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PART 1
INTRODUCTION

CHAPTER 1
PURPOSE AND SCOPE

1.1 PURPOSE

This manual explains the program instructions used
in the AN/FSQ-7 and AN/FSQ-8. Although the manual
is designed to be used primarily in the training of IBM
field engineers, it also serves as a reference manual for
IBM field engineers and other personnel assigned to
the various air defense sites.

1.2 SCOPE

The manual was written to serve as an introduction
to programming digital computers in general and the
AN/FSQ-7 and AN/FSQ-8 in particular. Some chapters
apply to all the courses of instruction conducted by
Field Engineering Education; others pertain only to
one of the courses. A detailed description of each part
of the manual follows.

Part 1 covers the history of computing devices from
the abacus to the modern digital computer. A descrip-
tion of the binary number system, which is used in many
digital machines (including the AN/FSQ-7 and -8), is
presented and examples of arithmetic operations using
this system are given. This part also outlines the gen-
eral organization and operation of the SAGE System
employed in air defense. A brief introduction to the
AN/FSQ-7 and AN/FSQ-8, the computing elements of
the SAGE System, is presented.

Part 2 contains the information necessary for an
understanding of the programmed operation of the
AN/FSQ-7 and AN/FSQ-8. The various systems which
make up the AN/FSQ-7 and AN/FSQ-8 are described
and their overall relationship is discussed. Some of the

basic instructions of these two machines are described,
and program examples of their use are given. In addi-
tion, techniques, such as indexing, which are useful in
programming operations, are introduced.

The third part of the manual presents a detailed
description of the instructions which are applicable to
the Central Computer System of the AN/FSQ-7 and
AN/FSQ-8. Wherever possible, examples of the appli-
cation of these instructions are given. In addition, Part
3 explains some of the programming options which are
available for the AN/FSQ-7 as a result of the installa-
tion of an expanded memory unit.

Part 4 describes the programming of equipment
and systems which are external to the Central Com-
puter System. The various instructions which are used
to program these external systems are given, as are pro-
gram examples. Each chapter within this part is con-
cerned with the programmed operation of one of the
logical groups of external equipment.

Advanced programming methods, such as the con-
tent and operation of utility systems and the scaling of
fixed point numbers, are contained in Part 5. This part
enables the reader to understand all of the operations
necessary, in addition to the coding of a program to
prepare it for entry into the AN/FSQ-7 and AN/FSQ-8.

Appendix A lists those codes which are referred to
as illegal instructions within the AN/FSQ-7 and AN/
F5Q-8. The effect that the execution of these illegal
instructions has on the Central Computer System is de-
scribed, and the use of some of them is presented.
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CHAPTER 2
DIGITAL COMPUTERS

2.1 HISTORY OF DIGITAL COMPUTERS

The word “computer” comes from the latin verb
“computare” which means to reckon or think. Thus, a
digital computer is a machine that reckons (or calcu-
lates) with digits. The following text contains a brief
history of computing devices which brought about the
modern digital machines.

Before the advent of large-scale digital computers,
man had to rely on manual methods and slow mechani-
cal calculators to perform arithmetic operations. No
doubt the first devices used by man as an aid in compu-
tation were fingers, sticks, stones, and similar objects.
These items served only as reminders or indicators of a
particular quantity and could not themselves do any
work; the actual computation was carried out in the
mind of the individual. The abacus, originated some-
time before 1200 A.D., evolved from the use of pebbles
as counters, and has been highly touted as a computer;
however, it is really nothing more than an indicating
device.

After the abacus and the soroban (a refinement of
the abacus) came into use, little progress was made in
the field of computing devices for several years. Then,
in 1642, Pascal, the French mathematician, invented
what was perhaps the first actual accounting machine.
This machine was used to figure currency in a customs
house. It was basically a hand-operated, gear-driven
counter, with addition performed by turning a wheel a
distance equal to the currency to be added. Pascal’s
machine did not attract much attention, possibly be-
cause he was only 19 years old at the time. However it
was noteworthy because it was the first instrument with
provision for an automatic carry into the next higher
order column when the sum of a column exceeded 9. In
1673, a German mathematician named Leibnitz devel-
oped a similar machine, which could multiply as well as
add. Unfortunately, it did not work well enough to be
of much value in computation.

After Leibnitz’s machine, there was a period of in-
activity until 1801, when another Frenchman named
Joseph Jacquard came upon the idea of punched cards.
Jacquard used a chain of perforated cards to control
weaving of figured fabrics on a loom. This mechanism
functioned quite successfully, and the Jacquard loom
proved to be the basis for some remarkable develop-
ments, as we shall see later.

