are all based
on the binary (base 2) system. To represent ten different numbers
(0,1,2, . .., 9) the computer must possess ten different states with
which to associate a digit value. However, most physical quantities have
only two states: a light bulb is on or off; switches are on or off; holes
in paper tape or cards are punched or not punched; current is positive
or negative; material is magnetized or demagnetized; etc. Because it
can be represented by only two such physical states, the binary number
system is used in computers.

To understand the binary number system upon which the digital
computer operates, an analysis of the concepts underlying the decimal
number system is beneficial.

POSITION COEFFICIENT

In the decimal numbering system (base 10), the value of a numeral
depends upon the numeral’s position in a number, for example:

347 = 3 X 100 = 300
4 X 10 = 40

7 X 1= 7

347

The value of each position in a number is known as its position coeffi-
cient. 1t is also called the digit position weighting value, weighting value,
or weight, for short. A sample decimal weighting table follows:

. 108 102 10t 100
and, as shown above,
347 =3 x 102+ 4 X 101 + 7 x 10°,
Weighting tables appear to serve no useful purpose in our familar deci-
mal numbering system, but their purpose becomes apparent when we
consider the binary or base 2 numbering system. In binary we have
only two digits, 0 and 1. In order to represent the numbers 1 to 10, we

must utilize a count-and-carry principle familar to us from the decimal
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system (so familiar we are not always aware that we use it). To count
from O to 10 in decimal, we count as follows:

0

O~ b W=

- 10 with a carry to the 101 column

Continuing the counting, when we reach O in the units column again,
we carry another 1 to the tens column. This process is continued until
the tens column becomes 0 and a 1 is carried into the hundreds column,
as shown below: '

0 10 90
1 11 91
2 12 92
3 13 93
4 .14 94
5 15 : 95
6 16 96
7 17 97
8 18 98
9 19 99
10 one carry 20 one carry 100 two carries

COUNTING IN BINARY NUMBERS

In the bihary number system, the carry principle is used with only
two digit symbols, namely 0 and 1. Thus, the numbers used in the
" binary number system to count up to a decimal value of 10 are the
following.

Binary Decimal Binary Decimal
0 () 110 (6)
1 (1) 111 (7)
10 2) . 1000 (8)
11 (3) 1001 (9
100 4) 1010 (10)
101 (5)

When using more than one number system, it is custorhary to subscript
numbers with the applicable base (e,g., 101;=51¢).
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A weighting table is used to convert binary numbers to the more
familiar decimal system.

2423222120 (Weight Table)

101 01 (Binary Number) Position
l—’l Digit Coefficient

= 1 X 1 = 1

= 0 X 2 = 0

= 1 X 4 = 4

» — 1 X 16 = 16

Decimal Number = 21

It should be obvious that the binary weighting table can be extended,
like the decimal table, as far as desired. In general, to find the value
of a binary number, multiply each digit by its position coefficient and
then add all of the products.

ARRANGEMENTS OF VALUES

By convention, weighting values are always arranged in the same
manner; the highest on the extreme left and the lowest on the extreme
right. Therefore, the position coefficient begins at 1 and increases from
right to left. This convention has two very practical advantages. The
first advantage is that it allows the elimination of the weighting table,
as such. It is not necessary to label each binary number with weighting
values, as the digit on the extreme right is always multiplied by 1, the
digit to its left is always multiplied by 2, the next by 4, etc. The second
advantage is the elimination of some of the Os. Whether a 0 is to the
right or left, it will never add to the value of the binary number. Some
Os are required, however, as any Os to the right of the highest valued
1 are utilized as spaces or place keepers, to keep the 1s in their correct
positions. The Os to the left, however, provide no information about
the number and may be discarded, thus the number 0001010111 =
1010111.

The PDP-8 family computers operate upon 12-bit (binary digit)
numbers. This means that the numbers from 0 to 111111111111,
(4095,,) can be directly represented.

SIGNIFICANT DIGITS

The “leftmost” 1 in a binary number is called the most significanmt
digit. This is abbreviated MSD. It is called the “most significant” in
that it is multiplied by the highest position coefficient. The least sig-
nificant digit, or LSD, is the extreme right digit. It may be a 1 or 0,
and has the lowest weighting value, namely 1. The terms LSD and
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MSD have the same meaning in the dec1mal system as in the bmary Sys-
tem, as shown below.

: 10110101 :
MSD - 1001010(00>LSD
45971

s

CONVERSION OF DECIMAL TO BINARY

There are two commonly used methods for converting decimal num-
bers to binary equivalents. The reader may choose whichever method
he finds easier to use. -

1. Subtraction of Powers Method—To convert any decimal number
to-its binary equivalent by the subtraction of powers method, proceed
as follows. ' :

Subtract the highest possible power of two from the decimal number,
and place a “1” in the appropriate weighting position of the partially
completed binary number. Continue this procedure until the decimal
number is reduced to 0. If, after the first subtraction, the next lower
power of 2 cannot be subtracted, place a 0 in the appropriate weight-
ing position. Example:

42, = ? binary
42 10 2
—32 — 8 -2
10 2 0

25 24| 231 22| 20} 29| Power
32 1 16 8 4 2 1 Value
1 0 1 0 1 0 Binary

Therefore, 42,, = 101010,. -

2. Division Method—To convert a decimal number to binary by
the division method, proceed as follows,

Divide the decimal number by 2. If there is a remainder, put a 1 in the

LSD of the partially formed binary number; if there is no remainder,

put a 0 in the LSD of the binary number. Divide the quotient from the
first division by 2, and repeat the process. If there is a remainder,
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record a 1; if there is no remainder, record a 0. Continue until the
quotient has been reduced to 0. Example:

47, = 7 Binary

Quotient Remainder
2 547 = 23 1
2 323 = 11 1
2 T = 5 1
2 J% = 2 1
2 37 = 1 0
2 3T = 0 1 I
v

—
(=]
[y
ot
—
—

Therefore, 47,, = 101111,

EXERCISES
a. Decimal-to-Binary Conversion — Convert the following decimal
numbers to their binary equivalents.

1. 15, 11. 4095,
2. 18y 12, 1502,
3. 42, 13. 377,
4. 100, 14. 501y
5. 235, 15. 828,
6. 110 1 6. 90710
7. 294, 17. 4000,
8. 117, 18. 3456,
9. 86y, 19. 2278,
10. 4090, 20. 1967,

b. Binary to Decimal Conversion — Convert the following binary
numbers to their decimal equivalents.

1. 110, 9. 11011011101,
2. 101, 10. 111000111001,
3. 1110110, 11. 111010110100,
4. 1011110, 12. 111111110111,
5. 0110110, 13. 101011010101,
6. 11111, 4. 111111,

7. 1010, 15. 000101001,

8. 110111, 16. 111111111111,
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Octal Number System

It is probably quite evident at this time that the binary number
system, although quite nice for computers, is a little cumbersome for
human usage. It is very easy for humans to make errors in reading and
writing quantities of Jarge binary numbers. The octal or base 8 num-
bering system helps to alleviate this problem. The base 8 or octal num-
ber system utilizes the digits O through 7 in forming numbers. The
count-and-carry method mentioned earlier applies here also, Table 1-1
shows the octal numbers with their decimal and binary equivalents.

Table 1-1. Decimal-Octal-Binary Equivalents

Decimal | Octal Binary Decimal | Octal Binary
0 0 0 7 7 111
1 1 1. 8 10 1000
2 2 10 -9 11 1001
3 3 11 10 12 1010
4 4 100 11 13 1011
5 5 101 12 14 1100
6 6 110 13 15 1101

The octal number system eliminates many of the problems involved
in handling the binary number system used by a computer. To make the
12-bit numbers of the PDP-8 computers easier to handle, they are
often separated into four 3-bit groups. These 3-bit groups can be rep-
resented by one octal digit using the previous table of equivalents as
seen below.,

A binary number 11010111101

is separated into 3-bit groups by starting with the LSD end of the
number and supplying leading zeros if necessary:

011 010 111 101
The binary groups are then replaced by their octal equivalents:

0l1,= 3,
010,= 2,
1= 7,
101,= 5, _
and the binary number is converted to its octal equivalent:
3 2 7 5.

Conversely, an octal number can be expanded to a binary num-
ber using the same table of equivalents.

5307.= 101 011 000 111,
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OCTAL-TO-DECIMAL CONVERSION

Octal numbers may be converted to decimal by multiplying each
digit by its weight or position coefficient and then adding the resulting
products. The position coefficients in this case are powers of 8, which
is the base of the octal number system. Example:

2167,= ? decimal

2167,= 7 X 8 =7 X 1= 7
4+6 X 81 = 66X 8§ = 48

+1 X 82 =1 X 64 = 64

42 X 88 = 2 X 512 = +1024

1143

Therefore, 21675 = 1143,,.

DECIMAL-TO-OCTAL CONVERSION

There are two commonly used methods for converting decimal num-
bers to their octal equivalents. The reader may choose the method
which he prefers. '
SUBTRACTION OF POWERS METHOD. The following procedure
is followed to convert a decimal number to its octal equivalent. Sub-
tract from the decimal number the highest possible value of the form
a8?, where a is a number between 1 and 7, and n is an integer. Record
the value of a. Continue to subtract decreasing powers of 8 (recording
the value of a each time) until the decimal number is reduced to zero.
Record a value of a=0 for all powers of 8 which could not be subtrac-
ted. Table 1-2 may be used to convert any number which can be rep-
resented by 12-bits (4095,, or less). Appendix F contains a similar
table for converting larger numbers. Example:

2591,, = ? octal
2591

I «
—2560 — 5 X 8% = 5 X 512 5 0 3 7
31 r T 1
—_— 0=0 X 8 =0 X 64
31 f )
— 24 = 3 X 81 =3 X 8
7 |
—_ 7T =7 X 8 =7 X - 1
o ;

Therefore, 2591,, = 5037..
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Table 1-2. Octal-Decimal Conversion

Octal Position Coefficients

Digit (Multipliers)
Position/

8n 0 1 2 3 4 5 6 7

I1st (89) 0 1 2 3 4 5 6 7
2nd (8) || o] 8| 16| 24| -32| 40| 48| 56
3rd (82) 0| 64 128 192 | 256 320| 384 448
4th (83%) 0 |512 1,024 | 1,536 | 2,048 | 2,560 ] 3,072 | 3,584

DIVISION -METHOD. A second method for converting a- decimal
number to its octal equivalent is by successive division by 8. Divide the
decimal number by 8 and record the remainder as the least significant -
digit of the octal equivalent. Continue dividing by 8, recording the re-
mainders as the successively higher significant digits until the quotient
is reduced to zero. Example: : '

137610 = ? OCtal
Quotient Remainder

8 51376 172 0 —
8 5T72 21 4
8 )21 2 .5
832 0 2— l
' 2 5 4 0

Therefore, 1376, = 2540..
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EXERCISES

a. Convert the following binary numbers to their octal equivalents.

1. 1110 9. 10111111

2. 0110 10. 111111111111

3. 111 11. 010110101011

4. 101111101 12. 111110110100

5. 110111110 13. 010100001011

6. 100000 14. 000010101101

7. 11000111 15. 110100100100 -
8. 011000 16. 010011111010

b. Convert the following octal numbers to their binary equivalents.

