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NE of the most interesting, and possibly one of

the most signiticant, of the post-war technical
developments is the great effort that is currently being
expended, both here and abroad, on the design, con-
struction, and improvement of high speed automatic
digital computing machines, In accordance with the
present pattern of support for technwal enterprises,
the Largest part of the effort on such computers is being
tinunced by the federal government, private industry
is investing substantial sums; and, somewha! curiously,
the universities of the country do not appear to be sup-
porting with their own resources more than a tiny
fraction of the work

Mechanical aids to computation are an old story, of
course. But the high speed, automatic, digital, com-
puter—when each of these qualifying adjectives is
taken properly into account—is i very new develop-
ment. Its practical realization cannot be saxd to have
been achieved earlier than the completion of the cele-
brated ENIAC in 1945, Of this machine we shall have
more to say later. Let us pause now to distinguish from
other computing devices the type of machine that will
occupy our attention here.

First of all, we shall deal with digital machines, This
excludes a large class of calculating devices custom-
arily lumped: under the name of analog machines.! An
analog machine is one which translites into some
physical quantity each of the numbers entering a com-
putation ; that is, the physical quantity is the measure
of the number. The analog machine then manipu-

. lates these physical quantities in accordance with the

nature of the computation it is desired to carry out.

' For a description of analog computers and their uses, see
1. R. Hartree, Calcwlating Instruments und Machines (University
of linois Press, Urhana, 19491, Chapters 2, 3, and 4

Finally, the physical quantity resulting from such
manipulition is measured - that is, turned back into a
number -to obtain the numencal answer {or the com-
putation, A slide-rule is an analog muachine. Numbers
are represented, on the slide-rule, by lengths which are
proportional to the logarithms of such numbers. To
perform a multiplication, the lengths corresponding to
the two factors are added, and the resulting total
length corresponds to the product, being in fact pro-
portional to the logarithm of the product, This total
length is turned back into a number by means of the
scales pravided on the rule, and the caleulaton is
finished.

A digital machine also uses physical representations
for numbers, of course: but instead of using a single
physical quantity as the enfire representation of the
number, and thus depending upon a highly accurate
presentation, manipulation, and reproduction of the
magnitude of this single physical quantity, a digital
machine represents by a separate physical quantity
each separate digit of a number, This permits a very
much greater lutitude in design for the digital machine;
to handle numbers of ten digits, no part of a digital
machine needs to be built with a precision of one part
in 10" An analog machine, on the other hand, has
no better over-all accuracy than that conferred on it by
the precision with which it is built

Analog machines have been brought to a high
stage of perfection and usefulness. Beginning about
1931, Vannevar Bush and his co-workers at M.LT.
developed the celebruted differential analyzer, which
was a mechanical device in its first embodiment. During
and since the war, electrical differential anulyzers of
various designs have been constructed, and some of
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these machines are currently available on the commer-
o] market. We shall not concern ourselves here, how-
ever, with such machines. We shall speak only of
digital computers,

In fact, we shall speak only of antomatic digital com-
puters. The meaning of this qualification is that we shall
not deal with digital machines of the sort represented
by the familiar adding machine, or the Monroe or
Marchint type of desk calculator. Such machines are
very old in conception and in realization, of course.®
I'he first practical adding machine based on the use of
number wheels was devised by Blaise Pascal in 1642
a machine capable of multiplication (by repeated addi-
tion accompanied by suitable shifts) was designed by
Letbnitz in 1671 and built in 1694. In 1820 Charles
Thomas, a Frenchman, designed the first commercially
successiul machine; with minor modifications and im-
provements, this machine was being built in Paris
right up to the Second World War.

We shall not even concern ourselves here with the
familiar punched-card machines manufactured by the
International Business Machines Company. These ma-
chines stem from the work of Herman Hollerith, an
emplovee of the U 5. Census Bureau, who in 1889 con-
ceived the idea of using, for entering numbers into a
machine and for reading out the results, holes punched
in a card. A similar scheme had long been used for con-
trolling the weaving of complicated fabrics on the
Javquard loom, and its application to computing
machines had been proposed two generations earlier
by Charles Babbage, of whom we say more later.

