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CoreuJore

As few as five years ago, the suggestion that a computer or com-
puter-based system could be readily available to users at all levels
of technical knowledge and ability still evoked surprise and con-
cern among many. To help convey our position that programming
a minicomputer was not a restricted undertaking, we introduced
in January of 1969 our first major handbook dealing specifically
with the fundamentals of machine and assembly language program-
ming on a minicomputer—Introduction to Programming. Since
that time, the demand for this handbook by users in every field
and occupation, experienced programmer and novice alike, has
clearly proven the value of such a book. '

- In addition to Introduction to Programming, we include several
other volumes in our PDP-8 handbook series. The Small Com-
puter Handbook provides extensive technical information concern-
ing hardware options, interfacing, system operation and installa-
tion planning; this handbook is invaluable to those who will develop
and maintain a minicomputer installation. The EduSystem Hand-
book contains a complete self-instruction course in the use of the
BASIC programming language, plus user guides to each of the
existing EduSystems—systems designed specifically for classroom
use. Finally, the. forthcoming OS/8 Handbook will present com-
prehensive information dealing with DEC’s complete computer
system for the PDP-8—OS/8. OS/8 provides the programmer
with an extended library of system programs, including a text
editor, octal debugging program, assemblers loaders, and FOR-
TRAN 1V. :

Once again, I wish to thank all programmers, writers, teachers
and students who have contributed to our handbooks. Through
your support we can continue producing extensive low-cost pro-
gramming information for PDP-8 computers. -

MK/%

Kenneth H. Olsen

President,

Digital Equipment Corporation
iii '



ERROR REPORTING

If you find any errors in this handbook, or if you have any .
questions or comments concerning the clarity or completeness:of
this handbook, please direct your remarks to:

Digital Equipment Corporation
Software Communications, Parker Street
Maynard, Massachusetts 01754



Introduction to Programming is DEC’s introductory computer
programming handbook. The first five chapters provide a thorough
explanation of computer mathematics and an introduction to

machine language and assembly language programming and to
~ the basics of program loading and error correction (debugging).

The experienced programmer may choose to skip the first five
chapters and begin reading the Advanced Programming Techniques
described in Chapters 6, 7, and 8. These chapters describe input/
output (I/O) programming techniques, DECtape programming
techniques, and DEC’s floating-point packages.

BINARY ARITHMETIC
The binary number system is the basic concept behind digital

R - computers. The numbers 0 and 1 can easily be substituted for the

two physical states associated with computer hardware: a switch
is either on (1) or off (0), an area in the computer’s memory is
either magnetized (1) or not magnetized (0). In computer pro-
gramming terminology, the binary digits 0 and 1 are sometimes
called bits (binary digits). Binary numbers are the machine lan-
guage of computers. All computations, no matter how complex,
~ performed by digital computers are made in binary arithmetic;
therefore, students of computer programming must be thoroughly
familiar with the binary system before they can begin to write pro-
grams. Chapter 1 and part of Chapter 2 provide an excellent
introduction to binary arithmetic.

ASSEMBLY LANGUAGE PROGRAMMING

Since it is quite burdensome to write programs in strings of
12-bit binary numbers (called words) an assembly language was
developed. Assembly language enables the programmer to substi- .
tute English-like mnemonics for the binary numbers. For example,
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the mnemonic JMP (for jump) is interpreted by the computer as
the 12-bit binary number 101 000 000 000. The three bits in
each of the four groups are given the octal values 4, 2, and 1,.
reading from left to right, so that if all three bits of a group were
set to 1 (111), the octal value would be 7 (4+2+1=7). Thus the
~octal value for JMP is 5000 (101 binary =4+0+1 octal = 5).

101 000 000 000
5 0 0 0

Assembly language programming is discussed in Chapters 2, 3,
and 5.

PDP-8/E SYSTEM DESCRIPTION AND USE

The programs presented in this handbook are designed to run
on a PDP-8/E computer. The PDP-8/E and the peripheral equip-
ment which comprises the PDP-8/E system are described in detail
in Chapter 4.

The program commands which cause the PDP-8/E to accept
data from one of its peripherals or to send data to one of its
peripherals are called input/output commands. Input/output com-
mands are discussed in Chapter 6.

One of the most important peripheral devices is the DECtape
unit. The DECtape unit serves as an auxiliary magnpetic tape data
storage facility. DECtape is easier to use than ordinary computer

‘magnetic tape because it allows the user to store information at

fixed positions which may be directly addressed. DECtape pro-.
gramming is presented in Chapter 7.