During the 19th century, several developments
took place which furthered the use of automatic ac-
counting machines. First, an American named Thomas
invented a desk calculator in 1820 which utilized the
same principles as Leibnitz’s machinery and was also re-
liable. Improved models of Thomas’ calculator were
used in business and industry for the next 100 years.
Two years later, Charles Babbage, a brilliant but highly
unpopular English mathematician started work on what
he called a “difference engine.” This device was to be
used to calculate mathematical tables to 20 places. Bab-
bage’s design was fundamentally sound, but produc-
tion techniques at that time were not, and after many
unsuccessful attempts to construct a working machine,
the British government stopped supplying funds for
this project. Despite the furor caused by his failure to
produce the difference engine, Babbage was elected to a
chair in mathematics at an English University. He dis-
tinguished himself in this position by refusing to de-
liver even one lecture in the 11 years he held the posi-
tion. Then in 1833, the remarkable Mr. Babbage again
received a grant from the British government to work
on another computing machine, called the Babbage
Analytical Engine. Elaborate plans were prepared for
the construction of this computer, which differed largely
from Babbage’s first machine because it was controlled
by punched cards and was capable of making logical
decisions. Parts of it were completed and made to work,
but the project failed as a whole because Babbage’s de-
sign was still too advanced for the engineering tech-
niques then in existence. Nevertheless, Babbage con-
tinued to work on his computer for another 10 years
or so, until government funds were exhausted. Detailed
descriptions of his machine were preserved, as were
substantial parts of it, but Babbage’s idea was soon for-
gotten,

In 1886, a very important milestone in computer
history was reached when Dr. Herman Hollerith in-
vented a machine using punched cards. Hollerith was
head of the U. S. Bureau of Census at the time, and he
discovered that the 1880 census was not yet completed,
due largely to the fact that all calculations were being
made by hand. He set to work to find a way by which
all recording, tabulating, and aralyzing of facts could
be done by machine. His solution, which was based upon
Jacquard’s idea of punched cards, was to record the
facts of any situation by punching holes in a definite

3



Computer History
21

code in a piece of paper. Hollerith had originally
planned to use strips of paper, but he found it neces-
saty to rearrange the information, so he cut the strips
into a standard size and shape and thus had a card for
each situation. Once the card was developed, Dr. Hol-
lerith developed a sorting device, using these cards, and
opened up a whole new field of computing aids.

As business and industry grew during the first part
of the 20th century, the demand for accounting ma-
chines grew steadily. In 1914, a mechanical key punch, a
gang-punch, a vertical sorter, and a tabulator were
available to meet the accounting needs of the nation.
As time went on, more and mote equipment was intro-
duced which eased the task of calculations. However,
all of this equipment was electromechanical in nature,
‘and each machine could petform only one or two basic
operations. What was needed was a machine that could
perform a multitude of tasks at a high rate of speed.

The man who set about to design such a general-
purpose machine was Dr. H. H. Aiken of Harvard Uni-
versity, He directed a project which started in 1939 and
was climaxed by the construction of the automatic Se-
quence Controlled Computer in 1944. This computer,
commonly referred to as the Mark I, was built by IBM
for Harvard from components already in use in IBM’s
electromechanical business machines. It is believed that
the Mark I is an outgrowth of Babbage’s analytical en-
gine, since his work was reviewed in great detail before
the actual construction began. Although the Mark I
was electromechanical in nature, and therefore was still
quite slow, it marked the appearance of the first of a
long line of large digital computers.

The first electronic computer was the Electronic
Numerical Integrator and Calculator, or ENIAC, built
in 1946 by Dr. J. W. Mauchley and Mr. J. P. Eckert of
the Moore School of Engineering of the University of
Pennsylvania. The ENIAC utilized 18,000 vacuum tubes
as storage elements instead of the relays and switches
used in the Mark I. The fact that vacuum tubes were
used at all represented a considerable venture in com-
puting techniques, since the performance of tubes at
that time was not very reliable. However, ENIAC
proved to be a highly successful digital computer, and
is still in operation today, although it has been obso-
leted for some time. As an example of the improvement
in arithmetic speed between Mark I and ENIAC, let
us consider the addition of two numbers. Mark I re-
quired 300 ms to perform this task, whereas ENIAC
could do the same thing in two-tenths of a millisecond.
or, roughly, 1,500 times faster. From this comparison,
it is possible to see the tremendous boost given the com-
puter field with the advent of vacuum tubes and elec-
tronic circuitry.

4
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After ENIAC, the next big computer of signifi-
cance was the Selective Sequence Electronic Calculator,
or SSEC, built by IBM in 1948. This machine, installed
at IBM World Headquarters, proved beyond a doubt
that large-scale digital computers had commercial ap-
plications. The government, which was doing research
in the atomic energy field, utilized the SSEC as an aid in
solving some of its large problems. Other customers
soon realized that the SSEC could solve problems which
were never before attempted. The success of this com-
puter prompted many manufacturers of electronic
equipment to develop digital computers for commercial
use,

About the same time, a group at Cambridge Uni-
versity in England built the first stored-program com-
puter. The man in charge of the project was M. V.
Wilkes, and he called the computer EDSAC. EDSAC
was modest in size and capability, but Wilkes and his
associates made significant contributions to the com-
puter field by refining programming techniques ‘and
procedures. They were the first to make extensive use
of program subroutines with an assembly system for
making new programs.