Desk caleulators and 1BM machines are excluded
from the present discussion because such a machine
performs only one elementary computation at a time,
and must be instructed anew before it can perform
another. That is, we can enter on a desk machine the
two factors entering o multiplication, and then rely
on the machine to carry out the operation and display
to us the product. But, before another multiplication—
or indeed any other operation—is performed, we must
ourselves inform the machine what numbers enter the
new computation, and which operation is to be per-
formed on these numbers.

In an automatic machine, on the other hand, sufii-
vient instructions are given the machine at the begin-
ning, and the machine has sufhcient capabilities within
itself, to permit the whole of a complicated sequence of
manipulations on many numbers to be performed by
the machine without human intervention, once the
signal to start has been given. Thus an automatic
machine is hasically different from a desk caleulator; it
1s more nearly & mechanized simulacrum of the whole
complex: human computer plus desk machine plus
tables of functions for reference plus work sheet on

¥ For a historical account of the development of desk computing
machines, see the article “Caleulating maechines™ o the FEn
cyveclopedia Britunnica
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which the course of the computation is sketched o
and intermediate results can be recorded. The idea |
such an automatic machine is more than a century o
Charles Babbage, who was Lucasian Professor of Mat}
matics at Cambridge, conceived such a device—t
Analytical Engine—and began to build it (on Briti
government money) in 1835 The Analytical Engi
was never completed, largely because the mechanic
engineering of Babbage's day was not equal to the ta
of realizing his complicated designs, but its plan w
astonishingly modern in terms of the ideas which st
rule the automatic computer field today.

One more qualifier is left. We shall speak here
high speed automatic digital computers. Earlier th
the ENIAC, at least two types of automatic digit
computers were designed and built. Professor Howa
Aiken, of Harvard, built with the help of the IB
Company his so-called Mark 1 machine which was :
electrically controlled, mechanically operated, aut
matic computer that was hailed as ""Babbage’s drea
come true."" About the same time, at Bell Telepho
Lahoratories, a machine was built which qualified as;
automatic digital computer according to the prese
definitions, and used electromechanical relayvs as el
mentary coniputing and storage elements,®* Both the
machines were of limited speed because of their
pendence on mechanical elements whose motion w
necessarily slow in comparison with the actions
electrical circuits. In the ENTAC,®* on the other han
the operations within the machine are conducted ¢
tirely in terms of the circulation through electrical lin
of electrical pulses, generated at a base rate of 1040 (x
per second, and in terms of the registration of 1
effects of such pulses by means of electronic *“tlip-tlo
circuits which can rest stably in either of two station.
states, vet be transferred from one state to the ot!
in a fraction of a microsecond by a pulse of the corn
sign.

The time required in the ENTAC to add together t
numbers, each of ten decimal digits, is 200 micros
onds— 200 millionths of a second. In terms of the tin
requiredd by machines now under construction, thi-
long,; addition tmes of about 10 microseconas
commaon in modern designs. But, in terms of the ope
tion of machines having mechanical elements, thi-
very fast indeed.

In the remarks to follow, then, whenever the w.
“machine’ is used, it will be understood to refer b
high speed automatic digital computing machine |
us now turn to some general considerations on the o
all design of such machines.

PH. P Babbage, Babbape's Cadendating Emgimes (Spoos, |
Landun, 1889)

C Annals of the Harvard Computation Laboratory (Harvan! |
versity Press, Cambrilge, 19461, Vol 1

PSOB Williwms, Bell Laly Record 25, 49 (1947)

¢ H. H. Goldstine and A Goldstine, Math Tables sl %o
Computation, 2, 97 (19465, 1. R Hartree, Nature 158, 300 1
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GENERAL REMARKS ON MACHINE DESIGN

While any given machine must be designed as a
whole, it is often useful to distinguish as separate vari-
ous parts of the machine which have various functions.
The more important of such parts are:

First, the arithmetic unit. This device performs the
individual arithmetical operations as required by the
schedule of the computation being conducted. It is a
very close électronic parallel to the familiar desk com-
puting machine.

Second. the inner or high speed memory wnit. ‘This,
which is presently the least satisfactory part of ma-
chines in existence or under design, is a device for
registering numbers in a permanent way —either the
numbers entering the problem or intermediate results—
and keeping them accessible for use on demand as the
computation proceeds Any number in the memory
must be available on demand in a very few microsec-
onds. The memory is ordinarily so arranged that it can
also store orders, which are instructiens to the machine
that govern the course of the computation.

Third. the control unit. This part of the machine is in
charge of the whole operation. It keeps track of the
calculation. determines which individual operation
should be performed next, and causes its execution.