DEC’s floating-point packages provide for easy performance of
basic arithmetic operations such as addition, subtraction, multi-
plication, and division, while ‘maintaining a high' degree of preci-
sion. Floating-point numbers represent quantities in the form of a
fractional number multiplied by the number base 10 (for decimal)
with an exponent (e.g., 12 = .12x102?). Floating-point representa-
tion is a great help to computer programmers because it allows
them to use and save very large and very small numbers by saving
only the significant digits and computing an exponent to account:
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for leading and trailing zeroes. The ﬂoating—point packages are
fully explained in Chapter 8.

COMMON PROGRAMMING TERMS

Such words as loop, jump, nesting, and array have special mean-
ings to computer programmers. Familiarity with these terms is pre-
requisite to an understanding of the information presented in this
handbook. The Index/Glossary at the end of the handbook defines
many of the commonly used computer programming terms.
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INTRODUCTION

During the past 20 years, the computer revolutlon 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, communications, 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

1-1



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
Jarge 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.
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rely upon the computer’s capacuty to store and qulckly 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 calculatmg
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 it 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 often require the processing
of both analog and digital information. Analog information consists
of continuous physical quantities that can be easily generated and con-
trolled, such as electrical voltages or shaft rotations. Digital informa-
- tion, 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 digital
characteristics in one computer system.
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- Computer Capabilities and Limitations
A computer is a machine and, as all machines, 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 limitations) 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 than a skilled mathematician. ,
Flexibility—General purpose computers may be programined 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 units 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 early
civilizations. : ' ' |

Two basic concepts simplified the operations needed to manipulate
numbers; the concept of position, 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 O, 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

7X 1= 7

347

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

. 108 102 101 100
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:

10 with a carry to the 10! colum

ORI NDAWRWN=O

Continuing the counting, when we reach 0 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 50
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 binary 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 - (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 cﬁstomary to subscript
numbers with the applicable base (e.g., 1015=51¢).
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A weighting table is used to convert bmary numbers to the more
familiar decimal system.

2423222120 (Weight Table)

1 01 01 (Binary Number) Position
l Digit Coefficient

o 1 X 1 = 1

= 0 X 2 = 0

= i X 4 = 4

- = 0 X 8 = 0

o= 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 0s. Whether a 0 is to the
right or left, it will never add to the value of the binary number. Some
0Os 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 O to 111111111111,
(4095,,) can be dlrectly represented.

SIGNIFICANT DIGITS

The “leftmost” 1 in a binary number is called the most significant
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 decimal system as in the binary sys-

tem, as shown below.
Q10110101 |
MSD 100101 OAO%LSD
- 45971

CONVERSION OF DECIMAL TO BINARY

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

N o

b

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

281 241 23} 221 21 20 _ Power
32 116 8 4 2 1 Value
1.1 0 | 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,

1-9



record a 1; if there is no remainder, record a 0. Continue until the
quotient has been reduced to 0. Example:

Therefore, 47,, = 101111.,.

47, = ?Binary

e e = B

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

fam—y
COXNANE DN~

1544
18,
42,
100,
235,
1 10
294,
117,
86,
4090,,

l

11.
12.
13.
14.
15.
16.
17.
18.
19.
20.

Quotient . - Remainder
23 ' 1
11 1
5 1
2 1
1 0 '—l
0 1
_‘

[y
<
fowey
[y
[y
WY

4095,
1502,
377,
501,
828,
907,
4000,
3456,
2278,
1967,

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

PNANR BN

110,
101,
1110110,

1011110, .

0110110,
11111,
1010,
110111,

9.
10.
11.
12,
13.
14.
15.
16.

11011011101,

111000111001,
111010110100,
111111110111,

- 101011010101,

111111,
000101001,
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 cuntbersome for
human usage. It is very easy for-humans to make errors in reading and
writing quantities of large 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:

011,= 3,
010,= 2
111.= 7,
1012: 53
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
+6 X 81 =6 X 8§ = 48

+1 X 82 =1 X 64 = 64

+2 X 83 = 2 X 512 = 41024

1143

Therefore, 2167, = 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 | Y
~2560 = 5 X 8% = 5 X 512 503 7
3 }

—
— 0=10X8=20X 64
'}
3

3 X 8 =

Il

re

7 X 80 =7 X 1

31

24
7
7
0

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

Position Coefficients
g?;‘f‘"tl * (Multipliers)
_ Position/ _ '

g I ol 1 2| 3| 4l s} e| 7
1st (80)# o] 1 2 31 4 s| 6| 7
2nd (8Y) §j 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:

1376, = ? octal |
Quotient Remainder

8 )1376 172 0
8 ST72 21 4 .
8 )21 2 5 : 1
8 )2 0 2——‘ '

‘ 25 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. Q00010101101
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
.51 13. 3214

6. 5424 14. 4532

7. 307 15. 7033

8. 1101 16. 1243

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

1. 17 7. 7773
2. 37 8. 7777
3. 734 | 9. 3257
4. 1000 10. 4577
5. 1200 11. 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 dc_tal. In
~ each of these systems, the position of the symbol in the number denotes

its power, and the symbol is the coeflicient of that power. These are
positive powers. For example, in the decimal system the number 598,
5 is the coefficient of 102, 9 is the coefficient of 10!, 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 102, 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,
610 (6 x 10?) 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

1/8 125 .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

1/1024 .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 2-1 2-2 2-3 2-4
Decimal Equivalents  .5000| .2500 .1250| .0625
Bit Values of Answer 1 0 0 1 = .1001

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 21 column. It is not possible to subtract
2-2 from the remainder, so record a 0 in the 272 column, 27 cannot be
subtracted from the remainder, so record a O in the 27 column; 274
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 theé 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 44— 40000

T |

0.5000
v { 2

.100] ~¢————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 base to the —2 power, etc. For example, to
convert the binary fraction .10001 to decimal, proceed, as follows. The
MSDis 1 X (271) or 1/2, the second digit is 0 X (22) or 0, the third
digit is 0 X (27) or 0, the fourth digit is O 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 + 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 (82) or 2/64. The frac-
tions are now added together to get the result; 4/8 4+ 2/64 or
16/32 4 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”sMETHOD. 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:

1 0 0 0 1
2¢ 2% 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 fragtion .42 should yield the same result.

4 2

8t 8o
The MSD is 81, 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 % (8L) 4+ 2 X (8") = 34, and the fraction 34/64 equais .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_
carry to the next higher power (1 + 1 = 10) Take the binary numbers
101 4 10 (5 + 2).

101 = 510
+010 = 2
111 = T

0+1=1,14+0=1,and 0 + 1 = 1 with no carries required. The
answer is 111, which is 7. Suppose we add 111 to 101.

11 s CATTIES

111 = T
+101 == 510
1100 = 12

Now 1 + 1 = O plus a carry of 1. In the second column, 1 plus the
carry 1 = O, plus another cdrry. The third column is 1 4+ 1 = 0 with
a carry, plus the previous carry, or 1 4+ 1 4 1 = 11. Our answer 1100
is equal to 1 X 23 + 1 X 22 or 8 4+ 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,l the base is
not subtracted and no carry will be generated. Examples:

58 —- 510 ‘ 3 53 = 29,
+, 3s = 3 6 3 = . 5110
T8 1 10 8
— 8 —8—8
10, = 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 = 510
001 = 1,

To subtract 1 from O 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 5-digit register approaching 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 re-
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 zero. 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=1? 2022—1234= ?
3567 2022
—2533 —1234
1034 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 celumn, 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
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.
- a 3042

: +4736

1 0000

The followmg example uses the eight’s complement to subtract a
number.

3567—2533= 7

2533 Number

5244 Seven’s complement
+1

5245 Eight’s complement

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 wﬂl 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 0, 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
1274 . Multiplier
3234 First partial product
924 Second partial product
462 Third partial product

58674 ~ Product
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Example 2. 1110110,
1011,

1110110
1110110
0000000
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 multiphcation of octal numbers quite simple. Table 1-4
is a partially completed octal multiplication table that w111 be quite use-
ful once you have filled in the blank squares.

Using the completed octal multlphcauon table, the following prob—
lems may be solved.
226, X 12, =17

226,
X12,

454
226

2734,
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" 1247, X 305, = ? -
o 1247,
X 305,

6503
0000
3765

405203,

Table 1-4  Octal Multiplication Table

o | 1 2 | 3 4 5 6 7
0 0 o | o | o 0 0 0 0
1 0 1 2 3 4 | s 6 7
2 o | 2 4 6 | 10
3 o | 3 6 | 11 | 14
4
5
6
70 o 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. | T |

Divide 10010,
10.

1001 10010, 18

- - = = = 10010 = 910
10 510010 10, 250 .
10 -
00
00
01
00
10
10
0
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Divide 1110, 14,

= e T 3.510

100, 41,

11.1

1007 1110.0 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 )1714
6 154
02 154
2 154
0 T 0
EXERCISES
a. Perform the following binary additions.