In 1946, the designers of ENIAC, Dr. Mauchly and
Mr. Eckert, resigned from the University of Pennsyl-
vania and set up their own firm, called the Electronics
Control Company. They began to develop an electronic
computer which could handle alphabetic as well as
numeric data, and which would be more versatile than
any machine then in existence. This machine was called
the Universal Automatic Computer, or UNIVAC, and
was first produced in 1951 by the Remington-Rand
corporation, which had made the Mauchly-Eckert firm
one of their divisions. UNIVAC proved to be the nu-
cleus for a new computer field; namely, the large-scale,
general-purpose digital machine.

In addition to the UNIVAC, several other com-
puters were developed at this time, most of them by
the government and leading universities. For example,
the MANIAC, built by Princeton; the SEAC, built by
the Bureau of Standards; and the WHIRLWIND, built
by the Massachusetts Institute of Technology. All of
these machines aided the advancement of computers
and computing techniques. At the same time, they con-
firmed the belief, started with the introduction of the
SSEC, that large digital machines could prove a power-
ful tool to both science and industry.

The vast experience gained in the punched-card
field enabled IBM to develop an entire “family” of
large digital computers, known as the 700 series. First
came the 701, a scientific computer with a2 memory com-
posed of electrostatic storage tubes. This computer was
extremely fast and reliable, and was used extensively
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in the aircraft industry to perform design calculations.

In 1955, the first 702 was installed at the Monsanto.

Chemical Company in St. Louis. This model was de-
signed to handle mostly commercial data processing
such as billing, stock inventory, payrolls, etc. These two
machines were capable of handling any type of problem
that could be reduced to some combination of the basic
arithmetic processes. However, improvements were still
being made in the computer field, mainly in the type of
memory to be utilized with the computer. IBM intro-
duced two computers in 1955 which contained magnetic
cores as the high-speed memory device. The 705 was
designed to replace the 702, and the 704 was the succes-
sor to the 701. Use of the new memory and other im-
provements enabled both machines to compute much
faster than their predecessors. As an example, the 704
can select two numbers from core memory, add them
together, and place the sum in a temporary storage reg-
ister in 24 usec. Newest of the 700 series is the 709,
also a scientific computer, which has the added capabil-
ity of handling up to six input and output mediums at
one -time. Previously, computers had been limited in
their speed of calculation because only one input or out-
put unit at a time could be used to feed in or receive
information, a disadvantage overcome by the 709.

Of particular interest are the AN/FSQ-7 and AN/
FSQ-8 digital computers, also manufactured by IBM.
These machines are the world’s largest digital comput-
ers and form the center of a huge air defense network.
The remainder of this manual is devoted primarily to a
study of the techniques involved in programming these
two computets.

- This history of computers and computing devices
is, of necessity, incomplete. Only those events which
have been milestones in the development of today’s
digital computers have been included. Future develop-
ments in the field may radically change the operation
of digital computers. These developments will prob-
ably occur in the use of bigger and faster memories,
reduction in physical size of computers, and increased
flexibility in programming. However, the basic concepts
of Pascal, Babbage, and others who have contributed to
this art will remain the same; that is, using machines to
ease the task of computing and calculating.

2.2 DIGITAL COMPUTER OPERATION

As was explained previously, a digital computer
works with digits or numbers. To illustrate the method
by which a digital computer handles a quantity, a com-
parison will be made with the other type of computer
presently in use; namely, the analog machine. In con-
trast to the digital computer, a quantity in an analog
computer is represented by a direct relation, or analogy,
to some machine function such as voltage variations. As
an example, suppose we wish to represent a quantity of
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12 units in both types of machines. Figure 1—1, part A,
shows a possible representation of 12 in a digital com-
puter; part B shows the same quantity as it might be
represented in an analog machine. Now, if we multiply
12 by a factor of 2, the resulting product (24) is shown
in part C of figure 1—1 for the digital computer and
in part D for the analog computer. In this example,
pulses were used to represent digits, but this is only one
of the many techniques available for digital representa-
tion.

In order for a digital computer to operate, certain
elements are required for the proper handling and mani-
pulation of data, just as a man needs certain tools to
perform arithmetic tasks. This comparison is easily sup-
ported by describing the elements of the computer that
cotrespond to a man working at a desk. Assume that
the man is a clerk working in a payroll office, comput-
ing the net pay of various individuals. The “in” box on
his desk contains the pay rates of the personnel in-
volved, plus miscellaneous data, such as the initiation of
bond deductions, etc. A digital computer has an input
element which is capable of accepting various types of
data and of presenting it to the computing portion of
the equipment. The clerk has several tables he refers to,
such as tax deduction tables, standard weekly deduc-
tions, etc.; in addition, he has a pad and paper on
which he notes the deductions applicable to each em-
ployee. In a digital computer, the memory element
would serve as the temporary storage -device for all
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Figure 1—1. Representation of Numbers in Digital
and Analog Computers



