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PREFACE 

The BNIAC (Electronic Numerical Integrator and Computer) is a device 

now in the test stage. It is not in a state in which a report for general 

distribution is warranted. The present report is supplied to the Applied 

Mathematics Panel for limited circulation among a particular group, the members 

of which have a special interest in computing machines. The contents should be 

considered in the light of the preceding statement, with the assurance that 

technical descriptions will be published in technical journals as soon as it 

is felt that this is justifiedo 
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The EDVAC (Electronic Discrete V~iable Conputer) is in an early desi~ 

s~ag~ and remarks concerning it are subject to future change as work progresses. 

Of the authors of this report, ~~. Eckert has been chief engineer of the 

project and deserves credit for most of the technical work. Dr. Mauchly has 

assisted him. Capta~ Goldstine, as liason officer of the Ballistic Research 

Laboratory, has been actively engaged in the project from its inception. The 

project originated in a IllSmorandum prepared by Dr. Mauchly at a time when the 

BRL work at the Moore School was so extensi~e that everyone was impressed by 

the great desirability of a high-speed, high-capacity computing device, faster 

than any then available. 

It is desired at this point to make certain acknowledgments& 

To Colonel Leslie E. Simon, Director of the Ballistic Research Laboratory., 

Aberdeen; Colonel Paul N. Gillon, Chief of the Research and Development Section 

of the Ar~ Ordnance Department; Mr. Sam Feltman, Chief Engineer of the Research 

and Development Section of the Ar~ Ordnance Department; Dean Harold Pender of 

the Moore School, and Mr. Miles E. Nelson, supervisor of the Moore School shop, 

thanks are due for hearty and extensive cooperation. 

, 
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To 1:r. S. B. Williams, of the Bell Labora-tori•H:, thEl pr.o,iect is 

indebted for many hel:r>f':l succ:estions on the relRJ cir<"Jits and considerable 

aid on many occasions in supplying detailed informa~ion on telephone parts 

whJch nr·oved useful in the ENIAt::. 

The project also wishes to thank r:!r. A. B. Dickenson and r~r •. Tohn Wheeler, 

of the lint. Company, for desjcnint: the spec:l.al card reading r1er.hine and for 

su~f:osting circuits for connecting it to the rl'>lnys in the ElHAC. Thanb a!"e 

also due to the IBM CoJ'11pany for supplying mp.,~hjmis and auxiliary p~:~rts, 

LivinE;ston and Company, Inr.orporated, of Philadelphia,went out of its 

way to cooperate in expeditiously fabricating certain parts for the ENIAC; for 

this our thanks are extended. 

To Ef:gly l<;nEineE>rs the ~roject is indebted for design of the ventile.ting 

system which is an integral r-a rt of the- ENii'.C. 

Enr;inoers, mathematicians, report writers .and others who have worked at 

any time in a desig;n or supervisory capacity on the project or otherwise made ·a 

substantial contribution to it are the following' 

Arthur Burks 

c. c. Chambers 

Jose!1h Chedaker 

Chunn Chu 

James Cummings 

Leland Cunningham 

John Davis 

Harry Gail 

Adele Goldstine 

Irwin Goldstein 

S. R. Warren, Jr. 

Harry Huskey 

Hyman JaJ'11es 

Edward A. Knobelauch 

Herman wkoff 

Robert Michael 

Frank Mural 

T. Kite Sharpless 

Robert Shaw 

C. Bradford Shep~ard 

Homer Spence 

The project is particularly indebted to the above re rsons for their contributions. 
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Thanks are due to Professor Hans Rademacher of the Mathematics Department 

of the University of Pennsylvania who carried out for the project some as yet 

unpublished studies concerning the optimum interval to be used in the solution 

of certain seta of equations in order that the expected error from round-off 

and truncation shall be a minimum. 

Professor John Von Keumann~ of the Institute for Advanced Study• is 

an active participant in the planning of the EDVAC. especially with regard to 

its overall logical organization. Thanks are certainly due to him for his 

continued work and interest in the project. 

J • Go Brainerdo 



DESCRIPTION OF THE ENIAC 
and 

CO!rnENTS ON ELECTRONIC DIGITAL COMPUTING MACHINES 

INTRODUCTION 

In recent years various lare;e machines have been devised for carry .. 

ing out in nore or less automatic fashion the numerical solution of math-

ematical problems which could hardly be undertaken without such machines. 

The Moore School of Electrical Enbineering of the University of Pennsylvania 

has, for the past two and one-half years, been en&aged in the development ot 

such machines for the Ballistic Research Laboratory of the Aberdeen Proving 

Ground. 

The ENIAC, described in this report, is the first general purpose 

automatic electronic digital computing machine. Its speed considerably 

exceeds that of ~· non-electronic machine, and its accuracy is in general 

superior to that of ~ non-digital machine (such as a differential analyzer). 

The ENIAC is extremely flexible, and is not fundamentally restricted to 

any given class of problems. However, there are problems for which its speed 

is ltmited qy the input and output devices, so that it is impossible to derive 

the full benefit of its high computing speed in such cases. The ENIAC carries 

out its entire computinG schedule automatically, but the sequence which it is 

to follow must be set up manually beforehand. The intended use of the ENIAC 

is to compute large families of solutions all based on the same program of 

operations, in which case the time spent in manual set up can be disregarded. 