Finally, an tnpu owpul unit. This is necessary to
enable the machine to communicate with its human
masters. Through this unit, the machine is supplied
initially with the data and instructions entering the
problem: through this unit, the machine can also read
ant intermediate or final results. Often, the input-
output unit is used to provide a large-capacity low speed
<torage (on magnetic wire or punched type) for num-
bers and orders. This outer memory supplements the
inner memory, since the latter is seldom as capacious
as one would desire.

When a mathematical problem is to be presented to
such a machine, it must be programmed; that is,
broken down into the individual steps to be performed
successivelv. The numbers entering the problem must
be supplied. arnl >0 must the orders, or instructions to
the machine for handling those numbers. The input
unit rewds the program of numbers and orders into
the memory unit of the machine at the beginning, and
the work thereafter proceeds entirely within the
machine.

A typical onder might be translated : “Take the num-
ber in stored in memory location 1100 and multiply it
by the number stored i memory location 2016. Put
the product in memory location 1234 (erasing what
stands there now) and then go to memory location 1161
for the next order.” Orders are expressed in a code
which gives them the appearance of numbers, so far
as the machine is concerned. This has two advantages:
cach memory location can store either a number or an
order, indifferently, and arithmetical operations can be
performed on the pseudonumbers which are orders,
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thus changing one order into another when this is re-
quired as the computation progresses.

The example of an order just given calls for a multi-
plication. Similar orders govern addition, subtraction,
multiplication, and sometimes certain other arithmetical
operations. Another type of order, whose use greatly
extends the scope of the machine, is the so-called
“conditional transfer” order. This provides the machine
with a sort of judgment, and enables the further course
of a computation to be determined by the results to
date, without the explicit intervention of a human
operator. A typical conditional transfer order mighs
say: “Compare the result of the last manipulation with
the number stored in memory location 1648; if it i~
larger than that number, or equal to it, go to memors
location 1174 for the next order; otherwise, go to
memory location 1176 for the next order.” Such de-
cisions are a prominent feature of the control of a com
plicated calculation by a human computer using con-
ventional methods.

Numbers are represented within the machine by
groups of non-linear elements each of which has twis
stable states: on or off. For electronic machines of the
present day, the non-linear elements are ordinarily the
so-called “flip-flop” circuits derived from the multi-
vibrator invented in 1919 by Eccles and Jordan.” Twao
tubes are so coupled, in a flip-fop circuit, that when one
tube is conducting, the grid of the other tube is biased
far bevond cut-off. If a signal is received in such a sense
as to swing positive the grid of the cut-off tube, then
the current in this tube rises and at the same time the
grid of the other tube is driven negative. In a fraction
of a microsecond, this action culminates in a stable
situation in which the tube that was formerly cut off
is carrying full current, while the grid of the tube that
was formerly conducting is biased far bevond cut.off
Thus the system has two distinguishable stable states,
and can by a pulse be transferred from one of these
states to the other.

The flip-flop is not the only device which realizes
practically this requirement of having two stable stutes
which we may call on or off. We shall see later that
there are other, and sometimes simpler and cheaper,
ways of achieving this end. Indeed, it is in this direction
that we can expect much of the short-term progress in
computing-machine design to lie

Since numbers are represented by a succession of
elements which are either on or off, it seems natural to
express numbers, for the purposes of the machine, in
terms of the number system based on 2, rather than in
the familiar decimal system based on 10. In the binary
system —the base-2 system—each digit of a number
has either the value 0 or 1, and the digits appearing in
neighboring places with reference to the binary point
(analogous to the decimal point in the base-10 system:
differ in value by a factor 2, rather than by a factor 10

"W H. Eccles and . W. Jordan, Radio Review 1, 143 (1919
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is they do in the decimal system. Each number is then
represented most economically, by a series of on-off
elements, one for each digit of the number. The repre-
sentation of decimal numbers in terms of on-off ele-
ments 1s somewhat less economical, since it requires
the use, to represent each digit, of a collection of on-off
clements so arranged that the collection has ten dis-
tinguishable stable states. These ten states are then
used to represent the values, from 0 to 9, which the
dligit can assume.

Most of the machines presently under construction
use the binary svstem for internal purposes; this
necessitates a transformation of numbers from decimal
representation to binary representation at the start
and the end of each calculation, but the machine itself
can perform this transformation, and the time required
for this conversion is small in comparison to the time
needed for the internal manipulations of numbers by
a machine during the solution of a problem.