Computer Operation
22

these facts. The actual computation of an individual
salary is done in the payroll clerk’s head, or, perhaps
with a desk calculator; in either case, this function is
the same as that performed by the arithmetic element of
a digital machine. Once the net pay of each person has
been calculated, the clerk fills out a standard form which
contains the employee’s name and the amount due. He
then places all these forms in the “out” box on his desk,
thus completing his job. The output element of a digital
computer accepts the results of computation by the
arithmetic element and ‘presents the results in a form
recognizable by the user. Of course, all the actions of
the payroll clerk are controlled and co-ordinated by his
nervous system. The control element co-ordinates the
actions of a digital computer and is connected to all
the other elements. From this discussion, we can see that
a digital computer is essentially composed of the follow-
ing elements:

a. Input

b. Output

¢. Memory
d. Arithmetic
e. Control

Each of these elements is discussed in detail below, and
reference is made to the general organization and op-
eration of each.

The input element is capable of accepting data in a
variety of forms and converting it to a standard format
which is used by the computing portion of the equip-
ment. The type of inputs which constitute the input
element for different machines vary a great deal; there-
fore, it is not possible to say that any one combination
of units makes an input element. However, some of the
more common types of input units are punched card
readers, magnetic tapes, paper tapes, typewriters, and
telephone lines which transmit data from remote loca-
tions. The input element provides 1-way communica-
tion between the computing elements and external
sources: information is received through the input ele-
ment, but no information or data is returned.

As might be expected, the output element is almost
the opposite of the input element. The results of com-
puter operation are fed through the element to desig-
nated locations, but no information is given back to the
computing elements. Some examples of output units that
might constitute a typical output element are line print-
ers, card punches, magnetic tapes, and visual indicators.
As with the input element, the output element makeup
is flexible and varies widely from one computer to an-
other.

The memory element comprises a large number of
storage locations in which information can be stored
until it is needed by one of the other elements. As a
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rule, memory elements have absolute addresses assigned
to each location, and such an address is specified when
information is needed. For instance, a typical computer
instruction might be to “add the quantity which is
stored in location 1000.” The instruction which stated
that address 1000 contained the desired operand is also
stored in the memory element; this makes the memory
element a “shared” device. Sometimes the instructions
for performing a given operation are always contained
in the same physical portion of the memory element;
sometimes they may be located any place within the
memory. Memory elements may be constructed of several
types of mechanisms; however, some of these are rarely
used because of new developments which have taken
place. At present, magnetic cores are the most popular
device, primarily because of their high speed and stabil-
ity. Other devices which have been used include acous-
tic delay lines, electrostatic tubes, and magnetic drums.
The AN/FSQ-7 and AN/FSQ-8 both utilize magnetic
cores in the memory element.

The arithmetic element of a digital computer is
basically a device which performs addition only; the
other arithmetic functions are simply variations of the
addition function. For example, multiplication in an
arithmetic element is simply a repetitive addition. Arith-
metic elements are, for the most part, made up of
various vacuum-tube circuits and switches. The basic
circuit in an arithmetic element is the flip-flop, which is
used to store or transfer the results of computation.
There are about 100 such flip-flop (FF) circuits in the
arithmetic element of the AN/FSQ-7 and AN/FSQ-8.

The function of the control element is to generate
the proper signals at the proper time which will cause a
desired action to take place within the computer. Several
decoders are used in the control elements, along with
flip-flops and other switching devices. The control ele-
ment keeps track of what instruction is to be decoded
and performs part of the decoding. In addition, this
element provides timing pulses which synchronize all
elements of the computer.

Figure 1—2 shows the five elements we have been
discussing arranged as a typical computer configuration.
Information, which includes computer instructions as
well as data, enters the computer through the input
element, where it may be converted to a common form
and placed in a buffer storage device. The memory ele-
ment accepts this information at specific intervals and
places it in the proper storage location. Notice that
there are two paths leading out of the memory element;
one to the control element and the other to the arith-
metic element. Earlier, we spoke of the memory element
as a shared device, and this is true because it serves as
the memory for two other elements. The -instructions
are transferred from memory to the control element,
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where they are decoded, and certain commands are set
up by the control element. One of these commands is
to go into memory again and transfer out the designated
operand to the arithmetic element. Following the calcu-
lation in the arithmetic element, the results of a desired
operation are usually programmed to be returned to
memory and then transferred to the output element
during an alloted time interval.

From this, we can see that a digital computer fol-
lows a basic flow pattern during its operation. The time
when the instructions are decoded is known as program
time (PT); the time when the calculation is performed
is known as operate time (OT), Most of the operations
that can be carried out by the AN/FSQ-7 and AN/FSQ-8
follow this PT-OT pattern, usually referred to as cycle
configuration. The cycle configuration varies slightly
among the various operations because more time is
sometimes required for one operation than for another.
In addition, the AN/FSQ-7 and AN/FSQ-8 are capable

of performing a few operations which do not require

any OT time; however, these are of a specialized nature
and are explained in detail in the appropriate parts of
the manual.