A second electronic digital machine, the EDVAC, is now being planned. 

It will be of larger capacity than the ENIAC, have a somewhat higher COJ11>uting 

speed, and will be completely automatic, including set up. Despite these 

features, it will require consi1orably 1!!! equipment than the ENIAC, sinoe 

th• electronic components will be used in a quite different and much more 
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efficient w.aye 

The nature of the problems which these machines bring within the 

range of oo~utation. and the. real necessity for speed in carrying out 

such computations. are covered in the first chapter of this report. Follow" 

ing this, chapter 2 points out that to attain the speed• accuracy and 

flexibility required• electronic digital machines must be usedo 

• 
A description of the ENIAC in Chapter ' is intended to give the 

reader a rather complete account of the general features of the ENIAC and 

also provide him with some information on the way in which the various units 

can be used. The important function of control is considered first, then 

various kinds of memory or storage facilities, then the arithmetic units, 

and finally the input and output devices. (Specific explanations of some 

arithmetic and programming techniques will be found in the appendices; ther·e 

is also an appendix giving constructional data.) 

The later chapters of this report are concerned with a discussion of 

some general principles which seem pertinent tp computing machine design and 

which have been used in formulating the plans for the EDVAC. 

It should be noted in this introductory section that it is recognized 

that the object of computing machine design is not merely to speed up arith­

metic processes, but to attain a high overall speed. including the problem 

set-up and the preparation of results in useful forme It is desirable to have 

as much as possible done automatically. 

It is also to be observed that a great deal of the equipment in non­

electronic machines is "in multiple", that is, concurrent operation of m&Df 

parts is used to increase coJ!Iluting speed. Electronic devices are inherently 

so fast that it is unnecessary to achieve speed in this ·~· By resorting to 

"aerial operation", a considerable saving in equipment may be secured. However, 
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the consequent loss in speed is tolerable only when electronic components having 

high inherent speed are employed. Reliability and maintenance are aided by this 

equipment reduction. e.nd serial operation also has important advantages both 

. from the point of view of checking and because it simplifies the work of plan­

ning the computational program. 

3 



CHAPTER 1 

,...--
/ 1.1 

THE NEED FOR HIGH SPEED GENt.RAL PURPOSE COMPUTING MACHINES 

Need for General Purpose Computing ~~chines 

Before proceeding to a description of the ENIAC there will first be given a 

brief indication of the need for truly high-speed computing machines in the 

applied sciences and specifically the needs of the Ballistic Research Laboratory, 

Aberdeen Proving Ground, for such machines. The discussion of these points will 

be brief since it is believed that von Neumann is planning to devote considerable 

space to them in an AMP report soon to appear. 

An examination of the literature of the physical sciences shows that the 

principal emphasis in these fields has been in the solution of linear problems 

(those which can be formulated in terms of linear equations) which can be handled 

by analytic techniques . Physical problems different from these are not neces-

snrily more difficult from a physical point of view, but they have been by-passed 

ip favor of the problems whose analytic solutions are possible of attainment. 

~hose problems which cannot be solved analytically have been handled by 

computational methods or through the use of specific analogy machines. As an 

illustration of the computational approach we might mention the truly remark-

able work of Hartree on the structure of the atom, a series of calculations 

extending over a period of about 15 years. An exemplification of the latter 

technique is found in the use of wind tunnels. At present, the supersonic wind 

tunnel at the Ballistic Research Laboratory is used about 30% of the time as 

an analogy machine to solve two-dimensional steady state aerodynamical problems. 

Industrial compa~ies frequently resort to highly specific analogy ~~chines to 

solve, for example, linear equations of electric circuit theory or the partial 

differential equations which enter into electron-optics problems. It may be 

noted that much of present experimental wo r k consists essentially of the solution 

of mathematical problems by analogy methods. If one had a computing machine of 

sufficient flexibility the necessity for these experiments would be obviated 
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provided that it .was sufficiently rapid to solve the problems in a length of time 

competitive with that of experimentation. Furtl1ermore, with computin,:; machines 

·whose speeds were orders of mag;1itude faster than exper irnental methods, not only 

would progress in mathematical physics and engineering be accelerated, but, un­

doubt.edly, z:esearch would also be extended into fields as yet unexplored. 

To handle efficiently l~ge classes of problems which can be mathematically 

formulated, automatically sequenced general purpose computing machines are needed. 

The machines thus far developed or, at present, contempl~ted are sufficiently 

general to solve problems whose compl.,xity is comparaole to those of twa-dimensional 

transient or three-dimensional steady state aerodynamical motion. Such machines 

will stimul~te the investigation of many pro~lems, otherwise computationally 

unapproachable, in man;>' other fields. Xe mention only a fev1 of the more obvious: 

quantum mechanical and electrodynamical studies, molecular and statistical studies 

in chemistry, astrophysical applications, exploratory investigations in theoretical 

meteorology as well as researches in mathematical statistics and mathematics 

itself. 