There is one other argument for the use of the binary
system. Binary arithmetic is the arithmetic of logic,
in a universe where a proposition is either true (one) or
false (zero). The machine can, then, if it uses the
binary representation of numbers, conduct its logical
operations in the same formal terms as are used for its
arithmetical manipulations.

Let us now pause for a moment to discuss what is
called “"balance™ in the design of a computing machine.
This term refers to the simple idea that the most effi-
cient operation will be achieved when the times re-
quired to perform the various operations conducted
by the machines are related to one another in a reason-
able way. To take an absurd example, the requirement
that the machine be able to perform whole sequences of
computations automatically arises from its internal
speed. There would be no sense in performing an addi-
tion in. 200 microseconds (as the ENIAC does) or in
10 microseconds (as some of the new machines will do),
if a slow-moving human operator had, at each stage,
to copy off the result and then to enter the next two
numbers to be summed.

At a more sophisticated level, we must consider the
balance of operating times within the machine. This re-
quires a careful weighing of the relative times required
for access to the high speed memory, for addition, for
transfer of a number from one place to another in the
machine, and for the repeated operations involved in
multiplication and division. To a certain extent, de-
cisions on the balance of internal operating times will
be made on the basis of the type of problem for which
the machine will mainly be used; thus, for example, a
machine whose main task was to be addition or com-
parison of numbers would desirably have a different
internal balance of operating times from that appro-
priate to a machine intended for processes involving
many multiplications. But the balance of a general-
purpose computing machine can also be specified, and
attention to this design consideration is important.
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It has already been stated that numbers are ordi-

“narily expressed in the machine in terms of their binary

representation. There are two quite different wavs of
handling such numbers, both of which are in use in
machines now building. One is called the serial method,
the other the parallel method.* In serial operation, a
number is transmitted from one place to another in the
machine a single digit at a time, until the entire number
is spelled out. In parallel operation, each digit of a
number is transmitted on its own separate line, and ull
the digits of a given number are sent simultaneously.

As usual, each of these schemes has its advantages
and its disadvantages. The parallel representation is
inherently faster, since the entire number is transmitted
at once, while in the serial scheme a number is sent one
digit at a time. On the other hand, the amount of
equipment needed in a parallel machine is greater than
that required for a serial machine, since in the former
as many lines are needed for transmitting a given
number as there are digits in the number, while in
serial operation all digits are sent successively down a
single line. In a serial machine, exact timing 1s usually
quite significant, since, for example, the successive
digits of a number are distinguished from one another-
by their time of occurrence. In a parallel machine, on
the other hand, timing is unimportant, since the place
of a digit in a number is distinguished completely by
the place at which it occurs in the machine. It is too
early to say which of these schemes is the better abso-
lutely, or the better under certain circumstances. They
seem today to be competitors of approximately equal
promise, and only further work and further develop-
ment can determine which is the better.

The detailed design of the inner, high speed, memory
has a substantial influence on the choice of serial o
parallel operation for a machine. The requirements on
the inner memory are very simple but very challenging
It must be able to store at least hundreds, and prefer
ably thousands, of separate numbers or orders, and to
do this in such a way that each is permanent and ma:
be left stored for long periods without error, while a1
the same time it is accessible for transmission and use
within a very few millionths of a second.

The earliest machines, such as the ENIAC, used for
an inner memory banks of flip-flop circuits, so that ar
least one pair of triodes was required to store cacl
digit of each number in the inner memory. This is suc!
an extravagant scheme that not very many numbers
could be so stored ; the ENIAC has in its inner memors
a capacity of only 20 numbers or orders.