In figure 1-2, you will notice that the memory,
control, and arithmetic elements are enclosed in a box,
and referred to as the central computer. This has been
done to clarify the use of the terms ‘‘computer” and
“central computer.” A computer comprises all the ele-
ments necessary for proper operations, including the
input and output elements. The central computer refers
only to that portion of the equipment which does the
actual calculations. This distinction is necessary because
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the two terms are used frequently throughout the man-
ual, and it is important to know whether all or only a
portion of the equipment is being referred to at any
one time.
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CHAPTER 3
NUMBER SYSTEMS

3.1 GENERAL DESCRIPTION

When we speak of a “number,” it usually brings to

mind some combination of the decimal digits 0 through
9. This number may represent several different things, al-
though in each case only the digits mentioned above are
used. For instance, we might think of a 10-day course of
instruction. In this case, the number 10 is used to repre-
sent a quantity of items namely, days. Therefore, one
use of a number is as a quantity designator, or a num-
ber that specifies an amount. However, numbers do not

always indicate an amount or a quantity. Consider a -

post office mail box. The number on the mail box does
not indicate how many mail boxes are located in the
post office nor does it tell how many letters are in the
mail box. What the number does tell is the location of
the mail box with respect to other mail boxes, or the
address of the box. All incoming mail with that particu-
lar box number on it will be placed in that box. In this
case, the number has told us only the location of the
mail box, and nothing else. There is one mote general
use to which numbers are put; i.e., as an identification
code. For instance, a telephone number does not in-
dicate quantity or a location but merely tells the auto-
matic dialing equipment what phone to ring when some-
one dials a particular number. In the above examples,
the decimal system has been used simply because it is the
one we are most familiar with. However, the fact that
numbers can act as quantity designators, addresses, or
identification codes holds true for all number systems.

All number systems have many properties in com-
mon, and these properties are explained, using the deci-
mal systems as an example. The use of the decimal
system will permit us to see exactly what effect each
property has without giving us trouble with the mathe-
matics involved, since we are all used to doing arith-
metic in this system. Later on, each of the properties
discussed will be used with the two other number sys-
tems covered in this chapter, and we will see that the
same rules still apply.

3.2 DECIMAL NUMBER SYSTEM

The decimal number system derives its name from
the fact that it is composed of 10 different symbols.
These symbols are, of course, 0, 1, 2, 3, 4, 5, 6, 7, 8,
and 9. Any one of these symbols may appear in any
position of a number. When we count in the decimal
system, adding a 1 to any number O through 8 gives

the next higher number (e.g, 7 4+~ 1 = 8, 3 + 1 = 4,
etc.). However, adding a 1 to 9 does not give a higher
number but, instead, causes a return to the lowest sym-
bol and causes a 1 to be added to the next position to
the left (9 4- 1 = 0 plus a carry of 1 to the left, or 10).
From this, we can see that 10 steps are required to use
all the symbols in the decimal system and cause a return
to the lowest order symbol. Also, there are 10 different
symbols in the decimal system. These two facts can be
stated by saying that the decimal number system has a
radix or base of 10. The radix of any number system
thus indicates the number of symbols in that system and
the number of steps in the counting cycle.

Numbers have different values in the decimal num-
ber system according to the symbol being used, and the
position of that symbol. Of course the number 5 has a
higher magnitude than 4, but the number 23 is larger
than 9, even though the digits used are not. Adding a
digit to the left of a number increases its value by the
power of the radix times the digit added. Using 3 as an
example, adding a 2 to the left and multiplying by 10,
we increase the value of 3 by 20, or 2 x 10, The fact
that the value of a number is determined by the position
of its digits is known as positional notation of magni-
tude. In the case of the number 23, this is actually an
abbreviation of the positions and their magnitude;
namely, (2 X 10') 4 (3 X 10°). Similatly, the number
4735 actually represents the sum of the terms (4 X 10%)
+ (7 X 10%) + (3 X 10') 4 (5 X 10°). It is important
to keep in mind that the power of the radix increases by
1 for each position to the left of the preceding digit.

When dealing with the decimal system, it is not
necessary to show numbers in the above form, since it is
generally understood by everyone what each digit posi-
tion indicates; namely, some power of the radix. The
same thing holds true for the other number systems we
are going to study; the value of the number is detet-
mined by the position of its digits.

There is one more property of the decimal system
that we wish to examine; that is the concept of modulus.
Modulus refers to the number of numbers that can be
contained in a restricted number of digit positions. If
there were no limitations on the size of numbers, there
would be no need to discuss the modulus. However,
most devices used in counting, computing, etc., have
definite limits as to the size of number that can be mani-
pulated. A mileage indicator such as that used in an
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automobile is a good example of a limited position
device. If a particular mileage indicator had five digit
positions it would be capable of showing 100,000 dif-
ferent numbers (0 through 99,999). Such a counter
would have a modulus of 100,000. The importance of
modulus becomes apparent when we deal with numbers
that exceed the capacity of a particular device. For ex-
ample, a distance of 105,000 miles on the indicator
mentioned above would appear the same as a distance
of 5,000 miles. Once the modulus is exceeded, the coun-
ter resets itself to 0, and the count starts over again.
Later on, it will be shown how the AN/FSQ-7 and
AN/FSQ-8 are capable of handling a number that ex-
ceeds the modulus of their storage and arithmetic regis-
ters.