~ need for Speedy Computing Machines 

In discussing the speed of computing mach ines it is perhaps desirable to 

distinguish between sa-called continuous variable and digital machines. Although 

existing continuous variable machines such as the differential analyzer and the 

a-c network analyzer are exceedingly rapid, the class of problems v1hich they can 

solve is limited. Since both of these ma.chines perform all operations of a 

computation in parallel, the size and complexity of the problems they can solve 

is limited by the number of arithmetic organs they contain. In addition, these 

machine.s are necessarily restricted in their accuracy due to their inherent 

nature. We will, therefore, confine our attention to digital computing machines . 

The time required to carry out a multiplication provides a rather good 

index of the speed of a digital computing machine inasmuch as the time spent in 

multiplication usually represents the major part of the computing time when such 
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machines are used. In general, the computing time for a given problem can be 

estimated roughly as 2 or 3 times the amount spent in multiplications. The multi­

plication time for the ENIAC is about 3 msec t for the EDVAC, about one msec. 

For electromechanical digital ~acnines, the multiplication time ranges from about 

1/2 s~cond to 5 seconds. 

To give some idea of the time consumed in carrying out an extensive 

computation, it might be well to consider a typical aerodynamical problem of 

interest to the Ballistic Research Laboratory, which involves the solution of 

quasi-linear hyperbolic differential equations. 

I. E. Segal has formulated the partial differential equations for describ­

ing the pressure on a high-speed, sharply pointed and non-yawing projectile. 

The knowledge of this pressure e~bles one to compute the head drag,the air flaw 

between the projectile and the head wave, and of course, the head shape of l~1est 

drag in a given group of head shapes. If the JMthematical solution of this prob­

lem is successful, it will ~vidently point the way to tho solution of many 

problems now handled in wind tunnels or precision firing ranges as experimental 

problems. We shall then describe Segal's problem and his method of solution as 

a typical example in mathematical physics illustrating the need for high-speed 

computing equipment. 

We assume as given the shape of the head wave and compute from·this the 

shape of the projectile as well as the flow. The partial differential equations 

de"Scribing the motion of the fluid are quasi-linear hyperbolic partial dif'ferential 

equations wherever the flow is supersonic, and they are solved by the introduction 

of characteristic parameters. It is assumed by Segal in the derivation of his 

equations that the air is a compressible and non-viscous, as well as an isentropic, 

fluid. The considerable simplification brought about by taking the head wave as 

given, however, results in the inconvenience of having to interpolate in a family 

of previously computed head waves to determine the flow around the given projectile 

head at a given Mach number. Segal estimates the number of head waves needed for 

this interpolation to be in the order of 25. 
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F:eftJre the introduction of' charector 5.~tic r.e. :-b. r,r:-!-c:rs the f'orm o f cquotic-r.:s 

to be solved i:;: 

+ (a2 - v2 ) v 
y 

2 + a v 
y 

= o, 

where a is the local velocity of sound; u, v &re the co:rnponent s o f the flu id vale-

city at the point (x,y), and v;here the suhscripts denote tho partial dHferontia-

tion. 

Without e;oing into thf-l detailf of the step-by-step intee;ratic·n JTidhod used 

by Seeal, we can say that there are apprc(:>r:imately 90 multiplic~atic- ns to be perforrnE!ti 

at each point in thfl field of inte~:;ration, and that there wi 11 be about a thousand 

such roj.nts. Consequently, on the F:NIAC the pure compu t ing time, apart fron 

reading or printing, will be about 5 minutes. As will be seen in the subsequent 

dis9ussion, the ENIAC has at .least tw'o typos of I:lflT!10ry; a fairly hir;h-speed 

memory, used locally in connection with the arithrletic operations, and nn in-

definitely la.re:e meJtl('lry capacity on IBJ.' cards. The machine is equipped both to 

read and r.nJnch such cards. In this problem it appeEI.rs necessary to use this slow-

speed memory to store the results of rrevious computati.ons and then to reintroduce 

these data at a later time for subsoquent ca. leu le.tions. In fa~t, it may be 

necessary to n~ad 2 cards and to print 2 others for each point. The readinr; and 

printing however, can pro'Dably bed one ~oncurrently. It is therefore sufficient 

to consider the printinr; time alnne. Inasmuch as there will be 2000 cards printed 

at a rate of 100 cards per minute, the prir.ting time is of the order of 20 

minutes. It is thus seen that the total soluticm for Segal's problem for a given 

N~ch number and a given head wave will be, with ideal ENIAC operation, about a 

half hour. 

As was rel!l8rked earlier, it will p- obably be desirable to do about 25 

solutions of this problem for different head waves and possibly about 10 solutions 
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for different :Mach numbers so that the total problem will 'Qe of the order of 250 

solutions of the equations. This would represent, under ideal operating conditions, 

about 125 hours of total computing to provide a reasonably complete table for the 

determ,ination of the drag on an ordinary shaped projectile head moviJl;; at super-

sonic speeds. The memory of the .t:DVAC is planned to be much larger than that of 

the ENIAC, and the calculated solution time of Segal's problem on the EDVAC is 

about two minutes for each head wave and l.Iach number. It is thus seen that on 

the EDVAC, the total tine of solution for the complete problem will be .of the 

order of 8 or 9 hours. This great speed is possible primarily because of the 

very large high-speed :rremory of the machine. 

