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Fig. 3-95 

Figure 3-95. Computer Entry Punch 

is phosphor-coated. The phosphor emits a blue flash 
when illuminated by a writing beam, followed by a 
yellowish afterglow which persists long enough for 
human perception. In some display systems, it is pos­
sible to retain the character on the tube face by using 
another beam of electrons. 

Information in binary-coded pulse form is trans­
mitted from the storage element of the computer or 
from the Input System to the display equipment. There, 
it is converted to analog deflection voltages which gen­
erate the desired visual displays. Since the information 
on the tube face does not persist for a long period of 
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Figure 3-96. Computer-Operated Card Punch 

time, it is sometimes desirable to record this informa­
tion in a more permanent form. Camera systems are 
available which automatically photograph the display 
tube face and process the film to provide a positive 
transparency. When required, the transparency can be 
projected on a screen and the information is visually 
available for as long as required. Other information 
recording systems photograph the information on the 
display tube face and project the images on sensitized 
paper where the information is reproduced. 

5.2.6 Other Input-Output Equipment 

The 10 equipments discussed in the preceding para­
graphs are commonly identified with general purpose 
digital computers. Possible types of 10 devices associ­
ated with special purpose computers are limited only 
by the capability of any device to transmit or to receive 
information in a form that can be converte4 for use in 
a digital computer. 

Input information can be transmitted from teletype 
machines, telemetering devices, analog computers, and 
even by human voice. In some way, this information 
must be converted to a pulse no-pulse binary number 

Figure 3-97. Card Reader 

code, after which it is compatible for transmitting into 
the computer system as data in a specific problem. 

The results of computer computation can be trans­
lated into a form that can be transmitted to guided 
missiles, control systems, and wide-spread inventory and 
business offices. The devices used to transmit computer 
results are teletype systems, telephone lines, radio, and 
so forth. These devices may be directly linked to the 
computer system and the outputs require no additional 
processing by human operators. A dramatic type of 
output is the speech output from the computer. This 
technique is termed speech communication with the 
computer and has been used in diagnostic troubleshoot­
ing for locating causes of failure. 

The choice of 10 devices for special purpose com­
puters depends on the sources of information for the 
solution of specific problems. These sources are some­
times termed data-links. The digital computers are not 
restricted to accepting information only from the tradi­
tional tapes, card-machines, and keyboards. They will 
use data from any source as long as the data is trans­
lated into the binary code of pulse no-pulse. 
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Figure 3-99. Visual Display Unit 
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Figure 3-100. Display Tube, Simplified Diagram 
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PART 4 
COMPUTER ORGANIZATION 

CHAPTER 1 
INTRODUCTION 

1.1 GENERAL 

Up to this point, this manual has attempted to 
show only a very general picture of computer organ­
ization, along with the specific circuits and arithmetic 
techniques which make such organization possible. This 
part gives a more specific picture of computer organiza­
tion. In particular, the interaction of the various ele­
ments working within a complete computing system 
will be shown. A typical computer, which uses many of 
the techniques and components developed in previous 
parts, will be described. 

The computer to be described is non-existent but is 
patterned after a simplified version of the AN/FSQ-7. 
It will be obvious later that theoretically this computer 
could be refined and expanded to meet the needs of the 
SAGE function. 

1.2 SAMPLE COMPUTER DESCRIPTION 

1.2.1 Requirements 

Despite the fact that some data processing machines 
are said to be general purpose computers, some con­
sideration of the use to which they will be put is neces­
sary if an efficient system is to be designed. It would for 
instance, be foolish to build a large data processing 
system to compute the payroll of a company employ­
ing only 10 men. Consider the requirements of an air­
craft-control computer. Such a computer obtains infor­
mation on aircraft position and movement over a wide 
area from several radar sets. This information is auto­
matically entered into the computer for processing. The 
processing consists of calculations of the planes' vel­
ocity, position, and so forth. The processing also in­
cludes a means of presenting this information to human 
operators, so that they can decide what ground control 
action (shooting down, redirecting, etc. ) is necessary. 
Of course, there must be a means of taking the result­
ing ground control action into consideration by the 
computer. There must also be a means of furnishing 
computer information to users other than the actual 
operators of the computer; i.e., weapons bases or other 
ground control stations. A consideration of the re-

quirements of such a computer brings out at least the 
following: 

a. The problem is a real-time-control problem. That 
is, the computer controls a process which is con­
tinuously changing while the computer calcu­
lates. While the computer is computing, the po­
sition of an airplane is moving. This implies the 
need for high-speed computation if the results 
of the computer's work are to be useful in, for 
instance, shooting down the plane. 

b. In the control of an air battle spread out over a 
wide area, it must be possible to determine air­
craft positions quite accurately. The hypothetical 
computer, then, should have high accuracy as 
well as considerable precision. 

c. The use to which the computer is put requires 
the ability to solve a great variety of prob­
lems. This seems fairly obvious when all the dif­
ferent types of situations possible in an air bat­
tle are considered. 

d. The fact that the problem is to obtain real-time 
control also requires that a considerable data be 
continuously entering and leaving the machine. 

e. As is usually the case, the input and output de­
vices of the computer will be slow compared to 
the computing section. Therefore, the input-out­
put system requires as much refinement as possi­
ble to get the best speed with the devices avail­
able. 

1.2.2 General Description 

Before going into the specific details of the com­
puter to be developed, it is necessary to consider some 
basic concepts. It is necessary to determine those gen­
eral characteristics which affect the design of the com­
plete computer. 

1.2.2.1 Analog or Digital 

First, what general type of computer is required, 
analog or digital? In the requirements given for the 
hypothetical computer, it has been stated that high de-
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Figure 4- J. Elements of the Sample Computer 

grees of accuracy and precision were required. This 
implies the use of a digital rather than an analog com­
puter. 

An analog device can be made quite accurate, but 
its precision is limited by fundamental obstacles which 
cannot be completely overcome. For instance, since the 
data in an analog device may be represented by the 
position of a mechanical shaft rotation about its axis, 
the slop of the gears and the difficulty of making precise 
angular measurements limit the precision possible. E'ur­
thermore, if voltages are used to represent data, any 
power supply changes may have a definite effect on ac­
curacy of results. Such considerations limit the accuracy 
and precision possible to a few decimal places. 

On the other hand the precision of a digital device 

is limited only by the length of the word which the de­
vice can handle. If the device can handle three decimal 
digits the precision possible will be to two decimal 
places. If it can handle 1u decimal digits the precision 
can be held to nine decimal places. The accuracy is 
theoretically almost infinite. It can, therefore, be as­
sumed that a digital computer must be used if the prob­
lems to be solved demand high degrees of accuracy 
and precision. 

1.2.2.2 Fundamental Elements 

The nature of digital computing dictates several 
more general characteristics. In figure 4-1 the basic 
elements of a digital computing system, as well as con­
trol and information transfer lines, are shown. The thin 
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lines symbolize control functions, the heavy lines, in­
formation transfer. Any digital computing system must 
comprise at least five elements: memory, arithmetic, con­
trol, input, and output. This is true whether the sys­
tem consists of a man using pencil, paper, and an add­
ing machine or is a complex electronic computer. The 
other elements shown, the buffers, are refinements nec­
essary to attain the high-speed system required. 

In the main-adding-machine example mentioned in 
the previous paragraph, the operator's memory and the 
paper serve as information storage media. Memory is 
necessary to store the data to be operated upon as the 
results of the operations. In digital computing this in­
formation storage is required because the step-by-step 
operation makes it necessary to store some numbers 
while they await their turn to be operated upon. For 
instance, when adding three numbers together with an 
adding machine, two numbers are first added, while the 
third is retained in the memory. The final result is 
found by adding the number in the memory to the sum 
of the first two. 

Sometimes, memory is used for a second very im­
portant function, that is, to store the program. Just as a 
man operating an adding machine must know when to 
push what buttons for the solution of a problem, 
so the computer must know the proper sequencing of 
its operations. In some computers (control-panel­
programmed), this proper sequencing is accomplished 
by means of actually changing the wiring of the com­
puter. In a stored-program computer, however, the in­
structions are actually retained in the memory. There, 
the computer can automatically refer to them and can 
then perform them in sequence. This type of memory, 
in which both data and program are stored in mem­
ory, allows great versatility. 

If one thinks again of the computing system com­
prising a man using an adding machine, he realizes that 
it is in the adding-machine element that the actual ma­
nipulation of the data takes place. It is here that any 
calculations are performed. The adding machine is the 
switching mechanism through which transfers of data 
are made and, consequently, by which the actual changes 
to the data are made. Just as this system needs an arith­
metic unit of some kind, so an actual computer needs 
an arithmetic element. It has been stated that the com­
puting process consists of nothing more than a con­
trolled manipulation and transfer of data between stor­
age devices. In a standard computer the arithmetic ele­
ment is the channel of transfer during the actual com­
puting. I t is the device which actually performs the 
work of changing the data during transfer. 

The function of the control element is to direct the 
operation of the other elements of the computer. In a 
man-adding-machine computing system, the man acts 
as the control element. He directs the transfer and ma-

nipulation of any data. The control element in a com­
puter does the same thing. (Of course, it must be 
originally programmed by the operator.) It initiates 
transfers, and it directs the arithmetic element in its ma­
nipulations upon the data transferred, and the memory 
element in its data storage functions. The control ele­
ment also controls the input and output elements. It 
tells what data will be entered from the computer in­
put devices or readout to the output devices. In other 
words, the control element controls the overall opera­
tion of the whole system; it co-ordinates all elements 
of the system. 

A device for entering information into the system 
is necessary. Somehow, the information as it is under­
stood by the operator of the computer must be entered 
into the machine in such a form that it can be used by 
the computer. That is, there must be a method of con­
verting the numbers understood by man into their elec­
trical equivalent (pulses, levels, etc.) used in the com­
puting system. In the man-adding-machine example the 
operator performs this function; in a computer an in­
put element is provided to do it. The input element 
furnishes the transfer path from the outside world to 
the computer, and the means of translating the data 
from the language of the external world to that of the 
computer. 

Consider again the man-adding-machine example. 
All the calculations would be of little use if the results 
could not be made available to the outside world. To 
make the results available, an output device such as a 
paper-tape printer (on the adding machine) must be 
furnished. Similarly, any other computing system needs 
an output device or system. Analysis of an Output Sys­
tem shows that it has two important functions: it fur­
nishes an output data path; and it translates the results 
from computer language to the language of the human 
being or other user. At first thought, it appears 
that a printer to print results for human operators 
would be all that is necessary. For computers where 
only human beings use the results, this is true, but in 
others it is not. For instance it may be necessary to 
connect the output to control a machine, a guided mis­
sile, for instance. In this case the output device would 
translate from the language of the computer to the con­
trol pulses of the missile guidance system. Such an Out­
put System would still be performing its fundamental 
purposes, transfer from computer to outside world 
and translation of data from one language to the other. 

The Input and Output Systems have one important 
consideration in common; they both transfer informa­
tion between a computer and an outside device. This 
has a very important effect upon the speed and capacity 
of the computer. If the computer is to be able to accept 
information from the outside world, it must be con­
trolled to do so. The control pulses for accomplishing 
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this may come only at predetermined times. On the 
other hand, there is no way of predetermining the 
availability of information from the outside world. 
There is, then, little chance that the demand of the 
computer for information will coincide with the avail­
bility of that information from the outside world. 
Therefore, some sort of storage must be provided be­
tween the input-output (10) devices and the computer. 
In the case of inputs, this device must be capable of 
storing input information at any time, regardless of 
what is going on in the rest of the computer. It must 
also be capable of transferring the information to the 
computer immediately upon demand of the computer. 
This is the purpose of the memory buffers between 
the 10 system and the computer. 

The input buffer will operate somewhat as follows: 

a. It always is attempting to read from the input. 

b. It collects all data from the inputs and stores 
this for quick transfer to the computer. 

c. It transfers this data to the computer upon de­
mand. 

What has been said for the input buffer memory 
also can be applied to the output; the computer can 
read into the buffer at its own pace, and devices can 
read from the buffer at their own pace. In either buf­
fers the amount of information going in should not ex­
ceed that coming out, or information will be lost; i.e., a 
new message might be written over an old message not 
yet read. A buffer's main purpose is to match transfer 
times of the many slow, intermittent devices (input 
and output) to the transfer times of the one rapid de­
vice (the computer). 

1.2.2.3 Program Control 
It is possible to classify program control according 

to the medium used to store the program. Based upon 
such a classification, three general types of computer 
program are available: external, control panel, and 
stored program. Each has its advantages and disadvan­
tages. All three accomplish the same function: they tell 
the machine what to do. However, the method of pro­
gram storage has a great effect upon the usefulness of 
each in the solution of a given type of problem. 

A computer which executes individual instructions 
as soon as they are received from an input device is said 
to be externally programmed. In this case, the program 
is stored externally to the computer, usually on cards 
or tapes. The advantages of this. type of program stor­
age are its low cost and its simplicity. However, exter­
nal programming presents two major difficulties: the 
speed of program execution depends on the speed of 
the input device (particularly during repetitive opera­
tions), and externally stored programs are not easily 
changed by the computer during the course of a pro­
gram. The ability to execute repetitive programs and to 

change a program while it is in progress are extremely 
important characteristics of the modern digital com­
puter. 

A higher-speed and more versatile computer must 
be used to satisfy the requirements set forth at the be­
ginning of the chapter. The control-panel-program 
computer might be used. In this type of control, a con­
trol panel somewhat similar to a telephone switch­
board is used to control the computer. Wires may be 
inserted between different control points on the panel 
to initiate the various functions of the machine. 

In control panel program storage, all steps of the 
program are stored within the computer at the same 
time (when the control panel is inserted). Therefore, 
the program control is not limited in speed by any 
input device as was true in the externally programmed 
computer. The fact that all steps of the program are 
available to the computer also makes repetitive pro­
gramming much simpler. However, there is a practical 
limitation to the size of the program which could be 
stored on the control panel. As more and more steps 
are required (more plug wires required) the board be­
comes too large and complicated to be practical. 

Because there are to be long programs and a wide 
variety of problems, the best type of program control 
to use is the stored program. In this kind of storage, 
the program is stored in the machine's internal memory 
in the form of "numbers." These numbers can be de­
coded by the machine to direct its operations. 

The stored program is the most versatile and high­
est-speed program control yet devised. The program is 
loaded into internal memory; this means that the speed 
of operation does not depend upon the input device 
once the program is in operation. Since all the steps of 
the program are available to the computer at any same 
time, it is very simple to accomplish repetitive opera­
tions. Another important advantage of this type of con­
trol is that the instructions are stored in the same mem­
ory (usually) and in the same form as regular data. 
Consequently the computer can operate upon the in­
structions of the program just as easily as it can on the 
data of the problem. In other words, the computer can 
change its own program as it goes along. There are two 
main reasons, then, for using this type of control in the 
sample computer, high speed and great versatility. 

1.2.2.4 Single Address or Multiple Address 
In Part 3 it was pointed out that the instruction 

word always consists of at least two parts, the operation 
part and the address part (fig. 4-2). The operation 
part of the instruction is a coded number which stands 
for the operation to be performed; e.g., ADD. The ad­
dress part of the instruction indicates the location 
where the number to be added is stored. A single­
address machine is one in which each instruction word 
specifies the address of just one item of data. By con-
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trast, a multiple-address machine is one in which each 
instruction word can specify more than one address. 

In a single-address machine the addition of a num­
ber, a, to a second number, b, and the storage of the 
sum, a+b, might be indicated as follows: 

OPERATION 

CAD 

ADD 

FST 

ADDRESS 

13 

14 

15 

where: a is stored at address 13; b is stored at address 
14; and address 15 is assigned for storage of the sum, 
a+b. The Clear and Add instruction (CAD 13) would 
cause a to be transferred from storage location 13 to 
the previously cleared accumulator. The Add instruc­
tion (ADD) would then cause b to be transferred from 
storage location 14 and to be added to the number in 
the accumulator; and, finally, the Store instruction 
(FST 15) would cause the sum, a+b, to be transferred 
from the accumulator to storage location 15. 

The same addition could be specified in a multiple­
address machine by the simple instruction: 

OPERATION 

ADD 

ADDRESS 

13 14 15 

where it is the convention that the first two numbers 
following the instruction code are the addresses of the 
operands, and the last number is the address of the lo­
cation in memory where the result is to be stored. 

It would appear from the example that exactly 

three times as many instructions are required to exe­
cute any routine using the single-address system as 
are required using the three-address system. However, 
this is not the case. Suppose, for example, that the addi­
tion a + b + c + n is to be performed. The single­
address machine requires one instruction for each num­
ber involved and a final instruction to store the total. 
The three address machine requires one instruction to 
add a to b, a second to add (a + b) to c, a third to add 
(a + b + c) to d and so on. Since the last of these 
instructions can also specify a storage location for the 
total, two instructions are saved in adding a sequence, 
regardless of its length. If the computer is to be used in 
long operations made up of long sequences this saving 
is hardly substantial enough to justify the longer word 
which is required to specify three addresses instead of 
one. If, however, the operations of the computer tend 
to be made up of many short disconnected sequences, 
the three address system might be used. 

In deciding which addressing scheme to use, the 
following advantages and disadvantages should be 
taken into account. In some programs, the single­
address scheme is slightly slower than the multiple­
address scheme. However, because the single-address 
scheme is divided into more basic operations, it is con­
sidered to be a more versatile system. It also has the 
advantage of using a shorter instruction word, espe­
cially when a large number of addresses must be dif­
ferentiated. For instance, a 4-address scheme requires 
four times as many address bits in each instruction as 
does a single-address scheme. This, in turn, implies sim­
pler circuitry in the single-address machine. The single­
address scheme, therefore, will be used in the sample 
being developed. 
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1.2.2.5 Word Length 
The length of the computer word is determined 

upon by consideration of two general requirements, 
those of the data word and those of the instruction 
word. The length of the data word directly affects the 
precision of computing. The longer the word, the more 
precise the calculations may be. The length of the in­
struction word is fixed by the number of separate in­
structions the computer will be required to perform and 
by the number of memory locations that will be con­
tained in the total computer memory. In the sample 
computer the length of either word will be 15 bits plus 
a sign bit. Figure 4-2 shows the makeup of instruction 
and data words. 

1.2.2.6 Arithmetic 

Another requirement to be considered in the design 
of a computer is the type of arithmetic section desired. 
To a great extent this requirement determines the 
complexity of circuitry. The binary system, in gen­
eral, requires the least complicated and most flexible cir­
cuitry in the computing and storage sections of the com­
puter, but this system usually requires complicated in­
put-output translation equipment (the equipment to 
change the decimal numbers to the binary numbers of 
the computer). 

Consider the requirements of the sample system 
again. At the beginning of the chapter, it was stated 
that some input information would be from a decimal 
system manual device; however, the majority of the in­
put information would be from telephone lines. It was 
also stated that output information will go to tele­
phone lines and to a cathode-ray-tube display. Digital 
information sent on telephone lines may be sent in bi­
nary form. It is also generally true that comparatively 
simple circuitry can be used to translate binary infor­
mation into analog information, which can be used for 
the deflection voltages of a cathode-ray-tube display. 
Any other number system may require more complicated 
circuitry. 

If the binary system is used internally, the only 
place complex translation is required is in the manual 
inputs section. Since there is comparatively little infor­
mation entered manually, it is practical to do the deci­
mal to binary conversion required, within the computer 
by means of an easily prepared program. If this is done, 

the binary system appears to be the best system to use. 
It is economical, simple, flexible and reliable; it is the 
system used in the sample machine to be described. 

1.2.2.7 Type of Logic 
One more requirement related to the arithmetic 

system to be used is the type of logic. Shall the machine 
be of the parallel or the serial transfer type? As has 
already been explained in Part 3, serial logic is gen­
erally less expensive in equipment and perhaps more 
reliable than parallel logic. However, since the com­
puter to be described will be used in real-time control 
applications, the high speed possible with parallel 
logic will be a great advantage. The system to be con­
sidered, therefore, uses parallel logic. 

1.2.2.8 Input-Output System 
It has been stated in the requirements that the com­

puter requires a high-capacity input and output facility. 
To provide this the inputs of the system consist of direct 
telephone line input and a manual input. The direct 
input continuously enters data such as radar range and 
azimuth which comes in over telephone lines in binary 
form. The manual input allows the computer operators 
to enter information at the computer site. This is a form 
of typewriter input. 