3.3 BINARY NUMBER SYSTEM

Several different number systems are currently in
use with digital computers. Each of these systems has its
particular advantages and disadvantages, and no at-
tempt will be made to compate one system against
another. However, one number system that is becoming
increasingly popular with manufacturers of digital ma-
chines is the binary system. As indicated by the prefix
“bi,” this system utilizes only two symbols, 0 and 1, in
its counting cycle. Therefore, the binary number system
has a radix of 2, and all the numbers in this system are
combinations of various powers of 2. This number sys-
tem lends itself very well to electromechanical and elec-
tronic circuits, since the majority of these circuits are
bistable devices. Table 1—1 lists the various devices
used in digital computers, and shows how they are em-
ployed to represent a binary digit, in the AN/FSQ-7
and AN/FSQ-8 computets.
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An illustration of a binary number in a computer
can be given by using an electron tube circuit, since this
is one of the most common binary devices used within
the AN/FSQ-7 and AN/FSQ-8. Keep in mind that if a
tube is conducting, it represents a 1; if it is cut off,
it represents a 0. If we have three tubes side by side in
a circuit, and they are all conducting simultaneously,
the output of that circuit is 111. This is read as one-one-
one, not one hundred and eleven, since we are no longer
dealing with the decimal system. Remembering that the
radix is 2, and that positional notation of magnitude is
used, the output 111 is actually a representation of the
series (1 X 22) + (1 X 21) 4 (1 X 2%) or (1 X 4) +
(1x2)+ (1xX 1_)or4+2-T-1:7.Tths,binary
number 111 is equivalent to decimal 7. All of the num-
bers in the binary system are represented in the same
manner, and it is very easy to find out the decimal equiv-
alent of any binary number by using the same method.
Table 1—2 gives some of the numbers in the binary sys-
tem and their decimal equivalents.

To prove the validity of table 1—2, assume that it
is desired to find the decimal equivalent of the binary
number 1010. From inspection, it is possible to see that
this number is an abbreviation for

(1X 2%) + (0X 22) 4 (1 X 2') + (0 X 2°) or
(1X8) + (0X 4) + (1 X 2) 4 (0 X 1) or
8+0+42+40=10.

Referring back to table 1—2, we see that binary 1010
does indeed equal decimal 10. More examples of con-
version from the binary system to the equivalent number
in the decimal system follow.

TABLE I—"I. REPRESENTATION OF BINARY DIGITS

DEVICE

BINARY 1

BINARY 0

Electron tube

Punched card Hole present
Switch Active (on)
Neon indicator On

Relay ~ Closed
Pushbutton Depressed
Plugboard Pin plugged

Magnetic core
Magnetic drum

Magnetic tape

Tube conducting

Flux in one direction
Flux in one direction

Change in flux

Tube cutoff

Hole missing

Inactive (off)

Oft

Open

Not depressed

Pin missing

Flux in opposite direction
Flux in opposite direction

No change in flux
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Binary 11110100111 = (1 X 2%°) 4 (1 X 2%) +
(1X 2% + (LX 2) + (0X 29 + (LX 2) +
(0X 2 + (0 X 29 + (LX 2) + (LX 2) +
(1% 2%)

" This reduces to the following:
(1 X 1024) + (1 X 512) + (1 X 256) +
(1 X 128) + (0 X 64) + (1X 32) +
©X16) + (0 X 8) + (1 X 4) + (1 X 2) +
(1 X 1) or 1024 - 512 4 256 4 128 + 32
4 4 2 + 1 = 1959 decimal.
Binary 10000010 — (lX 27y + (2)( 26)
(0 X 25) 4 (0 X 24) ++ (0 X 2%) 4 (0 X 2%) +
(1 X2Y) + (20X 29.

This series is equivalent to:

(1 X 128) + (0 X 64) + (0 X 32) + (0 X 16) + -

(0X 8) + (0 X 4 + (1 X 2) + (0 X o
130 decimal.

From the above examples, we can see that it is use-
ful to know the various powers of 2 when converting
from binary to decimal. Table 1—3 lists the powers of
2 up to 217, The limit of 217 was chosen because this is
the highest power of 2 that is represented in the AN/
FSQ-7 and AN/FSQ-8.

