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A Digital Computer for Scientific Apphcatlons

«

Summary—During the past two years development has been
initiated on several large-scale automatic digital computing machines,
both in this country and abroad. The present paper is concerned with
the over-all organization of one such machine. A logical division of
the machine into four major components is described, and the ma-
chine performance is interpreted in terms of these component func-
tions. The electronic techniques used to accomplish the storage,
transmission, and arithmetic manipulation of numbers, together
with certain methods used for control of the computer, are briefly
discussed. Although the paper is concerned with the design of a
particular machine, it is felt that the design problems and engineering
techniques are applicable to most large-scale computing machines.

1. INTRODUCTION
7 II YHE TERNM “digital computer” applies to a calcu-

lating machine in which a number can assume

only a discrete value the precision of which is
determined by the number of digits used for its repre-
sentation. A desk calculator is a digital (or discrete-
variable) computer, whereas a slide rule is a continuous-
variable computer. A large-scale digital computer is a
michine not only capable of digital computation, but
one which can perform long sequences of computations
in accordance with a pre-established program of opera-
tion. Machines of this type are also referred to as se-
quence-controlled calculators. Such a computer is ca-
pable of solving complex problems involving thousands
or millions of individual arithmetic operations without
the intervention of a human operator.

Large-scale computers may be divided roughly into
two categories: Scientific machines which are designed
to perform large numbers of calculations based upon
relatively few input data and vielding relatively few
output data, and statistical machines of which the
opposite is true. The calculator to be described is in-
tended primarily for scientific applications. Some of the
tvpes of problems which the present machine is intended
to solve are the following:

(1) The syvstematic handling of linear arrays.

(2) Solution of the partial differential equations of
hvdrodynamics.

(3) Fourier analysis and synthesis.

(4) Applications of clectromagnetic theory.

(5) Study of shock waves.

(6) The solution of nonlinear differential equations.

(7) The problem of systematic sorting.

The only true computing operations which the ma-
chine can perform are the basic arithmetic operations
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of addition, subtraction, multiplication, and division.
Before the above complex problems can be presented to
the machine for solution, they must be reduced to
arithmetic processes through application of the methods
of numerical analysis. These arithmetic routines must
then be expressed in terms of coded commands which
the machine is capable of following.

I1. MACHINE ORGANIZATION

Fig. 1 is a block diagram showing the principal com-
ponents of a large-scale digital computer. The arithme-
tic unit is the only true computing unit in the machine.
That-is, it is the only one capable of generating new
numbers. The internal (or high-speed) memory is a
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Fig. 1--Block t!i.\gr'am of the digital computer.

storage place for numbers and commands. During com-
putation, numbers which serve as operands are trans-
ferred from the internal memory: to the arithmetic unit,
where the arithmetic operations take place. The result
of each arithmetic operation is returned to the internal
memory. The central control unit of the machine gov-
erns the exchange of numbers between the internal
memory and the arithmetic unit. Central control gov-
erns this exchange in accordance with orders or com-
mands which are also located in the internal memory.
For each arithmetic operation, the central control must
select two operands from the internal mmemory, and must
supply these to the arithmetic unit. It must designate
to the arithmetic unit which operation (e.g., addition,
division) is to be performed, and must transfer the result
of the operation to a selected memory position. C “entral
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control then initiates the next operation by selecting
from the internal memory the next command.

The magnetic memory units are used to supplement
the internal memory. These units sgore numbers and
orders on magnetic tape. The speed of operation of the
magnetic units is considerably less than that of the in-
ternal memory, but the storage capacity is many times
greater. These units also serve as input-output devices
for the computer.

The page printers and problem-preparation unit
shown in Fig. 1 are auxiliary units which are not directly
connected to the main part of the machine, but which
communicate with the computer by means of the mag-
netic memory units. The problem-preparation unit con-
sists of a manually operated keyboard which is used to
record initial numbers and commands on magnetic tape.
This device makes use of additional magnetic storage
containing the commands for frequently used comput-
ing routines. Thus, certain complete routines may be
introduced into the computer by a single manual op-

. eration. The page printers are clectrically operated type-
writers which respond to signals recorded on magnetic
tape. They are used to record the final results of com-
putation.

Because one command is required for each arithmetic
operation, it might seem that a prohibitive number of
commands would have to be introduced itto the ma-
chine in order to direct the solution of a relatively simple
problem. This is not the case. The iterative methods of
numerical analysis involve the repeated performance of
computing routines. When a routine is repeated, the
commands governing the computation may ditfer from
those of the previous cyvele only with respect to some
systematic pattern of variation. By storing commands in
the internal memory and by the use of suitable schemes
for their coding, they may be introduced into the arith-
metic unit and modified by addition or subtraction. As
an example of the effectiveness of this process, the total
number of commands which must be supplied to the
machine to obtain all of the roots of a polynomial equa-
tion should not exceed fifteen. This number is independ-
ent of the degree of the polynomial.