Let us contrast this computing time with that on a hypothetical electro-

mechanical machine. ~ssuming a multiplication time on such a machine of about 

one second and a printing time of 5 characters per second, there would be spent 

25 hours for the pure computing time and about 8 hours for printing making a 

total computing time of about 33 hours. Consequently, the total time .of solution, 

about 8,000 hours, is sufficiently long so that one would not handle the problem 

by computational means, but rather would be forced to handle the problem by experi-

mental techniques either in supersonic wind tunnels or precision firing ranges of 

the sort in use at the Ballistic Research Laboratory. 

We mould perhaps next inquire into the reasons why one is nat content to 

take extrerely long times to oarry out a numerical computation. 'l'he three arcu-

ments on this point $.1"8 cost per problem, i;he neoessi ty for getting a solution 

quickly, and the scope and range of problems which one could and would be willing . . 

to unde:M;a.ke • 'L'b.e second point is important not only because of deadline 

considerations but also because tRe hi~h-speed machine can be used as a tool of 

the physicist or engineer, much as his other laboratory equipment is used. The 

importance of this consideration cannot be over-emphasized since it will allow 

the scientist to undertake investigations which he \'.Ould otherwiGe not even 

attempt. 
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1.3 The Needs of the Ballistic Research Laboratory 

The ~allistic Research Laboratory is charged by the Ordnance Department with 

the two responsibilities of carrying out research leading to the develo_rment of 

better gun-projectile-propellant combinations and of producing; firing and bombing 

tables for proposed or existing combinations. In general, the former activity 

results in computational ~oblems of an aero- or hydro-dynamical nature, whereas 

the latter gives rise to simple but exceedingly laborious and extensive calculations. 

This dichotomy in the computing work of the Laboratory has been reflected in the 

designs of the ENIAC and the EDVAC, as we shall indicate 1B ter. 

Although the Leboretory utilized both its own and the 1~ore School of 

Electrical Engineering's differential analyzers, assembled a steff of about 200 

computers and · organized an extensive IBM group, it was felt that even this comput­

ing facility would be inadequate to provide the combat services with thA firing 

nnd bombing tabhs that were so urgently needed. Accordingly every effort was 

~- made to seek entirely new tools for this purpose. 

In Aur;ust, 1942, J. 'N. Mauchly hed summarized briefly, in memorandu!T' form, 

the advantages to be expected from an electronic high-speed computer of the type 

that could reasonably be developed at that time. Early in the spring of 1943, 

Captain Herman H. Goldstine of the Ballistic Research Laboratory, end Colonel 

Paul N. Gillon of the Office of the Chief of Ordnance, became interested in the 

possibilities of such ad evice for carrying out the preparation of firing and 

bombinr; tables. At Goldstine's request, J,~uchly end J. P. Eckert, Jr. wrote a 

tentative technical outline of a machine whinh would be capable of numerically 

integrating trajectories for firing tables end ·which would hHndle other computing; 

jobs of shdlar complexity. This !T'aterial was then, April, 1943, included by 

J. G. Brainerd in a report which formed the basis for a contract between the 

University of Pennsylvania and the Government to develop en electronic devir.e 

along tht'lse lines. The project was set up under the supervision of Brainerd, 

with 'l!.:ck:ert as chief eng:ineer and t.liauchly as orincipal conS\.ll.tant; Goldstine was 
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appointed resident representative to take technical cognizance of the project 

for the Ordnance Department. 

Under this contract a staff of the Moore School has, since 1 July 1943, 

worked continuously on tho design and construction of the EUIAC. The construction 

of this na_chine is at the y:r e~?ant time just completed and an acceptance test is 

in process. It is worth remarking that the final form of the ENIAC represents a 

change from the initial plans which contemplated primarily a device for solving 

non-linear total differential equations. These changes were intended to increase 

the generality of the device so that the ENIAC could be used as a (reasonably) 

all-~urpose digital device. It is still, however, most efficiently usable as a 

machine for handling fairly simple computations which must ce repeated many times, 

as is the case in making firing tables. 

This . p:r::-orerty stems, to some extent, from the pioneering nature of the work. 

T~ _.make possible simple calculetions with a unit, as it was completed, each was 

designed . so that it contained not only its arithmetic facilities but also an 

extensive group of logical controls. Possibly another factor which limits the 

generality of the ENIAC is the type of hieh-speed memory used. It was not until 

early in 1-944 that Eckert and Mauchly invented a device which permitted in a 

practical manner an increase in memory of two orders of magnitude. 

When this nev1 advance in the art was made, a new contract was entered into 

between ,the Government and the University for the development of the :b.1)VAC 

(Electronic Discrete Variable Calculator), an automatically sequenced, all-purpose 

electronic computing machine. It is expected that this new machine will be 

useful as a basic research tool for the I~boratory's investigations, e.g., in 

aerodynamics and interior ballistics. 