The outputs consist of a direct telephone line output 
and a cathode-ray tube display. The automatic phone 
line output transmits data in binary form to the user 
(perhaps a remote weapons base). The display equip­
ment will display such things as plane positions on a 
cathode-ray tube. 

1.2.2.9 Summary of General Considerations 
A review of the general characteristics of the com­

puter required shows that the more accurate and versa­
tile digital type must be used, not the analog type. The 
fact that a digital computer is to be used automatically 
implies the need for the five elements: storage, arith­
metic, control, input, and output. Buffer storage is also 
provided to increase the speed and efficiency of the 
whole system. To provide the high speed and versatility 
the stored-program, single-address control will be used. 
Requirements for simplicity and for high circuit speed 
will be met by use of binary arithmetic in parallel transfer 
logic. High data input and output requirements demand 
the use of direct telephone line inputs and outputs, as 
well as a manual input and a display output. 
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CHAPTER 2 
SAMPLE SYSTEM STORAGE 

2.1 INTRODUCTION 

The general system specifications having been 
stated, it is possible to go into the individual elements 
of the system. The memory is described in this chapter 
with particular emphasis upon its interaction with 
other elements of the computing system. 

2.2 GENERAL REQUIREMENTS OF A STORAGE 
SYSTEM 

A computing system must have one, and may have 
all, of these types of storage. Regardless of the type 
of storage used, the storage device has certain basic re­
quirements. Briefly, these are: 

a. The device must be able to retain information. 
Since the information to be stored is digital, 
the ability to store information implies that the 
device must be able to assume at least two stable 
states. 

b. There must be a way of inducing these states 
under outside control; that is, there must be a 
way of writing the information into the device 
and there must be a way of reading the informa­
tion from the device. When the storage element 
is made up of more than one register, it must be 
possible for an outside control element to select 
a particular register from many. It should also 
be possible to read and write at such speed that 
the rest of the computing system is not delayed 
by a reference to storage. 

c. The storage device should store information in 
the radix which is used in the internal comput­
ing section) except in systems where external 
storage is used). Otherwise it is necessary to 
provide a radix translating device (such as the 
Input System in some external storage sys­
tems). 

2.3 TYPES OF STORAGE 

There are three general types of storage in a com­
puting system. The first is some high-speed storage de­
vice such as a magnetic core memory or an electrostatic 
memory. This storage device stores information to which 
the computer must have direct access; that is, it stores 
the data as it is being processed. A second type aux­
iliary storage, consists of some intermediate-speed 
storage device such as a magnetic drum. This type of 
storage is for information which is used fairly often, 

but not continuously, by the computer; e.g., some tables 
or portions of the program infrequently used might be 
stored in auxiliary memory. Finally, there is the exter­
nal storage, consisting of the magnetic tapes, punched 
cards, and so forth; these are only available to the 
computer through an input device. In general, this type 
storage is for seldom used information. 

2.4 TYPES OF STORAGE IN SAMPLE SYSTEM 

The requirements stated in Chapter 1 of this part 
(calling for very high speed, great versatility, and a 
large capacity) forces the use of a very large direct­
access, high-speed memory or a medium-size, direct­
access, high-speed memory working in con junction with 
a large, intermediate-speed auxiliary memory. These 
two types of memory can be made almost equal in speed. 
Therefore, since it is generally true that the slo~er 
storage media are a good deal cheaper to build than 
the faster media, the system chosen is a compromise be­
tween requirements of high speed and economy. A com­
bination of direct-access and auxiliary memory is used. 

Figure 4-3 shows the relationship of the two in­
ternal memories and external storage to each other and 
to the rest of the computing element. From this figure 
it can be seen that the auxiliary memory and external 
storage are not accessible to the computer except 
through the direct access memory. From there it will be 
processed like other information in direct access mem­
ory. External storage will be furnished. Since this may 
be in the form of cards, written records, or even oper­
ator's memories, there is little point in discussing exter­
nal storage further here. Just remember that externally 
stored information enters the computer from an input 
device and that it usually has some manual operation 
(such as typing of the information on the computer 
entry typewriter), connected with it. 

2.5 GENERAL REQUIREMENTS OF SAMPLE 
COMPUTER DIRECT ACCESS MEMORY 

2.5.1 Access 

A digital computer operates in step-by-step 
fashion; that is, it executes one complete instruction at 
a time, and the instruction execution is done in steps. 
All instructions are stored in the memory, and the ex­
ecution of most instructions involves the use of data 
which is stored in memory. The step-by-step nature of 
computer operation always requires at least one refer-
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ence to memory during the execution of any instruc­
tion, and usually requires two references. The first ref­
erence obtains the instruction and the second, data. 
The operating speed of the computer, therefore, de­
pends as much upon the access time (the time required 
to withdraw a number from memory) as it does upon 
the speed of the arithmetic elements. 

"Access" can be d.efined as the method that the 
computer must use to select a word stored in memory. 
Access will significantly affect the speed of the memory 
operation (access time) and, consequently, the speed of 
the computer. 

A computer is said to have a random-access mem­
ory when the access times to all registers are equal. This 
means that it takes exactly the same time -to select a 
memory location with a large address as it does to se­
lect one with a small address. Random access is possi­
ble when the computer can always "see" all registers 
of the memory equally well. A core memory and a 
cathod.e-ray-tube memory are examples of random access 
memories. 

Some computers have a memory which must be 
continuously scanned if information is to be withdrawn. 
That is, when the computer requires a word from mem­
ory, it must examine each address in sequence until it 
finds the proper location and can withdraw the word 

required. This is called non-random, cyclic access, or 
block-access. The addressable drums of AN/FSQ-7 fur­
nish an example of this type of access. In these drums, 
the computer can select a particular memory location 
only by reading each address as it passes under the read 
head. 

The random-access memory is much faster than 
the non-random type built with circuitry of compara­
ble speed. This is because the computer does not have 
to wait for the memory searching process each time a 
reference is made to memory. 

2.5.2 Size 

The overall speed of computation also depends to 
a great extent upon the size of the direct-access mem­
ory. If the direct-access memory is small and the pro­
gram large, parts of the program which should be di­
rectly accessible have to be held (for instance, in aux­
iliary memory). Consequently, computing begins to de­
pend heavily upon the comparatively slow auxiliary 
memory. 

When time is a factor, the versatility of the com­
puter also depends on both the speed and size of the 
internal memory (direct-access and auxiliary combina­
tion). The speed, particularly that of direct-access mem­
ory, determines whether a problem of a very great 
number of steps can be done within a practical time. 
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The size of the internal memory must be large enough 
to store all the instructions and data to be used in any 
problem. If it is not, the speed of execution of the pro­
gram (part of which requires external storage space) 
depends to a great extent upon speed of input-output 
equipment. 

2.5.3 Storage Medium 
The storage medium affects both the speed and 

organization of the computer. There are two different 
classifications of storage medium, volatile and perma­
nent (non-volatile). A volatile storage device is one 
whose stable states are not truly permanent but de­
pend upon some force to keep them in a particular 
state. For instance, information may he stored in the 
form of a charged spot on a cathode-ray tube. If the 
information is to be preserved, this spot must be con­
stantly renewed or the charge will leak off and be de­
stroyed. Long term storage using a volatile medium can 
be accomplished as long as some form of automatic re­
writing is supplied. However, such storage requires a 
good deal of extra circuitry in the computer and also 
uses time which could be used in computing. Another 
disadvantage of the volatile type of storage medium is 
the fact that when power is shut off, or when the 
rewrite process stops for any reason, the information is 
lost. This can not be tolerated in any system that must 
be highly reliable. 

Some outside force, such as an electric current, is 
required to set a permanent storage medium in one of 
its stable states, but once the medium is set, it changes 
state only if a new force, such as a current of opposite 
polarity, is applied. An example of a permanent storage 
medium is the magnetic core used in the AN/FSQ-7 
memory; it is set to one state by magnetizing it in one 
direction. It then retains that state until it is forcibly 
magnetized in the opposite direction. There are many 
advantages to such a system. It saves computing time 
since no regeneration is necessary. It saves circuitry for 
the same reason. Finally, the fact that information is 
not lost during a power failure allows high reliability. 

2.5.4 Memory Controls 

The control of the various functions of the mem­
ory can be centered within the memory unit itself or 
within the control element of the computer. Where 
large memories are used, it is usual to accomplish this 
control within the memory unit. All that is then re­
quired of the computer control element, when memory 
mus t be referenced, is a pulse to tell the memory ot 
start the read operation. Once this start pulse is re­
ceived at the beginning of a transfer, the memory cir­
cuits control the rest of the operation. Such a control 
system allows the computer to carry out some of its 
functions while the memory is in the process of trans­
ferring information, increasing the speed of the com-

puter. Autonomous memory control is, therefore, the 
most usual type of memory control in large-scale mem­
ory systems. 

2.5.5 Summary of Requirements 

The sample computer is to be very large, fast, ver­
satile, and reliable. A review of the points stated for 
memory indicate what points to seek in selecting a suit­
able memory system. 

To get a large, fast memory at a reasonable cost, a 
combination of medium-speed and high-speed memory 
should be used. It is easiest to obtain the small access 
time required if a random-access memory is used for pri­
mary storage. Furthermore, speed and versatility re­
quire a large primary memory; i.e., it must hold as 
much of the program and data at one time as possible. 
Both the speed and reliability of the primary memory 
are best if a permanent storage medium is used. A 
greater computer system speed can be had if the mem­
ory operates under autonomous control. 

All of these requirements suggest that the mag­
netic core memory discussed in Part 3 should be used 
for primary storage. A random-access memory using 
magnetic cores has been constructed with a 6-microsec­
ond access time. Moreover, this same memory is suf­
ficiently large and reliable to perform the primary mem­
ory job for the AN/FSQ-7. A similar memory is to be 
used in the sample computer. 

The sample memory to be described has the follow­
ing general characteristics: 

a. It will store 1,024, 16-bit words in a core array. 

b. It will be a random-access memory with a 6-mi­
crosecond access time. 

2.6 MAGNETIC CORE STORAGE 

2.6.1 Operation of Array 

In order to understand the requirements for logi­
cal circuitry to implement the transfer of information 
into and out of the core memory, it is necessary to 
specify the following: 

a. The form in which information is stored in the 
cores 

b. The mechanism by which information is written 
into the cores 

c. The mechanism by which information stored in 
the cores is sensed during the readout process 

d. The organization of the core array into individ­
ual storage locations 

In the discussion which follows, a core array like 
the one described in Part 3, 4.2.3, is assumed. A review 
of the operation of this array follows. 

Information is stored in the cores in binary form. 
Magnetization in one direction is interpreted as a 1; 
magnetization in the other direction is interpreted as 
a 0. 
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Figure 4-4 illustrates the basic selection principles 
of a 4-location, 3-bit-register core array. In order to 
write l's into all the cores of a particular memory lo­
cation, so-called half-write pulses are applied to two 
coils (designated as X and Y co-ordinate windings) 
wired as shown in the figure. If the half pulses are 
applied to winding A and winding C, the cores where 
the two windings meet have two half-write pulses ap­
plied at the same time. In these cores the fluxes induced 
by the currents add up to a full-write pulse, which 
is enough to switch the core from a 0 to a 1. There­
fore, a core on each plane, located where the A and C 
windings cross, will have a 1 written into it. The state of 
the other cores on the X and Y windings is not changed 
since they only received half-write pulses. The core on 
each plane which received a full-write pulse constitutes 
a single-bit position of the location selected by the A 
and C line combinations. 

In general, of course, a word of information con­
tains O's as well as l's. If all the cores of a storage loca­
tion are cleared (i.e., driven to 0) prior to the writing 
of a word into that location, the 0' s of the word may be 
produced simply by inhibiting the writing of l's on 
those cores where 0' s are to be stored. This can be 
done by applying an inhibit-current pulse to a third 
coil (inhibit plane winding) associated with each of the 

cores where a 0 is to be stored, just at the instant when 
the half-write currents are applied.. The polarity of the 
flux caused by the inhibit current must be opposite to 
that of the write current fluxes so that the cancellation 
inhibits the writing of a 1. For instance, to write 101 

in location A-C of figure 4-4, the location is first 
cleared to all O's. The A and C lines are pulsed with 
half-write pulses in an attempt to write l's into all 
positions. At the same time, an inhibiting pulse is ap­
plied to the inhibit winding of plane 2. This prevents 
the writing of a 1 on the selected core of plane 2. The 
stored number would then be 101. An important point 
to understand is that this system implies that all the 
cores in a location must be set to 0 before a word 
consisting of l' sand 0' s may be written. 

In ord.er to sense a word stored in a particular 
storage location, so-called half-read-current pulses are 
applied to the X and Y lines associated with the cores 
of that location. The half-read currents are equal in 
magnitude but opposite in polarity to the half-write 
currents mentioned earlier. The effect of the simultane­
ous reception of two half-read pulses is, therefore, to 
drive a core into the magnetic state representing o. If 
a 0 is stored in the core, there is no change of magnetic 
state. If, on the other hand, a 1 is stored in the core, it 
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reverses the core's magnetic state. This polarity reversal 
induces a voltage pulse in the sense winding associated 
with the plane of cores. The readout process, therefore, 
causes pulses to appear on the output lines associated 
with each of the cores in the selected location that 
contains a 1. Notice that all the cores are left in the 0 

state. In other words, the l' s were all destroyed in the 
read process. This is called destructive readout. 

The half-read pulses, like the half-write pulses, 
perform a selection function. The form of the word 
read out is, on the other hand, established by the sig­
nals appearing on the sense windings. 

In summary, four coils are associated with each 
core: the X and Y (selection) windings, the inhibit 
winding which forms the pattern of the word being 
written, and the sense winding which senses the outputs 
of the cores on readout. The selection scheme involving 
X and Y windings is based upon the organization of 
the core array into a number of X groups and a number 
of Y groups. The coils of anyone X group or any ~ne 
Y group are connected in series. A set of cores which 
belongs to a certain X group and a certain Y group 
comprises a storage location. Thus, to select a storage 
location for reading or writing it is merely necessary to 
apply half-read or half-write current pulses to two in­
put terminals, namely the input terminals of the partic­
ular X and Y groups which specify the particular stor­
age location. It should be understood that cores of 
many locations belong to each X group and each Y 
group. However, when a core is supplied with only one 
half-write or half-read current its magnetic state is not 
affected. For this reason it is said to be only half-se­
lected. 

Since information is transferred into or out of only 
one location in the array at anyone time, groups of 
sense windings or groups of inhibit windings can be 
series connected on a bit basis. For example, the cores 
which store the first or most significant bit in each of 
the locations of the array can have their sense (or out­
put) windings connected in series. They can ~lso h~ve 
their inhibit (or input) windings connected m serIes. 
The same thing is true of the cores which store the sec­
ond bit, and the third, and so on. This means that the 
same set of output lines can be used to sense the bits of 
every location in the array. Also, one set of input lines 
may be used to perform the inhibit function for every 
location in the array. 

Now that the organization of the array has been 
reviewed, it is worthwhile to return to two characteris­
tics of the read-write scheme which were mentioned 
earlier: 

a. A memory location must be cleared of l's prior 
to the writing of information on it. 

b. Readout from the core memory is destructive. 

Since readout is destructive, a read cycle can be 
used to clear a location prior to the performance of a 
write operation. Also, since it is usually desirable to re­
tain in a memory location a "copy" of the word read 
out of it, a write cycle normally follows the destructive 
read operation. These two facts can be restated as fol­
lows: Regardless of whether the purpose of an opera­
tion is the transfer of information out of the core mem­
ory or the transfer of information into the core mem­
ory, the same basic cycle must be performed; i.e., a read 
operation followed by a write operation. 

2.6.2 Sample Computer Memory Element 
Operation 

Figure 4-5 illustrates the operation of the mem­
ory during both read (solid lines) and write (dotted 
lines) cycles of a word transfer operation. The core ar­
ray is assumed to be a typical ferrite core array capable 
of storing 1,024 16-bit words. The timing and control 
section shown is a delay line control such as that de­
scribed in Part 3, Chapter 3, paragraph 3.6.2.2. The se­
quence of memory-control pulses generated by this con­
trol device is initiated by a read-operation or write-op­
eration pulse from the computer control. The selection 
section is composed of diode matrix decoders. These 
matrices decode the address information which specifies 
the location to which, or from which, a word is to be 
transferred. The sense section consists of amplifiers and 
gates which can sense the output of the core array. The 
memory buffer is a flip-flop register which is actually 
under control of the computer control rather than the 
memory timing and control section. Finally, the inhibit 
section is a series of gates conditioned by the zero sides 
of the memory buffer and pulsed by the timing and con­
trol section. 

The operations of the memory are similar whether 
a transfer out of memory or a transfer into memory is 
called for. In both cases, dual cycles will be required, 
one cycle to read from the array, the other to write into 
the array. Since the transfer operations are very similar 
whether information is entering or leaving memory 
figure 4-5 may be used to show both operations. In 
this figure, the operations accomplished during a read 
cycle of any transfer operation are shown in solid lines. 
The operation which occurs during a write cycle is 
shown in dotted lines. 

When the purpose of the cycle is to transfer a word 
out of the core memory, the memory control circuits 
transfer the word from the array to the memory buffer 
register. The process is as follows: The cycle is s~ar~ed 
by the computer control element. One clears the tlmmg 
and control section and the memory buffer so that they 
are ready to start the memory cycle. Two control pulses 
are sent to the memory element. The other, the read­
operation pulse, starts the memory and specifies the 
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Figure 4-5. Read and Write Operation of Memory 

purpose (read) of the operation. At the same time the 
computer control element sends the address of the word 
to he selected to the selection section of the memory. 
From then on, the completion of the transfer operation 
depends upon the internal controls of the memory it­
self. 

Half-read-current pulses are supplied to the X and 
Y coils of the specified storage location, causing all 
those cores containing l's to be driven to the 0 state. 
The pO'larity reversal of these cores is sensed and is 
caused to condition the previously cleared buffer regis­
ter, which now stores the information temporarily. (It 
is now apparent that the buffer register had to be 
cleared prior to receiving the sense pulses for, other­
wise, it might contain some l's which did not originate 
in the core location.) The read cycle of the operation is 
followed by a rewrite cycle. During this cycle, the O's 
of the number temporarily stored in the memory buffer 
register are gated through the inhibit section to furnish 
inhibit pulses to the location which is again fully se­
lected, this time by X and Y half-write pulses. (In fig. 
4-5, the operations in this rewrite cycle are indicated 
by dotted lines.) The result is that the word removed 
from storage is rewritten in the same location. How-

ever, a copy of it remains in the buffer register ready 
for transfer to some other part of the computer. 

When the purpose of the cycle is to transfer a word 
into the core memory, the memory control circuits trans­
fer the word from the memory buffer register to the ar­
ray. The process begins with the control element caus­
ing the word to be transferred into the memory buffer 
register from the source (e.g., the arithmetic element). 
This time the operation is started by a write-operation 
pulse from the computer control element. The memory, 
therefore, knows that the transfer is to be into the mem­
ory. As in the transfer from memory, the control ele­
ment also sends address information to the selection 
section of the memory. From then on the operation de­
pends on the memory control circuits for completion. 

The storage location is first fully selected by X and 
Y half-read currents from the selection section just as 
in the previous case. However, in this operation, the 
voltage pulses induced in the sense windings by the 
cores containing l's are of no interest, because the op­
eration is performed merely to clear the location for the 
receipt of the new word. Moreover, since the buffer 
register is temporarily storing the word to be read into 
the storage location, the contents of the buffer register 
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must nDt be destrDyed. CDnsequently, the Dutput Df the 
sense windings must be prevented frDm cDnditiDning 
the buffer register. This is dDne by cDnditiDning the in­
hibit sense line. By referring again to' the dDtted lines 
of figure 4-5, it can be seen that, after the storage 10'­
catiDn has been cleared by the half-read pulses, it is 
fully selected again, this time by means Df X and Y half­
write pulses. SimultaneDusly, the O's Df the wDrd in the 
memory buffer, which is to be entered into stDrage, are 
used to' generate inhibit pulses. Thus, the new word is 
written intO' the selected IDcatiDn just as in the write 
cycle Df the read DperatiDn. 