It was clear that greater capacity of the inner memor.
is needed for achieving proper balance in a general
purpose computing machine. This problem has occupie:
machine designers for some time, and it still occupie
them. The three types of inner memory in use arv
first, a rapidly rotating magnetic drum on which th:

*ID. R. Hartree (reference 1, Section .’!\‘
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gits of numbers can be stored as patterns of mag-
tization ; second, a tube containing mercury or other
juid down which the signals representing digits of
imbers can be sent as pulses of sound; and third,
petrostatic schemes in which the digits of numbers
re stored as patterns of charge on the face of an
wulator
It 15 worth noticing that the magnetic drum and the
inic delay line are methods of dynamic storage in the
ense that the numbers stored circulate continuously
uring storage, while the electrostatic scheme is one of
talic storage. It has therefore sometimes been said that
he dynamic storage methods are best suited to a
nachine of serial tvpe, while the static storage fits
wst a machine of parallel design. This is only partly
rue. A dynamic storage method produces one digit
Jfter another, to be sure, but a multiplication of the
inits used for dyvnamic storage (magnetic drums, mer-
ury delay tubes) permits each digit of a given number
ir order to be entered on a separate memory unit, so
hat the whole number can be available at once, as it
nust be in a parallel machine. On the other hand,
static methods of storage are not immediately suitable
for use in a serial machine, but can be used if the digits
of a number are read off from the stutic storage one after
another.
Let us now turn to a consideration of the capabilities,
uses, and limitations of computing machines currently
under design or construction

CAPABILITIES, USES, AND LIMITATIONS
OF MACHINES

The nature of the orders presented to a machine has
already been mentioned What we must understand at
this juncture is that the number of orders a machine
can appreciate and act upon—its vocabulary —is built
into it by its designer. An analysis of the operations of
arithmetic discloses that the operations of addition,
subtraction, multiplication, and division ««n he defined
in terms of the elementary operations and
“meet." But the formalism necessary for '+ s reduction
is so complicated that it is more sensibie to instruct
the machine in terms of the four conventional operations
of arithmetic than it is to reduce (in programming)
every arithmetical operation to its basw terms as ex-
pressed by the uperations “join”" and meet.”” How far
can we profitably go in this direction of complicated
arithmetical operation? Is it worth whiie, for example,
to instruct the machine how to take squaire roots?

The ENTAC is so instructed. On a single order, the

in

ENTAC will take the square root ut a designated num-’

ber But the operation of extracting a square root 1s
expressible in terms of the four clementary operations
ol arithmetic, and thus a machine which does not un
deestand a one-word instruction to take a square root

nevertheless extract such a root if it is provided
w = a sequence of orders designed to produce such a
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result, by manipulations which the machine does
understand.

‘I'his is not a trivial point. To increase the vocabulary
d a machine—to increase the number of single orders
ahich it understands—greatly complicates the design
of the machine. To simplify the machine by reducing
its vocabulary greatly complicates the business of
programming a problem for the machine. Here, too, a
halance must be struck: between machine complexity
and program complexity.

In fact, we meet here one of the major differences of
philosophy which has so far occurred in the design of
machines. It can be illustrated by noticing that the
Harvard Mark | machine is provided with a built-in
table of four-place logarithms, so that it has the capa-
bility to take the logarithm of a number by looking 1t
up in this table. The designers of other machines have
asserted that, since reference to a table of function
values is one of the least efficient elementary operations .
performed by a machine, it is better and faster to have
the machine calculate for itself any funchion values
needed, using the infinite series expressing the function
I'he inefficiency of tabular reference arises hecause
either function values are stored in the inner memory
{which is already too small for proper balance in most
caliulations, and therefore ought not to be used up for
funs tion tables), or else function values are stored inan
outer memory, where consulting them takes a very long
time on the extremely rapid time-scale of the machine
The storage of the form of a function makes far smaller
total demands on memory space, and the computation
of needed values of the function is, in general, far
faster than is consultation of the outer memory 1o find
such values. Thus, in this latter philosophy, tables of
functions are an anachronism existing today only be-
cause not everyone interested in performing calcula .
tions vet has access to a high speed automatic digital
computing machine.

Of course, the user of a machine often meets a situa-
tion in which he must perform repeated caleulations ol
the same kind. If this calculation is not one comprised
in the vocabulary of the machine, it must be pro-
grammed for the machine in terms of the elementary
operations which are encompassed in that vocabulary
Once this is done, then the program which results can
be preserved and used again and again. That is, an
extended computation will ordinarily consist of a
major routine and a number of sub-routines, the latter
being of such a nature that they can be used, if neces.
sary, over and over again as the main computation
progresses, If, for example, the machine i1s not designed
1o understand an instruction directing 1t to take the
sqquare root of a number, then the square-root opera-
tion can .be programmed in terms of the four basic
aperations of arithmetic. If that program is saved, i
van be used over and over again whenever the major
computation demands that a square root be taken. As a
machine is used for extended periods, the number of
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an b suberoutines which are built up and filed away
for futire use will be extended ; and it s not oo much
o expect that programming will thereby be greatly
1|I:!'!'ii||l'l|