The development of this mnchine is sti 11 in its early star;es s inca the 

staff, until recently occupied with the construction of the ENIAC, is also desir.;n­

ing the EDVAC. They are being assisted by von Neumann in planninr; the logical 

aspects of the EDVAC. The administrative supervision is being handled by 

Dr. s. R. Warren, Jr. 
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1.4 Scope of Problems 'l'!:at Can Be Handled on the EDVAC. 

It might be ;·:ell here to clarify the 11all-p'.lrpose" character of the EDVAC. 

It is expected that this machine will make possible an exploration of the purely 

mathematical theory of non-linear differential equations. It will also make 

pussible a c'omputational approach to the various physical theories which were 

mentioned above in Section 1.1. 

Of particular importance to the Laboratory is the po:>sibilit;r of consider-

ing non-viscous, isentropic and compressible hydro- and aero-d;r ainical problems, 

as well as the more difficult problems in the theory of shook waves. Also of 

great importance to th~ La.borator;r is the studying of elastic and plastic 

properties of materials. 

It is probable that these J:',achines vlill necessitate a co:nplete reorientation 

of thinkin r; about computa~ional techniques. The c urrent tec 'miques of numerical 

approxi:ruation are based on an "economy" of numerical operat ions which may not · 

be pertinent in selectinf; the procedures to ·,1e followed on the Bl.: IAC or the'-
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ADVANTAGES OF ELECTRONIC DIGITAL MACEINES 

2.1 Puryose .of This Chapter 

The ENIAC and the EDVAC are electronic digital machines. The purpose of 

this chapter is to indicate reasons for believing that machines of this type 

have important advantages . A digital machine has more flexibility and ~ccuracy 

than is possible or practical in a continuous variable machine. A digital 

machine which is electronic can have a very decided speed advantage over one 

which is non-electronic. 'l'tre que-stion of reliability is deferred to Chapter 5 ; 

It will l;le sufficient no;v t o say that it is believed that electronic di gital 

:r.1achines can be made as reliable as 1 others. 

2.2 The Value of Speed, Flexibility and Accuracy 

For the type of problem outlined in Chapter 1, :_ t has already been 

·I 
emphasized that speed is an essential, not a secondary, considerati-on. The 

value of a result is strongly affected by its timeliness. It may not be easy 

to assess the value of timeliness in ~;~.n;,r specific case, but undoubtedly cimeli-

ness can be extrelilely L <portant. Hi gher speed is there!'ore worth atta.inin.;:; even 

if its attainment increases costs. As Sec. 2.6 will indicat,e, the use of 

electronic elements to i ncrease speed may actually reduce costs. 

Flexibility and accuracy also are valuable from this · po"int of view. With 

specialized machines, specific problems ma ;..- be solved rapidly, 'Jut time 1:JB.y be 

los t when nevt problems require either a new !r.achine or the modific Htion of an 

old one. Further , even if time is no object , the cost of a e.; roup of specialized 

devices can easily total mor e t han the co~t of one f lexible all-purpose nJB.ch ine. 

The ultimate aim of computing machine design 1nay be taken to be the reduc-

tion of the overe.ll cost of carrying. out numerical solutions to mathematical 

problems • ..._'Ph±s-pe :Lnot-O..(__yie ' wH1 ' amp-l:i: fie-d n C.ha~r No attempt is made 
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to discuss the actual cost of equipnent or operation, bu,t some general comparisons· 

which are relevant to such costs can be ·[:lade. Actual I!"IB.Chine operation is only 

one of several items contributinr; to the total cost. It is, honever, the major 

item when a lart;e problem is neinf; done on a s lovr 1nuchine. It is lo~ical, there-

j'ore, ~o give ~ his ite:n first considera(;ion. i:lince analog;;· machines (continuous 

variable or non-di r;ital machi nes) a : e capable of producing solutions rather 

rapidly in some cases r it is necessar~r first to point out why digital ;,mchines are 

advocated. If digital machines are accepted for reasons of flexibility and 

accuracy, then the most Sif,Tlificant reduct:l.on in overall cost can be secured by 

the use of electronic components to increase speed without increasing equipment • 

...,..2-.4 ~ccuracy 

The accuracy obtainable ;rith continuous variable machines depends upon 

the accurac;y' uith ;·;hich the component parts are constructed. However, exactly 

the same statement may be made about u digital machine. The essential differ-

ence is in the kind of dependence "ithich holds in each case. In a di gital 

machine, minor inaccuracies of components can be nade to have no effect at all 

upon the accurac y of the computations. In continuous variable machines, there 

is a continuou:; (though not necessarily simple) relationship between the accuracy 

I . 
of the parts and che accuracy of the results (before translation into digital 

form). Increased conputational accuracy can be attained only by increased 

precision of the paris. Not only are there practical lir::i ts to the precision 

with vrhich the parts can be manufactured, but the ro.aintenence of such precision 

durine; subsequent operation is extremely difficult. For instance, mechanical 

parts will lose precision through wear. On the other hand, digital machines 

require only that the accuracy of the parts be kept within certain tolerances 1 

and the tolerance band can be made ver:,r wide. The accuracy of a digital machine 

is then limited only by the amount of equipment which can be used in it. This 

limitation is more often an economic one than a physical one~ 
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Analogy computing devices vary greatly in flexibility. Scale models and 

fixed electrical networks which are completely specialized represent an extrema 

which is of no interest here. Large network analyzers and differential analyzers 

are usually considered typical ex~ples of highly flexible analogy devices. 