1. 354 9. 70

2. 736 10. 64

3. 15 11. 7777
4. 10 12. 7765
5 7 13. 3214
6. 5424 14. 4532
7. 307 . 15. 7033
8 1101 16. 1243

¢. Convert the following decimal numbers to their octal equivalents.

1. 796 7. 1080
2. 32 8. 1344
3. 4037 9. 1512
4. 580 10. 3077
5. 1000 11. 4056
6. 3 12. 4095

d. Conveft the following octal numbers to their decimal equivalents.

1. 17 7. 7773
2, 37 8. 7177
3. 734 9. 3257
4. 1000 10. 4577
5. 1200 . 1. 0012
6. 742 12. 0256
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‘Fractions

The binary and octal number systems represent fractional parts of
numbers in a similar manner to the decimal system. Furthermore, frac-
tions may be converted from one number system to another by the
same techniques developed for converting whole numbers.

Before investigating the mechanics of fraction conversion, consider
what a fraction is. A fraction is a number between 0 and 1, or a num-
ber less than a unit. Until now only whole numbers in the following
three systems have been considered: decimal, binary, and octal. In
each of these systems, the position of the symbol in the number denotes
its power, and the symbol is the coefficient of that power. These are
positive powers. For example, in the decimal system the number 598,
5 is the coeflicient of 102, 9 is the coefficient of 101, and 8 is the coeffi-
cient of 10°% In binary and octal the same rule applies to using the
powers of the base of the system.

When working with fractions, an important point to keep in mind
is that fractions contain coefficients of negative powers, with the radix
point being the dividing line between the non-negative and negative
powers of the number system being used. Any number to the im-
‘mediate right of the radix point has a power of negative (minus) 1.
The first digit of the fractional number is the MSD. For example, in
the decimal fraction .637; 6 is the coefficient of 10, 3 is the coeffi-
cient of 10-%, and 7 is the coefficient of 10-*; The coefficient of a nega-
tive power of the base is actually the numerator of a proper fraction
whose denominator is the positive power of that base. For example,
.61, (6 x 107) is equivalent to 6 divided by 10* or 6/10, and also
.35 (3 x 8%) is equivalent to 3 divided by 8 or 3/8. It should be ap-
parent that this general rule applies to any base that may be considered.
Table 1-3 contains proper fractions which have been changed to’deci-
mal, binary, and octal for comparison purposes.

CONVERTING DECIMAL FRACTIONS TO
BINARY AND OCTAL FRACTIONS

SUBTRACTION OF POWERS METHOD. One method of converting
a decimal fraction to a different number system is the subtraction of
powers method. In this method, subtractions of the highest possible
negative power of a number in another system that is contained in the
decimal fraction, are performed. In each subtraction, recording the
power and its coefficient gives the equivalent number in the other sys-
tem. When no subtraction is possible, a 0 is recorded. To convert a
decimal fraction to a binary fraction, the powers of 2 are associated
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Table 1-3. Fraction Equivalents

Proper Decimal . Octal Binary
Fraction Equivalent Equivalent Equivalent

1/2 5 4 1

1/4 25 20 01

1/8 25 .10 .001

1/16 0625 .04 .0001

1/32 03125 .02 .00001

1/64 ..015625 .01 .000001

1/128 .0078125 .004 .0000001

1/256 .00390625 002 00000001

1/512 001953125 .001 .000000001

/1024 .0009765625 .0004 0000000001

with coefficients of O or 1, since they are the only coefficients used in
this system. In the octal system, the coefficients O through 7 are used.
The following example and explanation will show the conversion of
the decimal fraction .5625 to binary.

5625 .0625
—.5000=2"1 —.0625=2"4
.0625 .0000

Negative Powers of 2 21 2-2 2-3 24

.5000] .2500{ .1250] .0625

Decimal Equivalents

.1001

Bit Values of Answer | 0 0 41 =

The largest negative power of 2 contained in the decimal fraction .5625
is 271, which is equivalent to decimal .5000; subtract .5000,, from
.5625,, and record a 1 in the 2! column. It is not possible to subtract
22 from the remainder, so record a 0 in the 272 column, 272 cannot be
subtracted from the remainder, so record a O in the 273 column; 27
can be subtracted from the remainder, so record a 1 in the 27¢ column.
Thus, the binary equivalent of a decimal .5625 is .1001,.

Conversion to octal fractions follows the same procedure, but more '
than one subtraction of a given power of the base is possible. The
number of times this subtraction is possible yields the coefficient of that
particular power of the base. This method will not be demonstrated
here, since it is very cumbersome, and easier methods are available.
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MULTIPLICATION METHOD. This method of conversion is fre-
quently used to change from a decimal fraction to another base. To
convert, the decimal fraction is multiplied through by the base of the
system being converted to. For example, convert decimal fraction .5625
to binary. Multiply the decimal fraction by 2. Since a whole number is
obtained, record a 1 in the 2~ column, discard the whole number por-
tion of the number, and multiply the remainder by 2 again. No whole
number is obtained, so record a 0 in the 272 column, and multiply the
result by 2. No whole number is obtained, so record a O in the 2-%
column, and multiply by 2 again. A whole number is obtained, so record
a 1 in the 27 column, The remainder, now reduced to 0, completes the
conversion, and .5625, is .1001.. The following examples show the con-
version just described, and the same decimal fraction converted to octal.

Decimal to Binary Decimal to Octal
5625 5625
2 8
1.1250 - 4.5000
2 ' [ 8
0.2500 A4 &——— 4.0000
2

0.5000
l 2

.1001 ¢~——1.0000

CONVERTING BINARY AND OCTAL TO DECIMAL
FRACTIONS

EXPANSION METHOD:. This method can be used in converting frac-
tions from any base to a decimal fraction. Remember that the MSD is
the first digit to the right of the radix point in a fractional number, and
that it is multiplied by the base to the —1 power. The second digit is
that digit multiplied by the basc to the —2 power, etc. For example, to
convert the binary fraction .10001 to decimal, proceed, as follows. The
MSDis 1 X (2%) or 1/2, the second digit is 0 X (27%) or 0, the third
digit is 0 X (2%) or 0, the fourth digit is 0 X (2*) or 0, and the
fifth digit is 1 X (27%) or 1/32. The binary numbers are multiplied by
the respective powers and added together to get the answer. Thus
1/2 4+ 1/32 which is 16/32 4 1/32 equals 17/32 or .53125,,.
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The octal fraction .42 can be converted in the same manner, as fol-

lows. The MSD is 4 X (87) or 4/8 and 2 X (8%) or 2/64. The frac-
tions are now added together to get the result; 4/8 4 2/64 or
16/32 + 1/32 = 17/32 or .53125,,. If you look carefully at the
binary fraction .10001, and divide it into groups of 3 to convert to
octal, you can see that .10001, does equal .42,. Zeros may be added
to the right of a fraction without changing the value.
“SHORT CUT” METHOD. This is another method of converting frac-
tions from another base to decimal. In this method, start at the LSD of
the fraction and proceed to the MSD of the fraction, counting the
powers of the base, the next higher power of the base will be utilized
as a common denominator. The number is assumed to be a whole num-
ber for counting purposes. The number .10001, would be converted
as follows:

d 0 0 0 1

2¢ 28 22 21 20
The MSD is 2* or 16, so the common denominator is the next higher
power of 2, or 32, The numerator is converted as if it were a whole
number. The result is then 17/32 which is .53125,,. The same method
with the octal fraction .42 should yield the same result.

4 2

8t 8¢
The MSD is 8, or 8, so the common denominator is the next higher
power of 8, or 64. Multiplying the digit values by the powers of the
base and adding the products gives us the value of the numerator; thus,
4 X (8Y) 4 2 X (8") = 34, and the fraction 34/64 equals .53125,,.

Arithmetic Operations with Binary and Octal Numbers

Now that the reader understands the conversion techniques between
the familiar decimal number system and the binary and octal number
systems, arithmetic operations with binary and octal numbers will be
described. The reader should remember that the binary numbers are
used in the computer and that the octal numbers are used as a means
of representing the binary numbers conveniently.
BINARY ADDITION

Addition of binary numbers follows the same rules as decimal or
other bases. In adding decimal 1 4 8 we have a sum of 9. This is the
highest value digit. Adding one more requires the least significant digit
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to become a 0 with a carry of 1 to the next place in the number. Simil-
arly, adding binary 0 4 1 we reach the highest value a single digit can
have in the binary system, and adding one more (1 + 1) requires a
catry to the next higher power (1 4+ 1 = 10). Take the binary numbers
101 + 10 (5 4 2). )

101 = 5
+010 = 2,
111 = 710

0+4+1=1,1+40=1,and 0 4 1 = 1 with no carries required. The
- answer is 111, which is 7. Suppose we add 111 to 101.

11 &==—— carries

111 = Ty
+101 = 5,
1100 = 12,

Now 1 + 1 = O plus a carry of 1. In the second column, 1 plus the
carry 1 = 0, plus another carry. The third column is 1 4 1 = 0 with °
a carry, plus the previous carry, or 1 4 1 + 1 = 11, Our answer 1100
iseqghal to 1 X 2* + 1 X 22 or 8 + 4 = 12, which is the correct
solution for 7 -+ 5. ’

OCTAL ADDITION
Addition for octal numbers should be no problem if we keep in mind
the following basic rules for addition.

1. If the sum of any column is equal to or greater than the base
of the system being used, the base must be subtracted from the
sum to obtain the final result of the column.

2. If the sum of any column is equal to or greater than the base,
there will be-a carry to the next column equal to the number
of times the base was subtracted. ’

3. If the result of any column is less than the base, the base is

© not subtracted and no carry will be generated. Examples:

Ss - 510 3 5 = 29,
+ 3 = 3y 6 3 = 51,
-5 110 8
-8 —8-8
710, = 8, 1T 20 = 80
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Negative Numbers and Subtraction

Up to this point only positive numbers have been considered. Neg-
ative numbers and subtraction can be handled in the binary system in
either of two ways: direct binary subtraction or by the two’s comple-
ment method.

BINARY SUBTRACTION (DIRECT)

Binary numbers may be directly subtracted in a manner similar to
decimal subtraction. The essential difference is that if a borrow is re-
quired, it is equal to the base of the system or 2.

110 = 6,
—-101 = 5,
001 = 1,

To subtract 1 from 0 in the first column, a borrow of 1 was made from
the second column which effectively added 2 to the first column. After
the borrow, 2 — 1 = 1 in the first .column; in the second column
0 — 0 = 0; and in the third column 1 — 1 = 0. The same numbers
which were subtracted using the twos complement method are sub-
tracted directly in the following example.

011 001 100 010 B
010 010 010 111 A
000 111 001 011 B-A

TWO'S COMPLEMENT ARITHMETIC

To see how negative numbers are handled in the computer, consider
a mechanical register, such as a car mileage indicator, being rotated
backwards. A S5-digit register approachlng and passing through zero
would read the following.

00005
00004
00003
00002
00001
00000
99999
99998
etc.
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It should be clear that the number 99998 corresponds to —2. Fur-
ther, if we add

00005
99998
1 00003

and ignore the carry to the left we have effectively performed the
operation of subtracting

5—-2=3

The number 99998 in this example is described as the ten’s complement
of 2. Thus in the decimal number system, subtraction may be per-
formed by adding the ten’s complement of the number to be subtracted.