In summary, it can be seen that, because readDut Df 

a CDre memDry is destructive and because writing re­
quires a clearing Df the memDry IDcation, it is CDn­
venient to' make the read and write DperatiO'ns as nearly 
alike as pDssible. A read cycle and a write cycle are 
provided regardless Df whether the Dperation is a trans­
fer intO' Dr Dut Df memory. The difference between the 
twO' types Df transfer lies in the Dperation of the mem­
Dry buffer and the sense sectiDn. Table 4-1 summarizes 
the difference. 

2.6.3 Operation of Memory in Computing 
System 

The operatiDn Df memDry in a stDred prDgram CDm­

puting system is based upDn the fact that both instruc­
tion and data wO'rds are stored. The two types of in­
fDrmatiDn are used for quite different purposes: One is 
used to' tell the computer what DperatiDn to' perfDrm; 
the Dther gives the cDmputer the data that the Dpera­
tiDn is to' be perfO'rmed upon. 

Despite the difference in the use Df the twO' types Df 

wDrds, they are indistinguishable in fDrm. That is, they 
are bDth binary numbers and, in most cases, are Df equal 
lengths. The cDmputer distinguishes between the twO' by 
keeping track Df where the twO' types of infDrmatiDn are 
stored. In a single-address cDmputer distinguishing is 
usually dDne by stDring the instructiDns in sequence in 
the first addresses Df memory while the data wDrds are 

stDred tDward the end Df the memDry addresses. FO'r 
instance, the first 300 IDcatiDns of a 1,024 IDcatiDn mem­
Dry may cDntain the instructiDns sequence 0, 1 thrDugh 
299 Df the prO' gram while the data is kept in the last 
724 IDcatiDns. With such a system, the cDmputer can be 
built to' automatically read Dut the instructiDns in se­
quence. The data address is Dbtained simply by refer­
ence to' the address part Df each instruction wDrd. 

CDnsequently, the executiDn Df an instructiDn re­
quires Dbtaining data frDm memO'ry, at least twO' mem­
Dry references must be made. The first is the reference 
to' obtain the instructiDn frDm the prDgram sequence; 
the secDnd is to' Dbtain data frDm the locatiDn in mem­
Dry specified by the address part Df the instructiO'n. 

In figure 4-6, the cDntents Df 16 IDcations in mem­
Dry are shDwn. The CDntents consist Df a simple 4-step 
prDgram in IDcatiDns 000 thrDugh 003 and the data 
which the prDgram is to' Dperate upDn in IDcatiDns 
013, 014, and 015. At the end Df the programs execu­
tiDn, IDcatiDn 015 will CDntain the result Df the program 
(1600). The prDblem can be stated 1000 + 600 = 1600. 
The executiDn Df the prDgram wDuld prDceed as fDl­
IDWS: 

a. When the computer is started, the cDmputer CDn­

trDI autDmatically calls fDr the infDrmatiDn in 
100catiDn 000 to' be transferred frDm memDry to' 

the cDntrDI element. 

b. The cDntrDI element decDdes the instruction 
thus Dbtained. Since a reference to' memDry is 
required, the cDntrDI element sends address in­
fDrmatiDn assDciatd with the instructiDn (IDca­
tiDn 013) back to' the memDry selection circuits 
and calls fDr a memDry read DperatiDn. 

c. The read DperatiDn transfers the data in IDca­
tiDn 013 (1000) to' the accumulatDr Df the arith­
metic element. 

d. At the cDmpletiDn Df this instructiDn, the CDm­

puter autO'matically refers to' the next IDcatiDn 
in the sequence Df instructiDn (lDcatiDn 001). 

TABLE 4-1. SUMMARY OF DIFFERENCES BETWEEN READ AND WRITE 
CYCLES OF A READ OPERATION AND A WRITE OPERATION 

CYCLE 

Read 

Write 

TRANSFER INTO MEMORY 

1. Started by write-DperatiDn cDmmand. 

2. Clearing DperatiDn. 

3. CDntents Df memDry IDcatiDn are nDt sensed. 

4. CDntents Df memory buffer are not changed. 

1. Rewrite former contents of memory 10catiDn 
back intO' memory 10catiDn. 
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TRANSFER OUT OF MEMORY 

1. Started by read-operation cDmmand. 

2. Transfer operatiDn. 

3. Contents of memory location are sensed. 

4. Contents of memory IDcation transferred to 
memory buffer. 

1. Write word from outside source into mem­
Dry location via the memory buffer. 
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Figure 4-6. Contents of Memory During 
Execution of Program 

e. The instruction in this location is transferred to 
the control element, where it is decoded. 

f. Again, the computer control ascertains that a 
reference to memory is required. Therefore, ad­
dress information (location 014) is sent to the 
memory selection circuits and another memory 
operation started. The word in location 014 
( 600), is transferred to the arithmetic element 
and added to the contents of the accumulator. 
(As a result the accumulator contains 1600.) 

g. The computer then automatically refers to the 
next address in the program sequence (at loca­
tion 002). The information in this location is 
transferred to the control element to be de­
coded. 

h. The control element determines that the refer­
ence to memory is a storing operation. Tliere­
fore, the control element sends the address in­
formation associated with the instruction (loca­
tion 015) to the selection circuits of memory, 
together with a store operation control. The in­
formation in the accumulator is then transferred 

into location 15 of memory via the memory buf­
fer register. 

i. When the Store instruction is completed, the 
computer automatically refers to the next loca­
tion in the program sequence. This instruction 
is a Halt instruction which stops the computer 
so that no more memory locations will be re­
ferred to, either automatically or by instruction. 

This last instruction, it will be noted, distinguishes 
the instruction words from the data words in the mem­
ory. If no Halt or similar instruction were given, the 
computer would automatically continue reading succes­
sive memory locations until the machine was shut off. 
This means that eventually (steps 13 and those follow­
ing) the computer would try to use the data words as 
instructions. 

2.7 AUXUIARY MEMORY 

2.7.1 General 

It has been stated that the internal memory of the 
sample computer consists of primary memory and aux­
iliary memory. It may be recalled that the primary and 
auxiliary memory combination is designed to provide a 
very large memory, almost as fast as a single, large, 
high-speed memory would be. This system has the de­
sired characteristics if two provisions are fulfilled: 

a. The two storage systems are compatible in speed 
and operating characteristics. 

b. The information to be stored is organized so as 
to take advantage of the total memory system. 

2.7.2 Choice of Auxiliary Memory Medium 

In the example computer, core memory is used as 
direct-access memory. Choice of the auxiliary memory 
medium must, therefore, be limited to one which is com­
patible with the core memory. The auxiliary memory 
must also be one which has a potentially large storage 
capacity. It must also be as reliable as possible since the 
computer can only be as accurate as the data entered 
into it. Drum storage can be made to fit all of these re­
quirements and so is used as auxiliary memory in the 
sample computer. 

2.7.3 Operation of Sample Computer 
Auxiliary Memory 

2.7.3.1 General 

Figure 4-7 shows a typical drum and indicates the 
configuration of bits stored. On the right is a timing 
track of bits permanently recorded around the drum. 
This timing track, as the name implies, is used to time 
the reading and writing operations of the drums. The 
head, which reads the bits of the timing track, puts out 
a pulse which initiates the read or write operation at 
each register location around the drum. It can be 'seen, 
then, that the timing track determines the position of 
each register around the drum. 
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Figure 4-7. Auxiliary Memory Drum 

When the ttmtng track is originally put on the 
drum (during manufacture), it is recorded as evenly 
spaced bits around the drum. However, one bit is left 
out to indicate a beginning and end of the drum field. 
This is called the index point of the drum. Because the 
beginning of the field is indicated, it is possible to ad­
dress the different registers of the drum with a counter. 
The address of a register is a count of the number of 
registers (timing track bits) between the index point 
and the register. 

Figure 4-7 shows a drum designed for parallel 
read and write operation. When a single word is to be 
read out, all the read heads of the field are conditioned 
to read simultaneously. Then, as the magnetized spots 
of the register to be read pass under the heads, they 
are read out simultaneously. 

2.7.3.2 System Operation 
Figure 4-8 shows the drum system in more detail. 

The drum with its timing track and its read and write 
heads is the same as that just described. The read cir­
cuit consists of amplifiers and gates which transfer a 
word being read from the read heads to its first destina­
tion, the drum read-and-write register. The write cir­
cuits perform the same function in reverse for words 
to be read into the drum. The drum read-and-write 
register is a temporary storage register for words wait­
ing to read into the drum from core memory or into 
core memory from the drum. 

The timing and control section is a long delay line 
control. In this device the timing cycle is started by a 
pulse from the timing-track head. This pulse is routed 
through a line of delay units and gates to properly se­
quence the control function required. The control 
(gates) of the timing and control section are condi-

tioned for a write or read operation according to the 
type of start pulse received (start-read or start-write). 

The angular position counter and the compare sec­
tion are the selection circuits of the storage system. 
The angular position counter counts timing track bits 
after being reset to zero by the timing track index 
point. The count of timing track bits indicates the 
drum register address. The compare section compares 
the angular position counter contents (drum register 
address) with the register address specified by the com­
puter instruction. When these addresses compare cor­
rectly, the compare section initiates the transfer opera­
tion required. 

A read operation begins with the instruction Read 
Auxiliary Memory Address 10 (RAM1 0) which is de­
coded by the computer control section. It sends the ad­
dress information (10) to the drum compare section 
and then sends a read-from-drum pulse to the drum 
timing and control section. The timing and control 
is conditioned to cause a read operation to start. The 
timing and control section then allows the compare 
section to compare the address specified by the pro­
gram with the contents of the angular position counter 
(the address of the register under the read heads). 
When the location addresses compare, the sought for 
register is about to come under the read heads. The 
compare section, therefore, conditions the read circuits 
to transfer the word read to the drum read-write 
register. Here, it is held until the program directs it to 
be read into memory. When the compare section con­
ditions the read circuits, it also sends a transfer-com­
plete pulse to the computer. This pulse notifies the 
computer control element that the word is in the drum 
read-write register, ready for transfer to core memory. 
The program, which was automatically stopped by the 
RAM instruction, can then proceed to the next in­
struction. 

The write process operates in the same· way except 
that the transfer is from core memory into the drum 
read-write register and then into the drum by way of 
the write circuits. The write operation is started by a 
write-on-drum pulse. In figure 4-8 the dotted lines 
indicate write operations which differ from the corre­
sponding read operations. 

2.7.3.3 Program Operation 
Auxiliary memory information is accessible to the 

computer only through direct-access memory. The par­
ticular (much simplified) system of transferring infor­
mation from the computer auxiliary memory to the 
primary memory requires two instructions. One in­
struction (RAM drum address X) specifies the reading 
of a word from a specified auxiliary memory register 
into the drum read-write Register. A second instruc­
tion, (SAM memory address X) must then be given to 
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cause the word in the drum read-write register to be 
stored in a specified core memory register. 

When it is desired to transfer the word in auxiliary 
memory register 21 into core memory register 77, the 
program appears as follows: 

RAM 21 - word in drum register 21 to drum read-write 
register 

SAM 77 - word to memory location 77 

One thing should be pointed out about the RAM 
instruction. Most instructions take a specified length 
of time to complete. This instruction may require a few 
microseconds or several milliseconds, depending upon 
the position of the specified drum register when the 
instruction is given. To take care of this condition, 
this instruction automatically puts the computer into a 
pause condition (stops progression of program) until 
the transfer to the drum read-write register is complete. 
When the transfer is complete, the SAM instruction 
will be executed, but not before. 

One more thing should be noted about this trans­
fer operation. Normally information is transferred in 
blocks (several words at a time) by means of a repeti­
tive program whose principles are discussed in Part 5. 

When it is required to transfer a word from direct­
access memory to auxiliary memory, two instructions 
are again required. One instruction (WAM core mem­
ory address X) specifies the writing of the word at 
core memory address X into the drum read-write reg­
ister. The other instruction (T AM drum address Y) 
specifies the transfer of the word from the drum read­
write register to drum register Y. The same type of 
program is used to accomplish this operation as in the 
previous example. 

2.7.3.4 Operation of Direct Access and 
Auxiliary Memory 

The direct-access memory stores any data or pro­
gram which is in immediate use by the computer. Data 
processing is essentially a process of transferring in­
formation between two storage devices through a 
switching mechanism. The direct-access memory serves 
as the eventual source and destination in this process. 
In other words, direct-access memory is actually a part 
of the processing machinery. It is the only major stor­
age system to which the computer has direct access. 

The auxiliary memory is used to store information 
which is not of immediate use to the computer. How­
ever, when any is needed, a great deal is required at 
high speed. For instance, auxiliary memory is often used 
to store tables of data which are needed in certain 
computations. A table of friendly aircraft identifica­
tions could be stored in auxiliary memory. Such a table 
probably would be used only occasionally. However, 
when it was used in an identification, it would be nec­
essary to use the whole table, consisting of, perhaps, 

identity information for 50 airplanes. Auxiliary mem­
ory is also used to store parts of the program. Suppose, 
for instance, the program is too large to fit completely 
in direct-access memory. In this case, part of the pro­
gram would be stored in direct-access memory and part 
in auxiliary memory. Such a program might be executed 
in three phases. First the part stored in direct-access 
memory would be completed, next, the part stored in 
auxiliary memory would be completely read into direct­
access memory, and, finally, the new part in direct­
access memory would be completed. 

The speed and practicality of the memory system 
which consists of a combination of high-speed, direct­
access memory and intermediate-speed auxiliary mem­
ory are directly dependent upon the type of informa­
tion stored. Information in auxiliary memory should be 
of the type which is useful in blocks. Another require­
ment of the information is that it should be of the 
type used in repetitive operations, that is, it should be 
information which is used many times, once it is called 
in from auxiliary storage. If it is not, the proportion 
of time spent loading the information into direct-access 
memory could become so great that it would be more 
practical to use a single, fairly high-speed, very large, 
direct-access memory in place of the combination. As 
an example, consider a table of four numbers which 
is stored in auxiliary memory. Assume a 6-microsecond 
access time for direct-access memory and a 24-micro­
second transfer time for auxiliary-memory-to-direct­
memory transfers. Forget the time required to find the 
first drum register. The total transfer time for the four 
words of the table would then be approximately 18 
(3 transfer initiating instructions x 6 microseconds) 
+ 96 (4 transferred words x 24 microseconds), or 114 
microseconds. Now, if the reference to the table, once 
it was in direct-access memory, took three instructions 
(18 microseconds), the total time for reference to the 
table would be about 132 microseconds. This is also the 
average access time to the table. On the other hand, if 
the table were to be referred 100 times in some repeti­
tive program the average access time would be much 
less. If this were the case, the time of loading the four 
numbers would be the same, 114 microseconds. The 
total time consumed in reading the table 100 times 
after it was loaded would be 1,800 microseconds. The 

1,914 
average access time to the table would then be-----

100 
microseconds or about 19.1 microseconds per table 
reference. 

In summary, it can be said that a combination of 
auxiliary and direct-access memory is used to provide 
a high-speed, large capacity memory at reasonable cost. 
The speed and practicality of the system depends di­
rectly upon the type of information stored and upon 
its organization. 
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CHAPTER 3 
CONTROL 

3.1 BASIC CONTROL ASSUMPTION 

3. 1.1 Sequential Operation 

A digital computer functions step by step. The 
operation, therefore, depends upon a sequential control 
of various functions performed by the computer. To 
provide this sequential control, a control element is 
included. This element is primarily used to control the 
interaction of the operations performed by each of the 
other elements so that together they can operate as a 
system. In some cases, the control element can also be 
used to control the operation within an element. In any 
case, however, the control device performs a similar 
function; it determines the sequence in which the vari­
ous parts of the computer operate. 

3. 1.2 Types of Control 

In general, three types of control are possible: 
synchronous, asynchronous, and a combination of these. 

3.1 .2.1 Synchronous Operation 

In synchronous operation the beginning and end 
of each operation performed and the timing of that 
operation are determined by some central source. This 
means that each operation is done in a cycle or in an 
integral number of cycles, usually all of equal length 
so that it takes the same time to complete two opera­
tions no matter how long one operation is or how short 
the other is, if both can be done in the same number 
of cycles. 

The synchronous mode of operation requires a 
central timing source to determine the length of a cycle 
and the number of cycles to be used throughout the 
computer. Without a central timing source, the various 
parts of the computer could not be synchronized. Usu­
ally, this timing source is in the form of a pulse-output 
oscillator of fixed pulse repetition frequency (PRF), 
together with a time pulse distributor. The oscillator 
furnishes the basic timing pulses to the machine. The 
time pulse distributor separates these time pulses into 
cycles of equal length and distributes them where they 
are needed. For instance, it might split the time pulses 
into consecutive trains of 15 pulses each to make suc­
cessive cycles 15 pulse-times long. These pulse cycles 
can then be sent to the control element to furnish the 
time-sequencing necessary to execute the instructions. 

3. 1.2.2 Asynchronous Operation 

Asynchronous operation is that in which the be-

ginning time of each new operation is determined by 
the ending time of the previous operation. In other 
words each operation may have a final pulse which is 
used to start the next operation. In this case, there is 
no set cycle time. Those operations whose execution 
require very few different operations do not take as 
long to do as those which require many operations. 
An example of an asynchronous operation is the oper­
ation of the auxiliary memory drum mentioned in the 
previous chapter. When an instruction is given to trans­
fer a word from the drum, the program progression 
stops until the transfer is complete, at which time the 
drum controls restart the program progression. 

Theoretically, in a completely asynchronous paral­
lel machine no timing other than that furnished by 
the delays inherent in each operation would be re­
quired. Usually, however, some source of central timing 
is required to furnish time pulses. 

3.1.2.3 Synchronous-Asynchronous 
Combinations 

Synchronous operation is generally somewhat 
slower than asynchronous operation. However, the fact 
that a synchronous system is easier to design and main­
tain than an asynchronous system makes it more suit­
able for computing circuits where the difference in com­
parative speeds is small. Computing circuits are usually 
designed to operate synchronously. However, where 
the possible time saving is great such as when a com­
puter is transferring information into or out of me­
chanical equipment, asynchronous operation is often 
used. In this case, the two systems might operate 
synchronously within themselves, but their operation 
together would be asynchronous. That is, the computer 
would arrive at its results using synchronous opera­
tion. The transfer of the results to the output would 
be on demand, or an asynchronous operation. 

Actually there is little difference in a control func­
tion whether it be accomplished synchronously or 
asynchronously. The function is always to make sure 
that the various computer operations occur in proper 
sequence. Therefore, since the synchronous system is 
much easier to understand, the following explanation 
of control deals almost exclusively with synchronous 
control. 

3.1.3 Coding 

The ability to follow a list of instructions, such as 
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a computer program, requires first of all, a method of 
communicating the instructions in the list to the com­
puter. This is done by means of a special operation or 
instruction code, which each computer is designed to 
follow. This operation code may be in any of several 
forms. It may be for instance, that the entire program 
is built into the machine; this is the case in special 
purpose computers meant to do only one specific job. 
It also may be that the code will be in the form of 
numbers or instruction words, which can be put into 
the machine just like data. Such a machine may be able 
to execute 50 different instructions. If this is so, 50 
numbers will be assigned to stand for these instruc­
tions, and the control element will be built to respond 
to these numbers. This last is the case with which this 
manual is concerned. This is called a stored program 
computer. 

When the operation code consists of a series of 
numbers, each of the numbers (instructions) has the 
same basic format. In general, instructions will consist 
of two parts as illustrated in figure 4-2. One part, 
called the operation part, specifies the operation to be 
performed. The other, -called the address part, specifies 
the location in memory where the operand to be oper­
ated upon may be found. There are some exceptions 
to this general rule, however. Sometimes there is an 
instruction for which no operand must be specified. 
For instance, the instruction may tell the computer to 

stop computing. In this case the address portion of the 
instruction is automatically ignored. 

3.1.4 Basic Control Element Functions 

Two fundamental abilities are necessary if the con­
trol element is to be able to follow a list of instruc­
tions made up of code numbers as described above: 
The control element must be able to pick out the cor­
rect instruction to perform at all times; the control 
element must be able to interpret each instruction and 
to command the action from the other elements which 
will execute the instruction. 