The complexity of the problems which a machine ’

can solve efficiently is limited both by computation
speed and memory capacity. For example, partial differ-
vntial equations in three dimensions and time may
require a total storage of 10® numbers and mav involve
10! arithmetic operations. In the present machine, the
internal memory has a capacity of approximately 4000
numbers, and the permanent storage medium associated
with each magnetic memory unit has a capacity of
200,000 numbers. The over-all speed of the computer
depends primarily upon the time required to perform
the basic arithmetic operations and the time required
to select a number from the internal memoryv. In this
machine, 900 arithmetic operations together with the
1ssociated memory selections are performed each
second.
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Since the entire function of the machine is to carrv
out numerical computation in accordance with coded
commands, the representations of numbers and com-.
mands are basic elements of the machine design Num-
bers may be represented in a variety of wavs, depending
upon both the mathematical and the phvsical means
employed.
Mathematical representations may employv different
number bases. Thus an n-digit decimal number (base
ten), as conventionally written, is a shorthand expres-

sion for the quantity.
A 10744, 107 Th o 10 e 1 100 (T

where the integer coefficients 4; are the divits of the

number. Anyv 4, i the decimal svstem may take on a

value from 0 through 9. When a number i~ represented
to the base X, it 1s still written as w sequence of digits
Aj, but these now are mterpreted as meaning

do-Xn i, X e N - g X o2

and any digit A, can now take on 6n]y the values 6
through X —1.

In addition to the decimal notation, this paper will
refer to the [»in:lry scale of notavon; e, X' =2 in (2
above. Here the only possible digits are 0 and 1. The
binary equivalents of the decimal number< 0 through 15
are shown in Table 1. '

“TARBLE |
Decivan Bivary Eouivan vis .
Drecimal Binary Decimal ermryv
0 0000 ) 8 1000
1 0001 9 1001
2 0010 10 1010
3 0011 11 1011
4 0100 12 1100
5 0101 : 13 11
6 0110 14 1110
7 0111 15, IBER?

The physical representation of a number to the base
X gequires a physical representation for each of the
possible digits (0 through X —1) in cach of the n-digit
columns. That is, cach number is denoted by a particu-
lar selection from X physical states. For a given num-
ber base, several physical representations are possible,
depending upon the number of temporal and spatial
selections used to designate the number. Fig. 2 shows
two ways in which the binary number 101101 may be
represented. At (a) the number is being transmitted
serially on a single wire and the representation is en-
tirely temporal. At (b) the number is being transmitted

~in parallel on six wires and the representation is entirely

spatial. In cither case, the digit 1is represented by the
presence of a pulse, and the digit 0 by the absence of a
pulse.

Because the rules of arithmetic are simpler in the
binary notation than in.any other base, this notation is
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used in the present machine. Binary-decimal conversion
is required at the input and output of the machine.

A
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Fig. 2 - Serial and parallel representation of the number 101101, (@

Serjal transmission on one wire. (b} Parallel transmission on ~ix
wires.

This may be justified in a calculator for scientific prob-
lems because of the large amounts of calculation that
are done with comparatively few initial data.

\When discussing machine operation, it is convenient
to speak of a composite pulse group of fixed length as a
“word.” A word in the present machine contains 45
pulse positions or binary digits which are transmitted
between units in a serial manner. Two kinds of words
are shown in Fig. 3. These are: (1) a “number word,”
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Fig. 3- -Allocation of information in number and order words.

which contains the absolute value of a number, its sign.
and auxiliary digits used in checking: and (2) a “com-
mand word.” which contains coded pulse groups ca-
pable of governing the machine operation. '

The machine cycle is the basic unit of computing op-
eration, and in this machine is approximately 1 milli-
second in duration. During this cycle four distinct events
take place. (1" Two operands are selected from the in-
ternal memory and are sent to the arithmetic unit. (2)
The arithmetic unit performs the desired operation.
(3) The result of the operation is sent back to the in-
ternal memory. (4) The command which governs the
next operation is selected from the memory.

A command is required for each machine cycle and

* contains all the information necessary for the perform-
ance of the cycle, namely, the locations of the operands,
the specification of the operation, the location which is
to receive the result, and the location of the next com-
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mand. Locations within the memory are termed ad-
dresses, and are specified by binary numbers which
identify consecutively all of the storage positions of the
memory. Operations are also specified by coded pulse
groups.

Besides addition, subtraction, ctc., several nonarith-
metic operations are required during the solution of
most problems. The transfer operation serves to transfer
a word between different memory locations, or between
the internal memory and one of the magnetic memory
units. The substitution operation is used to modify a
command word by adding or subtracting from one or
more of the addresses contained within the command.