If a system of complements were to be used for representing negative
numbers,- the minus sign could be omitted in negative numbers. Thus
all numbers could be represented with five digits; 2 represented as
00002, and —2 represented as 99998, Using such a system requires
that a convention be established as to what is and is not a negative
number, For example, if the mileage indicator is turned back to 48732,
is it a negative 51268, or a positive 487327 With an ability to represent
a total of 100,000 different numbers (0 to 99999), .it would seem
reasonable to use half for positive numbers and half for negative num-
bers. Thus, in this situation, 0 to 49999 would be regarded as positive,
and 50000 to 99999 would be regarded as negative.

In this same manner, the two’s complement of binary numbers are
used to represent negative numbers, and to carry out binary subtraction,
in the PDP-8 computer. In octal notation, numbers from 0000 to 3777
are regarded as positive and the numbers from 4000 to 7777 are te-
garded as negative. ,

The two’s complement of a number is defined as that number which
when added to the original number will result in a sum of unity. The
binary number 110110110110 has a two’s complement equal to
001001001010 as shown in the following addition.

110 110 110 110
001 001 001 010
1 000 000 000 000

The easiest method of finding a two’s complement is to first obtain the

one’s complement, which is formed by setting each bit to the opposite
value.

101 000 110 111 Number ‘
010 111 001 000 One’s complement of the number
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The two’s complement of the number is then obtained by adding 1 to
the one’s complement. '

110 001 110 010 Number

001 110 001 101 One’s complement of the number
+1 Add 1

001 110 001 110 Two’s complement of the number

Subtraction in the PDP-8 is performed using the two’s complement
method. That is, to subtract A from B, A must be expressed as its two’s
complement and then the value of B is added to it. Example:

010 010 010 111 A
101 101 101 001 Two’s complement of A
(carry is 011 001 100 010 B
ignored) 1 000 111 001 011 B-A
OCTAL SUBTRACTION

Subtraction is performed in the octal number system in two ways
which are directly related to the subtractions in the binary system. Sub-
traction may be performed directly or by the radix (base) complement
method.

OCTAL SUBTRACTION (DIRECT). Octal subtraction can be per-
formed directly as illustrated in the following examples.

3567—2533= ? 2022—1234=: ?
3567 2022
—2533 —1234
1034 v 0566

Whenever a borrow is needed in octal subtraction, an 8 is borrowed as
in the second example above. In the first column, an 8§ is borrowed
which is added to the 2 already in the first column and the 4 is sub-
tracted from the resulting 10. In the second column, an 8 is borrowed
and added to the 1 which is already in the column (after the previous
borrow) and the 3 is subtracted from the resulting 9. In the third
column the 2 is subtracted from a borrowed 1 (originally a borrowed
8), and in the last column 1—1=0,

EIGHT’S COMPLEMENT ARITHMETIC. Octal subtraction may be
performed by adding the eight’s complement of the subtrahend to the
minuend. The eight’s complement is obtained in the following manner.

3042 Number 1
4735 Seven’s complement of the number

+1 Add 1 to seven’s complement to obtain
4736 Eight's complement
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The seven’s complement of the number is obtained by setting each digit
of the complement to the value of 7 minus the digit of the number, as
seen above. The eight’s complement of the number is then obtained by
adding 1 to the seven’s complement. To prove that the complement is
in fact a complement, the number is added to the complement and a re-
sult of zero and an overflow.of 1 is obtained.

3042
+4736
1 0000
The following example uses the eight’s complement to subtract a
number. )

3567—2533= ?
- 2533 - Number
5244 Seven’s complement
+1

5245 Eight’s comp]ement‘

3567 Minuend

(carry is \ +5245 Eight’s complement of subtrahend

ignored)—>1 1034 Difference

Multiplication and Division in Binary and Octal Numbers

Though multiplication in computers is usually achieved by means
other than formal multiplication, a formal method will be demonstrated
as a teaching vehicle.

BINARY MULTIPLICATION ‘

In binary multiplication, the partial product is moved one position to
the left as each successive multiplier is used. This is done in the same
manner as in decimal multiplication. If the multiplier is a O, the partial
product can be a series of Os as in example 2, or the next partial product
can be moved two places to the left as in example 3, or three places as
in example 4. '

Example 1. 462, Multiplicand
127, Muiltiplier
3234 First partial product
924 Second partial product
462 ) Third partial product
58674 Product
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Example 2. 1110110,
1011,

1110110
1110110
(4000000
1110110

10100010010,

Example 3. 1110110,
1011,

1110110
1110110
1110110

10100010010,

Example 4. 11001110,
11001,

11001110
11001110
11001110

1010000011110,

Because of the difficult binary additions resulting from multiplica-
tions such as the previous examples, octal multiplication of the octal
equivalents of binary numbers is often substituted.

OCTAL MULTIPLICATION ‘ :

Multiplication of octal numbers is the same as multiplication of
decimal numbers as long as the result is less than 10,. Obviously this
could be a problem if it weren’t for the fact that an octal multiplication
table can be set up, similar to the decimal multiplication table, to make
the job of multiplication of octal numbers quite simple. Table 1-4
is a partially completed octal multiplication table that will be quite use-
ful once you have filled in the blank squares. '

Using the completed octal multiplication table, the following prob-
lems may be solved.

226, X 12, =17
226,
X12,

454
226

2734,

1-24



1247, % 305, =7
1247,
X305,

6503
0000
3765

405203,

Table 1-4, Octal Multiplication Table

JLO 1 2 3 4 5 | <6 7
0 0 0 0 0 0 0 0 0
1 0 1 2 3 4 5 6 7
2 o | 2 4 6 | 10
3 0 3 6 | 11 | 14
4
5
6
7 0 7 | 16 | 25

BINARY DIVISION

Once the reader has mastered binary subtraction and multiplication,
binary division is easily learned. The following problem solutions illus-
trate binary division. )

Divide 10010,
1 Og

1001 10010, 18,

= = 1001, = 9
10 J10010 10, 2 : *
10 '

00
00

01
00

10
10

0

1-25



Divide 1110, - 14y

11.1

100911100 . 11.1; = 3.5,
100

110
100

“100
100

0

OCTAL DIVISION

Octal division uses the same principles as decimal division. All mul-
tiplication and subtraction must however be done in octal. (Refer to the
octal multiplication table.) The following problem solutions illustrate
octal division,

62 50, . 1714,

2, 2 22,
31 = 31, = 25, 66

2 62 22 714
6 154
02 154
2 154
0 0

EXERCISES

a. Perform the following binary additions.

1. 10110 6. 101 10. 100111
+101 1 111001
—_— +110 4101101

2. 100 e —_—
+10 7. 1110 11. 11011001
- 100 10010011

3. 11011 +11 +11100011
+0010 8. 1111 12. 11011011

4. 10110111 101 10111011
+ 1 11000 00101011
— 01010111

5. 1101 9. 110111 - +01111101
101 100100 —_—
+11 +110001
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b. Find the one’s complement and the two’s complement of the fol- -
Jowing numbers. -

1. 011 100 110 010 7. 000 000 000 111
2. 010 111 o011 111 8. 100 000 000 000
3. 011 110 000 000 9. 100 000 010 010
4. 000 000 000 000 10. 100 001 100 110
5. 000 000 000 001 11. 111 111 111 110
6.

000 100 100 100 12, 111 111 111 111

c. Subtract the following binary numbers dirgctly.

1. 101000001 3. 101011010111
010111101 011111111101
2. 1010111010 4, 101111100111
0101110101 010101110010

d. Perform the following subtractions by the two’s complement
method. Check your work by direct subtraction, Show all work.

011 011 011 011 — 001 111 010 110
000 111 111 111 — 000 001 001 101
011 111 111 101 — 010 101 100 011
001 101 111 110 — 001 100 101 011
011 111 111 111 — 010 101 101 101

NFEwee

e. Multipiy the following binary numbers.

1. 11011 2. 1011101 3. 101011101011
X110 X101 - X10000

f. Divide the following binary numbers.

1. 100 2. 10000 3. 1100100

10 100 10100
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g. Add the following octal numbers.

1. 42 6. 127 7. 117
453 256 543
— +724 | +612

2. 45 4. 77 8. 437
423 +11 ' 426

— , 772

3. 34 5. 3357 747

+76 +562 +575

et —

h. Subtract the following octal numbers directly.

1. 42 4. 53 7. 2543
—23 —44 —2174
2. 76 5. 7474 8. 7500
—34 —4777 : —6373
3. 7 6. 7000
—11 —6573

i. Perform the following octal subtractions by the eight’s comple-
ment method. Check your work by subtracting directly. Show all
work. .

1. 0377 — 0233 5. 2311 — 2277
2. 2345 — 1456 6. 0044 — 0017
3. 1144 — 1046 7. 3234 - 2777
4. 3000 — 0011 8. 1111 — 0777

j. Multiply the following octal numbers.

1. 65 3. 77 5. 425
x4 X 65 X377

2. 14 4, 716 6. 571
x13 %472 X246

e —— e — m——

k. Prove the answers to the problems in (j) by division, as follows:

Multiplicand
X Multiplier Multiplicand
Product Multiplier ) Product
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LOGIC OPERATION PRIMER

Computers use logic operations in addition to arithmetic operations
to solve problems. The logic operations have a direct relationship with
the algebraic system to represent logic statements known as Boolean
algebra. In logic, there are two basic connectives that are used to ex-
press the relationship between two statements. These are the AND and
the OR.

The AND Operation

_ The following simple circuit with two switches illustrates the AND
operation. If current is allowed to flow through a switch, the switch is
said to have a value of 1. If the switch is open and current cannot flow,
the switch has a value of 0. If the whole circuit is considered, it will
have a value of 1 (i.e., current may flow through it) whenever both A
and B are 1. This is the AND operation.,

A B

The AND operation is often stated A * B = F. The multiplication sym-
bol (¢) is used to represent the AND connective. The relationship be-
tween the variables and the resulting value of F is summarized in the
following table.

—~~ ool
D = O ==}
- O oo

When the AND operation is applied to binary numbers, a binary 1 will
appear in the result if a binary 1 appeared in the corresponding position
of the two numbers,

The AND operation can be used to mask out a portion of a 12-bit
number,

" ToBe To Be Retained
Masked for Subsequent
Out Operation

010 101 010 101 (12-bit number)
000 000 111 111 (mask)
000 000 010 101 (result)
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The OR Operation

A second logic operation is the OR (sometimes called the inclusive
OR). Statements which are combined using the OR connective are
illustrated by the following circuit diagram.

____/

o

o

Current in the above diagram may flow whenever either A or B (or
both) is closed (F=1if A=1, or B=1, or A=1 and B=1). This opera-
tion is expressed by the plus () sign; thus A4+B=F. The following
table shows the resulting value of F for changing values of A and B.

ATB[TF
(0 [ 0O Of
0 1 1
1 0 1
1 1 1

Thus, if A and B are the 12-bit numbers shown below, A-}B is eval-
uated as follows.

A = 011 010 011 111

B = 100 110 010 011

A+B = 111 110 011 111

Remember that the “-4” in the above example means “inclusive OR”,
not “add.”