3.1.5 Program Time: Operate Time 

Each instruction execution may be divided into 
two phases. During the first, which is commonly called 
"program time," the control element receives the in­
struction and decodes it. During the second phase, 
commonly called operate-time, the other elements are 
caused to perform the indicated operation. 

During program time, the computer generally does 
three things. It selects the instruction to be executed; 
it will cause this instruction to be read into the control 
element; and, finally, it decodes the instruction. This 
decoding includes conditioning the circuits in other 
elements to perform the operation called for, as well 
as selecting the memory location of the operand. 

During operate time two things generally occur: 

The selected operand is read out of memory (or in 
some instructions read into memory), and the opera­
tion is performed. 

In any computer control function, two elements 
are used to perform the control. One element is the 
logic of the circuits. The other is the timing of the 
circuits. For instance, a 2-way AND circuit may have 
an output only if both inputs are up at the same time. 
If the inputs go up and down at different times, no 
outputs are produced. In the sample computer, this 
principle of timing is used to differentiate between 
program-time operations and operate-time operations 
by using diffrent timing devices for the two types of 
cycles. During program time, time pulses come from 
the program-time pulse distributor; during operate 
cycles they come from the operate-time pulse distri­
butor. These two time-pulse distributors never distri­
bute their pulses simultaneously. (See fig. 4-9.) A 
time pulse distributor is a circuit which distributes 
pulses entering it on a single line into cycles of pulses 
leaving it on several lines. 

3.2 OPERATION OF SAMPLE COMPUTER 
CONTROL 

3.2.1 General 

Both instructions and operands are stored in mem­
ory. Most instructions require two memory cycles for 
execution. One memory cycle is required to obtain the 
instruction from memory; another is required to obtain 
the operand 'from memory. This is in accordance with 
the idea of program time and operate time mentioned in 
the previous section. 

3.2.2 Program Time 

3.2.2.1 Program Sequencing 

The method of determining the sequence of in­
structions during execution of a program is based upon 
the method of storing the instructions. The instructions 
are always stored in the proper sequence in consecutive 
memory locations. Usually the instructions are located 
at the beginning of the memory addresses (lower 
numbered addresses). For instance, the first instruc­
tion might be stored at location 000, the second at 
location 001, the third at location 002, and so forth. 
With such a system of program storage, it is simple 
to keep track of the location of the instruction to be 
executed. This is done by the program counter, which 
counts the number of instructions executed. Since the 
counter starts at 0 and the address of the first instruc­
tion is 0, the contents of the counter always equal the 
address of the instruction to be executed. Whenever 
an instruction is to be read from memory, the contents 
of the counter are transferred to the memory-selection 
circuits to indicate the address of the instruction to be 
selected. 
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Figure 4-9. Program Time: Operate Time, Pulse Distributor Operation 

Once the instruction has been selected, it is read 
into the decoding register where it is temporarily stored 
while the decoding is accomplished. 

Figure 4-10 shows the process; the contents of 
memory is to be four instructions at addresses 0000 
through 0003 and two data words in locations 0004 

and 0005. At the beginning of the program, the pro­
gram counter is set to zero. At the beginning of the 
first program time, the contents of the program counter 
are gated into the memory-slection circuits. The mem­
ory-selection circuits, therefore, are conditioned to se­
lect address 0000, the contents of the program counter, 
and also the location of the first instruction. A memory 
read operation is started, and the instructions are read 
into the memory buffer register. From here, the instruc­
tion word is gated into the instruction register by gates 
which are conditioned during program time only. 

At the end of program time, the program counter 
is stepped by 1 so that it contains the address of the 
next instruction to be executed (0001 in this case). 
When the next program time occurs, the contents of 
the program counter can again be used to select the 
proper instruction address. It can be seen, then, that 
the instruction sequencing is an automatic function of 
the control element. In Part 5, 3.3, a method of altering 
this sequence by programming is illustrated. 

In figure 4-10 the memory location immediately 
following the last instructio:l (Halt) is a data word. 

Since data and instruction words are both in the same 
form (binary numbers), it is conceivable that a data 
word could be mistaken for an instruction word. If the 
program should continue beyond program step 4 (in­
struction in location 0003), this mistake would occur. 
To prevent it, the Halt instruction is put between the 
block of instructions and the data. This instruction 
stops the computer before it can mistake data for in­
structions. The only means of the computer's distin­
guishing between data and instruction words is by its 
determining where the word is stored and separating 
the two storage areas. 

3.2.2.2 Instruction Decoding 

As soon as the instruction is transferred - from 
memory to the operation and address registers, decod­
ing of the instructions can start. The decoding process 
depends upon the fact that all instructions words have 
fundamentally the same format. 

An instruction word, in general, specifies an opera­
tion and the address of an operand. Therefore, part 
of the word is decoded to carry out the operation and 
another part is decoded to select the proper word from 
storage for transfer to the arthmetic element. This 
2-part decoding implies that the two parts of the word 
must be decoded by separate matrices. In order to 
facilitate separate handling, an instruction word is split 
into two parts when it is transferred from storage to 
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Figure 4-10. Instruction Selection, Readout, and Decoding (Program Time) 

the control element. One part is entered into an opera­
tion register and the other into an address register. 

The general method for decoding the instruction 
and selecting the operand is shown in figure 4-10. 

The binary number which forms the operation part 
of the instruction is decoded in a decoding matrix 
(operation decoder). This decoder conditions a separ­
ate output line (or set of lines) for each instruction. 
This line (or lines) condition (s) circuits in the rest of 
the control element (such as the transfer address gate 
in the figure) so that they will be ready to perform 

the operation specified when the operand becomes 
available or when the proper time comes. 

Once the operation part of the instruction has 
been decoded, the address part may be transferred to 
the memory selection circuits. This is accomplished later, 
during operate time. 

In summary, then, the control element accom­
plishes two things during program time: It selects the 
instruction from memory; it decodes the operation 
part of the instruction to prepare for execution of the 
instruction. 
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figure 4- J J. Instruction Decoding (Operate Time) 

3.2.3 Operate Time 

As soon as the control element has obtained and 
decoded the instruction, the computer starts an operate 
cycle. During this cycle, the operand is transferred to 
or from memory, and the pulses necessary to accomplish 
the operation specified are generated. In other words, 

the control circuits which were set up or conditioned 
during program time will be used during operate time 

to control the actual execution of the instruction. 
Figure 4-11 illustrates how this is done for a Clear 

and Add instruction. It shows the operate-time pulse 
distributor feeding into gates which have been pre­
viously conditioned by the instruction decoder outputs. 
Since the operate-time pulse distributor produces an 
output during the operate cycle, the control pulses are 
transmitted to the arithmetic and memory elements as 
shown, only during operate time. 
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3.3 CONTROL ELEMENT OPERATION 

As an example of the operation of the control 
element when executing an instruction, assume that the 
instruction ADD 36 occurs in a program. This instruc­
tion means that the number in memory location 36 
should be added to the number which is already in the 
accumulator as a result of previous arithmetic opera­
tions. Assume also that this instruction occurs on step 

20 (instruction at address 19) of the program. At the 
time considered, step 19 has just been finished. The 
following listing is a summary of what happens in the 
execution of the instruction. Reference should be made 
to figure 4-12. 
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a. At the completion of the previous instruction, 
the computer automatically went into program 
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time. Therefore, the program-time pulse dis­
tributor is active. 

b. Since 19 instructions have been executed, the 
contents of the program counter is 019, which 
is the address of the 20th instruction. The con­
tents of the counter have been transferred to 
the memory selection circuits. 

c. A memory operation is commanded, and the 
instruction register gates are pulsed to transfer 
the instruction word from memory to the oper­
ation and address registers. 

d. The instruction word is then decoded. The 
operation part conditions the command gen­
erator gates. 

e. Program counter is stepped by 1 so that it con­
tains the address of the next instruction to be 
executed. 

£. Computer goes into operate-time so that oper­
ate-time pulse distributor will be active. The 
address part is transferred to the memory selec­
tion circuits to select the proper operand. 

g. A memory read operation causes the operand 
to be read into the arithmetic element. 

h. Command lines, to cause the arithmetic element 
to add, are pulsed in their turn. 

1. The computer goes back into program time In 

order to start execution of next instruction In 

program. 

3.4 VARIATION OF PROGRAM BY CONTROL 
ELEMENT 

3.4. 1 Changing Program Sequence 

3.4.1.1 General 

The control element described so far is capable of 
executing a program which has only one possible se­
quence once it is entered into the computer; that is, 
once a program is stored in memory, there is no way 
to change it except by replacing it with another or part 
of another program. Since this is true, it would be 
difficult for the computer to make logical decisions; for 
instance, "If the number in the accumulator is negative 
add a constant to it, but if the number is zero or posi­
tive subtract the constant from it." 

The ability to make logical decisions is very im­
portant in a mathematical process. This ability must, 
therefore, be included in any computer which is to 
solve problems other than the most simple kind. 

What is required in the execution of the logical 
issue posed above? The results of a previous calcula­
tion must be studied. (Is the answer positive or nega­
tive?) If one result was obtained one process will be 
executed; but, if the other result was obtained, a differ­
ent process will be executed. In other words, the se-

quence of operations depends upon the results of a 
previous operation. This, in general, is the way that a 
computer accomplishes a logical choice. When the pro­
gram requires a logical choice to be made, a special 
instruction is inserted which allows the program se­
quence to be changed according to the results of a 
previous calculation. 

3.4.1.2 Conditional Branch 

The special instruction used is called a Conditional 
Brancb. It specifies from what location in memory the 
next instruction in the program will be taken if the 
condition is met. The operation part of the Brancb 
instruction gives the conditions of the branch of con­
trol; e.g., it could specify that a branch occur if the 
accumulator is negative. The address part of the in­
struction specifies the location of the next instruction 
to be executed. If the conditions of the branch are not 
met, no change of program sequence will be made; 
consequently, the next instruction executed will be the 
one which follows the Brancb instruction in the normal 
sequence. 

A brief illustration may help to make this clear. 
Assume that the fifth instruction (in location 004) in 
a program is, "branch, if the accumulator is minus, to 
location 020." At the time of the instruction, if the 
accumulator is minus, the next instruction executed 
will be that in memory location 20. If, on the other 
hand, the accumulator sign is positive, the branch oper­
ation is ignored and the next instruction is obtained 
in the usual way from location 005. 

The execution of the Brancb on Accumulator 
Minus instruction is done by examining (electrically 
sensing) the sign of the accumulator and transferring 
the contents of the address register into the program 
counter if the sign is minus. 

Figure 4-13 illustrates. the execution of the 
Bram-b on Full Minus instruction. During program 
time, the instruction is transferred to the operation and 
address register just as in any other instruction. The 
program counter is stepped, and the command circuits 
are set up. During operate time, the sign bit of the 
accumulator is examined. If this sign is negative, the 
contents of the address register are transferred to the 
program counter. Otherwise, nothing happens to the 
program counter; in which case, the next instruction 
is selected as it would be during normal sequential 
operation. (Remember that the program counter has 
already been stepped.) 

3.4.1.3 Unconditional Branch 

Another feature which is included to make the 
computer more flexible is the Unconditional Branch. 
This instruction directs the control element to take its 
next instruction from the location specified in the ad­
dress part of the branch instruction. 
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Figure 4-13. Conditional Branch Instruction Execution (Branch on Full Minus) 

The Unconditional Branch instruction is accom­
plished by transferring the contents of the address 
register into the program counter. The only difference 
between the execution of this and of the Conditional 
Branch is that there is no sign bit-sensing required. 

3.4.2 Alteration of Instructions 

3.4.2.1 General 
A very common feature of computer programs is 

their repetitive nature; for example a program to add 
20 numbers together would contain a Clear and Add 
instruction, 19 add instructions, and a Halt instruction. 
Such a program would require about 41 memory loca­
tions to hold the 21 instructions and 20 operands. But, 
in this program, the 19 Add instructions are all the 
same except in their address parts. This implies that a 

single Add instruction (stored in one memory loca­
tion) might be used to accomplish what 19 Add in­
structions do in this program. This can be done by 
changing the computer program sequence so that the 
same program step is repeated 19 times. However, each 
time the step is repeated the address specified will be 
modified by circuits in the control element. The 19 
modifications to the address of the instruction will 
make the repetitive operation equivalent to a program 
where 19 different add instructions are used. A pro­
gram to add 20 numbers together using an address 
modification scheme would have the following sequence 
of events, assuming the 20 numbers are stored in mem­
ory locations 60 to 79: 

1. Clear the accumulator and add in the number 
contained in location 60. 
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2. Add the number in location 61 to the contents 
of the accumulator. 

3. Repeat step two 18 times. Just prior to each 
execution, add a one to the address portion of 
the instruction of step 2. 

4. Stop computing after the 18th repetition IS 

completed. 

In general, there are two ways to accomplish the 
address modification required in this type of program. 
One method is by a special programming trick ex­
plained in Part 5, 3.4. Another way is by means of 
special program control circuitry called index registers. 

3.4.2.2 Index Registers 

In a repetitive routine an index register is used to 
modify the addresses in the routine, as well as to count 
the number of repetitions. The address is changed by 
adding the contents of the index register to the address 
of the instruction being executed just prior to selection 
of the operand (see fig. 4-14). The process, therefore, 
results in the selection of an operand whose location 
address is the sum of the original address specified by 
the instructions and the contents of the index registers. 

A repetitive program is accomplished with the 
indexing feature as follows: 

PROGRAM 
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a. The index register is loaded with the number 
of repetitions which are required. 

b. During each repetition, any instruction which 
requires address modification specifies so as a 
part of the instruction. (This is done when the 
program is written.) In this case, the contents 
of the index register are added to the contents 
of the address register between the time when 
the address specified by the instruction enters 
the address register and the time the (modified) 
address is sent to the memory selection circuits. 
(See fig. 4-14.) 

c. Each time a new repetition is specified, the con­
tents of the index register are automatically 
decreased by 1. (1 is called the index interval.) 

d. A new repetition is specified by a Branch and 
Index instruction, which branches the control 
back to the first instruction in the repetitive 
routine. 

e. The Branch and Index instruction is a condi­
tional branch. The branch occurs only as long 
as the index register is positive. When the index 
register becomes negative the iterations are over 
and the non-repetitive portion of the program 
continues. 
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Figure 4-14. Address Modification by Index Register 
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To provide this repetitive program facility in the 
computer, the following new circuits must be added to 
the control element: an index register and adder, 
which can add the contents (positive) of the index 
register to the contents of the address register; con­
trols to initiate this addition at the proper time; and 
circuitry for an extra bit in the instruction word to 
indicate that indexing is necessary. Also, there must be 
a way of clearing from, and reading into, the index 
register through programming. And finally, there must 
be a way of stepping the index register down one on 
the Branch and Index instruction. 

Figure 4-14 shows the operation of the index 
register when an ADD instruction, with indexing speci­
fied, is given. The instruction is read out of memory 
in the usual way during the first part of program time. 
The operation part of the instruction is decoded to 
give an add-decode output level as in a normal ADD 
instruction. The decoder also puts out an index-decode 
level which conditions the indexing command genera­
tor (GT 1). Just before the transfer of the address to 

the memory selection circuits, the contents of the index 

register are added to those of the address register. 
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CHAPTER 4 
ARITHMETIC ELEMENT 

4.1 GENERAL 

Data processing is accomplished in a computer by 
a controlled transfer of information between storage 
devices. The transfer is made through a data-manipu­
lating or -switching device. It is this device which does 
the actual changing of data which is necessary in the 
process. The switching device changes the data by per­
forming simple arithmetic operations upon it. For this 
reason the device is called the arithmetic element. 

4.2 ARITHMETIC ELEMENT PURPOSE 

The arithmetic element of a computer has two 
main functions: It operates on data, and it operates 
on program instructions. The data operated upon com­
prises the actual numbers of the problem to be solved. 
The arithmetic element does the addition, subtraction, 
etc., for solution of the problem. As stated in 3.4, it 
is often necessary to change the instructions of a pro­
gram as the solution is carried out. Because the instruc­
tions is by programming. In this case, the arithmetic 
element can be used to change them while the program 
is in progress. 

Operations on the program are accomplished in 
two general ways. Sometimes the arithmetic element is 
used as a part of the control element circuitry; for 
instance, the accumulator of the arithmetic element 
might be used as an index register. A more obvious 
way of using the arithmetic element to change instruc­
tions is by programming. In this case, the arithmetic 
element is used merely as an arithmetic device. The 
instructions to be changed are taken as operands in an 
instruction-changing subprogram. Such a program 
changes an instruction by calling it out of its location 
in memory, adding or subtracting a previously stored 
constant to the instruction, and, then, restoring the 
(modified) instruction to its original location in mem­
ory. 

4.3 REQUIREMENTS OF AN ARITHMETIC ELEMENT 

It would be possible to perform arithmetic by using 
a purely logical network in combination with the mem­
ory of the computer. It would also be possible to per­
form arithmetic purely by means of counting registers 
and the memory of the computer. A much more efficient 
system for doing arithmetic, however, is to use an 
arithmetic element containing both logic and limited, 
short-term storage facilities which work together with 
a large computer memory and a central control element. 

In Chapter 2 of Part 3 it is shown that all arith­
metic operations in such an arithmetic element are a 
combination of a few simple operations, which the 
arithmetic element registers and logic must be able to 
do. These are: 

a. Read in a number. There must be a means of 
reading the operand into the arithmetic element 
in one or more ways. 

b. Read out a number. There must be a means of 
reading the results out of the element. 

c. Clear. There must be a way of clearing the ele­
ment. 

d. Add. There must be some means of adding two 
numbers together. 

e. Complement. There must be some means of sub­
tracting a number. Usually, this implies a means 
of complementing a number. 

f. Sense. There must be a means of sensing the 
contents of one or all bit positions of a register. 

g. Shift. Finally, there must be a means of shifting 
a number either right or left with respect to the 
radix point. 

In order to perform arithmetic by a combination of 
all of these functions, the arithmetic element must have 
not only registers and switching circuits but also a 
sequence-controlling device. This device must control 
the sequence of the various functions so that the proper 
mathematical operation is carried out; for instance, to 
clear the accumulator and add a number, a sequence 
such as the following is necessary: 

1. Clear the accumulator. 
2. Read the number into the accumulator. 

This operation would be unsuccessful if the wrong 
basic operations were called for or if the correct opera­
tions were called out in reverse order. Therefore, an 
arithmetic control and timing section must be provided. 

Not only must the internal functions be properly 
sequenced, but also the interaction of the arithmetic 
element with the other elements of the system must 
be sychronized. This synchronizing function is per­
formed by the control element of the computer. The 
internal functions of the arithmetic element could be 
controlled by an autonomous control and timing device 
such as that used in the memory. However, in most 
computers both the internal and external operations of 
the arithmetic element are controlled by a single, cen­
tralized control element (Ch. 3). 
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4.4 OPERATION OF SAMPLE SYSTEM 
ARITHMETIC ELEMENT 

4.4. 1 Introduction 

Now that the general properties of an arithmetic 
element have been reviewed, an element designed for 
operation with the direct-access memory and control 
elements already described will be developed. 

4.4.2 Arithmetic Element Description 

4.4.2.1 General 

In Chapter 1 it was stated that the arithmetic ele­
ment of the sample computer would be of the parallel 
binary type. The computer uses a word length of 15 
magnitude bits plus a sign bit. This, of course, corre­
s ponds to the word length used in the other elements 
of the computer. However, in 3.4.2.4 examples of mul­
tiplication are worked out using a word of four magni­
tude bits plus a sign bit. The smaller number of bits 
is used to simplify the description of the process. 

The arithmetic element operates on numbers by 
performing the four fundamental arithmetic opera­
tions: addition, subtraction, multiplication, and divi­
sion. An arithmetic element capable of performing all 
four of the arithmetic operations while satisfying the 
need for high-speed operation can be built with three 
flip-flop registers, together with a logical network that 
is essentially a set of full adders. Each of these regis­
ters and adders will contain 15 bits plus a sign bit. 