It is of some mterest to compare i high speed auto-
neitic digital computing machine to the human brain,
Al such comparisans have often been made i the
st * Such @ comparison must be very carefully made
From whit we know now, the central nervous system
ol animals, including men, s composed of individual
peurons or nerve cells which are on-or-off devices like
the flip-flop. However, man's central nervous system
s ten thousand million such elements, while the most
complicated compriter so far built has only about ten
thousand This factor of 2 million which separates com-
puting machines from Lrains 1s most important. For
ot thing, it permits the brain to perform its npera-
Lons with o very considerable redundiney, so that a
farhure in u single element of a single chain of neurons
i~ ot impartant in teems of the result

Present day machmes, on the other hand, operate in
& unitary way, The machine has so tew “neurons’’ that
it must use each as if it were infallible. This puts a
fantistic premium on reliability in a computing ma-
hine. Von Neumann has estimated that, if a machine
i the present complesity and design is not to commit
errors more frequently than one per four hours, on the
average. then its individual parts must have such a
reliahility that one failure occurs per million million
elementary operations. This is some thousiand times
hetter reliahility than has so fur heen achieved 1n con-
ventional telephone practice, where one failure occurs,
on the avernge, per thousand million operations. One
of the unanswered questions about computing machines
i~ whether such a reliability can be achieved.

This (question has another side. We must ask whether
wich a reliability needs to be achieved. Are there not
methods of checking which can, at every juncture, pro-
rect w machine from the consequences of error?

The answer is that there are. Claude Shannon, in
his important paper on the “Mathematical theory of
communication,” has pointed the wav to a method of
vhecking which can correct automatically the errors
that may he committed by a computer.!” The scheme
involved. which is due to Hamming, requires, o be
sure, that other numbers beside those involved in the
computation he handled and transmitted, but ensures
that failures in the machine will not affect the results
of 4 computation. In effect, the use of such a scheme
introduces redundancy for the sake of reliability, and
thus moves the logical design of computing machines
a step nearer the logical design of the brain. The ad-
vantage of Hamming's method is that it provides a
prescription for introducing the needed redundancy in

* Warren 5. McCulloch, Elec. Eng. 68, 492 (1949).

(b Shannon and Warren Weaver, Fhe Mathematical Theory
of Commumicalion (University of Hhnms Press, Urbana, 19491,
Section 17, p. 44,
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the most economical and efficient way, as can be proved
by Shannon’s communication theory

Probably one of the most promising directions of de
velopment now visible is this matter of evading in
tolerable requirements for reliability by suitably chosen
means of checking. Various rather simple-minded
schemes for checking have been proposed in the puast:
for example, to put the same problem simultaneoush
on two independent machines, and then 1o compare
the results —but the checking method mentioned above
is the first to have a sound theoretical basis.

Let us return to our comparison hetween computing
machines and the brain. The individual on-off ele
ments of 4 computing machine operate about a thou
sand times faster than do the neurons of the central
nervous system. This constitutes the principal supert
ority of computing machines to brains; in almost every
other respect the computing machines which we now
can build are incomparably inferior to the neryou-
systems which we all possess

We have already noticed the greatly superior toum
plexity of the brain. Warren McCulloch, a professar ol
psychiatry at the College of Medicine of the Universits
of linois, has observed that the complexity of th
ENIAC. the most complicated machine yet huilt, s
about that of the nervous system of the fatworm

In terms of space and power, there 15 no compatisot
Your brain is contained in vour skull, and it dissipate-
less than twentyv-five watts even when it 15 in full
activity. The ENIAC, a million times less compli
cated, fills a large room and uses 120 kilowatts o
power. Twenty kilowatts more are needed 1o run the
hlowers which keep it cool.

The great disparity betwegn a machine and a hro
must be taken into uccnunl‘iﬁ preparing i problem {1y
solution on a4 machine. In the words of Lady Lovekio
the daughter of the poet Byron (she was speaking
Babbage's Analytical Engine): “The machine van
only what we know how to order it to perform " I
can obey instructions exactly, but it must have 1
structions or it will engage in an absurdity. Thi
means that every possible eventuality of a complicati!
caleulation must be visualized by the humin computes
when he programs the problem for the mad hine, pnit
each such eventuality must be provided for in terms
explicit instructions.