The Exclusive OR Operation

The third and last logic operation is the exclusive OR. The exclusive
OR is similar to the inclusive OR with the exception that one set of
conditions for A and B are excluded. This exclusion can be symbolized
in the circuit diagram by connecting the two switches mechanically to-
gether. This connection makes it impossible for the switches to be closed
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simultaneously, although they may be open simultaneously or individu-
~ ally.

Thus, the circuit is completed when A—1 and B=0, and when A=0
and B—1. The results of the exclusive OR operation are summarized
in the table below.

ml =] ol ofl >
=1 O =] ol W
ol =} =] ofl 1

The exclusive OR of two 12-bit numbers is ¢valuated and labeled F
in the following operation.

A = 011 010 011 111
B = 100 110 010 011

F = 111 100 001 100

GENERAL ORGANIZATION OF THE PDP-8

Almost every general purpose digital computer has the basic units

shown in Figure 1-1, on the following page.
If a machine is to be called a computer, it must have the capability of
performing some types of arithmetic operations. The element of a digital
computer that meets this requirement is called the arithmetic unit, In
order for the arithmetic unit to be able to do its required task, it must
be told what to do. Therefore, a control unit is necessary.

Since mathematical operations are performed by the arithmetic unit,
it may be necessary to store a partial answer while the unit is computing
another part of the problem. This stored partial answer can then be used
to solve other parts of the problem. It is also helpful for the control unit
-and arithmetic unit to have information immediately available for their
use, and for the use of other units within the computer. This require-
ment is met by the portion of the computer designated as the memory
unit, or core storage umit.
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Figure 1-1. PDP-8 General Organization

The prime purpose of a digital computer is to serve humans in some
manner. In order to do this there must be a method of transmitting our
wants to the computer, and a means of receiving the results of the com-
puter’s calculations. The portions of the computer that carry out these
functions are the input and output units.

Arithmetic Unit

The arithmetic unit of a digital computer performs the actual work
of computation and calculation. It carries out its job by counting series
of pulses or by the use of logic circuits. Modern computers use com-
ponents such as transistors and integrated circuits. Switches and relays
were used previously, and were acceptable as far as their ability to per-
form computations was concerned. Modern computers, however, be-
cause of the speed desired, make use of smaller electronic components
whenever possible. '

The arithmetic unit of the PDP-8 has, as its major component, a
12-bit accurmulator, which is simply a register capable of storing a num-
ber of 12 binary digits. It is called the accumulator because it accumu-
lates partial sums during the operation of the PDP-8. All arithmetic
operations are performed in the accumulator of the PDP-8,

Control Unit

The control unit of a digital computer is an administrative or switch-
ing section. It receives information entering the machine and decides
how and when to perform operations. It tells the arithmetic unit what
to do and where to get the necessary information. It knows when the
arithmetic unit has completed a calculation and it tells the arithmetic
unit what to do with the results, and what to do next.
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The control unit itself knows what to tell the arithmetic unit to do by
interpreting a set of instructions. This set of instructions for the control
unit is called a program and is stored in the computer memory.

Memory Unit

The meinory unit, sometimes called the core storage unit, contains
information for the control unit (instructions) and for the arithmetic
unit (data). The terms core storage and memory may be used inter-
changeably. Some computer texts refer to exterrial units as storage, such
as magnetic tapes and disks, and to internal units as memory, such as
magnetic cores, The requirements of the internal storage units may vary
greatly from computer to computer.

The PDP-8 memory unit is composed of magnetic cores which are
often compared to tiny doughnuts. These magnetic cores record binary
information by the direction in which they are magnetized (clockwise
or counterclockwise ). The memory unit is arranged in such a way that
it can store 4096 “words” of binary information. These words are ecach
12-bits in length. Each core storage location has an address, which is a
unique number used by the control unit to specify that location. Storage
of this type in which each location can be specified and reached as easily
as any other is referred to as random-access storage. The other type of
storage is sequential storage such as magnetic tape, in which case some
locations (those at the beginning of the tape) are easier to reach than
others (those at the end of the tape).

Input Unit

Input devices are used to supply the values needed by the computer
and the instructions to tell the computer how to operate on the values.
Input unit requirements vary greatly from machine to machine. A
manually operated keyboard may be. sufficient for a small computer.
Other computers requiring faster input use punched cards for data in-
puts. Some systems utilize removable plugboards that can be pre-wired
to perform certain instructions. Input may also be via punched paper
tape or magnetic tape, two forms of input common in PDP-8 systems,

Output Unit

Output devices record the results of the computer operations. These
results may be recorded in a permanent form (e.g., as a‘printout on the
teleprinter) or they may be used to initiate a physical action (e.g., to
adjust a pressure valve setting). Many of the media used for input, such
as paper tape, punched cards, and magnetic tape, can also be used for
output.

-
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COMPUTER DATA FORMATS

The PDP-8 uses 12-bit words to represent data. Some of the formats
in which this data is represented are described in the following para-
graphs.

Alphabetic Characters

Computers are designed to operate upon the binary numbers which
it conveniently represents with electronic components. There are occa-
sions however when it is desirable to have the computer represent
characters of the alphabet and punctuation marks. Binary codes are
used to represent such characters. For example, the reader is familiar
with punched cards, which use a system of punched holes to represent
information. Each of these codes associates some character with a par-
ticular binary number. The computer can store the binary number (not
the character) in its memory. When so directed, the computer will out-
put the binary code to a device which will interpret the code and print
the character. Some specific binary codes used to represent alpha-
numeric information (letters, numbers, and punctuation symbols) are
presented in Appendix B.

Number Representations

The PDP-8 operates upon 12-bit words (namely 0 to 111 111 111
1114, or 0 to 7777s). By convention, one half of the numbers are con-
sidered positive (0 to 011 111 111 111,, or 0 to 3777;), and one
half (100 000 000 000, to 111 111 111 111, or 4000, to 7777¢) are
considered negative. Therefore the PDP-8 can directly represent the
portion of the number line shown in Figure 1-2.

40004
4001,y sooog o\ 2000,, 3777,
(-3777g) 20004} 5777
-1}

Figure 1-2. PDP-8 Octal Number Line

Notice that the first digit of the 12-bit binary numbers is in effect a
“sign bit.”” That is, bit O (the first bit) specifies the sign of the number
by the following rule. If bit 0 is a 0, the number is positive; if bit O is
a 1, the number is negative. This is the means by which the computer
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tests for positive and negative numbers. Thus, the zero is considered
positive. In figure 1-2 it should be noted that the number 4000 is
peculiar in that it has no positive counterpart. (Expressed in octal, the
“two’s complement” of 3776 is 4002; of 3777 is 4001; of 4000 is

4000.)
When the octal to decimal conversions are performed, the number

line of Figure 1-2 is converted to the number line of Figure 1-3. Thus
the PDP-8 can represent directly the numbers between —2048,, and
+2047,,. This would seem to be a serious restriction. Through two
techniques however this limitation is overcome.

T f i T
o]

~2048 +2047

Figure 1-3. PDP-8 Decimal Number Line

DOUBLE PRECISION NUMBERS
~ The PDP-8 memory is made up of 12-bit storage locatiogs. Suppose
however that a number larger than 12-bits were to be stored. By using
two 12-bit storage locations, numbers between —8,388,608,, and
8,388,607,, may be represented directly. This method of representation
is appropriately called double precision. The method could be extended
to triple precision and further if necessary.

It should be noted that to add double precision numbers, two addi-
tions are needed. Double precision arithmetic is described in Chapter 3.

FLOATING POINT NUMBERS

Another méthod of representing numbers in the PDP-8 with more
than one 12-bit word is floating point notation. In this notation, a
number is divided into two parts, namely a mantissa (number part)
and an exponent (to some base). In the decimal number system for
example, the number 12 can be written in the following'ways.

~ MANTISSA EXPONENT

12 X 102

1.2 X 101

12. X 100

120. X 10-1
1200. X 10-2°

PDP-8 floating point notation makes useof a representation similar to the
above with the exception that the exponent and the mantissa are binary
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numbers. The binary mantissa (number part) is stored in two locations
and a third location stores the exponent. The exponent is selected such
that the mantissa has no leading zeros, thereby retaining the maximum
number of significant digits. Further description of the floating point
systemn is contained in Chapter 6.
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Chapter 2

- Programming
Fundamentals

This chapter describes the three general types of computer instruc-
tions and the way in which they are used in computer programs. The
first type of instruction is distinguished by the fact that it operates upon
data that is stored in some memory location and must tell the com-
puter where the data is located in core so that the computer can
find it. This type of instruction is said to reference a location in core
memory; therefore, these instructions are often called memory reference
instructions (MRI).

When speaking of memory locations, it is very important that a clear
distinction is made between the address of a location and the contents
of that location. A memory reference instruction refers to a location by
a 12-bit address; however, the instruction causes the .computer to take
some specified action with the content of the location. Thus, although
the address of a specific location in memory remains the same, the con-
tent of the location is subject to change, In summary, a memory refer-
ence instruction uses a 12-bit address value to refer to a memory
location, and it operates on the 12-bit binary number stored in the
referenced memory location.

The second type of instructions are the operate microinstructions,
which perform a variety of program operations without any need for
reference to a memory location. Instructions of this type are used to
perform the following operations: clear the accumulator, test for neg-
ative accumulator, halt program execution, etc. Many of these operate
microinstructions can be combined (microprogrammed) to increase the
operating efficiency of the computer.

The third general type of instructions are the input/output transfer
(JOT) instructions. These instructions perform the transfer of infor-
mation between a peripheral device and the computer memory. 10T
instructions are discussed in Chapter S.
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PROGRAM CODING

Binary numbers are the only language which the computer is able
to understand. It stores numbers in binary and does all its arithmetic
operations in binary. What is more important to the programmer, how-
ever, is that in order for the computer to understand an instruction it
must be represented in binary, The computer can not understand in-
structions which use English language words. All instructions must be in
the form of binary numbers (binary code).

Binary Coding

The computer has a set of instructions in binary code which it “un-
derstands”. In other words, the circuitry of the machine is wired to react
to these binary numbers in a certain manner. These instructions- have
the same appearance as any other binary number; the computer can
interpret the same binary configuration of O’s and 1’s as data or as an
instruction. The programmer tells the computer whether to interpret
_the binary configuration as an instruction or as data by the way in which
the configuration is encountered in the program.

Suppose the computer has the following binary instruction set.

Instruction A 001 000 010 010 This binary number instructs the
computer to add the contents of
location 000 000 010 010 to the
accumulator.

Instruction B 001 000 010 111  This binary number instructs the
computer to add the contents of
location 000 000 010 111 to the
accumulator.

If instruction B is contained in a core memory location with an
address of 000 000 010 010 and the binary number 000 111 111 111
is stored in a location with an address of 000 000 010 111, the follow-
ing program could be written:

Location " Content
000 000 010 010 001 000 010 111
000 000 010 111 : 000 111 111 111

If this program were to be executed, the number 000 111 111 111
would be added to the accumulator.

Octal Coding ,

If binary configurations appear cumbersome and confusing, the
reader will now understand why most programmers seldom use the
binary number system in actual practice. Instead, they substitute the
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octal number system which was discussed in Chapter 1. The reader
should not proceed until he understands these two number systems
and the conversions between them.