The general layout of the registers and adders of 
such a system is shown in figure 4-15. In this arith­
metic element, all arithmetic is performed by an addi­
tion process. Addition itself is an add process. Sub­
traction is accomplished by addition of a complement 
number. Multiplication and division are, respectively, 
repetitive add and subtract processes. The basic func­
tion of each of the units in the figure can be explained 
in terms of these fundamental operations. The A regis­
ter, accumulator, adders, and carry-accumulator gates 
perform the addition and subtraction. 

When numbers are contained in the A register and 
the accumulator, addition is initiated by conditioning 
the adder gates. The B register is an auxiliary register 
which is used in combination with the accumulator in 
the multiply and divide processes. The other gates 
shown are included to allow information transfers from 
or to the memory buffer. The read-in gates determine 
where a word from the memory buffer enters the arith­
metic element. The readout gates determine when the 
accumulator contents are read to the memory buffer. 

Figure 4-15 indicates that it is possible to read 
from the memory buffer directly into the A register or 
into the accumulator. It is also possible to read informa­
tion into the accumulator from memory via the A regis­
ter and adders. To insert information in the B register, 
it must be first inserted in the accumulator and then 

shifted into the B register. Although this is relatively 
slow, it saves equipment and decreases the number of 
instructions the computer must execute. The only way 
to get information from the arithmetic element to the 
memory buffer (and then to memory) is to read it out 
of the accumulator via the accumulator readout gates. 

4.4.2.2 Addition 

Addition can be performed by an element which 
consists only of two flip-flop registers and a set of full 
adders. The routine in the element of figure 4-15 is as 
f'Ollows: 

a. The augend is entered into the accumulator and 
the addend is read out of memory and into the 
A-register. 

b. Outputs of the two flip-flop registers are fed to 
the full adders. 

c. The sum developed by the adders is gated to the 
accumulator register where it replaces the 
augend. The carry-accumulator gates propagate 
the carry and gate the sum into the accumulator 
register. 

In a single-address machine, an instruction to add 
means add a number to the number which is already in 
the accumulator. If it is assumed that the augend is al­
ready in the accumulator, the following is a summary 
of the controls to cause addition in the arithmetic ele­
ment (fig. 4-15) when used in conjunction with the 
core memory and control elements discussed in the pre­
vious chapters. 

1. Read from memory location specified in the in­
struction. (This gets addend into memory buf­
fer.) 

2. Read into the A register. (This transfers in­
formation from memory buffer to A register.) 

3. Pulse the carry-accumulator gates. (This causes 
. the sum to enter the accumulator register.) 

From this summary it can be seen that the only 
controls needed will be one to start the readout of the 
specified memory location, one to condition the A reg­
ister read-in gates, and one to condition the carry-ac­
cumulator gates. Circuits of the control element ex­
plained in Chapter 3 will be used to accomplish the re­
quired functions. 

The operation of the control element during oper­
ate time (execution time) to accomplish this addition 
process is shown in figure 4-16. It should be recalled 
that during program time (not shown) the operation 
and address parts of the instruction word have been 
decod.ed.. The operation decoder output in this case is a 
single level (add decoded) which remains conditioned 
until the end of operate time. This add-decoded level 
conditions certain gates of the control element. At the 
proper time, then, the control element gates (command 
generators) pass pulses, which control the action of the 
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Figure 4-15. Arithmetic Element Information Flow 

arithmetic registers and gates, to perform the required 
addition. 

The sequences of the commands to the arithmetic 
element are determined by the operate time pulse dis­
tributor. The control element, therefore, controls the 
sequence of the fundamental operations of which the 
arithmetic is capable. It also controls the start and stop 

of the arithmetic element, along with the start of the 
memory element. Notice the time lag between the start 
of the memory read cycle (when the operand is to be 
read from memory) and the actual start of the addition 
process. This time lag is necessary because it takes the 
memory several time pulse intervals to transfer a word 
from a memory location to the memory buffer. 
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Figure 4-16. Add Instruction Arithmetic Control (Operate Time) 

4.4.2.3 Subtraction 
Subtraction can be performed using the same com­

ponents and by almost the same routine as addition. 
The only additional requirement is that the A register 
be able to form the complement of the number it holds. 
The l's complements can be obtained readily in a flip­
flop register by pulsing all the complement inputs si­
multaneously. In this element, the subtraction routine 
consists of entering the minuend in the accumulator, 
entering the subtrahend in the A register, complement­
ing the subtrahend, and performing the addition opera­
tion. That this is equivalent to subtraction by the usual 
pencil and paper metho·d is shown in 4.2 of Part 2. 

In a single-address machine, the sequence of opera­
tions in the subtraction routine is based upon the as­
sumption that the minuend is already in the accumula­
tor when the instruction is started. The subtrahend must 
be obtained from memory just before the start of the 
actual subtraction process. Actually, as explained' in 
Chapter 3, it is obtained as a part of the subtract in­
struction just as it was in the add instruction. Knowing 
the whereabouts of the subtrahend and minuend, the 
following summary of operation can be written for the 
subtraction process: 

1. Start memory readout operation. 

2. Read into the A register. 

3. Complement A register. 

4. Pulse carry-accumulator gates. 

As in the add instruction execution, the process, thus, 
can be broken down into a series of simple sequential 
processes. The control element described in Chapter 3 
can be used to control the action of the arithmetic ele­
ment. 

Figure 4-17 shows the operation of the control 
element during operate time of a subtract instruction. 
Notice that the only difference between this and the add 
instruction decoder previously described is a new out­
put level from the decoder and a new A register com­
plement pulse gate. Since the figure sho~s only operate 
time of the instruction cycle, it can be assumed that the 
instruction has already been decoded. This time the de­
coder has two output lines. One of these lines is used to 
condition the same add command generators as were 
conditioned for the add instruction. The other line con­
ditions a command generator which complements the A 
register just prior to the start of the actual addition. 
Thus, the add operation is converted to a subtract op­
eration by a difference in decoder outputs. 
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Figure 4- J 7. Subtract Instruction Arithmetic Control (Operate Time) 

As in the addition process, the operation of the 
memory is synchronized with the arithmetic element by 
proper timing of the start of the operation of the two 
elements. After the memory readout operation is 
started, sufficient time is allowed for the word to get 
into the memory buffer. Once in the buffer, the word is 
available to the arithmetic element, and the arithmetic 
process is started. 

4.4.2.4 Multiplication 

High-speed multiplication can be performed by an 
add and shift routine, which employs a third flip-flop 
register (called the B register in addition to the ac­
cumulator, the A register, and the adders. The multi­
plication process is more complicated than are the add 
and subtract processes. Nevertheless, the example given 
below as a brief review of the process (which is thor­
oughly explained in 4.3.2 of Part 2 and 3.4 of Part 3) 
shows that the operation can be reduced to a series of 
simply controlled basic operations, just as the add and 
subtract processes were. 

The example is illustrated in figure 4-18. The 
numbers held in the three registers after each step of a 
multiplication routine are shown. The multiplicand is 

assumed to be .1010 (decimal .625) and the multiplier 
is assumed to be .1101 (decimal .8125). 

The multiplication is always performed on positive 
numbers. This means that, if any negative number is to 
be multiplied, it must first be made positive. Further­
more, the sign of the product must be determined be­
fore multiplication is started. 

In the illustration, as in the arithmetic element, a 
sign bit is included as a bit position of each register. 
The accumulator and A register sign bits are used when 
predetermining the sign of the product. In the actual 
multiplication process the accumulator sign bit position 
is used not as a sign indicator but as an extra place to 
temporarily hold carries. (See step 5.) During multi­
plication the sign bits of the A and B registers are both 
unused. Notice therefore, that the shift right from the 
accumulator to the B register shifts the right most bit 
of the accumulator into the left most bit excluding the 
sign bit of the B register. 

The details of the multiplication process are as fol­
lows: 

a. The multiplicand (.1010) is placed in. the A reg­
ister and the multiplier (.1101) in the accumula­
tor. If necessary, both numbers are made posi-
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tive and the predicted sign of the product is 
stored (in a special sign storage flip-flop). The 
first step of multiplication is to shift the multi­
plicand out of the accumulator into the B regis­
ter. 

b. The least significant bit of the multiplier is ex­
amined. If this bit is 1, an operation is initiated, 
placing the multiplicand in the accumulator 
(without clearing it from the A register). If the 
least significant bit is 0, no addition is initiated 
and the accumulator remains cleared. In either 
case, multiplication by the least significant bit of 
the multiplier has been carried out, and the ac­
cumulator contains the first partial product. 

c. The contents of the accumulator-B-register, 
treated as a single register, is now shifted one 
place to the right. This moves the least signifi­
cant bit of the first partial product from the ac­
cumulator to first data bit of the B register. At 
the same time, the least significant bit of the 
multiplier is lost. However, this is of no conse· 
quence because the bit has already completed its 
part in the multiplication routine. (In example 
of fig. 4-18, the product bit which is moved 
from the accumulator to the B register is 0, and 
the multiplier bit which is dropped is 1.) 

d. The second least significant bit of the multiplier 
is now examined. If this bit is 1, the multipli­
cand is added to the shifted first partial product 
in the accumulator. If the bit is 0 (as in example 
of fig. 4-18), no addition is initiated. In either 
case, the number occupying the accumulator and 
the first bit position of the B register is now the 
sum of the first and second partial products. 

e. The contents of the accumulator-B-register, 
treated as a single register, are now shifted right 
a second time, preparatory to the addition of the 
third partial product. After this shift, two bits 
of the sum of the partial products occupy flip­
flops of the B register, and the second least 
significant bit of the multiplier has been 
dropped. 

f. The routine continues in the same way, provid­
ing a step for each multiplier bit. At each step, 
the multiplier bit is examined. If it is 1, an add 
command is generated; if the multiplier bit is 0, 

no add command is generated. For each step, 
there is a shift right of the partial product in 
the accumulator-B-register combination until, 
after the final step, the product has completely 
replaced the multiplier and occupies the entire 
combined register. 

g. The final step is to correct the sign of the ac­
cumulator, if necessary. The correction has been 

determined by the sign storage flip-flop which 
counted the number of complement operations 
that were necessary to make both the A and B 
registers positive at the beginning of the rou­
tine. If the number of complement operations 
was even, the result is a product of two negative 
numbers and is, therefore, positive. In this case 
no sign correction will be necessary. If the num­
ber of complement operations was odd, the re­
sult is a product of a negative and a positive 
number, and, therefore, the sign of the product 
should be negative. In this case, a complement 
of the product would be necessary. In the exam­
ple no complement operation is necessary. 

A summary of the routine is given below. This 
summary is made under the assumption that a previous 
set of instructions has put the multiplier into the ac­
cumulator. 

1. Start memory read operation. 

2. Read into the A register. 

3. Sense sign of A register and make positive. 

4. Sense sign of accumulator and make positive. 

5. Shift accumulator-B-register 5 places right. 

6. Sense least significant bit of B register. 

a. If this bit is a 1, pulse the carry-accumulator 
gate. (Add.) 

b. If this bit is a zero, do not pulse the carry­
accumulator gates. (Do not add.) 

7. Shift contents of accumulator- and B-register 
one place to the right. 

8. Repeat 6 and 7 until as many add-and-shift steps 
have been accomplished as there are bits in the 
B register (multiplier). In a 15-bit-word ma­
chine, a total of 15 add-and-shift steps will be 
required. 

9. Correct sign of accumulator (product). 

10. Use a round-off instruction to correct the prod­
uct. 

It can be seen that the process can be reduced to a 
set routine. This same routine gives correct results in 
the multiplication of any two numbers up to the capac­
ity of the machine. Without going into the details, the 
reader should be able to see that the control element 
described previously could be made to perform the se­
quencing of the operations. The general operation of 
the element is similar to that for addition and subtrac­
tion. The first part of the instruction is devoted to ob­
taining the multiplicand from memory. The second 
phase of the execution process is devoted to the actual 
multiplication process described. The only new kind of 
equipment required in the control element is a counter 
to keep track of the number of repetitions of the partial 
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product steps. This counter is a common feature of 
computers called a "step-counter." 

Of course, the multiplication routine is more com­
plicated than either the addition or subtraction rou­
tines. Therefore, it takes a longer time to perform. This 
time is made available; the multiply instruction auto­
matically stops the progression of the program until 
completion of the instruction. This is called a "pause". 

4.4.2.5 Division 
A brief review of a division process (explained in 

4.4.3.3 of Part 2 and 3.5 of Part 3) will show that it is 
easily mechanized with the arithmetic element registers 
shown in figure 4-15. The usual method of dividing 
is by a repetitive subtraction process. The number of 
times that the divisor can be subtracted from the divi­
dend is counted to determine the quotient. What is left 
of the dividend after all the subtractions have been 
completed is the remainder. 

No new components are required to perform divi­
sion by a subtract and shift routine. The divisor is en­
tered in the A register. As in multiplication, the ac­
cumulator and B register are used to form a single reg­
ister of double capacity. At the outset of the routine, as 
the result of previous program instructions, the divi­
dend is placed in this combination register. As the rou­
tine pn)gresses, the dividend is shifted left, making 
room for Auotient bits in the B register and dropping 
remainder (dividend) bits as one step follows another. 
At the end of the routine, the quotient is in the B regis­
ter and the remainder occupies the accumulator. 

Figure 4-19 illustrates the general process of divi­
sion. The process shown is a non-restoring subtract and 
shift routine. The divisor is plus .1110 (decimal .875) 
and the dividend is plus .1000 1100 (decimal .546875). 
The quotient is, therefore, four bits excluding the sign 
bit. 

Division is only performed upon positive numbers. 
As in multiplication, therefore, the signs of the divi­
dend and divisor must be corrected if either is negative 
when the process starts. 

In division the sign bit position of both the A reg­
ister and the accumulator are used as sign indications 
throughout the process. The sign bit of the B register 
is used as a sign indicator only at the end of the process, 
when the signs of the remainder and quotient are finally 
corrected to their predetermined value. During the ac­
tual division process, the B register sign bit position is 
used as an extra position to store one bit of the divi­
dend. 

If it is assumed that the dividend, which can be a 
double length word, is contained in the accumulator­
B-register as a result of previous instructions, the divi­
sion routine (fig. 4-19) proceeds as follows: 

a. The divisor is read out of memory into the A 
register. 

b. The signs of the dividend and the divisor are 
examined. If either is negative, it is comple­
mented to its positive form. (In the example, 
both numbers are positive as indicated by O's 
in the sign bit positions of the A register and 
accumulator. Thus, no conversion is necessary.) 
The number of conversions necessary is 
counted; the result of the count, which indi­
cates the sign to be given the quotient, is stored 
in the sign storage flip-flop. 

c. The divisor is now complemented and added to 
the portion of the dividend in the accumulator; 
i.e., the divisor is lined up left with the dividend 
and is subtracted from it. The remainder ob­
tained is negative; consequently, a "0" is inserted 
in the least significant position of the B register, 
and the combined accumulator- and B-register is 
shifted one place to the left. 
This "0" will eventually be contained in the B 
register sign-bit position. However, it has no 
meaning in this process. The step to generate the 
zero is merely included to make all the subtract 
and shift routines as much alike as possible. The 
zero obtained is called a dummy sign bit in the 
text below. When the dividend is shifted left, by 
shifting the contents of the combined accumula­
tor-B-register, the dividend sign bit is lost, and 
the most significant magnitude bit of the re­
mainder occupies the sign bit position of the ac­
cumulator. 

d. The divisor, in true form, is now added to the 
contents of the accumulator. Notice that the 
sign bit of the divisor (which is 0) is lined up 
with the most significant magnitude bit of the 
remainder as a result of the shift operation. If 
the result of the addition is a positive current 
remainder, half the divisor has been successfully 
subtracted from the full dividend; that is, in the 
first step, the full divisor has been subtracted 
from the dividend leaving a negative remainder, 
while, in the second step, half of the divisor has 
been replaced. Thus, the net amount removed is 
one-half the divisor. Therefore, a 1 can be 
placed in the quotient position that is now the 
least significant position of the B register. After 
this 1 is inserted another shift left occurs. Now, 
a dummy sign bit of the quotient and a one bit 
of the quotient have been generated by two sub­
tract-and-shift operations. Note that a 0 was 
generated whenever the addition resulted in a 
negative remainder and that a 1 was generated 
whenever the addition resulted in a positive re­
mainder. It should also be recalled that in this 
non-restoring division method, the true form of 
the division is added to the negative remainder, 
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while the complement of the divisor is added 
when the remainder is positive. 

The routine continues in this same way, providing 
one subtract and shift step for each quotient data bit 
(excluding dummy sign bit) that is generated. In this 
case, four subtract-and-shift steps are required. In the 
case of a IS-bit-word machine, 15 subtract-and-shift 
steps are required. 

If the last quotient bit is a 0, then an extra compen­
sating addition must be performed so that the final re­
mainder will be positive. This is the case in the illustra­
tion. However, the final remainder turns out to be zero. 

At the end of the routine, the quotient is contained 
in the last four bits of the B register; the final remain­
der is contained in the last four bits of the accumula­
tor; and the signs of both quotient and remainder are 
positive. At this time, the signs of the accumulator and 
the B register are converted to the sign which was pre­
dicted when the signs of the dividend and divisor were 
made positive. (In this case, no conversion is required.) 

A summary of the division routine is given below. 
It is assumed that the dividend is already contained in 
the combined accumulator-B-register when the divide 
instruction is given. Again, it should be noted that the 
routine below does not include the program-time oper­
ati<1ns of the control elment. Only the actions required 
in execution of the decoded instruction are listed. 

1. Start memory read operation. 
2. Read divisor into A register from memory. 
3. Sense sign of A register complement, if nega­

tive. 
4. Sense sign of accumulator, complement, if nega­

tive. 
5. Sense sign of accumulator. 

a. If positive, complement A register and add 
to accumulator. 

b. If negative, add true A register contents to 
accumulator. 

6. Sense sign of accumulator. 
a. If negative, insert 0 in least significant posi­

tion of B register. 
b. If positive, insert 1 in least significant posi­

tion of B register. 
7. Shift combined accumulator-B-register one place 

to left. 
s. Repeat steps 5, 6, and 7 until one add-and-shift 

routine has been completed for each bit of the 
quotient to be generated, excluding the dummy 
sign bit. In the illustration a total of four add­
and-shift steps are required. If a IS-bit-plus­
sign-bit word were to be generated (as in the 
example machine) 15 add-and-shift steps would 
be required. 

9. Take one extra step 4 and 5. 

10. Sense the sign of the accumulator. 

a. If negative, add true form of A register to ac­
cumulator (compensate add). 

b. If positive, do not compensate add. 
11. Correct signs of accumulator and B register. 
The example shows that the division process may 

also be divided into a set routine. This same routine 
gives correct results in the division of any two numbers 
if the dividend is smaller than the divisor. Without go­
ing into the details of mechanization, the reader should 
be able to see, therefore, that it is possible to incorpo­
rate the controls necessary to perform division in the 
control element described in the previous chapter. As 
in the multiplication routine, the control element re­
quires a step counter to keep track of the number of 
repetitions made. 

4.4.2.6 Shifting 

Some instructions which the arithmetic element is 
called upon to perform do not require a reference to 
memory during execution time. In other words, the in­
struction calls for an operation to be performed upon a 
number which is already in the arithmetic element. An 
example of such an instruction is one to shift the com­
bination accumulator-B-register contents left five places. 

This instruction comes from memory to the com­
puter control element in the usual instruction word 
form, with an operation part and an address part. The 
operation part of the instruction has the usual signifi­
cance. It specifies the operation to be performed (shift 
accumulator-B-register left). The address part of the 
instruction (5) does not have the usual meaning. In 
this instruction the address part specifies the number of 
places the registers are to be shifted. Thus, the instruc­
tion itself contains all the information necessary to per­
form the operation; no further reference to memory is 
required. 

The operation is carried out as follows: 

a. The shift left is ordered, and the number starts 
to shift. 

b. The number of single shifts is counted by the 
control element (step counter). 

c. When the number of shifts is equal to the ad­
dress part of the instruction, the shifting is 
stopped. 

The control element devised to control the other arith­
metic operations could be made to sequence the arith­
metic element during a shift operation. All that would 
be necessary would be a shift-demand level and a step 
counter to count the number of shifts. The step counter 
is the same counter as that used to count the number of 
add-and-shift operations in the -multiplication process 
or the subtract-and-shift operations of the divide pro­
cess. 
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CHAPTER 5 
INPUTS AND OUTPUTS 

5.1 GENERAL 

The computing section of the computer has been 
discussed in the last three chapters. This chapter dis­
cusses the way results obtained from the computing sec­
tion are entered into, and extracted from, the com­
puter; that is, the Input and Output Systems. 