Professor Hartree calls this “taking the machine -
eye view" of a computation, and he cites an instange o
his own failure to do s0.'* He had failed 1o foresee tha
the argument in a trial solution might hecomie niegiatise
since he required finally a positive argument, In 1l
absence of explicit instructions on this point. he o
chine “did its best, and this was something quite
sensible according to its structure and the hmited 1w
structions which kad been given to it, but quite differen
from the correct small extrapolation of thase mstro

W H I, Babbage (reference 3, p 44

113, R. Hartree (reference 1, Section 79, p 12
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ions which a human computor would make as a matter
o course

Up to this point we have emphasized, and perhaps
weremphasized, the degree to which a computing ma-
hine is dependent upon its detailed design and on the
irders 1t receives. The impression has probably been
siven that these determine entirely the operation of the
machine. All this is quite true, under ordinary circum-
stances, but there is another wav of using a machine
which is worthy of remark

I refer to the so-called “Monte Cuarlo™ type of com-
putation.® This method replaces the exact analysis of
v complicated problem with a sort of statistical experi-
mentation. That is, under properly chosen safeguards
to ensure randomness, solutions of the problem at hand
tre secured for many special cases, and the results are
examined to determine the relative probability of vari-
ous over-all occurrences

I'his will be clearer in terms of a specitic example,
The Monte Carlo technique has been applied to the
problem of neutron diffusion i a scattering and ab-
sorbing medium. Neutrons of 4 known energy distribu-
tion fall on such a medium in a beam of known in-
tensity ; at 10 cm depth (sav) what will be the neutron
density and velocity distabution” At each encounter
with a nucleus, & neutron has a certain chance of heing
captured, of bemg elastically scattered in one direction
or another, or of being inelastically scattered with en-
ergy loss of some amount or other, The probabihtics of
all these events vary with the energy of the inculent
neutron and are different for different target nuclel
(for the absorber may and usually will contain more
Rather than seeking an analyvti-
nplex problem, Ulam® has
avoof many individual neu

than one nuclear tvpe
vitl ~otution for this v
followed the detailed 1=
trons through the absorber, at each encounter with a
asting dice (i
ceproduce the

nucleus determming the outcome In
effect ) the dice lll'ilig Sllif.lhl_\ linaelen
probabihty struoture appropriate o event con-
cerned. When this has been done fo

dividual neutrons, the statistics of theo

many in-
ant behavior
presumably: approaches that which wei ot result from
i Aull-dress analyvuical solution of the pooniem,

A high speed machine s dmirably waapted to apply
this method, for its speed enables 1t 1o obtain a sta-
tstically signimeant volume of results in a reasomably
short time. However, if i machine is to oo this, it must
be instructed how to gumble This 15 accomphshed by
providing to the machme, at each atoture where
gambling 1s required, a random number whose size
determines the result of the play. In fact, schemes exist
for the generation by analytical processes-——and there
tore by and within the machine itself —of “pseudo
“andom™ numbers which have all the necessary proper

Ulam, Svmpostiem on Large-Scale Digital Caleulating
crn s Harvard University (September, 1949)
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ties of randomness. D. H. Lehmer'* has proposed a
particularly elegant and useful scheme of this sort.
The pseudorandom numbers produced according to
lLehmer's prescription are easy to generate in a machine,
and meet all of the standard tests for randomness, After
one has made such tests, it comes as a distinct shock to
tind that all these numbers are divisible by 17,

There are good indications that the Monte Carlo
method may be one of the best ways for solving partial
dhfferential equations on a machine. Certainly its power
and scope seem destined to grow.

FUTURE TRENDS IN COMPUTING MACHINES'"

I'here are three important questions which concern
the future of computing machinery which 1 should like
to disefiss. The first is: “Who is likely to possess large
high speed computing machines in the future?” Some
workers in the computing-machine field scem quite
pessimistic about the ultimate wide availability of such
machines, on the grounds that they are complicated,
expensive, and difficult to keep in order. This is a point
of view with which I entirely disagree. | fully expect
that a competent high speed computer will very soon
be regarded as an important and inevitable part of the
resciarch equipment of any university having even the
most moest research pretentions.