Henceforth, octal numbers will be used to represent the binary num-
bers which the computer uses. Although the programmer may use octal
numbers to describe the binary numbers within the computer, it should
be remembered that the octal representation itself does not exist within
the computer.

When the conversion to octal is performed, Instruction B becomes
1027, and the previous program becomes.

Location Content
0022, . C 1027,
0027, 0777,

TFS demonstrate that a computer cannot distinguish between a num- .
ber and an instruction, consider the following program.

Location Content

0021 . 1022 (Instruction A)
0022 ] 1027 (Instruction B)
0027 0777 (The number 777,)

Instruction A, which adds the contents of location 0022 to the accu- |
mulator, has been combined with the previous program. Upon execu-
tion of the program (assuming the initial accumulator value==0}, the
computer will execute instruction A and add 1027, as a number to the
accumulator obtaining a result of 1027;. The computer will then execute
the next instruction, which is 1027, causing the computer to add the
contents of 0027 to the accumulator. After the execution of the two
instructions the number 20265 is in the accumulator. Thus, the above
program caused the number 1027, to be used as an instruction and as
a number by the computer.

Mnemonic Coding

Coding a program in octal numbers, although an improvement upon
binary coding, is nevertheless very inconvenient. The programmer must
learn a complete set of octal numbers which have no logical con-
nection with the operations they represent. The coding is difficuit. for
the programmer when he is writing the program, and this difficulty is
compounded when he is trying to debug or correct a program. There is
no easy way to remember the correspondence between an octal number
and a computer operation.
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To simplify the process of writing or reading a program, cach in-
struction is often represented by a simple 3- or 4-letter mnemonic
symbol. These mnemonic symbols are considerably easier to relate to a
computer operation because the letters-often suggest the definition of -
the instruction. The programmer is now able to wrife a program in a
language of letters and numbers which suggests the meaning of each
instruction.

The computer still does not understand any language except binary
numbers. Now, however, a program can be written in a symbolic lan-
guage and translated into the binary code of the computer because of
the one-to-one correspondence between the binary instructions and the
mnemonics. This translation could be done by hand, defeating the pur-
pose of mnemonic instructions, or the computer could be used to do the
translating for the programmer, Using a binary code to represent alpha-
betic characters as described in Chapter 1, the programmer is able to
store alphabetic information in the computer memory. By instructing
the computer to perform a translation, substituting binary numbers for
the alphabetic characters, a program is generated in the binary code
of the computer. This process of translation is called “assembling” a
program. The program that performs the translation is called an
assembler. ’

Although the assembler is described in detail in Chapter 6, it is well
to make some observations about the assembler at this point.

1. The assembler itself must be written in binary code, not
mnemonics.
2. It performs a one-to-one translation of mnemonic codes into
binary numbers.
3. It allows programs to be written in a symbolic language which
is easier for the programmer to understand and remember. -
A specific mnemonic language for the PDP-§, called PAL (Program
Assembly Language), is introduced later in this chapter. The next sec-
tion describes the general PDP-8 characteristics and components. This
information is necessary to an understanding of the PDP-8 instructions
and their uses within a program.

PDP-8 ORGANIZATION AND STRUCTURE

The PDP-8 is a high-speed, general purpose digital computer which
operates on 12-bit binary numbers. It is a single-address parallel
machine using two’s complement arithmetic. It is composed of the five
basic computer units which were discussed in Chapter 1. The com-
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ponents of the five units and their interrelationships are shown in
Figure 2-1. For simplicity, the input. and output units have been
combined.

INPUT/ : armeveric | controL | MEMORY
OUTPUT . onit | UNIT I UNIT
uNITs | i I
. ' | MEMORY
consoLg| ! =] PROSRAM 1™ ADDRESS
——4————+L COUNTER  le-} —*| REGISTER
: . LINK } : MEMORY
INPUT/ . | o] BUFFER
output | | t * REGISTER
DEVICES ACCUM- 1 | |
| JYULATOR Iy BinsTRUCTION]
TELE- | | | | REGISTER |y
TYPE,
oisk, | | | l |
DECTAPE,| | | | [
TC.
E ! | “g?;.?g | CORE MEMORY
: : GENERATOR : 4096 12-BIT WORDS

Figure 2-1. Block Diagram of the PDP-8

‘Input and Output Units ‘

The input and output units are combined in Figure 2-1 because in-
many cases the same device acts as both an input and an output unit.
The Teletype console, for example, can be used to input information
which will be accepted by the computer, or it can accept processed in-
formation and print it as output. Thus, the two units of input and output
are very often joined and referred to as input/output or simply 1/0.
Chapter 5 describes the methods of transmitting data as either input or
output; but for the present, the reader can assume that the computer is

. able to accept information from devices such as those listed in the block
diagram and to return output information to the devices. The PDP-8
console allows the programmer direct access to core memory and the
program counter by setting a series of switches, as described in detail
in Chapter 4.

Arithmetic Unit

The second unit contained in the PDP-8 block diagram is the arith-
metic unit. This unit, as shown in the diagram, accepts data from input
devices and transmits processed data to the output devices as well. Pri-
marily, however, the unit performs calculations under the direction of
the control unit. The Arithmetic Unit in the PDP-8 consists of an
accumulator and a link bit,
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ACCUMULATOR (AC)

The prime component of the arithmetic unit is a 12-bit register called
the accumulator. It is surrounded by the electronic circuits which per-
form the binary operations under the direction of the control unit. Its
name comes from the fact that it accumulates partial sums during the
execution of a program. Because the accumulator is only twelve bits in
length, whenever a binary addition causes a carry out of the most sig-
nificant bit, the carry is lost from the accumulator. This carry is re-
corded by the link bir.

LINK (L)

Attached logically to the accumulator is a 1-bit register, called the
link, which is complemented by any carry out of the accumulator. In
other words, if a carry results from an addition of the most significant
bit in the accumulator, this carry results in a link value change from 0
to 1, or 1 to 0, depending upon the original state of the link. -

Below is a diagram of the accumulator and link, The twelve bits of
the accumulator are numbered 0 to 11, with bit 0 being the most sig-
nificant bit. The bits of the AC and L can be either binary 0’s or 1’s as
shown below.

LINK : ACCUMULATOR
4 5 6 7 8 9 10 1.

2 3
% o Ao /1o /10 /1o /1o /1o /To /To /To /|6 /To
RV RVARVARVANARNVARVEVARTARVANE

MOST SIGNIFICANT BIT LEAST SIGNIFICANT BIT

Control Unit

The instruction register, major state generator, and program counter
can be identified as part of the control unit. These registers keep track
of what the computer is now doing and what it will do next, thus
specifying the flow of the program from beginning to end.
PROGRAM COUNTER (PC) , ‘

The program counter is used by the PDP-8 control unit to record
the locations in memory (addresses) of the instructions to be executed.
The PC always contains the address of the next instruction to be exe-
cuted. Ordinarily, instructions are stored in numerically consecutive
locations and the program counter is set to the address of the next in-
struction to be executed merely by increasing itself by 1 with each
_successive instruction. When an instruction causing transfer of command
ito another portion of the stored program is encountered, the PC is set
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to the appropriate address. The PC must be initially set by input to
specify the starting address of a program, but further actions are con-
trolled by program instructions,

INSTRUCTION REGISTER (IR)

"The 3-bit instruction register is used by the control unit to specify
the main characteristics of the instruction being executed. The three
most significant bits of the current instruction are loaded into the IR
each time an instruction is.loaded into the memory buffer register from
core memory. These three bits contain the operation code which
specifies the main characteristics of an instruction. The other details
are specified by the remaining nine bits (called the operand) of the
instruction.

MAJOR STATE GENERATOR

The major state generator establishes the proper states m sequence
for the instruction being ¢xecuted. One or more of the following three
major states are entered serially to execute each programmed instruc-
tion. During a Fetch state, an instruction is loaded from core memory,
at the address specified by the:program counter, into the memory
buffer register. The Defer state is used in conjunction with indirect ad-
dressing to obtain the effective address, as discussed under “Indirect
Addressing” later in this chapter. During the Execute state, the instruc-
tion in the memory buffer register is performed.

Memory Unit

The PDP-8 basic memory unit consists of 4,096 12-bit words of
‘magnetic core memory, a 12-bit memory address register, and a 12-bit
memory buffer register. The memory unit may be expanded in units of
4,096 words up to a maximum of 32,768 words;

CORE MEMORY

The core memory provides storage for the instructions to be per-
formed and information to be processed. It is a form of random access
storage, meaning that any specific location can be reached in memory
as readily as any other. The basic PDP-8 memory contains 4,096 12-bit
magnetic core words. These 4,096 words require that 12-bit addresses
be used to specify the address for each location umquely
MEMORY BUFFER REGISTER (MB)

All transfers of instructions or information between core memory and
‘the processor registers (AC, PC, and IR) are temporarily held in the
memory buffer register. Thus, the MB holds all words that go into and
out of memory, updates the program counter, sets the instruction
register, sets the memory address register, and accepts information
from or provides information to the accumulator,
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MEMORY ADDRESS REGISTER (MA)

The address specified by a memory reference instruction is held in
the memory address register. It is also used to specify the address of the
next jnstruction to be brought out of memory and performed. It can be
vsed to directly address all of core memory. The MA can be set by
the memory buffer register, or by input through the program counter
register, or by the program counter itself.

MEMORY REFERENCE INSTRUCTIONS

The standard set of instructions for the PDP-8 includes eight basic
instructions. The first six of these instructions are introduced in the
following paragraphs and are presented in both octal and mnemonic
form with a description of the action of each instruction.

The memory reference instructions (MRI) require an operand to
specify the address of the location to which the instruction refers. The
manner in which locations are specified for the PDP-8 is discussed in
detail under “Page Addressing” later in this chapter. In the following
discussion, the first three bits (the first octal digit) of an MRI are used
to specify the instruction to be performed. (The last nine bits, three
octal digits, of the 12-bit word are used to specify the address of the
referenced location—that is, the operand.)

The six memory reference instructions are listed below with their
mnemonic and octal equivalents as well as their memory cycle times.

Octal Memory

Instruction Mnemonic? Value Cyclest
Logical AND AND Onnn 2
Two's Complement Add TAD Innn 2
Deposit and Clear the Accumulator DCA 3nnn 2
Jump - IMP Snnn 1
Increment and Skip if Zero ISZ 2nnn 2
Jump to Subroutine IMS 4nnn 2

1 Memory cycle time for the PDP-8 and -8/I is 1.5 microseconds; for the PDP-
8/L, it i 1.6; for the PDP-8/S, it is 8 microseconds. (Indirect addressing re-
quires an additional memory cycle.)

2The mnemonic code is meaningful to and translated by an assembler into
binary code.
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AND (Onnn,)

The AND instruction causes a bit-by-bit Boolcan AND operation
between the contents of the accumulator and the data word specified
by the instruction. The result is left in the accumulator as illustrated
below.