In general, the input-output facilities (10) provide 
means of communication between the computer and its 
environment. This communication is characterized by 
translation between the symbols used in the environ­
ment (which could include both men and other ma­
chines) and those used within the computer. For in­
stance, man uses a set of written decimal symbols to 
convey numerical information. In a binary computer 
whose input information originates from a human op­
erator, the Input System translates from the written 
decimal to the binary expressed in electrical terms. 

Usually there is a great difference between the sym­
bols used by the computer and those used by its envi­
ronment, and between the comparative speeds of writ­
ing and reading the symbols. If the computer demands 
information from an input device and then has to wait 
until the input device can deliver it, the computer also 
has to wait. Since the input device is invariably much 
slower than the computer, this is not a desirable condi­
tion. The Input System, therefore, includes a buffer de­
vice which greatly decreases the time required to effect 
the transfer of information between input and com­
puter. The input buffer is a storage device which can be 
written upon by the input device at the pace of the in­
put device and can be read from by the computer at the 
computer's pace. The output buffer performs the same 
function in reverse between the output devices and the 
computer. It matches the high speed of the computer to 
the slow speed of the output device. 

The 10 equipment of a computer determines its 
speed, capacity and versatility to a great extent. The 
speed and capacity of the computer is affected by the 
10 speed in three general ways. If individual transfers 
to or from the computer are slow, the computer is de­
layed during these transfers. If, on the other hand, in­
dividual transfers are fast but not frequent enough, the 
computing section may be delayed for lack of data to 
work on. The effect of the 10 system upon computer 
speed is also determined by the amount of translation 
which is accomplished within the 10. If the 10 system 

does not do a complete job of translation from the sym­
bols of the outside world to those of the computer, the 
computing section wastes program time on this func­
tion. For instance, information is often entered into the 
Input System of a binary computer in decimal symbols. 
The Input System may convert these decimal symbols to 

electrical impulses in binary form, or it may convert 
them to electrical impulses in a decimally coded form. 
The first method requires more equipment in the Input 
System, but the second method requires that the com­
puting section do part of the translation by program­
ming. If much decimal to binary conversion is necessary, 
the computer can compute at a higher speed if all the 
conversion is done by the 10 system. On the other hand, 
if very little decimal-to-binary conversion were re­
quired, the average computing speed would not be 
greatly affected by the extra time required to do this 
conversion within the computing section. In the sample 
computer, all necessary translation is performed in the 
10 equipment. 

The versatility of the computer is also greatly af­
fected by the 10 system. The 10 system (particularly 
input) more nearly defines the use to which a computer 
can be put than does any other element. 

Computing machine uses can be divided into two 
general classes. A computer may be used in data proc­
essing to process a great deal of data at a time, or it can 
be used, in the solution of mathematical problems, to 
process a little data by a great many operations. In gen­
eral, the data processing machine requires a high-capac­
ity 10 system; a computer used in mathematics re­
quires only a small capacity 10 system. 

Computing machines are sometimes used for real­
time control systems. Unless the 10 system properly 
matches the computer to the control process, this use is 
not possible. In the SAGE computer the data comes in 
to the computer site from the various radar and other 
sources via telephone line. If the necessary speed of 
operation is to be obtained, the 10 system must be able 
to enter this information directly from the phone lines 
to the computer without human intervention. Commu­
nication from operator to computer is limited to low­
volume information transfer, except during program 
loading. In this case, a low capacity manual input may 
be efficiently used. The air defense control process re­
quires that the output of the computer present a great 
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deal of information to the operator in a form which 
can be quickly assimilated. A display output makes this 
possible. 

A computer which is to be used for business pur­
poses requires still different types of 10 devices. The 
input and output should be compatible with the data 
reduction system used in the outside world. For instance 
some offices use punched cards for their data processing. 
A computer in such an office should certainly be 
equipped with punched card 10 equipment. 

5.2 SAMPLE SYSTEM CONSIDERATIONS 

The requirements for the sample system were 
stated in Chapter 1. It was stated that the system would 
need an automatic input and output to transfer binary 
information to and from remote machines. It was also 
stated that the system would require a manual input for 
such functions as program insertion, and a display Out­
put System which would present the entire air situation. 
The comparative speeds of the 10 devices and the com­
puter also require that each device feed into, or be fed 
from, a buffer device. This is a temporary storage device 
which allows the asynchronous transfer of large 
amounts of information between the 10 equipment and 
the computer. Drums which are accessible to both the 
computer and the 10 equipment are used for this pur­
pose. 

5.3 10 BUFFER DRUM 

5.3.1 Purpose 
The purpose of an 10 buffer drum is to match the 

speed of the computer to that of the 10 devices. It uses 
an asynchronous demand system of reading and writ­
ing. This means that the device writing into it or read­
ing from it governs the speed of writing or reading. 
The drums also serves as an assembly memory where 
information to be read or to be written can be assem­
bled into blocks of information, thus allowing the com­
puter to read or to write a large number of words at 
once whenever an input or output operation is required. 

5.3.2 Drum Operation 

5.3.2.1 General 
All of the buffer drums are used to transfer infor­

mation only one way; that is, the input drums always 
transmit their information from the input device to the 
computer. Similarly, the output drums only transfer in­
formation from the computer to the output device. Con­
sequently, each drum must have a set of reading heads 
connected to, and controlled by, the reading element 
and a set of writing heads connected to, and controlled 
by, the writing element. This arrangement allows both 
reading and writing elements to transfer information at 
their own pace. 

Figure 4-20 illustrates the general operation of 

the drum in either an output or an input system. If the 
system described is an output device, the writer repre­
sents the computer and the reader represents the out­
put. If, the system described is an input device, the 
writer of the illustration is the input while the reader 
is the computer. The general operation is for the writer 
to write a word on the drum when an empty drum regis­
ter (does not contain useful information) is found. The 
reader then reads all words which are in full registers 
(contain useful information) as soon as it can; i.e., 
when the word comes under the read heads and at the 
same time the reader has someplace to put the word. 
This method of controlling the drum is known as status 
control operation. The operation of the drum is con­
trolled by an outside device (reader or writer) accord­
ing to the full or empty status of the drum register. 

5.3.2.2 Status Control Operation 

When a drum is controlled by status it must have 
two extra status control channels (fig. 4-20). These 
channels have bits recorded in them to correspond with 
each register in the drum. These bits may be read or 
written by the writer- and reader-control circuits to in­
dicate the status of each corresponding register; that 
is, to indicate whether the information in the register 
has been read before (register empty) or is yet to be 
read (register full). The bits in the write status control 
channel cause a write operation if the register under the 
heads is empty (has been previously read) and if a 
word is available. The bits in the read status control 
channel cause a read operation if the register under the 
heads is full (has not been previously read) and if a 
word is demanded. 

The status of a register is indicated by the bits of 
the status control channel which controls the particular 
operation being determined. If a read operation is be­
ing determined, a 1 bit in the read control channel indi­
cates that the register is full; a 0 bit here indicates that 
the register is empty. If a write operation is being de­
termined, a 0 bit in the write control channel indicates 
that the register is empty and that it can be written 
upon; a 1 bit here indicates a previously filled register. 

The operation of the status-control circuit, then, is 
as shown in figure 4-20. When the writer writes a 
word on the drum, it also writes a 1 bit in the read con­
trol channel. This channel is then monitored by the 
reader-control circuit. The 1 bit being read by these 
read control circuits indicates that the corresponding 
drum register is full and, so, may be read. If the reader 
needs the information, it can read this full register. As 
the reader reads the register it also causes a 0 to be 
written in the write control channel. When this register 
arrives back at the write heads, the 0 indicates to the 
write-control circuits that the register is again empty. 
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figure 4-20. Status Control of Drum 

Now consider the alternate operations from the 
writer's point of view. If the writer reads a 0 in the 
write control channel but for some reason cannot write 
a word (no word to write), it will write a 0 in the read 
control channel. When this register gets to the read 
heads, the 0 indicates that the drum status is empty and, 
therefore, the register will not be read. If the write con­
trol channel contains a 1 bit, a 1 bit automatically is 
rewritten into the read control channel. 

If the alternate operations are considered from the 
reader's point of view, the operation is very similar to 
the operation above. If the reader reads a 1 in the read 
control channel but is unable to read the word at that 
time, the reader-status-control circuits write a 1 in the 
write control channel. This 1 protects the information 
in the register when the register gets to the write heads. 
If the reader reads a 0 in the read control channel, a 0 is 
written into the write control channel. 

5.3.2.3 Program Operation 

The sample computer reads an input word as the 

result of a single instruction. The operation part of the 
instruction specifies the read operation and which input 
to select. The address part of the instruction specifies 
where in memory the word is to be stored. The drum­
control circuits themselves specify which words are to 
be read from the drum. They specify that the first 
word which comes along after an instruction and which 
has not been read before is to be read. 

This system requires a special type of instruction 
which is typical of all drum operations in the sample 
computer. When the instruction is first given, it may be 
some time before the first full register comes along. 
During execution of the usual (not drum) instruction, 
the program control comes to the instruction and at­
tempts to execute it whether the operand is available 
or not. It then goes right on to the next instruction 
in the program. Some provision must be made, there­
fore, to stop the progression of the program until the 
drum operation has been completed. Such a provision 
in this computer is included in all drum-reading and 
-writing instructions. These 10 instructions cause the 
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Figure 4-21. Input System 

computer to go into a pause (stop program progres­
sion) until the 10 operation is finished. 

5.4 AUTOMATIC INPUTS 

5.4.1 General 
The input information comes over telephone lines 

in a continuous stream of serial, binary words. Each of 
the words has the same format and contains the same 
type of information. The job of the input device is 
merely to take in each serial word, translate it to 
parallel, and put it on the input buffer drum. Once the 
word is on the input buffer drum, it is accessible to 
the computer. 

5.4.2 Operation 
Figure 4-21 illustrates the operation of the auto­

matic input system. Serial information from the tele­
phone lines is shifted into the core shift register a bit 
at a time. This core shift register is provided with a 
serial input and a parallel output. (See 2.2.3.2 of 
Part 3.) As soon as the core shift register contains a 
full word, it is transferred to the core matrix storage. 
This is a 16-word matrix storage used to store the in­
put words until an empty drum register becomes avail­
able. When the write status control indicates that an 

empty drum register is under the write heads, this core 
matrix storage is examined. If data is available, the 
status control causes the oldest word in core matrix 
storage to be written on the drum. 

The drum serves as an assembly point to collect 
information from the Input System. The computer pro­
gram is set up sO' that it only asks fO'r an input reading 
operation at intervals. These intervals are of sufficient 
length so that the drum nearly fills up before a Read 
instruction is given. Then, a Read instruction causes 
the drum to read out a large block of information. 
(In this computer, this can be accomplished by an 
indexed repetitive prO'gram). 

When the computer is instructed to read a word 
from the input, a pulse is sent to the drum selection 
controls. These controls conditiO'n the read-status-cO'n­
trol circuits. When a full register is found by the status 
circuits, a wO'rd is transferred from the drum to the 
computer. When this transfer is complete, a pulse is 
sent to the computer to indicate that the transfer is 
complete. This pulse is used to' conditiO'n the cO'mputer 
contrO'I so that it may continue with the prO'gram. 

5.5 TYPEWRITER INPUT 

The operator communicates with the computer by 
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means of a modified typewriter. Since this typewriter can 
only type octal numbers, the operator must code any 
information he wishes to insert in the computer into 
an octal number code before it is entered. This is com­
mon practice in all programming work. 

The typewriter has a converter which converts 
each octal number to binary as it is typed. This binary 
input from the typewriter enters the machine in serial 
form and is treated in exactly the same manner as was 
th input information entered in the automatic inputs. 

Figure 4-22 illustrates the manual input system 
described. The output of the typewriter in octal-coded 
characters is fed into the octal-to-binary converter. The 
output of this converter (binary) is shifted into the 
input system core shift register. From there it reaches 
the computer via a status-controlled drum, as in the 
automatic input system. 

5.6 AUTOMATIC OUTPUTS 

5.6.1 General 

The use of the computer in a real-time control 
process such as air defense requires on-line automatic 
outputs. These outputs feed binary information serially 
to telephone line transmitter. This output can then be 

transferred to remote users (such as missile directors) 
on telephone lines. 

The information on telephone lines is a series of 
serial, binary words. Each word has the same format 
and length. The job of the output system, therefore, 
is to obtain the word from the computer, translate it 
from parallel to serial and then transfer it to a modula­
tor which will transmit it over telephone lines. 

5.6.2 Operation 

5.6.2.1 Program Operation 

When it is necessary to read a word from the 
computer, the instruction Write Automatic Output from 
memory address X is given. This instruction stops fur­
ther computing and causes the word in memory loca­
tion X to be translated into the output buffer register. 
It remains there until the first empty drum register 
comes under the write heads. At this time, the status 
control circuits cause the word to be transferred. When 
the transfer is complete, the drum control circuits pro­
duce a pulse which allows the computer to start on the 
next instruction. Again, this type of operation is em­
ployed to allow for drum-search time necessary during 
the transfer operation. Normally, the outputs are read 
out of the computer a drum at a time by a series of 
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repeated W,rite instructiO'ns. When this is dO'ne the 
drum will start O'ff empty sO' that the search time IO'st 
is nO't great. 

5.6.2.2 System Operation 
Figure 4-23 illustrates hO'W a wO'rd is read O'ut O'f 

the cO'mputer by autO'matic O'utputs. When the instruc­
tiO'n is given, the wO'rd is transferred frO'm memO'ry 
to' the drum buffer. FrO'm there the status cO'ntrO'I cir­
cuits cause it to' transfer to' the drum and, eventually, 
to' the cO're matrix stO'rage. FrO'm the cO're matrix stO'r­
age it gO'es intO' a cO're shift register where it is trans­
lated intO' a serial fO'rm. In serial fO'rm it is fed O'ut O'f 
the cO'mputer and intO' a telephO'ne line mO'dulatO'r, 
which sends it O'ut. 

5.7 DISPLAY OUTPUT 

5.7.1 General 

One O'f the best ways to' present a great deal O'f 
infO'rmatiO'n to' a persO'n in a easily assimilated fO'rm 
is by means O'f a picture. This is the purpose O'f the 
cathO'de-ray-tube display O'utput. The infO'rmatiO'n is 
prO'cessed in the cO'mputer SO' that the variO'us binary­
number results are prO'PO'rtiO'nal to' the defiectiO'n VO'lt­
ages necessary to' generate a picture O'utput. The infO'r­
matiO'n is read O'ut O'f the cO'mputer intO' the display 

system where the binary infO'rmation is cO'nverted intO' 
analO'g vO'ltages prO'PO'rtiO'nal to' the quantity expressed 
by the binary numbers. These analO'g vO'ltages are then 
used as the X and Y directiO'n deflectiO'n vO'ltages O'f a 
cathode-ray-tube. Thus, the picture desired is fO'rmed. 

5.7.2 Program Operation 

Th prO'gram O'peratiO'n is the same as that O'f the 
autO'matic O'utput, except that the instructiO'n used is 
Write Display address X. First, the data is pr~pared 
in memO'ry SO' that a blO'ck O'f infO'rmatiO'n gives the 
desired picture; then, this blO'ck O'f infO'rmatiO'n is 
transferred to' the display system. 

5.7.3 System Operation 

The system O'peratiO'n O'f the display is, as shO'wn 
in figure 4-24, similar to' that O'f the autO'matic O'ut­
puts, except in the translatiO'n and O'utput device sec­
tiO'ns. The infO'rmatiO'n is transferred thrO'ugh the drum 
by status. When it gets to' the O'utput read heads, the 
reading is under cO'ntrO'I O'f the display cO'ntrO'ls and 
the drum status cO'ntrO'ls. The display cO'ntrO'ls call 
periO'dically fO'r a transfer O'f all informatiO'n O'n the 
drum. This infO'rmatiO'n is cO'nverted to' analO'g deflec­
tiO'n voltages by the cO'nverter, and the O'utput appears 
as a picture O'n the cathO'de-ray tube. 
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CHAPTER 6 
OPERATION OF THE SAMPLE SYSTEM 

6.1 GENERAL 

The sample computer was developed to be able to 
process data for an air defense control activity. The 
description below is given with this purpose in mind. 
It should be remembered that the computer could easily 
be used for different purposes, particularly if the inputs 
and outputs were adapted to a different use. For in­
stance, if the inputs and outputs were changed from 
automatic to card machines, the computer could easily 
be used as a business data processor. 

The operation of this or any other computer can 
be considered as consisting of four phases. The pro­
gram must be entered first because all operation de­
pends upon it. Next, the data is entered under the 
control of the program. Once enough data has entered 
the machine, the actual processing starts. Finally, of 
course, the output must be presented to the user. 

Once the program is finished one of two things 
may be done. In some cases the computer stops and a 
new program and data must be inserted for solution 
of a new problem; in a real-time application, however, 
the computer repeats the same program over and over 
again, each time using a new block of input informa­
tion. 

6.2 PROGRAM LOADING 

The method of loading the program depends upon 
the complexity of the program storage requirements. 
In this sample computer, a manually operated control 
is furnished which causes the computer to read words 
from the input drum into sequential addresses of the 
memory, starting with address 000. This control is 
operated. Then, the coded instructions are inserted via 
the typewriter input. This system works well when 
there is no complication in the program's storage re­
quirements. However, when a complicated storage pat­
tern exists (e.g., some of the program being stored in 
auxiliary memory), a loading program must be used. 

A loading program is one used to control the load­
ing of the operational program. When the loading 
program is used, it is inserted first under manual con­
trol. Then, the operational program is stored according 
to the instructions of the loading program. After the 
operational program is stored, the computer is prepared 
to start computing. This it does according to the last 
instruction of the loading program, which is a branch 
to the first instruction of the operational program. 

6.3 LOADING AND PROCESSING DATA 

The first step of the operational program is to 
store the data to be used. This data is constantly enter­
ing the machine from the automatic input. It is changed 
into standard computer words by the input system and 
then stored on the input buffer drum. At certain in­
tervals of time, when enough information is on the 
drum, the computer calls for a block transfer of the 
input information from the input drum to the com­
puter memory. It may be recalled that this transfer 
is accomplished by means of a small, repetitive pro­
gram. 

Enough data is now in the memory so that the 
computer can process it. In general, the processing can 
be split into three phases: The information is prepared 
for the operator's use; the operator sees the processed 
information and decides what action can be taken. The 
action decided upon is inserted in the machine and the 
machine further processes the information to produce 
outputs. 

The air defense problem requires the compilation 
of information from input sources, processing this in­
formation into an easily used form and then presenting 
this information to operating personnel to enable them 
to take the appropriate action on the basis of the in­
formation. The operations involved in the air defense 
problem and in most other data processing applications 
can be classified as data simplification operations; that 
is, the .operations tend to reduce a large number of 
discrete items of information into a smaller, more com­
prehensible body of information. The simplified data 
is presented to the operator in the form of a display. 

The main purpose for including the operator in 
the system is in the type of decisions he is required 
to make. He must make decisions based upon the best 
information the computer can give; but his decisions 
are also based upon information which is not in the 
computer. For instance, his decisions as to the disposi­
tion of a supposedly hostile aircraft will depend not 
only upon the fact that the plane is not identified but 
upon whether it is likely that a war has started. In 
other words the decisions are based upon an overall 
picture of the strategy to be followed at the moment. 
This is the type of decision which requires the imagina­
tion, intuition, and judgment which only a man posseses. 

The human operator obtains the essential informa-
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tion in its condensed and easily assimilated form from 
the display. He combines this information with what 
he knows and decides what, if anything, should be 
done. He then notifies the computer of his decision by 
way of the manual input. 