The branch operation allows the machine to choose
between two computing routines on the basis of the re-
sults of past computation. The commuand governing
the branch operation contains the locations of two com:
mands. onlyv one of which is to be chosen to govern the
next computing cvele. This choice is determined by the
sign of the inequality of the two operands. As an exam-
ple of the use of the branch operation, consider the solu-
tion of a polynomiil cquation. An approximate root of
the equation is calvulated by means of computing rou-
tine . The difference between this approximation and
the last approvimation is obtained. If this difference i
greater than some preassigned number, the next com-
mand selected is the first command of routine A, and it~
selection results in the calculation of a nearer approxi
mation. If the difference is less than the pre-established
tolerance. the next command selected as the nitial
command of routine B which initiates redu tion of the
degree of the polvnomial in preparation for the caleula-

tion of the next root

1. INTERNAL MEMORY

The internal memory must be capable of storing a
large number of words with short access time. The
stored information must be casily erasible. In the
present machine the internal memory makes use of the

accustic delav hine ae the stotage mes hanism. Fie. 4
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Fip 4--Delay-line memory unit.

is a block diagram of an acoustic delay line in which
mercury is the acoustic medium. Assume that the line
contains some pulse configuration at a given instant of
time, and that the configuration is propagating down
the line at the velocity of sound in mercury. Each pulse
received at the output transducer is amplified and




J’ 9 4‘*“

applied to a gate or reshaper which allows a new digit
pulse from a continuous pulse source to be fed to the
input transducer. Thus, the pulse configuration will ¢ir-
culate around the closed loop indefinitely without
progressive degeneration of the pulse shapes or the pulse
spacing

The number of pulse positions which a hine contains
is proportional to the time
delay of the hine and the frequency of the continuons
pulse source. The former is limited by the attenuation
of the mercury and the transducers; the latter, by the
bandwidth which can be attained around the circulation
path and the dependence of attenuation on frequency

The access time of the delay line is equal to the delay
time. For a given memory capacity, the access time may
be decreased by decreasing the length of each line and
mereasing the total number of lines while the repetition
rate is held constant. Reduction obtained in this manner
is costly, for the total memory equipment is primarily
proportiondl to the number of circulation paths and is
mlv secondarily influenced by the attenuation per path.
I'he access time can be reduced more etfectively by in-
reasing the pulse-repetition rate and shortening the
line, while holding constant the number of lines and the
pulse capacity of each.

The present machine design makes use of 255 acoustic
lelay hines, cach capable of storing 16 information words
id one additional word used for checking. The total
nemory capacity s, therefore, 4080 words, The delay
ines operate at a pulse-repetition rate of 2 Me, and the
ligit pulses are amplitude-modulated upon a 30-Mc
arrier. The memory access time is about 380 micro-

.e., IS Storage capacity )

coonds.

Fig. 5 is a block diagram of a delay line showing the
ise¢ of additional gates for reading (i.e., taking informa-
won from the line), writing (i.e., putting information
nto the line ), and erasing. The erase gate and the write
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e are normally connected together, so that o word 15
rased only when a new word is written into the line
Continuous «ireulation through a delay line requires
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that the delay time be a constant integral multiple of
the period of the continuous pulse source used for re-
shaping. Because the acoustic velocity in mercury is
temperature-tependent, some means of temperature
control is required. The temperature coeficient of acous-
tic velocity is such that a 1 per cent change in delav
time results from a temperature change of 30°C. The
remperatire effect mav be expressed more conveniently
by the teratem

A0y
Al = (1 {
N

where A7 s the permissible temperature variation in
(h‘grct's ll'IHi.L:I'.lt]I‘. N is the total number of |--ii--- st
tions in the line, and n is the fraction of a ]'ll.l-l‘ Ill'rll"t
by which the delay can change and still allow reshaping
of the circulating pulses. By using sharp pulses in the e
shaping aperation, the value of » mayv be made as high
as 0.75 without dithculty. In the present design, cach
i!t'ld)'. line contains 765 pulses, and the corresponding
permissible temperature gradient is approximately 3
Temperature gradients in the memory can be con
trolled, while reasonable equipment accessibility -
maintained by subdividing the memory into groups of
lines. Each group may consist of several (say, 6 1o 10
independent acoustic paths operating within a single
container of mercury, The relatively lngh thermal con
ductivity of mercury s effective in Keeping the wra
dients between paths small. Each container is thes
with an

supplied independent

mechanism which maintains the temperature of the

temperature-contyo

pool constant,
Fig. 6 is a photograph of a4 mercury pool contaimed in
LS | K] I
a stainless-steel tank less than 7 nches Tong, 2§ inches

high, and 2} inchies wide. Three acoustic paths aperit

tantidess

Photograph of aomercury prool contamerd 1o

Fig. &

st ] tank, wirh three acouste poo b= agwesating wi e the peeils

within the pool. Each path s muadtiple reflecting an
comsists of three travels the lemgth of the conganms
Uhe cira n!
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