LINK Lﬂé}l]ﬂ]l!ﬂla} V] Te]e] ac
mltll(a}ﬂlﬁlllllliﬁlﬁlﬁ] DATAWORD
w[7] [e]e] 1 [e]e]e]a] [ ]#]2]7] Ac esum

The following points should be noted with respect to the AND
instruction:

1. A 1 appears in the AC only when a 1 is present in both the AC
and the data word (The data word is often referred to as a
mask);

2. The state of the link bit is not affected by the AND mstrucnon,
and ‘

3. The data word in the referenced location is not altered.

TAD (1nmn,)

The TAD instruction performs a binary addition between the speci-
fied data word and the contents of the accumulator, leaving the result
of the addition in the accumulator. If a carry out of the most significant
bit of the accumulator should occur, the state of the link bit is comple-
mented. The add instruction is called a Two’s Complement Add to re-
mind the programmer that negative numbers must be expressed as the
two’s complement of the positive value. The following figure illustrates
the operation of the TAD instruction.

(1] ELREIEEEle e » +
Clef e e T | @] 1 | oata worp: -3
’ LINK (2] ¢[¢T¢T¢[¢[¢[¢J 8|01 |8] ac®esun:+2
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The following points should be remembered when using the TAD
instruction:
1. Negative numbers must be expressed as a two’s complement of
the positive value of the number;
2. A carry out of the accumulator will complement the hnk and
3. The data word in the referenced location is not affected.

DCA (3nnn,)

The DCA instruction stores the contents of the AC in the referenced
location, destroying the original contents of the location. The AC is
then set to all zeroes. The following example shows the contents of the
accumulator, link; and location 225 before and after executing the in-
struction DCA 225.

DCA 225
AC Link Loc. 225
~ Before Execution 1234 1 7654
After Execution 0000 1 1234

The following facts should be kept in mind when usmg the DCA in-
struction:
1. The state of the link bit is not altered;
2. The AC s cleared; and
3. The original contents of the addressed location are replaced by
. the value of the AC.

JMP (5nnn,)

The JMP instruction loads the effective address of the instruction
into the program counter, thereby changing the program sequence since
the PC specifies the next.instruction to be performed. In the following
example, execution of the instruction in location 250 (JMP 300) causes
the program to jump over the instructions in locations 251 through 277
and immediately transfer control to the instruction in location 300,

Location Content .
250 IMP 300 {This instruction transfers program
. . control to location 300.)
300 DCA 330
NOTE:" The JMP instruction does not affect the contents of
the AC or link.

ISZ. (2nnng) ,
The ISZ instruction adds a 1 to the referenced data word and then

examines the result of the addition. If a zero result occurs, the instruc-

tion following the ISZ is skipped. If the result is not zero, the instruction
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following the ISZ is performed. In either case, the result of the addition
replaces the original data word in memory. The example in Figure 2-2
illustrates one method of adding the contents of a given location to the
AC a specified number of times (multiplying) by using an ISZ instruc-
tion to increment a tally. The effect of this example is to multiply the
contents of location 275 by 2. (To-add the contents of a given location
to the AC twice, using the ISZ loop, as shown in Figure 2-2, requires
more instructions than merely repeating the TAD instruction. However,
when adding the contents four or more times, use of the ISZ loop re-
quires fewer instructions.) In the first pass of the example, execution of
ISZ 250 increments the contents of location 250 from 7776 to 7777
and then transfers control to the following instruction (JMP 200). In
the second pass, execution of ISZ 250 increments the contents of loca-
tion 250 from 7777 to 0000 and transfers-control to the instruction in
location 203, skipping over location 202.

. CODING FOR ISZ L.OOP
Location Content
200 TAD 275
201 1SZ 250
202 JMP 200
203 DCA 276
250 7776
275 0100
276 0000

SEQUENCE OF EXECUTION FOR ISZ 1.OOP
Content After Instruction Execution

Location - Content AC 250 275 276
FIRST PASS ‘ :

200 TAD 275 0100 - 7776 0100 0000
201 ISZ 250 0100 7777 0100 0000
202 JMP 200 0100 7777 0100 0000
SECOND PASS

200 © TAD 275 0200 7777 0100 0000
201 ISZ 250 0200 0000 0100 0000
202 IMP 200 (Skipped during second pass)

203 DCA 276 0000 0000 0100 02006

Figure 2-2. ISZ Instruction Incrementing a Tally
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The following pomts should be kept in mind when using the ISZ
instruction:

1. The contents of the AC and link are not disturbed;

2. The original word is replaced in main memory by the incre-
mented value;

3. When using the ISZ for looping a specified number of times,
the tally must be set to the negative of the desired number; and

4. The ISZ performs the incrementation first and then checks for
a zero result.

JMS (dnnn,)

A program written to perform a specific operation often includes sets
of instructions which perform intermediate tasks. These intermediate
tasks may be finding a'square root, or typing a character on a keyboard.
Such operations are often performed many times in the running of one
program and may be coded as subroutines. To climinate the need of
writing the complete set of instructions each time the operation must be
performed, the IMS (jump to subroutine) instruction is used. The IMS
instruction stores a pointer address in the first location of the subroutine
and transfers control to the second location of the subroutine. After the
subroutine is executed, the pointer address identifies the next instruc-
tion to be executed; Thus, the programmer has at his disposal a simple
means of exiting from the normal flow of his program to perform an
intermediate task and a means of return to the correct location upon
completion of the task. (This return is accomplished using indirect ad-
dressing, which is discussed later in this chapter.) The following exam-
ple illustrates the action of the JMS instruction.

Location Content
PROGRAM
200 IMS 350 (This instruction stores 0201 in loca-

tion 350 and transfers program control
to location 351.)

201 DCA 270 (This instruction stores the contents of
the AC in location 270 upon return
from the subroutine.)
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SUBROUTINE

350 0000 (This location is assumed to have an
_ initial value of 0000; after JMS 350 is
executed, it is 0201.)
351 iii (First instruction of subroutine)

375 JMP 1350 (Last instruction of subroutine)

The following should be kept in mind when using the JMS:

1. The value of the PC (the address of the JMS instruction +41)
is always stored in the first location of the subroutine, replacing
the original contents;

2. Program control is always transferred to the location designated .
by the operand 4-1 (second location of the subroutine);

3. The normal return. from a subroutine is made by using an in-
direct JMP to the first location of the subroutine (JMP 1 350
in the above example); (Indirect addressing, as discussed later
in this chapter, effectively transfers control to location 201.);

4. When the results of the subroutine processing are contained in
the AC and are to be used in the main program, they must be
stored upon return from the subroutine before further calcula-
tions are performed. (In the above example, the results of the
subroutine processing are stored in location 270.)

ADDRESSING

When the memory reference instructions were introduced, it was
stated that nine bits are allocated to specify the operand (the address
referenced by the instruction). The method used to reference a memory
location using these nine bits.will now be discussed.

. PDP-8 Memory Pages

As previously described, the. format of an MRI is three bits (0, 1,
and 2) for the operation code and the remaining nine bits the operand.
However, a full twelve bits are needed to uniquely address the 4,096
(10,000 octal) locations that are contained in the PDP-8 memory unit.
To make the best use of the available nine bits, the PDP-8 utilizes a
logical division of memory into blocks (pages) of 200, locations each,
as shown in the following table. ‘
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Memory Memor
Page Locations Page Locatiogs
0 0-177 20 4000-4177
1 200-377 21 . 4200-4377
2 400-577 22 4400-4577
3 600-777 23 4600-4777
4 1000-1177 24 5000-5177
5 1200-1377 25 5200-5377
6 1400-1577 26 5400-5577
7 1600-1777 27 5600-5777
10 2000-2177 30 6000-6177
11 2200-2377 31 6200-6377
12 2400-2577 32 6400-6577
13 2600-2777 33 6600-6777
14 3000-3177 34 7000-7177
15 3200-3377 35 . 7200-7377
16 3400-3577 36 7400-7577 .
17 3600-3777 37 7600-7777

Since there are 200, locations on a page and seven bits can represent
2005 different numbers, seven bits (5 through 11 of the MRI) are used
to specify the page address. Before discussing the use of the page ad-
dressing convention by an MRI, it should be emphasized that memory
does not contain any physical page separations. The computer recog-
nizes only absolute addresses and does not know what page it is on, or
when it enters a different page. But, as will be seen, page addressing
allows the programmer to reference all of the 4,096,, locations of
memory using only the nine available bits of an MRI. The format of an
MRI is shown in Figure 2-3.

OPERAND
BIT [ —L 1
POSITION O | 2 3 4 5 6 7 8 S 10 1
0 /1076716 /0,710,710 /]0./]0 /10 /10 /10
each et 1s VIV WALV A LAY VA
EITHER O 1 ; 14 L : !
oR 1 OPERATION PAGE ADDRESS BITS
CODE (0 TO 177g)
ADDRESS MODE BIT CURRENT PAGE OR PAGE O BIT
0 DIRECT ADDRESSING 0. PAGE O
| INDIRECT ADDRESSING 1. CURRENT PAGE

Figure 2-3. Format of a Memory Reference Instruction
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As previously stated, bits O through 2 are the operation code for the
MRI. Bits 5 through 11 identify a specific location on a given page, but
they do not identify the page itself. The page is specified by bit 4, often
called the current page or page 0 bit, If bit 4 is a 0, the page address is
interpreted as a location on page 0. If bit 4 is a 1, the page address
specified is interpreted to-be on the current page (the page on which
the MRI itself is stored). For example, if bits 5 through 11 represent

" 123, and bit 4 is a 0, the location referenced is absolute address 123..
However, if bit 4 is a 1 and the current instruction is in a core memory
location whose absolute address is between 4,600, and 4,777, the page
address 123; designates the absolute address 4,723,. Note that, as
shown in the following example, this characteristic of page addressing
results in the octal coding for two TAD instructions on different
memory pages being identical when their operands reference the same
relative location (page address) on their respective pages.

Content
Location |Mnemonic Octal Explanation
200 TAD 250" 1250 TAD 250 and TAD 450 both
. . " mean add the contents of loca-
. . tion 50 on the current page (bit
400 TAD 450 1250 4 = 1) to the accumulator.

‘Except when it is on page 0, a memory reference instruction can refer-
ence 400, locations directly, namely those 200, locations on the page
containing the instruction itself and the 200, locations on page 0, which
can be addressed from any memory location.

NOTE: If an MRI is stored in one of the first 200, memory locations (0 to

177s), current page is page 0; therefore, only locations 0 to 177. are
directly addressable.

Indirect Addressmg

In the preceding section, the. method of directly addressing 400
memory locations by an MRI was described—namely those on page 0
and those on the current page. This section describes the method for
addressing the other 7400, memory locations. Bit 3 of an MRI, shown
in Figure 2-3 but not discussed in the preceding section, designates the
address mode. When bit 3 is a 0, the operand is a direct address. When
bit 3 is a-1, the operand is an indirect address. An indirect address
(pointer address) identifies the location that contains the desired address
(effective address). To address a location that-is not directly address-
able, the absolute address of the desired location is stored in one of
the 400, directly addressable locations (pointer address); the pointer
address is written as the operand of the MRI; and the letter I is written
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between the mnemonic and the operand. (During assembly, the pres-
ence of the I results in bit 3 of the MRI being set to 1.) Upon execution,
the MRI will operate on the contents of the location identified by the
address contained in the pointer location.