1. 10110 6. 101 10. 100111
+101 1 111001
- +110 4101101

2. 100 —
+10 7. 1110 11. 11011001

100 10010011

3. 11011 +11 ' 411100011

-2 S8 111 12. 11011011

4. 10110111 101 _ 10111011
=+ 1 +1000 00101011

01010111

5. 1101 9. 110111 401111101
101 ' 100100
+11 ' +110001
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b. Find the one’s complement and the two’s complement of the fol-

lowing numbers.

1. 011 100 110 010 7. 000 000 000 111
~ 2. 010 111 011 111 8. 100 000 000 000

3. 011 110000 000 - 9. 100 000 010 010

4. 000 000 000 000 ‘ 10. 100 001 100 110

5. 000 000 000 001 S11. 111 111 111 1100

6.

000 100 100 100 ', 12. 111 111 111 111

c. Subtract the following binary numbers directly.

1. 101000001 3. 101011010111
010111101 . 011111111101
2. 1010111010 4. 101111100111

0101110101 0101011100610

d. Perform the following subtractions by the two’s complemeht o
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

A e

e. Multiply the following binary numbers.

1. 11011 2. 1011101 3. 101011101011
X110 X101 X 10000

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. 777
+53 256 543
- +724 +612

2. -+§§ 4. 77 _ 8. , 437

it - +11 426
772
3. 34 5. 3357 747

+76 +562 +575

h. Subtract the following octal numbers directly.

1 42 4. 53 7. 2543
C 23 —44 —2174
2. 76 ST 5. 7474 8. 7500
~34 —4777 » —6373
3. 77 6. 7000
~11 —6573

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

~work.

i 0_377 — 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 X472 X246

———— ———————

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

Multiplicand

X Multiplier Multiplicand
Product - Multiplier ) Product

1-28



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 Operatlon

The following simple circuit w1th 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 1t) whenever both A
and B are 1. This is the AND operation.

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.

B
0
1
0
1

==

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.

To Be To Be Retained
Masked for Subsequent

Out Operation
———y
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.

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 A-+B=F. The following
table shows the resulting value of F for changing values of A and B.

~ A B

L B K*] K=}

0
1
0
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 “--” 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 |

i}
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simultaneously, although they may be open simultaneously or individu-
Cally.

Thus, fhe circuit is completed when A—1 and B=0, and when A=0
and B—=1. The results of the excluswe OR operation are summarized

~ in the table below.

g

—lol =] ol ™

0
40
1
1

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

A = 011 010 O11 111
B = 100 110 010 Ol11

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. T
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 de51gnated as the memory
unit, or core storage unit.
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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 accumulator, 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 memory 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 external 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 each
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 bmary 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 famihiar
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 O to 111 111 111
111,, or 0 to 7777.). By convention, one half of the numbers are con-
sidered positive (0 to 011 111 111 111,, or O 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
400l eoooa / \ 20009 3777,
(-3777g) (-20008) ;7%7
(-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

1-34



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.

TR i | } T
0 ,

-2048 +2047

Figure 1-3  PDP-8 Decimal Number Line

DOUBLE PRECISION NUMBERS

The PDP-8 memory is made up of 12-bit storage locations. 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 method 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 use of 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 ma.xmmm
number of 31gmﬁcant digits.
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programming
Ffundamentals

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 mlcromstructlons
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 (mlcroprogrammed) to increase the
operating efficiency of the computer.

The third general type of instructions are the input/output transfer
(IOT) instructions. These instructions, perform the transfer of infor-
mation between a peripheral device and the computer memory. IOT
instructions are discussed in Chapter 5.
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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 0’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 OOO 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. V
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. . L |
When the conversion to octal is performed, Instruction B becomes.

- 1027, and the previous program becomes

Location =~ : . Content
0022, 1027,
0027, - 07717,

To 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 2026; 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 difficult 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, each 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 write 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-8, 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.
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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 A

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 bit. ' '

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 O to 11, with bit O 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.
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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
to. 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
mstructlon

MAJOR STATE GENERATOR

The major state generator establishes the proper states in sequence
for the instruction being executed. 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 uniquely.

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 mformatlon
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 instruction to be brought out of memory and performed. It can be
used 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 Cycles?!
Logical AND AND Onnn 2
Two’s Complement Add TAD Innn 2
Deposit and Clear the Accumulator DCA " 3nnn 2
Jump JMP 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 is 1.6; for the PDP-8/S, it is 8 microseconds. (Indirect a@dressmg re-
quires an additional memory cycle.) :

2 The mnemonic code is meaningful to and translated by an assembler into
binary code.
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