The computer then takes the new information and 
processes it further. It is combined with the originally 

processed information to be shown to the operator on 
the display (if needed). The computer also processes 
the results of the whole operation into the form of 
an automatic output message. This message then is sent 
to the output drum and, eventually, is converted to the 
proper form for transmission to the eventual users 
(e.g., the weapons bases). 
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PART 5 
PRINCIPLES OF PROGRAMMING 

CHAPTER 1 
INTRODUCTION 

1.1 GENERAL 

This part presents the information necessary for 
an understanding of the principles of programming. 
In Chapter 2, the basic techniques involved in pro­
gramming the computer will be explained and will in­
clude the knowledge required of a programmer, prob­
lems encountered in program preparation, and aids 
available to a programmer. Several sample problems 
will be analyzed utilizing standard techniques. Chapter 
3 presents a summary of the capabilities and limitations 
of a computer. Various methods for extending the use­
fulness of large-scale computers will also be discussed. 

1.2 PROGRAM DEFINITION 

A program may be defined as a series of instruc­
ions, coded in a form recognized by the digital com­
puter, calling for the operations to be performed by 
the digital computer in the order necessary to solve a 
given problem. For example, even the solution of a 

simple arithmetic problem requires a program, whether 
solved by a digital computer or by a man with pencil 
and paper. Although the man can recognize the neces­
sary steps in a program, the digital computer must be 
given step-by-step directions for the solution of any 
problem. 

1.3 NECESSITY FOR PROGRAMMING 

Without this series of instructions the computer 
would not be capable of performing any type of opera­
tion. The necessity for programming becomes apparent; 
it must be used to initiate and exercise control over 
the operations of the computer. This control may be 
predetermined through the use of a specific instruction, 
or it may depend on the value of the numbers being 
manipulated at any particular point. In addition to 
controlling arithmetical operations in the computer, 
programs are used for various other functions, such as 
maintenance routines, monitoring, etc. The different 
types of programs will be discussed in Chapter 4. 

UNCLASSIFIED 181 



Blank Page 

182 

UNCLASSIFIED 
T.O. 31P2-2FSQ7-2 

UNCLASSIFIED 

PART 5 



PART 5 
CH 2 

UNCLASSIFIED 
T.O. 31 P2-2FSQ7-2 

Program Preparation 
2.1-2.2.3 

CHAPTER 2 
TECHNIQUES OF PROGRAMMING 

2.1 GENERAL 

The program is designed after obtaining a state­
ment of the problem to be analyzed. With this initial 
requirement satisfied, four subsequent phases listed be­
low are required to produce a finished program. 

a. Problem analysis 

b. Program organization 

c. Program coding 

d. Program testing 

In general practice, the first phase, problem analy­
sis, is handled by mathematicians, and the last three 
phases are handled by programmers. However, problem 
analysis often determines the organization of the pro­
gram; therefore, problem analysis is usually done either 
by a mathematician-programmer or by a mathematician 
and a programmer working as a team. 

2.2 PROGRAM PREPARATION 

2.2. 1 Problem Analysis 

After a statement of the problem is obtained, all 
of the factors that may be encountered have to be ex­
amined and arranged in a mathematical expression. 
This expression must represent the problem expressed 
as simply as possible. It is usually quite complex at 
this point and must be reduced to even simpler terms 
(addition, subtraction, etc.) by a mathematical techni­
que known as numerical analysis. 

Numerical analysis, involves the reduction of com­
plex mathematical operations to arithmetic operations 
within the capabilities of the computer being pro­
grammed. The most common reductions are: calculus 
operations to simpler arithmetic operations such as 
changing integration to an approximate summation 
operation, and changing differentiation to an approxi­
mate difference-quotient operation. These changes re­
sult in approximations to the more complex methods, 
but approximations which can be made as exact as de­
sired. Given a method of approximation by the mathe· 
matician, the programmer must then determine the 
program to obtain the result. 

2.2.2 Organization 

When the programmer receives a problem and its 
numerical analysis, the first step is that of organizing a 
program to solve the problem using the arithmetic 
methods outlined in the numerical analysis. Program 

OBTAI N SUM OF 

X AND h 

OBTAIN PRODUCT OF 

( X'" h) TI M ES p 

r 

SUBTRACT PRODUCT 

p(X+ h) FROM C AND 

STORE ANSWER 

PROGRAM HALT 

Figure 5-1. Flow Chart for Straight-Line Program 

organization involves the sequencing of the operations 
to be performed into an order which will simplify 
coding, minimize execution time, and, if possible, mini­
mize the number of storage registers required. At this 
point, a flow chart which is a pictorial representation 
of the structure of the program (see fig. 5-1) is useful, 
both to keep the entire program in view and to develop 
the sequence of operations into the proper order. Very 
few programmers can take a complex problem and 
draw a flow chart which exactly fits the problem on 
the first try. Therefore, the flow chart will start out in 
rough form and become finalized only after some 
thought and some reworking has gone into it. 

2.2.3 Coding 

Once a tentative flow chart has been prepared, the 
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program can be coded. The coding operation can be 
performed block by block from the flow chart. Con­
sideration must be given to the data provided by the 
preceding block and the data required by the follow­
ing block of the program. While the coding is being 
done, the techniques of selecting library routines (uni­
versal routines already written and catalogued for use), 
of determining the precision required, and of scaling 
are brought into play. The product of the coding phase 
is a mnemonically coded program, ready for testing. 

2.2.4 Testing 

Once a program has been completely coded, it 

must be tested to insure its proper operation in solving 
the given problem. This program testing period is 
similar to the shakedown period for a new piece of 
equipment; the logical design of the program is tested 
and revised until it correctly performs its intended 
function. In the course of program testing, modifica­
tions of both the program organization and the coding 
may be required to get the program into proper opera­
tion. Program organization and program coding should 
be done with utmost care to avoid having program 
testing become excessively time-consuming and diffi­
cult. 
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Straight-Line Program 
3.1-3.2.3 

CHAPTER 3 
PROGRAM EXAMPLES 

3.1 GENERAL 

This chapter consists primarily of sample pro­
grams together with their respective flow diagrams and 
explanations. Each program is considered to be de­
signed for use with the machine described in Part 4. 
As the examples become increasingly complex, new in­
structions and techniques used in preparation of pro­
grams will be introduced. 

3.2 STRAIGHT-LINE PROGRAM 

3.2.1 General 

A straight-line program is a series of instructions 
which fall into numerical order. In this type of pro­
gram, step 1 is always followed by step 2, step 2 is 
always followed by step 3, etc. This is the easiest type 
of program to understand from the operator's point 
of view. However, it is not necessarily the easiest type 
of program for the computer to execute because of the 
time required and the space in core memory that is 
needed for data storage. 

3.2.2 Statement of Problem 
In the following case, the problem is to evaluate 

the imaginary expression for the amount of fuel re­
maining in the tank of a jet interceptor. The factors 

necessary for the derivation of such an expression are: 

C == capacity of tank 

p == pounds consumed per mile at average 
speed of aircraft 

x == distance flown 

h == altitude factor 

The computer instructions which are available to 
the programmer for the solution of this problem are 
given in table 5-1. The first column lists the instruc­
tion name, and the last column gives the operation per­
formed. The CODE column gives the mnenonic code 
for the instruction. The capital letters represent the 
operation part of the instruction, and the lower case 
x represents the address of the register in core memory 
from which the operand is to be obtained. For instance, 
CAD 10 means to clear the accumulator and place the 
contents of memory register 10 in the accumulator. 

3.2.3 Problem Analysis 
It is apparent that the resultant expression will be 

the capacity of the tank less some combinations of the 
other factors. To find the fuel consumed, all that is 
necessary is to multiply the miles-per-pound factor by 
the distance traveled plus the altitude factor. The alti-

TABLE 5-1. BASIC COMPUTER INSTRUCTIONS 

INSTRUCTION NAME MNENONIC CODE 

C lear and Add CAD x 

Add ADD x 

Subtract SUBx 

Multiply MULx 

Full Store FST 

Program Stop (or Halt) HLT 

OPERATION PERFORMED 

Clears the accumulator of any value remaining from another 
operation, then places contents of x in accumulator. 

Adds contents of x to the contents of the accumulator. At the 
end of the operation, the contents of location x are unchanged. 

Subtract contents of x from the contents of the accumulator. At 
the end of the operation, the contents of location x are un­
changed. 

Multiplies contents of x by the contents of the accumulator. At 
the end of the operation, the contents of location x are un­
changed. 

Places the contents of the accumulator into memory location x. 
Contents of the accumulator also remain there. 

Stops computer operation (address portion of this instruction is 
meaningless) . 
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tude factor must be added to the distance traveled 
since the height above sea level at which a jet aircraft 
Bies determines the rate of fuel consumption. This may 
be expressed as C - p(x+h). 

No actual numerical analysis is required on this 
expression since it does not contain any higher mathe­
matics, only addition, subtraction, and multiplication. 
All of these may be handled by the computer; there­
fore, the expression is in its simplest form as it now 
stands. 

3.2.4 Organization 

Because this problem involves straight-line pro­
gramming, the sequence of instructions will be fairly 
simple. At this point, the general structure of the pro­
gram may be formed by utilizing a Bow chart. Looking 
at the expression C - p(x + h), one can see that x and 
h must be added, the resultant sum multiplied by p, 
and, finally, the product subtracted from C. The BoW' 
chart in figure 5-1 shows what the program is going 
to do, and in what sequence, but does not actually list 
the steps involved. 

3.2.5 Coding 

The blocks in the flow chart may now be broken 

DATA STORAGE 

100 C 

101 

102 

103 

700 

p 

X 

h 

RESULT 

I 

2 

3 

4 

5 

6 

7 

8 

CAD 102 

ADD 103 

• 
MUL 101 

FST 700 

CAD 100 

SUB 700 

FST 700 

I 

HLT -

Figure 5-2. Flow Chart, Coded Straight-Line 
Program 

down into individual instructions with the appropriate 
operation and address parts specified for each instruc­
tion. The memory locations for the data are arbitrarily 
selected by the programmer and do not affect the pro­
gram in any way. Once the coded instructions have 
been selected they are numbered sequentially, and the 
program is now completed and ready for testing. (Re­
fer to table 5-1 for an explanation of the instruction 
codes.) In the coded program shown in figure 5-2, 
the number to the left of the mnenonic code for each 
instruction is the address of the memory location con­
taining the instruction. An explanation of the coded 
program showing the results of each operation is given 
in table 5-2. In this table, as well as in figure 5-2, 
locations 1 through 8 refer to the location of the in­
struction words which must be in numerical sequence. 
No testing is involved in this program because of its 
simplicity, but in actual practice the testing phase is 
the next logical step of program preparation since 
many programs contain several thousand instructions. 

3.3 LOGICAL PROGRAM 

3.3.1 General 

A logical program is one in which the steps in­
volved constitute some type of operation where the 
final result will be logical rather than arithmetical. A 
human being can use the logical process for such things 
as sorting numbers, comparing sizes, etc., but the com­
puter cannot think for itself; consequently, any type of 
operation that is considered logical must first be de­
signed by a programmer to fall within the capabilities 
of the computer, which are strictly arithmetical. This 
type of program does not find the value of an arith­
metic expression, as did the straight-line program in 
the first example given, but merely uses arithmetic func­
tions to arrive at some sort of logical decision. 

3.3.2 Statement of Problem 

The logical operation involved in this program is 
to determine the largest of 3 numbers. The numbers 
represent three flights of enemy planes, with the largest 
number posing the greatest threat. Only the three 
numbers, Nb N 2, and N 3, are given. 

All the instructions listed in table 5-1 are avail­
able, plus two new instructions given in table 5-3. 

3.3.3 Problem Analysis 

The problem, in the case cited, is to select the 
largest of three numbers, rather than to set up an 
arithmetical expression. The analysis may begin by com­
paring any two numbers since the program is not con­
fined to any specific starting point. However, it is 
known that to find the largest of three numbers, two 
comparisons must be made regardless of which number 
is selected first. 
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TABLE 5-2. STRAIGHT-LINE PROGRAM 

Tables 5-2 & 5-3 

INSTRUCTION CONTENTS OF 
LOCATION OPERATION ADDRESS COMMENTS ACCUMULATOR 

1 CAD 102 Places x in accumulator. x 

2 ADD 103 Adds h to x (x + h) 

3 MUL 101 Multiplies (x + h) by p. P (x + h) 

4 FST 700 Places p (x + h) in location 700. p (x + h) 

5 CAD 100 Places C in accumulator. C 

6 SUB 700 Subtracts p (x + h) from C. C-p (x + h) 

7 FST 700 Places desired result in location 700. C-p (x + h) 

8 HLT Stops computer operation. C-p (x + h) 

Data Storage 
Location Contents Comments 

100 C Capacity of fuel tank 

101 p Consumption rate 

102 x Distance flown 

103 h Altitude factor 

700 Initial and final result storage 

3.3.4 Organiaztion 
At this point, a flow chart, with arbitrary selection 

of numbers, can be started. As shown in figure 5-3, 
the first two numbers compared are Nl and N 2• Since 
there are two possible alternatives after this comparison 
a decision block must be included in the flow chart. 
This block is shown with the two possible paths lead­
ing away from two of the points. A decision block 
must follow each comparison, because the value of the 
numbers being compared is not known at any com­
parison point. When completed, the chart will enable 
the programmer to design a program which will cover 

all the possible selections and still determine the largest 
number by the process of elimination. Notice that in 
the actual execution of the selection, only one path 
will be followed depending upon which number is 
largest. 

3.3.5 Coding 

A straight transfer from flow chart to the coded 
layout is shown in figure 5-4. The BFM instruction 
determines the path the program takes. This program 
is correct in every respect and will find the largest 
number, if used as shown. However, as shown in figure 

INSTRUCTION NAME 

Unconditional Branch 

Branch on Full Minus 

TABLE 5-3. BRANCHING INSTRUCTIONS 

MNEMONIC CODE 

(0) BPX x 

BFMx 

OPERATION PERFORMED 

This instruction changes the sequence of instructions fol­
lowed in a program. The next instruction executed will be 
obtained from location x. The zero (0) specifies that the 
branch is unconditional; that is, it does not depend on any 
special circuit polarities. 

The contents of the accumulator are examined, and if nega­
tive, the next instruction executed will be obtained from lo­
cation x. If the contents of the accumulator are positive, 
the next sequential step in the program is taken. 

UNCLASSIFIED 187 



Fig. 5-3 

N2< NI <N3 

NO 

STORE N3 

HALT 

188 

COMPARE 

N I AND N2 

~ 

NI 

LARGER? 

YES 

NI >N2 

COM PARE 

NI AND N3 

NI 

LARGER'? 

YES N1> N2 

UNCLASSIFIED 
T.O. 31P2-2FSQ7-2 

N2 >NI 

NO 

NI> N3 

STORE NI 

~ 

HALT 

, 

COMPARE 

N2 AND N3 

t 

N2 

LARGER? 

YES 

N2> N3 

• N2>NI 

STORE N2 

~ 

HALT 

Figure 5-3. Flow Chart for Logical Program 
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CAD 32 
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6 BFM 

UNCLASSIFIED 
T.O. 31 P2-2FSQ7-2 

30 

31 

N2 > NI 
10 

30 

32 

19 

,. 
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Figure 5-4. Flow Chart, Coded Logical Program, Preliminary Layout 
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Figure 5-5. Flow Chart, Coded Logical Program, Final Layout 
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Table 5-4 

5-5, the program could be written using fewer in­
structions and, consequently, using fewer memory loca­
tions. Upon close examination, it can be seen that the 
last two steps (storing the number found to be the 
largest and halting the computer) in each of the four 
paths are the same. Also, in two cases, Na has been 
found to be the largest; so a (0) BPX instructions 
can be used to combine the last 3 steps of the two 
cases into one 3-step sequence. When this is done, 
there remain 3 paths which have two identical, final 
instructions. Therefore, by use of a (0) BPX instruc­
tion the final two instructions of the 3 remaining paths 

can also be combined into a single 2-step sequence. If 
N 1 is the largest number, the store process directly 
follows the comparison of N land N a. If N2 or Ns are 
larger a (0) BPX will direct these numbers to the FST 
instruction. Thus, the program can be reduced from 
21 steps to 16 by the use of the (0) BPX instruction. 
The (0) BPX instruction is extremely useful in com­
puter operations since it reduces the amount of space 
required for storage of the program and gives the 
computer added versatility. A full explanation of the 
finalized program is given in table 5-4. Again, no 
testing phase will be discussed. 

LOCATION 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

Data Storage 
Location 

1-16 

30 

31 

32 

58 

TABLE 5-4. LOGICAL PROGRAM 

INSTRUCTION 
OPERATION ADDRESS 

(0) 

(0) 

CAD 30 

SUB 31 

BFM 

CAD 

SUB 

BFM 

CAD 

FST 

HLT 

CAD 

SUB 

BFM 

CAD 

BPX 

CAD 

BPX 

10 

30 

32 

15 

30 

58 

31 

32 

15 

31 

8 

32 

8 

COMMENTS 

Places N1 in accumulator. 

Subtracts N 2 from N l' 

Examines contents of accumulator; if nega­
tive, branches program to location 10; if 
positive, go on to instruction 4. 

Places Nl in accumulator. 

Subtracts Na from Nl 

Examines contents of accumulator; if nega­
tive, branches program to location 15; if 
positive, go on to instruction 7. 

Places Nt in accumulator. 

Stores largest number in location 58. 

Stops computer operation. 

Places N2 in accumulator. 

Subtracts Na from N2 

Examines contents of accumulator; if nega­
tive, branches program to location 15; if 
positive, go on the instruction 13. 

Places N 2 in accumulator. 

Branches program to location 8. 

Places Na in accumulator. 

Branches program to location 8. 

CONTENTS OF 
ACCUMULATOR 

Nl 

Nl 

Nl 

N2 

N2 -Na 

N2 -N3 

Contents Comments 

Storage for largest number 
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An iterative program is one in which the same 
group of instructions is used several times by modifying 
the address portion of the instruction. Such a repeti­
tion of instructions is called an iterative loop and is 
employed frequently in computer operations. 

3.4.2 Statement of Problem 
In this example, the problem is to find the total 

number of guided missiles available at a particular 
time, for air defense of a sector which has 20 guided 
missile bases in the area. The number of missiles avail­
able at each of the 20 bases is known, but the grand 
total is not. The number of missiles at anyone base is 
stored in one memory location, and the twenty memory 
locations storing the missile quantities are in a block 
of sequential addresses reserved for missile status re­
ports. 

All the instructions listed in table 5-1 and table 
5-3 are available for the solution of this problem. 

3.4.3 Problem Analysis 

No actual analysis of this problem is needed. This 
example is intended primarily to show how twenty 
numbers can be added employing an iterative program 
without the use of index registers and not merely how 
to add 20 numbers. The general operation will be to 
add the 20 numbers using the same instruction over and 
over again with an address which is modified to specify 
new data each time the instruction is repeated. 

3.4.4 Organization 
In this type of problem there must be at least two 

branch instructions, one to get into the iterative loop 
and another one to leave it. It will be shown that, if 
there were no provision for leaving the loop, the pro­
gram would become hung up and could not complete 
the problem. However, there must be some provision 
for telling the computer when to stop making passes 
through the loop. This is done by comparing the re­
sults of a step with a constant, and branching back for 
another run through the loop if the result is negative. 
The flow chart for this problem is shown in figure 
5-6. The general flow of the program is to add one 
of the numbers to the accumulated total, modify the 
address, determine if the required number of iterations 
have been completed, and, if they have, not to repeat 
the process. The branch in step 2 is necessary to pre­
vent adding the contents of memory location 150, prior 
to the start of the program, into the total b~ing 

sought (see table 5-5). 

3.4.5 Coding 

NO 

PLACE FIRST 

NUMBER INTO 

ACCUMULATOR 

UNCONDITIONAL 

BRANCH TO 

NEXT NUMBER 

ADD AND 

STORE RESULT 

MODI FY 

ADDRESS OF 

INSTRUCTION BY 

ADDING CONSTANT 

ITERATIONS 

COM PLETED? 

YES 

HALT 

PART 5 
CH 3 

The flow chart may now be replaced by the coded 
program which is shown in figure 5-7. By examina­
tion, it can be seen that this type of program has a Figure 5-6. Flow Chart for Iterative Program 
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distinct advantage over the straight-line addition of 
twenty numbers, because much less memory space is 
required for the storage of the program. A full explana­
tion of the program is given in table 5-5. 

used in 3.4, the flow chart can be drawn immediately. 