Nevertheless, these machines are somewhat specialized and restricted in application. 

A digital machine which can be directed to carry out any of the common 

arithmetic operations in any desired sequence on any given set of numbers has all 

the generality and flexibility required for any practical purpose. (It cannot 

compute the •exact• value of pi, but it can compute in a finite number of steps 

any desired approximation to pi.) Therefore, it can, for exe..mple1 compute to any 

desired approximation the solutiomof non-linear partial differential equations 

which are not obtainable from any existing analogy computer. This greater 

generality might be taken as sufficient justification for a digital machine. 

~hether a digital macnine is to be preferred for solving problems which 

can be solved on existing specialized machines depends on the speed (or cost) 

considerations which will now be discussed. 

2.6 Digital Computing Speed 

The preceding sections have indicated that advantages of accure:cy and 

flexibility recomm_end digital rather than continuous variable computing devices. 

- I . 
Even moderately ls,rge problems v:hich are within the range of existing analogy 

machines require an enormous nun,ber of arithmetic operations when handled by 

digital machines. The cost of digital computing must be lovr if such calculations 

are to be undertaken. 

Only very rough comparisons need to be made to demonstrate that digital 

computation by electronic devices should be a great deal faster than by the 

electro-mechanical devices used in existing large computars. Typical electro-

mechanical devices are relays and electrically controlled 'counter wheels . Five 
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or ten milliseconds is · about the operat.ine; time for reliable high speed relays. 

Analogous operation of a vacuum ;tube. can take place in Oe5 to 1 microseo-er.!d, The 

electronic device. :ls therefore capable of operating about 10,000 times faster. 

(It may be observed that faster tube circuits can be developed at least as readily 

as faster relays can be designed.) 

A vacuum tube and its associated circuit components costs approximately 

the sane amount as a relay. This indicates that an electronic digital computer 

costing about the same as a non-·electronic digital computer should certainly be 

a great deal faster, and might possibly be faster by a factor of 10,000. For 

various reasons, the actual factor for the ENIAC is something like 100, and for 

't-h DVA(} will, it is hoped, probab l:y· be more nearly 1000, 

Moderately large computin~ problems are already being done by digita~ 

electromechanical devices. If digital computin~ costs can be divided by several 

powers of ten by appropriate use of electronic elements, it seems clear that 

electronic diEital machines should find extensive application. 

2. 7 Comnents on ~_!'le EIUAC Design 

Essentially, the preceding sections of this chapter have pr.esented the· 

point of view which lerl to the development of the ENIAC. It will be appreciated 

that the ENIAC design was also influenced in other ways which may be mentioned 

briefly. During the war, speed was the main object - for reasons of timeliness 

rather than reduction of cost. Not only was emphasis put on computin;:, s ::;·eed, but 

also on constructing the machine as soon a:s possible. For this reason, extended 

research and development were curtailed in favor of employinG ready methods which 

could be put into production quickly. 'i'he e~:1phasis on computing speed came about 

because the principle use contemplated for the ENIAC was the calculation of 

firing tables, In such work, only a small quantity of numerical information has 

to be introduced and wi thdravm during a lonr:; computational process. Hence, no 
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effort was made to achieve high input or o.utput speeds. Also. for such \vork • 

the same schedule of operations might be followed for several days. Hence it 

was reasonable to have this operatin::; se ~luence set . up uanually before the· calcu-.. : 

lations were started. even though this J:; ight require several hours. It is· 

therefore evident that the EiJIAC is well suited for highly repetitive c~lculations. 

but that its high computing speed may be limited by the input and output devices 

when large quantities of nwnerical inofrmation are put through rather si111ple 

ar itilllletic processes. 

The description of the ENr,:,c in Chapter :3 must be consulted to obtain a 

clear picture of the capabilities and limitations of the ENIAC. However • an idea 

of the computing speed can be given very briefly: additions may be done at the 

rate of 5000 per second. and 10-digit nwnbers may be multiplied together at the 

rate of 360 multiplications per second. Punch· card devices introduce nwnbers at 

the approximate rate of 200 decimal digits per second. The rate at vrhich 

nwnbers may be withd.rawn (coming out on punched cards) is somewhat less. Since 

additions. multiplications. divisions and other processes can be carried on 

simultaneously. the contrast between computing speed and input and output speed 

is obvious. 