1t s, the computing madchine is to be viewed not as
betig in the category of the large astronomical tele-
scope, which 15 a pleasant but optional luxury for a
university, but rather as being in the category of the
electronuclear particle accelerator, which is a necessity
for any university desiring to cultivate modern nuclear
physics. It is a tnitle surprising that so few American
universities have accepted this view: in fact, only the
University of Hlinais is presently building a machine
on its own funds for its own purposes.

Of course, the wide availability and the general ac
ceptance of high speed computing machines will be
greatly forwarded by improvements in reliability andd
reductions in cost. Such developments can be expected
to arise from the continued developments in components
atd the improvement in the logical design of machines

Let us now ask : ““How large, how fast, and how com
plicated should a large, high speed, general-purpose
computing machine be?” It seems unlikely that ma
chines more involved than the ENIAC will ever be
built. More recent machine designs are more ambitious
in terms of speed of operation, in terms of the size of
inner memory, and in terms of the general competence
of the machine. In spite of this, such new machines
have fewer tubes than the ENIAC; they use these
tubes harder, so to speak. I think that the answer to the
question of where to draw the line in designing a general-
purpose computing machine is set entirely by con-

* 0. H, Lehmer, Symposium on Large-Scale Digital Calculating
Machinery, Harvard University (September, 19491

® L. N. Ridenour, Symposium on Large-Scale Digital Calculat
ing Machinery, Harvard University (September, 1949)
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siderations of reluability. That s, a large general-
purpose machine ought to be as big and complicated
and competent as it can be made, subject to the limita-
tion that it must not commit an error oftener than once
every few hours. There is no other significant limitation
on the total complexity of the device; for the machines
which are now in design or construction are still quite
inadequate to deal with many problems which we should
like to put to them.

One simple example 15 contamed o a remark of
Hartree, quoted to me by Professor Aiken. Hartree saad
thut the fastest computing machine available today is
still too slow by a factor of 10' to solve the problem of
the wave equation for the copper atom. Similarly, the
peaple who are designing the air trafhic control plan
for the country are proposing to put computers in kev
locations on the airways of the country, to handle the
problems involved in wir trathic control, Preliminary
estinuttes of the scope of these problems have indicated
that present-day machines will be severely taxed to
deal even with the volume of air trathe that exists
today.

We want, therefore, to make computing muchines as
large and as complicated as we can, for the most am-
bitious machine which we can realize today is power
less in the face of problems that we can readily pose,
but not vet solve.

This brings us to myv f(inal question: “"How can a
computing machine be made more reliable, so that its
complexity can be ncreased without increasing the
chance of fatlure?” Much of the answer to this question
will depend on the further development and the elaboru-
tion of the checking schemes which have already been
referred to. However, the obvious way to increase the
over-all reliability of present-day magchines is to look
towiard as complete as possible an elimination from such
machines of vacuum tubes and electromechanical relays.
These two components are presently the major sources
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of failure in existing machines, partly because they are
so numerous, and partly because they wear out with
continued use. We need computing elements that can
perform the same non-linear functions as those we now
achieve with tubes or relays, but elements which are
far less prone to depreciation in use.

The vacuum tube also has the disadvantage that it
requires large amounts of standby power. MoCulloh
has remarked that, if a machine built on present prin-
viples were to have-as many neurons as does the brain,
it would require a skyscraper to house it, the power of
Niagara to light its tubes, and the full flow of witer over
the Falls to keep it cool. There are now visible several
developments which promise to compete with ths
viccuum tube for this and other purposes. First, semi-
conductor devices of the tvpe of the transistor seem o
have great promise. Second, magnetic devices like thuse
reported by the Harvard group at the September svm
posium hold out the hope that they can serve in the
place of tubes, with much greater reliability wd without
requiring power.'®* Finally, the ploneerig work of
Bowman'” on electrochemical elements for computers
offers a substantial pronise in this same direction

Probabily there 1s no more rewanding direction for
vomputer development thin to explore the possibilitios
of using unconventional elements in the design of such
machines. If the vacuum tube can be replaced with
cheaper, simpler, and more durable device, then the
over-iall competence of practicable computers can I
greatly increased. Such a development will being i its
triin a greater availability for computers of the present
sort, and a wider general use of computing machines of
all kinds.

" \Way Dong Woo, Symiposium on Large Scale Digital Caloulio
ing Machinery, Harvard University (September, 1949)

IR Bowman, Symposium on Large-Scale Digital € aloulat
g Machinery, Harvard University (September, 1949

' \
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