The two examples in Figure 2-4 illustrate the difference between
direct addressing and indirect addressing. The first example shows a
TAD instruction that uses direct addressing to get data stored on page 0
in location 50; the second is a TAD instruction that uses indircct ad-
dressing, with a pointer on page 0 in location 50, to obtain data stored
in location 1275. (When references are made to them from various
pages, constants and pointer addresses can be stored on page 0 to avoid
the necessity of storing them on each applicable page.) The octal value
1050, in the first example, represents direct addressing (bit 3 = 0); the
octal value 1450, in the second example, represents indirect addressing
(bit 3 = 1). Both examples assume that the accumulator has previously
been cleared.

Location Content

200 TAD 50 (TAD 50 = 1050,)
Address
Instruction

50 1275

S~ Data (Number) To Be Acted Upon By
Instruction Address

1275 20 (Content of location 1275 is not used in
the execution of the instruction in loca-
tion 200.)

NOTE: AC = 1275 after executing the instruction in loca-
tion 200.
Location Content
200 TAD I 50 (TAD 150 = 1450,)
. ‘\\Pointer Address
. Designates Indirect Addressing
Instruction

50 1275
R . (\\Effective Address

. T Pointer Address
1275 2

1]
S\\\Data (Number) To Be Acted Upon By
Instruction
-Effective Address

NOTE: AC = 20 after executing the instruction in location
200.

Figure 2-4. Comparison of Direct and Indirect Addressing
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The following three examples illustrate some additional ways in
which indirect addressing can be used. As shown in example 1, indirect
addressing makes it possible to transfer program control off page 0 (to
any desired memory location). (Similarly, indirect addressing makes it
possible for other memory reference instructions to address any of the
4,096,, memory locations.) Example 2 shows a DCA instruction that
uses indirect addressing with a pointer on the current page. The pointer
in this case designates a location off the current page (location 227) in
which the data is to be stored. (A pointer address is normally stored on
the current page when all references to the designated location are from
the current page.) Indirect addressing provides the means for returning
to a main program from a subroutine, as shown in example 3. Indirect
addressing is also effectively used in manipulating tables of data as de-
scribed and illustrated in conjunction with autoindexing in Chapter 3.

EXAMPLE 1

Location Content
75 IMP I 100 (JMP I 100 = 5500,)
. . \ Pointer Address
. Designates Indirect Addressing
100 6000 - Instruction
. \\ Effective Address
. Pointer Address
6000 DCA 100
. k;i\\—Next Instruction To Be Executed

. ‘Effective Address
NOTE: Executxon of the instruction in location 75 causes, pro-
~ gram control to be transferred fo location 6000, and
the next instruction to be executed is the DCA 6100

instruction,
EXAMPLE 2
Location - - Content

450 DCA 1 577 (DCA 1577 =3777:)
Pointer Address
Designates Indirect Addressing
Instruction

577

ST Effective Address

Pointer Address

227 nnnn
| \\Data (Number) Stored By Instructlon
Effective Address

NOTE: Execution of the instruction in location 450 causes the
contents of the accumulator. to be stored in location
227.

3
[\
[\'
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EXAMPLE 3

Location Content

207 IMS 1 70 (JMS 170 = 4470,)

210 TAD 250 (The next instruction to be executed
. . upon return. from the subroutine.)

70 2000 (Starting address of the subroutine
. . stored here.)

2000 aaaa (Return address storéd here by IMS

instruction. )
2001 it (First instruction of subroutine.)
2077 JMP I 2000 (Last instruction of subroutine.)

NOTES: 1. Execution of the instruction in location 207 causes
the address 210 to be stored in location 2000 and
the instruction in location 2001 to be executed
next. Execution of the subroutine proceeds until
the last instruction (JMP I 2000) causes control
to be transferred back to the main program, con-
tinuing with the execution of the instruction stored
in location 210.

2. AJMS instruction that uses indirect addressing is
useful when the subroutine is too large to store on
the current page.

3. Storing the pointer address on page 0 enables in-
structions on various pages to have access to the
subroutine,

OPERATE MICROINSTRUCTIONS

The operate instructions (octal operation code = 7) allow the pro-
grammer to manipulate and/or test the data that is located in the
accumulator and link bit. A large number of different instructions are
possible with one operation code because the operand bits are not
needed to specify an address as they are in an MRI and can be used to
specify different instructions. The operate instructions are separated
into two gtoups: Group 1, which contains manipulation instructions,
and Group 2, which is primarily concerned with testing operations.
Group 1 instructions are discussed first.

Group 1 Microinstructions

The Group 1 microinstructions manipulate the contents of the accu-
mulator and link. These instructions are microprogrammable; that. is,
they can be combined to perform specialized operations with other
Group 1 instructions. Microprogramming is discussed later in this
chapter.
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| 2 3 4 5§ 6 7 8 9 10 1

I 1 O |CLA|CLLICMAICMLIRAR|RAL % IAC

OPERATION T @ . ROTATE ONE PLACE
CODE ZERO SPECIFIES 1. ROTATE TWO PLACES
GROUP |

The preceding diagram illustrates the manner in which a PDP-8 in-
struction word is interpreted when it is used to represent a Group 1
operate microinstruction. As previously mentioned, 7; is the operation
code for operate microinstructions; therefore, bits 0 through 2 are all
1’s. Since a reference to core memory is not necessary for the operation
of microinstructions, bits 3 through 11 are not used to reference an
address. Bit 3 contains a 0 to signify that this is a Group 1 instruction,
and the remaining bits are used to specify the operations to be per-
formed by the instruction. The operation of each individual instruction
specified by these bits is described below.

CLA

WCLL
CMA

CML

RAR

RTR

Clear the accumulator, If bit 4 is a 1, the instruction sets
the accumulator to all zeroes.

Clear the link. If bit 5 is a 1, the link bit is set.to O.
Complement the accumulator. If bit 6 is a 1, the accumu-
lator is set to the 1’s complement of its original value; that
is, all 1’s become 0’s, and all 0’s become 1’s.

Complement the link. If bit 7 is a 1, the state of the link bit
is reversed, ’

Rotate the accumulator and link right. If bit 8 is a 1 and
bit 10 is a 0, the instruction treats the AC and L as a closed
Ioop and shifts all bits in the loop one position to the right.
This operation is illustrated by the following diagram.

L AC

uww1|Io|ﬂolololoﬂwow

AFTER RAR

Rotate the accumulator and link twice right. If bit 8 is a 1
and bit 10 is also a 1, a shift of two places to the right is
executed. Both the RAR and RTR instructions use what is
commonly called a circular shift, meaning that any bit
rotated off one end of the accumulator will reappear at the
other end. This operation is illustrated below.
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RTL

IAC

NOP

L AC

Q [—l—[l l!lalo[ololololn{ulul BEFORE RTR
= =]

~.
\\\ AR AN

1oty et 10j10101010[0]1 | AFTERRTR

Rotate the accumulator and link left. 1f bit 9 is a 1 and bit
10 is a O, this instruction treats the AC and L as a closed
loop and shifts all bits in the loop one position to the left,
performing a circular shift to the left.

Rotate the accumulator and link twice left. If bit 9 is a 1
and bit 10 is a 1 also, the instruction rotates each bit two
positions to the left. (The RAL and RTL microinstructions
shift the bits in the reverse direction of that directed by the
RAR and RTR microinstructions.)

Increment the accumulator. When bit 11 is a 1, the con-
tents of the AC is increased by 1.

No operation. 1f bits O through 2 contain operation code
75, and the remaining bits contain zeros, no operation is
performed and program control is transferred to the next
instruction in sequence.

A summary of Group 1 instructions, including thelr octal forms, is

given below.

Mnemonic! Octal? Operation Sequence3
NOP 7000 No operation e
CLA 7200 Clear AC 1
CLL 7100 Clear link bit 1
CMA 7040 Complement AC 2
CML 7020 Complement link bit 2
RAR 7010 Rotate AC and L right one position 4
RAL 7004 Rotate AC and L left one position 4
RTR 7012 Rotate AC and L right two positions 4
RTL 7006 Rotate AC and L left two positions 4
T1AC 7001 Increment AC 3

1 Mnemonic code is meaningful to and translated by an assembler into bmary

code.

2 Octal numbers conveniently represent binary instructions.

8 Sequence numbers indicate the order in which the operations are performed
by the PDP-8/1 and PDP-8/L (sequence 1 operations are performed first,
sequence 2 operations are performed next, etc.).
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Group 2 Microinstructions

Group 2 operate microinstructions are often referred to as the “skip
microinstructions” because they enable the programmer to perform
tests on the accumulator and link and to skip the next instruction de-
pending upon the results of the test. They are usually followed in a pro-
gram by a JMP (or possibly a JMS) instruction. A skip instruction
causes the computer to check for a specific condition, and, if it is pres-
ent, to skip the next instruction. If the condition were not present, the
next instruction w0u1d be executed.

! 2 3 4 5 6 7 8 9 10 il

SMA7ISZA ~1SNL~10/1
|
: 'jea SPAL~SNA|~SZL | ~SKP OSRHLT| ©

CONTAINS A OX

OPERATION VALUE OF BIT 8
CODE 7g ‘ DETERMINES THE
ACTION SPECIFIED TO SPECIFY
CONTAINS A | BY BITS 5,6,87 GROUP 2
TO SPECIFY
GROUP 2 REVERSE SENSING BIT

0. SMA, SZA,& SNL. ARE ENABLED.

|0 SPA,; SNA,& SZL ARE ENABLED.
(UNCONDITIONAL SKIP WHEN
BITS 5,6,8 7 ARE 0S)

The available instructions are selected by bit assignment as shown in
the above diagram. The operation of each 1nd1v1dual instruction speci-
fied by these bits is described below. '

CLA

SMA
SPA

SZA

SNA

Clear the accumulator. If bit 4 is a 1, the instruction sets
the accumulator to all zeros. |

Skip on minus accumulator. If bit 5isa 1l and bit 8isa v,
the next instruction is sklpped if the accumulator is less
than zero.,

Skip on positive accumulator. If bit 5 is a 1 and bit 8is a
1, the next instruction is skipped if the accumulator is
greater than or equal to'zero.

Skip on nonzero accumulator. If bit 6 is a 1 and bit 8 is a

1, the next instruction is skipped if the accumulator is not
zero.

‘Skip on nonzero accumulator. If bit 6is a 1 and bit 8 is a

1 also, the next instruction is skipped if the accumulator is

not zero.
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SNL

SZL.

SKP

OSR

HLT

Skip on nonzero link. If bit 7 is a 1 and bit 8 is a 0, the
next instruction is skipped when the link bit is a 1.
Skip on zero link. If bit 7 is a 1 and bit 8 is a 1, the next
instruction is skipped when the link bit is a 0.
Unconditional skip. Tt bit 8 is a 1 and bit 5, 6 and 7 are
all zeros, the next instruction is skipped. (Bit 8 is a reverse
sensing bit when bits 5, 6 or 7 are used—see SMA, SPA,
SZA, SNA, SNL, and SZL. above.)