2.8 Comments on the EDVAC Design 

f As the preceding section has briefly indicated. the EFIAC design has 

emphasized high computing speed to avoid what has heretofore been the most 

severe limitation on large computing problems. but has neglected other aspects 

of the overall computing job. If the time required for purely arithmetic 

oper~tions is sufficiently reduced by electronic methods. other contributions to 

the overall time and cost of numerical mathematics may need reduction to preserve 

an efficient balance. In desi.gning the EDV.AC. all parts of ~he overall computing 

job are being considered. A discussion along these lines is given in Chapter i• 
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DESCRIPTIOE OF THE ENIAC 

1ntroduction == 
In order to describe such digital computing machines as the ENIAC, it 

is desirable to set up a classification into Yrhich the different elements 

of the machine may be placed. The classification which we will employ is 

one which is particularly suited to large scale digital computing r~chines. 

It is probably not the best system f or classifying the elements of c9n-

tinuous variable machines. However, even here, some interestinr; comparisons 

can be made usin~ tho following system of classification. 

Yie divide the various units of the ENIAC into t :.ree classes - arithmetic 

elements, memory elements, and control elements. TI1e arithmetic elements of 

the computinr; machine are those which form the t asio operations of arit:,unetic -

addition, subtraction, multiplicati0n, division, and pe (haps, square rooting. 

There should be added to this list another operation which we classif:r as being 

arithmetic. This is "maghi tude discrimination" or simply "comparison." In this 

operation v1e expect to obtain a result which is dependent upon which of two numbers 

is the larger. This operation is essential in any automatic computing machine and 

is used to make decisions '::>etv;een alternative possibilities which exist in many 

problems. 

The memory elements of the machine may be divided into two ~roups - the 

"internal memory" and the "external memory." The internal memory includes all 

memory devices within the machine and is thus finite, while the external memory 

exists outside of the machine in such . a form as punched cards or perforated tape. 

This memory may be increased indefinitely but has the limitation that it must be 

associated with the machine by an input and output mechanism ;·;hich is usually 

comparatively slowc 

nw w 
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It is convenient to divide the internal memory into three classes - first, 

memory for numerical data which can be altered by the operation of the machine 

(usually rapidly); second, memory for numerical data such as empirical data 

which are known before the machine is started and may, therefore, be introduced 

into the memory device slowly, but must be withdrawn rapidly during the computing 

of the problem; and third, there must be a memory for instructions - those 

manifestations which cause transfer between the various memory and arithmetic 

units and cause the arithmetic units to do the various operations on the numbers. 

This form of memory, like the second class, may be set up slowly since the 

necessary information is available before the computation is started and like• 

wise, it must produce its effect rapidly since it must control the operation 

at all points of the computation. 

The discussion of the ENIAC will thus be divided into four parts - first, 

timing relations and program control; second, memory; third, arithmetic units; 

and fourth, input and output equipment. The general constructional data are 

included in the appendix. 

The important arithmeti-c wits of the ENIAC area twenty accumulators, 

~ne multiplier, and one combination divider and square rootero 

The accumulators provide facilities for storing numbers computed in the 

course of a problem and further allowing the addition or subtraction of a second 

number to or from the stored number. They are capable of performing these 

operations with up to ten decimal digits and the associated plus or minus sign. 

The multiplier computes the product of two decimal numbers of up to ten 

digits each. 

The combination divider and square rooter computes the quotient of two 

nine digit decimal numbers or finds the square root of one nine digit decimal 

number. 

Electrical connections are established between the units of the EN"IAC 

~ connecting them to trunk or transfer lines with plug or cable assemblies in 

I I 

I 

I , 
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order to provide the intercommunication of numbers. A number of input and out­

put circuits from different mi ts of the ENIAC may be connecteli to a single 

trunk provided the number of units is not greater than forty or fifty depending 

on the length of the trunk. The decimal digits are transmitted into, and re­

ceived from, these trunks in the form of groups of pulses having a nucber of 

evenly spaced pulses, equal in number to the value of the digit represented. 

Thus, such a group may have from zero to nine pulses. In order to obtain high 

speed, the trunks have eleven wires in them to enable simultaneous transmission to 

the ten digits and the sign. It is not possible to transmit signals from more 

than one unit into a trmk at the same time. Many units may, however, receive 

signals simultaneously from the same trunk. 

~Timing Relations and Program Control 

Since the ENIAC contains a number of trunk circuits, operations between 

various pairs of ENUC units oan be carried out simultaneouslyo This is possible 

not only because of this multiple trunk system, but because all units are syn­

chronized qy permanent electrical connections with the "cycling unit". Therefore 

if several operations are started simultaneously between various un1 ts of the 

ENIAC, and since all of these are timed from one and the same circuit, the various 

operations will end at known times relative to one anothero Thus it is possible 

to plan the next group of simultaneous operations with the assurance that all of 

the prerequisite steps of the first group have been completed. If the timing 

of the various operations were not known, interlock circuits would be required 

t~ insure the completion of those various operations which are- prerequisite 

to the next group. 