3.5.3 Organization 

The first thing to be done in the organization of 
a program of this type is to determine what value 
should be placed in the index register. In this problem, 
twenty numbers are to be added together, so the index 
register is loaded with the value IS. The justification 
of this lies in the fact that 19 repetitions (numbered 
o through IS) are to be made, because the first run 
through the program is not a repetition. The index 
register will modify an address as long as the value 
contained in it is positive. Therefore, on the next to 
last pass through the program, the index register con­
tains 1. On the last pass, the index register contains 
positive zero, so the instruction is not modified (zero 
added to it) and the original address is selected. Then 
the register steps negative, and the computer stores 
the sum of the 20 numbers. The flow chart for this 
program is shown in figure 5-S. 

3.5 INDEXED ITERATIVE PROGRAM 

3.5.1 General 
An indexed iterative program is basically the same 

as the nonindexed type, the only difference being that 
the indexed type has a specific index register which 
modifies the instruction. The Branch and Index in­
struction (Unconditional Branch), together with the 
one which loads the index register, is explained in 
table 5-6. The index registers change the address por­
tion of an instruction by adding the contents of the 
register to it. However, the original address specified 
in the instruction is not destroyed; it is only modified 
for that one particular step. 

3.5.2 Statement of Problem 
Since the problem to be analyzed is the same one 

LOCATION 

1 

2 

3 

4 

5 

6 

7 

S 

9 

10 

11 

LOCATION 

1-11 

12-30 

30 

SO 

150 

194 

TABLE 5-5. ITERATIVE PROGRAM 

INSTRUCTION 
OPERATION ADDRESS 

CAD 12 

(0) BPX 4 

CAD 150 

ADD 13 

FIT 150 

CAD 4 

ADD 35 

FST 4 

SUB SO 

BFM 3 

HLT 

COMMENTS 

Places first number in accumulator. 

Unconditionally branches to first addition; this prevents the con­
tents of location 150 from being added to the sum in place of 
the first number. 

Places last partial sum in accumulator. 

Adds next number to partial sum (or first number). 

Places partial sum (or last addition) into storage. 

Places instruction in location 4 in accumulator. 

Modifies address of instruction 4 by 1. 

Places modified instruction in location 4. 

Subtracts value of last address to be added. 

Examines accumulator for polarity, if negative branch'!s to step 3. 

Stops computer operation. 

Location of program 

Locatjon of data 

Constant of 1. 

CONTENTS 

Temporary and final result storage. 

Constant of 30 (value of last address to be added). 
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Figure 5-8. Flow Chart for Indexed Iterative Program 
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TABLE 5-6. INDEXING INSTRUCTIONS 

INSTRUCTION NAME MNEMONIC CODE 

Branch if Positive y BPX (01) x 
Index 

Load Index Register 

Indexed ADD 

3.5.4 Coding 

yXIN (x) 

yADDx 

After the flow chart for this problem is blocked 
out, the transition to a coded program is made (fig. 
5-9). The only instruction which may require clarifi­

cation is the one in memory location 3. The 1 before 
the ADD step merely indicates to the computer that 

indexing is specified and which index register is to be 
combined with the memory location in the. address 

portion of the instruction. Thus, the first number added 
to the value in memory location 11 would be the value 

in memory location 30 (12 + 18). The second number 
added (during the next repetition) would be 29 (12 + 
17) and so on until the index register becomes negative 
and no more repetitions are performed. 

OPERATION PERFORMED 

Steps the content of index register y down by the amount 
1 then, if the contents of the index register is positive, 
the computer branches to instruction at location x; if 
contents are negative, go on to next instruction. 

Loads index register y with the value x. 

The contents of index register yare added to the address 
of the instruction x (in the control elements), then the 
operand at the modified location is added into the ac­
cumulator. 

It is worth noting that this type of program is 
even more efficient than the iterative program since 
the number of instructions required to perform the 
addition is less. Also, if there were additional data in 
memory locations 31 through 50, the only change nec­
essary in the indexed iterative program would be to set 
the index register to a value of 38. However, the 
straight-line addition program would require an addi­
tional 20 instructions, one ADD instruction for each 
number. The indexed iterative program is employed 
to great advantage in computers because of its great 
flexibility, as shown in the case of adding 40 numbers 
with a program which was originally written for 20 
numbers. An explanation of the given problem, using 
the indexed iterative method is given in table 5-7. 

TABLE 5-7. INDEXED ITERATIVE PROGRAM 

LOCATION 

1 

2 

3 

4 

5 

6 

196 

INSTRUCTION 
OPERATION ADDRESS 

1 XIN 18 

CAD 

1 ADD 

1 BPX (01) 

FST 

HLT 

11 

12 

3 

150 

COMMENT 

Loads index register 1 with decimal value 18. 

Places operand in location 11 into accumulator. 

On first iterative step, adds operand in location 30 (12 + 18, 
original address plus contents of index register) into accumu­
lator. On second iteration adds operand in location 29 into 
accumulator and so on. 

Branches back to location 3 if register is positive, steps index 
register down by 1. 

Stores final sum. 

Stops computer operation. 
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Program Examples 
4.1-4.2.3.2 

CHAPTER 4 
TYPES OF PROGRAMS 

4.1 GENERAL 

In this section the different kinds of programs 
which are handled by computers will be discussed 
briefly. Some computers can perform more programs 
than those mentioned. 

4.2 EXAMPLES 

4.2.1 Master Program 

A large program may be made up of several 
smaller programs, each performing a portion of the 
overall function of the large one. In some cases, the 
large program, which does not properly contain these 
smaller programs, selects each smaller program in the 
proper order to perform necessary data processing 
without performing any data processing itself. A pro­
gram of this type, which controls other programs with­
out itself doing any processing, is called a master pro­
gram, an executive routine, or a sequence-selection 
program. In effect, a master program can do no 
processing except through the use of other programs 
which, in turn, cannot perform the entire processing 
task without having the master program to control the 
sequence in which they are performed. 

The smaller processing programs may themselves 
contain blocks of instructions which can be called 
subprograms or subroutines. For example, if a given 
program requires the performance of a particular oper­
ation, a routine may be written to perform that opera­
tion and placed in core memory with the processing 
program. The processing program may then be written 
to refer to the routine whenever the operation is to 
be performed. 

4.2.2 Subroutines 

A subroutine is a group of instructions which per­
form a distinct function and may be written in one of 
two ways, called open or closed subroutines. 

An open routine is designed as a group of instruc­
tions which are incorporated into the main body of the 
program. These instructions do a specific job at the 
particular point of the program where they are inserted. 
The routine is open with respect to the rest of the 
program; i.e., it falls into a logical order. 

A closed subroutine also performs a certain func­
tion; however, this function may need to be repeated 
several times in one program. A Brancb instruction is 

usually required to get into a closed subroutine, and 
another type of Branch is required to leave it. There­
fore, this routine is closed with respect to the main 
program and requires specific instructions to utilize the 
result of its operation. 

4.2.3 Utility Programs 

4.2.3.1 General 

Utility programs, sometimes called auxiliary pro­
grams, perform nonchecking functions such as loading 
programs, assembly programs, tracing programs, and 
simulation programs. Loading programs take program­
med information from punched cards, tapes, or drums 
and transfer them into the core memory element. As­
sembly programs are used to prepare other programs 
for transfer to punch cards. Tracing programs provide 
printed records of registers to aid in the following of 
program operations. Simulation programs are used to 
pretest programs on other computers known to be 
operating without error. Simulation programs thus pro­
vide a means of detecting program errors (errors which 
are not due to equipment failure but are mistakes in 
programmed routines). 

Utility programs can also be used to generate a par­
ticular pattern which is used to calibrate portions of the 
equipment and to exercise (operate) a particular group 
of circuits so that normal waveforms can be observed or 
design data obtained. 

4.2.3.2 Symbolic Program 

This type of program is utilized when a long over­
all program is being drawn up. The final addresses of 
the instructions may not be known until the program is 
completed, so some sort of symbols (such as a series 
starting with 00.00.00) are used to designate memory 
locations. Although not strictly necessary, consecutive 
instructions are usually assigned consecutive symbolic 
locations to simplify sorting of the address steps into 
their proper order. Symbolic addresses need be assigned 
only to the location of the first instruction in a sequence 
and to those instructions whose locations are referred 
to in the address halves of other instructions. Further, 
not all addresses within the program need be indicated 
in symbolic form. If an actual address is known for a 
particular operand or operation, it can be written into 
the program and is usually indicated by enclosing the 
actual address in parentheses. Similarly, those ins truc-
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tions whose address halves should contain numerical 
constants can be written with the absolute value (indi­
cated as absolute by their inclusion in parentheses) in 
octonary form. 

4.2.3.3 Assembly Programs 

Once a program is written in symbolic form, the 
task of translating it into absolute form can be per­
formed under control of a utility program called an as­
sembly program. The assembly program accepts a sym­
bolic program presented on instruction cards. An abso­
lute location is assigned to each instruction in the same 
order in which the instructions of the program are pre­
sented. The assembly program then makes another pass 
through the program being assembled to complete the 
assignment of absolute equivalents for all symbolic ad­
dresses and to translate all information in the program 
itself into binary form. (Since symbolic addresses are 
not translated, they can be written decimally without 
introducing any difficulties. The assembly program sim­
ply provides a one-to-one correspondence of symbolic 
address to absolute address.) The assembly program 
will also punch a deck of binary cards from which the 
assembled program may be inserted and executed, to­
gether with a printout of the program, listing all com­
ments, symbolic locations, constants, assigned storage 
locations and their contents in octonary form, and the 
initial and final drum storage locations, if any. 

4.2.4 Operational Program 

When speaking of programs, the operational type 
is the one most usually discussed. It is the overall pro­
gram for the computer and is written to suit a particu­
lar need, whether it be inventory, business accounting, 
or air defense. There are many things to be considered 
when writing an operational program, and its suitabil­
ity is determined to a large extent by the programmer 
designing it. Good operational programs use the mini­
mum amount of storage space to obtain the best result 
in the shortest possible time. However, it is almost im­
possible to achieve the optimum values for these three 
things in one program, and something must be sacri­
ficed. Operational programs mayor may not contain 

subroutines, but as a rule they do. The program exam­
ples given in Chapter 3 could be called operational pro­
grams, but it must be remembered they are extremely 
short when compared to actual useful operational pro­
grams. 

4.2.5 Maintenance Programs 

4.2.5.1 Reliability Programs 
Reliability programs are used to check the opera­

tion of specific portions of the computer equipment. 
Performance of these checks enables errors caused 

by circuit failure to be detected rapidly. Included in 
the error detection performed by reliability programs is 
the discovery of failures that may occur only under par­
ticular operating conditions, such as failures that ap­
pear at specific repetition rates and for certain combina­
tions of bits. In order to discover these and other types 
of errors, reliability programs check logical operation, 
paths of information flow, timing, ability of equipment 
to function in all states, execution of instructions, etc. 
Because of their ability to perform these varied checks, 
equipment reliability programs can be used for both 
preventive and corrective maintenance. 

4.2.5.2 Diagnostic Programs 

Diagnostic programs are corrective maintenance 
programs which localize malfunctions to small area of 
the computer. They isolate errors to a specific pluggable 
unit or a small number of pluggable units. In general, 
diagnostic programs are designed to isolate known 
failures, unlike reliability programs which are designed 
to discover these failures. However, there is no clearly 
defined distinction between the two maintenance pro­
gram types. Reliability programs can provide indica­
tions of the nature and location of the failure and may 
actually be used as diagnostic programs. By the same 
token, diagnostic programs may indicate that a given 
portion of the equipment is operating reliably. The 
characteristics of reliability and diagnostic programs 
fall somewhere between the two extremes of overall 
check without failure localization and diagnosis. with 
failure isolation. 
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CHAPTER 5 
CAPABILITIES AND LIMITATIONS OF COMPUTER 

This chapter discusses some of the capabilities and 
limitations of digital computers, explaining how their 
performance is affected by different characteristics of 
their construction and organization, and by the proce­
dures employed for operation and maintenance. 

Different types of problems impose wid.ely differ­
ent requirements for computer performance. For exam­
ple; a computer controlling a process in real time needs 
faster 10 equipment and may need faster computing 
speeds than the ordinary scientific or business computer. 
A computer processing business data often needs a larger 
external memory capacity than a scientific computer. A 
computer used for real-time control of military oper­
ations needs a high degree of reliability. And, finally, 
there are innumerable problems for which present day 
computers are unsuitable or where they cannot handle 
the problem at all. 

5.1 PROBLEM-SOLVING CAPABILITY 

What sort of problems can a computer solve, and 
what is it that determines whether one computer is 
better than another? 

If a digital computer is capable of executing only a 
few instructions, then the only things that limit the 
problem solving ability of the computer are the size of 
its memory and the allowable time for solution. Suppose 
that a sequentially programmed digital computer of the 
internally stored program type is capable of perform­
ing only the operations, Add, Branch if Minus, Clear 
and Add, Halt, Multiply, Read, Shift, Store, Subtract, 
and Write. It has been proven by the English mathe­
matician Turing that such a computer can be pro­
grammed to solve any problem that any other computer 
can solve if its memory capacity is large enough and 
if enough time is available. 

In practical applications, however, other character­
istics in addition to memory capacity affect the problem 
solving ability. Practical limitations on the problem 
solving capability of a digital computer include: (1) 
the speed of the computer, (2) its ease of programming 
and operation, (3) its reliability, (4) the nature of the 
10 equipment, and (5) the ability of the programmers. 
For scientific problem solving, the most important of 
these limitations are usually memory capacity, speed, 
ease of programming, and ability of the programmers. 
For business data processing, the most important lim­
itations are usually memory capacity and speed. And 

for most real time process control applications, the im­
portant limitations are speed, reliability, ease of oper­
ation, and the type of 10 equipment. 

5.2 SPEED 

The development of computers has been a con­
tinuous quest for faster methods of computing. In the 
last decade comparatively few new mathematical tech­
niques have been discovered. Yet, a great number of 
problems formerly thought to be insoluble have been 
solved through the use of digital computer techniques. 
These problems have been solved because for the first 
time the speed of the computer has made old methods 
of solution practical. Before the advent of computers, 
the methods of solving the equations used in the design 
of aircraft wings were known; however, such equations 
require so much calculation to solve that it used to be 
impractical to do so. The wings were, therefore, de­
signed by crude mathematical approximation and ex­
periments. The speed of the digital computer is now 
great enough to make mathematical solutions practical. 

The solution of some problems requires even 
greater speed than can be provided by present day com­
puters. For instance, there are problems that occur in 
physics, which it is estimated would require six months 
to solve with the fastest of present day computers. It 
appears, therefore, that the speed of a computer is its 
major capability and an increase in speed the area in 
which the greatest improvement can be expected on 
future computers. 

S.3 EASE OF PROGRAMMING AND OPERATION 

The ease with which a computer can be pro­
grammed is one of the most important characteristics 
determining its practical usefulness. In a typical appli­
cation, a group of men may spend two months writing 
out a program, two weeks checking and correcting it, 
and then the computer will take an hour to perform 
the computations. It can be seen, then, that a computer 
which is easy to program will generally be much more 
useful than one which is difficult to program, because a 
problem which cannot be programmed economically 
cannot be solved economically on a computer. 

Another characteristic which helps to make a com­
puter more useful is the ease of operation by personnel 
when, in some applications, human intervention is nec­
essary. Often, in the SAGE computers for example, this 
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intervention must be accomplished rapidly if it is to be 
useful, and the ease of entering information determines 
whether the particular operation required can be per­
formed or not. For instance, a Display System was 
used in the sample computer of Part 4 because it is the 
only method yet found to present a mass of data to the 
operator in an understandable form and at high speed. 

5.4 RELIABILITY 

Reliability is a special problem in digital computers 
because of the complexity of their design and oper­
ation. A large digital computer may have thousands of 
vacuum tubes, and a breakdown in any of them may 
cause an error in any single step which may throw off a 
scientific computation involving 10 million steps. 

One way to improve reliability is to use selected 
components in very conservatively designed circuits 
with controlled temperatures and carefully regulated 
supply voltages. Tube types are chosen that have low 
failure rates, and then the particular tubes to be used 
are individually tested. Capacitors are operated at far 
below the working voltages recommended by their man­
ufacturers. Forced air cooling is provided, and usually a 
large computer is operated in an air conditioned en­
closure. 

In addition, to further reduce component failures, 
a preventive maintenance routine is employed at regu­
larly scheduled intervals. One procedure in preventive 
maintenance is marginal checking which involves the 
varying of operating voltages on a few circuits at a 
time, in order that any circuits close to failure level will 
show their defects at this time. Another procedure in 
preventive maintenance is to have the computer check 
itself by means of reliability and diagnostic programs 
(Ch 4). 

No matter how much is done in the way of compo­
nent selection, careful design, and preventive mainte­
nance; errors are still likely to occur from time to time. 
Therefore, many computers are designed with special 
provisions for automatic detection of errors. One 
method often employed is to include in a computer 
word one or two extra bits for error checking. For 
example, in the 33-bit words used in the AN/FSQ-7, 
32 bits are for data or instructions, and the 33rd bit is 
for parity check. The total number of 1 bits in an 
AN/FSQ-7 control computer word is always supposed 
to be an odd number. Therefore if the 32 information 
bits have an odd number of l's, a 0 is used as the 33rd, 
or parity bit; but if the number is even, then, at the 
time the word is originated, the computer writes a r in 
the parity position. Several parts of the Central Com­
puter System contain parity checking circuits which 
count the number of 1 bits in a word and give an alarm 
if . a wrong number is found. 

A parity check is a useful safeguard because most 

errors due to malfunction of a component or circuit 
will affect only a single bit position, and errors ar.e so 
infrequent that it is unlikely that two will occur at the 
same time. A single error will change the total number 
of 1 bits from an odd to an even number. This system 
will not detect an even number of bit-change errors. 

Even at best, when full use is made of all the re­
sources that have been described for increasing reliabil­
ity, no large computer has yet been developed which 
can operate without error more than about 95 to 990/0 
of the time. Therefore, in a system such as SAGE where 
it may be disastrous for a computer to be out of oper­
ation for even a few minutes, it is necessary to increase 
reliability by duplexing many parts of the computer, so 
that if one part is out of order or is shut down for pre­
ventive maintenance, the duplicate part can take over. 

5.5 CONCLUSION 

Digital computers do many types of work exceed­
ingly well, but there are many other types of problems 
at which they are quite slow and incompetent in com­
parison with man. For almost any type of numerical 
calculation, a high speed computer is roughly ten thou­
sand to a hundred thousand times faster and far more 
accurate than the average experienced human calculator 
equipped with a desk calculating machine. On the other 
hand, a competent human translator is incomparably 
superior to the best digital computer in translating from 
one language to another. 

Computers are better than human beings at nu­
merical calculations because of their greater speed and 
accuracy, and because most numerical calculations do 
not require tremendously complex programs or vast 
amounts of data storage. On the other hand, an expert 
translator or chess player draws upon years of expe­
rience involving tens or hundreds of millions of bits of 
memory. In fact, any man during a few minut~s of 
reasoning, will whether he realizes it or not, ordinarily 
make use of much of what he has learned throughout 
his life. In other words, a man can make use of a tre­
mendous memory capacity to solve very complex prob­
lems. 

But man has one other advantage which so far has 
not been built into a computer. He has the ability to 
think creatively. The average man can look at a complex 
situation and arrive at a conclusion which may never 
have been thought of before. A computer on the other 
hand can only do what it is told to do; i.e., it can only 
come to conclusions which are built into a specific writ­
ten program. 

The way in which computers and operating per­
sonnel are employed in the SAGE System makes excel­
lent use of the different abilities of man and machines. 
Thus the routine mathematical calculations are per­
formed swiftly and accurately by the computers, while 
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the difficult and critical decisions are made by men. If 
at some time in the future, an AN/FSQ-7 computer -dis­
plays a group of unidentified planes approaching the 
United States in a suspicious way, then a man must 
within a few seconds decide whether to attack immedi­
ately or wait for additional information. Within those 

few seconds he must make use of what he knows about 
planes and attack strategy, the effects of nuclear weap­
ons, the efJectiveness of the air defense system, possible 
intentions of likely enemies, and so forth, involving 
thousands of times as much information as is stored in 
the AN/FSQ-7's memory. 
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