Conversion from the decimal system to the binary
system is accomplished by reversing the process used for

TABLE 1—2, BINARY AND DECIMAL EQUIVALENTS

BINARY DECIMAL

000 0
001

-

010
011
100
101
110
111
1000

o 0 N AN WM R W N

1001
1010

—
(=]
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TABLE 1-3. POWERS OF TWO

POWER EQUIVALENT
20 1
21 2
22 4
23 8
24 16
25 32
26 64
27 128
28 256
29 512
210 1024
2u 2048
212 4096
213 8192
214 16384
215 32768
216 65536
217 131072

binary to decimal conversion. A binary number tells at a
glance what powers of 2 are present or absent by the
inclusion of a 1 or 0 in each digit position. However, a
decimal number does not tell this, and some method
must be used to determine what powers of 2 are present,
and then place the corresponding 1’s in the proper posi-
tion to form the binary number. One method that can
be used is to refer to table 1—3 and pick out what
powers of 2 are present. The largest power of 2 that is
less than the decimal number is located and then sub-
tracted from the number. This process is repeated with
the remainder, and all succeeding remainders, until the
remainder is 0. In this manner, the powers of 2 that
make up the number will have been found. Then a 1 is
placed in the digit position, commonly called a “bit”
position in binary numbers, for each power of 2 that is
present, and 0’s are placed in the other bit positions.
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For example, to find out the binary number that is
equivalent to decimal 100, we refer to table 1—3 and
see that 26(64) is the largest power of 2 that is con-
tained in decimal 100. Therefore:

100
—64 (2%)

partial remainder of 36
—32 (25)

partial remainder of 4
—4 (22)

0

This shows that 100 = 26 - 25 |- 22, Substituting 1’s for
these powers and 0’s for the absent powers, we have:

100 = (1 X 2%) 4 (1 X 29) + (0 X 2%) +
(0X2%) + (1 X 2?) 4 (0 X 2) + (0 X 2°) or
decimal 100 — 1100100 in binary.

Another system of decimal to binary conversion is
to divide the decimal number by 2 and record the
partial quotient and remainder. The partial quotient is
again divided by 2, and so is each succeeding partial
quotient until the quotient is 0. Each division will leave
a remainder of 1 or 0; this remainder represents a bit
position in the corresponding binary number. As an ex-
ample, consider the number 100 again, and let us find
out the binary equivalent by division. We proceed as
follows:

2)100

1st partial quotient 1st remainder

2nd partial quotient 2nd remainder
3rd partial quotient 3rd remainder
4th partial qﬁotient 4th remainder
5th partial quotient 5th remainder

G6th partial quotient

final remainder

final quotient

Reading from bottom to top we have 1100100 in binary,
which is the same result as that achieved by the process
~ of finding the highest power of 2 from a table. A
further example of this method is to find the binary
equivalent of the number 7221.

TABLE 1—4. RULES OF BINARY ADDITION

ADDEND 4+ AUGEND — SUM WITH CARRY OF

0o + 0 = 0 0
1+ 0 = 1 0
o 4+ 1 = 1 0
1+ 1 = 0 1

12
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1
0
1
0
1
1
0
0
214 0
(0
B
(1
EN

Thus, decimal 7221 = 1110000110101 in binary.

The important thing to remember when dealing
with this method of conversion is that it is not merely
some “short cut” that happens to work, but that it is
based on powers of 2, just as the other method shown.
Division by 2 will determine what powers of 2 are
present in the number. The only actual difference be-
tween the two systems is that division by 2 will deter-
mine the lowest power of 2 first, rather than the highest
power. Both methods have distinct advantages, but it is
completely arbitrary which method is used; both will
yield the same result.

Since binary numbers do resemble decimal numbers,
or numbers in any system, for that matter, the usual
practice is to place a subscript by the number being
used. The subscript gives the radix of the number sys-
tem, employed for a particular number. For example,
1010, is read as one-zero-one-zero, indicating binary
representation. On the other hand, 1010, is read as one
thousand and ten, indicating decimal representation.
Subscripts are used with all numbers in the remainder
of this chapter.

Now that it is possible to convert both to and from
the decimal system, we can start to learn the arithmetic
associated with the binary system. The basic arithmetic
function performed by the AN/FSQ-7 and AN/FSQ-8
computers is that of addition, so addition is considered
first. Essentially, the addition process in binary is the
same as that in the decimal system; adding a 1 to a
digit (or bit in the binary system) gives the next higher
order digit, until the highest digit is reached. A 1 added
to the highest digit gives a return to the lowest order
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digit, with a carry of 1 to the next position to the left.
However, in the binary system, there are only two bits,
0 and 1; so adding to a bit will always give the op-
posite bit. This may be seen by examining the low order
bit position of the binary numbers listed in table 1-2.
Notice that there is an alternating pattern of 1’s and
0’s as the binary numbers go higher in magnitude. Be-
cause we have only two bits to deal with, the rules of
binary addition are simple. These rules are shown in
table 1—4.

This gives us the four basic rules from which any
binary addition can be performed. However, in the above
case, it was assumed that there was no carry of 1 into the
bit positions being added. If there had been a carry of
1, the table could be expanded slightly to show the
effect. The results of binary addition with a carry of 1
are shown in table 1—S5.