Inclusive OR of switch register with AC. If bit9is a 1, an
inclusive OR operation is performed between the content
of the accumulator and the console switch register. The re-
sult is left in the accumulator and the original content of
the accumulator is destroyed. In short, the inclusive OR
operation consists of the comparison of the corresponding
bit positions of the two numbers and the insertion of a 1 in
the result if a 1 appears in the corresponding bit position
in either number. See Chapter 1 for further discussion. The
action of the instruction is illustrated below.

LlNKD [ JoloJoJo]To]1To]iTo] ] accumuaror
{1]ofo]r]o] i Jofofoi]i]o]swrchresister
L|NKD Lrlofo]tJo o Jol i Ti]r]resurmac

Halt. If bit 10 is a 1, the computer will stop at the conelu-
sion of the current machine cycle. '

A summary of Group 2 instructions, including their octal representa-
tion, is given in the following table.

Mnemonic  Octal Operation Sequence
CLA 7600 Clear the accumulator 2
SMA 7500 Skip on minus accumulator
SPA 7510 Skip on positive accumulator 1
. (or AC =0)
SZA 7440 Skip on zero accumulator 1
SNA 7450 Skip on nonzero accumulator 1
SNL 7420 Skip on nonzero link 1
SZL 7430 Skip on zero link 1
SKP 7410  Skip unconditionally 1
OSR 7404 Inclusive OR, switch register 3
. with AC
7402 Halts the program 3

HLT

2-22



MICROPROGRAMMING

Because PDP-8 instructions of Group 1 and Group 2 are determined
by bit assignment, these instructions may be combined, or micropro-
grammed, to form new instructions enabling the computer to do more
operations in less time,

Combining Microinstructions

The programmer should make certain that the program clears the
accumulator and link before any arithmetic operations are performed.
To perform this task, the program might include the following instruc-
tions (given in both octal and mnemonic form).

CLA 7200 (octal)
- CLL 7100 (octal)

However, when the Group 1 instruction format is analyzed, the follow-
ing is observed.

I | | O |CLA|CLL

OPERATION \ \'MUST BE A | TO SPECIFY CLL
CODE
MUST BE A | TO SPECIFY CLA

MUST BE A G TO SPECIFY GROUP |

Since the CLA and the CLL instructions occupy separate bit posi-
tions, they may be expressed in the same instruction, thus combining
the two operations into one instruction. This instruction would be writ-
ten as follows,

CLA CLL 7300 (octal)

In this manner, many operate microinstructions can be combined mak-
ing the execution of the program much more efficient. The assembler
for the PDP-8 will combine the instructions properly when they are
written as above, that is, on the same coding line, and separated by a
space.

Illegal Combinations
" Microprogramming, although very efficient, can also be troublesome
for the new programmer. There are many violations of coding which
the assembler will not accept.
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One rule to remember is: “If you can’t code it, the computer can’t do
it.” In other words, the programmer could write a string of mnemonic
microinstructions, but unless these microinstructions can be coded cor-
rectly in octal representation, they cannot be performed. To illustrate
this fact, suppose the programmer would like to complement the accu-
mulator (CMA), complement the link (CML), and then skip on a
nonzero link (SNL). He could write the following.

CMA CML SNL
These instructions require the following bit assignments.

0 1 2 3 4 5 66 7 8 9 10U

evaltfifiefeol | DT T T T T
CMLlllllllol I I ]']] ITj
SR EREDEEED

The three microinstructions cannot be combined in one instruction be-
cause bit 3 is required to be a 0 and a 1 simultaneously. Therefore, no
instructions may be used which combine Group 1 and Group 2 micro-
instructions because bit 3 usage is not compatible, The CMA and CML
can, however, be combined because their bit assignments are com-
patible. The combination would be as follows.

CMA CML : 7060 (octal)

To perform the original set of three operations, two instructions are
needed.

+MA CML 7060 (octal)
SNL 7420 (octal)

Because Group 1 and Group 2 microinstructions cannot be com-
bined, the commonly used microinstruction CLA is a member of both
groups. Clearing the AC is often required in a program and it is very
convenient to be able to microprogram the CLA with the members of
both groups. «

The problem of bit assignment also arises when some instructions
within a group are combined. For example, in Group 1 the rotate in-
structions specify the number of places to be rotated by the state of bit
10. If bit 10 is a 0, rotate one place; if bit 10 is a 1, rotate two places,
Thus, the instruction RAL can not be combined with RTL because bit
10 would be required to have two different values at once. If the pro-
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grammer wishes to rotate right three places, he must use two separate
instructions.

RAR 7010 (octal)

RTR 7012 (octal)
Although he can write the instruction “RAR RTR”, it cannot be cor-
rectly converted to octal by the assembler because of the conflict in bit
10; therefore, it is illegal.

Combining Skip Microinstructions

Group 2 operate microinstructions use bit 8 to determine the instruc-
tion specified by bits 5, 6, and 7 as previously described. If bit 8 is a 0,
the instructions SMA, SZA, and SNL are specified. If bit 8§ is a 1, the
instructions SPA, SNA, and SZL are specified. Thus, SMA cannot be
combined with SZL because of the opposite values of bit 8. The skip
condition for combined microinstructions is established by the skip con-
ditions of the individual mcroinstructions in accordance with the rules
for logic operations (see “Logic Primer” in Chapter 1).

OR GROUP—SMA OR SZA OR SNL .

If bit 8 is a 0, the instruction skips on the logical OR of the condi-
tions specified by the separate microinstructions. The next instruction
is skipped if any of the stated conditions exist. For example, the com-
bined microinstruction SMA SNL will skip under the following condi-
tions:

1. The accumulator is negative, the link is zero.

2. The link is nonzero, the accumulator is not negative.

3. The accumulator is negative and the link is nonzero.
(It will not skip if all conditions fail,) This manner of combining the
test conditions is described as the logical OR of the conditions.
AND GROUP—SPA AND SNA AND SZL.

A value of bit 8 = 1 specifies the group of microinstructions SPA,
SNA, and SZL which combine to form instructions which act according
to the logical AND of the conditions. In other words, the next instruc-
tion is skipped only if all conditions are satisfied. For example, the in-
struction SPA SZL will cause a skip of the next instruction only if the
accumulator is positive and the link is zero. (It will not skip if either
of the conditions fail.)

NOTES: 1. The programmer is not able to specify the manner
of combination. The SMA, SZA, SNL conditions
are always combined by the logical OR, and the
SPA, SNA, SZL conditions are always joined by a
logical AND.

2. Since the SPA microinstruction will skip on either
a positive or a zero accumulator, to skip on a
strictly positive - (positive, nonzero) accumulator
the combined microinstruction SPA SNA is used.
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Order of Execution of Combined Microinstructions

The combined microinstructions are performed by the computer in a
very definite sequence. When written separately, the order of execution
of the instructions is the order in which they are encountered in the pro-
gram. In writing a combined instruction of Group 1 or Group 2 micro-
instructions, the order written has no bearing upon the order of
execution. This should be clear, because the combined instruction is a
12-bit binary number with certain bits set to a value of 1. The order in
which the bits are set to 1 has no bearing on the final execution of the
whole binary word. ,

The definite sequence, however, varies between members of the
PDP-8 computer family. The sequence given here applies to the PDP-
8/1 and PDP-8/L. The applicable information for other members of
the PDP-8 family is given in Appendix E. The order of execution for
PDP-8/1 and PDP-8/L microinstructions is as follows.

GROUP 1 ,

Event 1 CLA, CLL—Clear the accumulator and/or clear the
link are the first actions performed. They are effectively
performed simultaneously and yet independently.

Event 2 CMA, CML—Complement the accumulator and/or com-
plement the link. These operations are also effectively
performed simultaneously, and independently.

Event 3 JAC—Increment the accumulator. This operation is per-
formed third allowing a number in the AC to be comple-
mented and then incremented by 1, thereby forming the
two’s complement, or negative, of the number.

Event 4 RAR,RAL,RTR, RTL—The rotate instructions are per-
formed last in sequence. Because of the bit assignment
previously discussed, only one of the four operations may
be performed in each combined instruction.

GROUP 2

Event 1  Either SMA or SZA or SNL when bit 8 is a 0. Both SPA
and SNA and SZL when bit 8 is a 1. Combined micro-
instructions specifying a skip are performed first. The
microinstructions are combined to form one specific test,
therefore, skip instructions are effectively performed
simultaneously.
Because of bit 8, only members of one skip group may be
combined in an instruction.
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Event 2 CLA-—Clear the accumulator. This . instruction is per-
formed second in sequence thus allowing different arith-
metic operations to be performed after testing (see Event
1) without the necessity of clearing the accumulator with
a separate instruction before some subsequent arithmetic

. operation.

‘Event 3  OSR—Inclusive OR between the switch register and the
AC. This instruction is performed third in sequence,
allowing the AC to be cleared first, and then loaded from
the switch register.

Event 4 HLT—The HLT is performed last to allow any other
operations to be concluded before the program stops.

This is the order in which all combined instructions are performed.
In order to perform operations in a different order, the instructions
must be written separately as shown in the following example. One
might think that the following combined microinstruction would clear
the accumulator, perform an inclusive OR between the SR and the AC,
and then skip on a nonzero accumulator.

CLA OSR SNA
However, the instruction would not perform in that proper manner,
because the SNA would be executed first. In order to perform the skip
last, the instructions must be separated as follows.

CLA OSR
SNA
Microprogramming requires that. the programmer carefully code
mnemonics legally so that the instruction does in fact do what he desires
it to do. The sequence in which the operations are performed and the
legality of combinations is crucial to PDP-8 programming.
The following is a list of commonly used combined microinstructions,
~ some of which have been assigned a separate mnemonic.

Instruction Explanation
— CLA CLL  Clear the accumulator and link.
CIA CMA IAC Complement and increment the accumulator.
. (Sets the accumulator equal to its own nega-
© tive)) )

LAS CLA OSR  Load accumulator from switches. '
(Loads the accumulator with the value of the
switch register.)
STL CLL CML  Setthelink (toa1l).
—_— CLA 1IAC Sets the. accumulator to a 1.
STA CLA CMA  Sets the accumulator to a —1.
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are given below.

In summary, the basic rules for combining operate microinstructions

1. Group 1 and Group 2 microinstructions cannot be combined.

2. Rotate microinstructions (Group 1) cannot be combined with
each other.

3. OR Group (SMA, SZA, or SNL) microinstructions cannot be
combined with AND Group (SPA, SNA, or SZL) microin-
structions.

4. OR Group microinstructions are combined as the logical OR
of their respective skip conditions. AND Group microinstruc-
tions are combined as the logical AND of their respective skip
conditions. .

5. Order of execution for combined instructions (PDP-8/1 and
PDP-8/L only) is listed below.

Group 1 Group 2
1. CLA,CLL 1. SMA/SZA/SNL or
SPA/SNA/SZL

2. CMA,CML 2. CLA

3. IAC 3. OSR

4. RAR, RAL, RTR, RTL 4. HLT

EXERCISES

1.

The following is a list of current addresses and locations to be

addressed. Determine whether the second location should be di-
rectly or indirectly addressed from the first.

Current Address Location to be Addressed
a. 2456 2577
b. 1500 1600
c. 1230 0030
d. 0050 0120
e. 6555 6400
f. 6555 6600
g. 4343 4100
h. 2742 2450 -
i. 2507 5507

“j. 3200 3377
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