As an example of binary addition, consider
101011010, - 0010111,. A carry of 1 from one bit posi-
tion into the next is indicated by an arrow (£&2).

c=1 ¢=1 ¢=1 ¢=1

&~ &~ &£ &
1 0 1 0 1 1 0 1 0
+ o o 1 o0 1 1 1
1 0 1 1 1 0 0 0 1
c=1 ¢c=1 ¢c=1 ¢c=1 c=1
e~ e e e~
1 0 1 0 1 1 0 0
—+ 1 1 1 1 1 0 0 1
1 1 0 1 0 0 1 0 1

To check on our binary addition, we can convert out of
and into the decimal system, using one of the methods
previously described. For example, convert and add
631y + 124¢.

2/63 2)12
2] 31 1 2J6 |o
215 |1 2)3 | o
217 1 2)1 |1
2]3 |1 o 1
2)1 |1
ol 1
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Therefore:

1 1 1=63,
+ 1 0 0= 1210
1 0 0 1 0 1 1

Coanverting 1001011, to decimal, we get (1 X 2°) +
(1X 29) 4 (1X 2) + (1 X 2°) or
64+8+2+ 101‘7510.

Of course, 75,, is the correct sum of 63,y -+ 12,4, so we
are assured that our binary addition is correct.

It is not necessary to consider addition of more than
two binary numbers, since the AN/FSQ-7 and AN/
FSQ-8 can not add more than two numbers at one time.

In the foregoing examples, we assumed that it was
always possible to make a carry-out from the highest
order bit position into the next position, if necessary.
However, since the AN/FSQ-7 and AN/FSQ-8 have
arithmetic elements with a specific limit or modulus,
it is not always possible to do this. When two numbers
that are added together produce a sum that is greater
than the capacity of the machine, a condition known
as “overflow” exists. For ease of explanation, assume
that we are dealing with an arithmetic element that has
only six bit positions. Computer overflow would result
from this addition:

| =l E
1 0 1 0 0 0

[ =]
O
o fm

o
| -
oo

The carry of 1 from bit position 6 is added back into
the low order bit position, giving us a result that is
incorrect numerically. Also, an alarm is generated, in-
forming operating personnel of the AN/FSQ-7 and AN/
FSQ-8 that a problem which exceeds the capacity of the
arithmetic element has been attempted. Care should be
taken by the programmer to avoid computer overflow
if possible.

Previously, it was mentioned that the AN/FSQ-7
and AN/FSQ-8 computers are capable of addition only.
The philosophy behind this fact is easily explained. By

TABLE 1—5. BINARY ADDITION WITH CARRY OF 1

~ ADDEND + AUGEND -+ CARRY OF 1 = SUM WITH CARRY OF
0 + 0 + 1 = 1 0
1 + 0 + 1 — 0 1
0 + 1 —+ 1 = 0 1
1 + 1 + 1 1 1
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limiting the arithmetic element to one process, it is pos-
sible to use the same circuits for all the operations in
the computer. This, in turn, results in the saving of
space, and easier maintenance, This restriction would
seem to pose a problem when considering the other
arithmetic functions; however, this is not the case. Con-
sider the subtraction of two numbers, for example. We
usually think of subtraction in the decimal system as a
process whereby we “borrow” digits from the minuend.
This is known as direct subtraction, and it is possible
to do the same thing in the binary system; however, it
is not necessary. In the AN/FSQ-7 and AN/FSQ-8 com-
puters, subtraction is first converted to addition, and
then the normal addition process takes place. This is
possible by means of complementing the subtrahend,
or number to be subtracted. From trigonometry we
know that the complement of an angle is that angle
which is added together with the original angle to form
a right angle, In other words, it is the missing part
which makes up the whole. The same definition is valid
for the complement of a binary number; it is that part
which makes the whole. The “whole” in this instance
is the largest possible binary number that can be ex-
pressed. Of course this means a number containing all 1
bits. In the AN/FSQ-7 and AN/FSQ-8, this number is
217 ‘or 17 1 bits, but since this is a rather cumbersome
upper limit to work with, we shall again use an upper
limit of 26 or 111111,. To obtain the complement of a
binary number, we can perform a direct subtraction
from this number. For instance, the complement of
010100, is:

111111
—010100 original number

101011 complement
Also, the complement of 110111, is:

111111 ;
—110111 original number

001000 complement

We can generate the complement of any binary
number in this manner, but closer inspection of the
above examples will show a short-cut method, Notice
that the complement of the number is simply a reversal
of each bit position; that is, if a bit position contains a
1, the complement contains a 0, and vice versa. Al-
though it is not necessary to actually perform direct
subtraction to obtain a complement, it should be re-
membered that this is what is effectively taking place. A
. complement formed by the reversal of bit positions is
known as the 1’s complement and is used almost ex-
clusively in arithmetic operations in the AN/FSQ-7 and
AN/FSQ-8.

The application of complements in the case of the
subtraction process can be best explained by giving an

14
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example, such as 101101, minus 011000,. We proceed as
follows:

a. Complement the subtrahend 0110