The cycling unit supplies a number of specially shaped signals to the 

other units. It contains an oscillator or "clock" which generates impulses at 

the rate of one hundred thousand per second, each pulse having a duration of two 

microseconds. These pulses are fed into a twenty position electronic stepping 
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swit~h or "counter", which enables the a,yoling unit to put out a special impulse 

or "program pulse• at every twentieth pulse of the "clock" • These program pulses 

form the basis of the programming system and mark the beginning and end of the 

addition cycles which are the basic arithmetical intervals of the machine. The 

~ddition cycles are thus repeated at one twentieth of the clock rate, or at 

five thousand per second. An addition. therefore• takes 1/5000 of a second, or 

two hundred microseconds. 

Between these uniformly recurrent program pulses, groups of pulses are 

supplied to the other units of the ENIAC so that when called upon to transmit 

or receive numbers, the required signals will be available to enable the carry­

ing out of the operation. 

When one I.Uli t is required to transmit numbers to another, the pulses are 

transmitted through a trunk to the other unit. These pulses originate in the 

cycling I.Ulit and are simply relayed as a whole or in part by that I.Ulit. 

A ~itch on the cycling unit enables the operator to suspend continuous 

operation. The twenty steps of an addition cycle are then carried out every 

time a push button is pressed. This allows the machine to operate in a normal 

way during the addition• but permits the operator to advance the problem step 

~ step allowing whatever time is required to check the results of the previous 

operation. Another position of the switch suspends this type of operation and 

allows a similar examination of the twenty steps that occur in an addition cycle. 

This ability to stop the machine, at any or all stages of its operation is possible 

since all of the memory elements are able to retain their state as long as desired, 

assuming the electric power. supply is not interrupted. Each memory element is 

connected to a small neon lamp which lights up when the element is in the "on" 

position. Since all the circuits except some of those carrying pulses are 

directly coupled, any lcwer elook frequency can be usedo 

The program pulses previously mentioned as the means of sequencing the 

-chine serve to initiate ciroui ts called "program controls" on the various uni tso 

These units, when initiated by a progra.m pulse, cause the unit on which they are 
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located to operate in accordance with the settillgs of several switches which are 

part of the program control. When the operation ia completed, tne program control 

may transmit anotner program pulae through special program trunk circuits of one 

wire each. The program controls are connected to the trunks ~ a plug ana cable 

aasembly, in some respects similar to those previously mentioned for the digits. 

A program control capable of transmitting a program pulse is known as a 11 trans­

ceiver11o A transceiver program control may repeat its operation as many as nine 

times in accordance with the setting of an associated switch before terminating 

its operation and transmitting its output program pulse. Some of the units are 

provided with program controls called "receivers" which operate only once upon 

reception of a program pulse and do not transmit a pulse when the operation is 

terminated. Transceivers, with their switches set to positions which do not 

operate the associated units, can be used to provide delays and isolating of 

11 buffing 11 actiono 

It is now seen that one can set up sequences or chains of operations 

simply by connecting the output of one program control to the input of another 

program control, making connections through the program trunk lines using plug 

and cable assemblies. A special control, on a panel known as the "initiating 

unit", gives out a pulse upon operation of a manual push button, and this pulse 

can be introduced into such chains to initiate their operation. 

In brief, the program control units known as transceivers and receivers 

remember, with their switches, what processes are to be done. They also time the 

operations, allow operation from a single terminal input, and permit signals from 

the cycling unit to · cause the required operation to take place in the unit to be 

controlled. 

If it were sufficient in most problems simply to go through a sequence of 

operations, the above chain system would sufficeo However, two difficulties arise 

in practice. The number of steps in most interestin~; problems is so large that 

the .group of about three hundred program controls in the ENIAC would be entirely 
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inadequate. Secondly, it is sometimes desirable to make a choice between two 

or oore sets or chains of operations, this choice depending upon some numbers 

which are the result of an earlier computation. If this choice were to occur 

only a few t~es in the course of a computation, one could allow the sequences 

to run out, thus stopping the computation. At this point the operator could 

make the choice manually. If this situation occurs a large number of times in 

a computation, manual choice would be ~practical. Both of these difficulties 

ma~ be overcome by the use of a unit in the ENIAC called the "master programmer". 

The master programmer consists of ten units, each of which may be employed 

in various ways to count program pulses and to switch program connections. Each 

unit contains a six-position electronic stepping switch and an associated counter. 

For each unit there is one input channel and any program pulse entering this unit 

is registered in the counter and also causes the transmission of a program pulse 

t.rom one of six possible output terminals. The position of the stepper determines 

which output terminal is so activated. A group of manual switches is associated 

each counter-&tepper unit, and when the number of pulses received by the 

has advanced the counter to a number corresponding to the switch setting• 

the stepper is moved to ita next position and the counter is cleared to zero. 

switches are provided for each stepper position. The intervals between 

from one output channel to the next can therefore be determined in terms 

of the number of pulses received, and a different number may be used for each 

atepper positiono If less than six outputs are desired, a special switch can be 

aet to cause the stepper to return to its first position after reaching aqy chosen 

An input terminal allows the counters to be set directly from a pulse 

Another input terminal allows the stepper to be stepped directly from a 

Finally• an input ia provided to allow direct re-setting of the 

Thus, there are altogether nine ter.minala - one program input, six 

"cl2r•m outputs, one direct stepper input, and one stepper re-setting input 

n naa 
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To return to the two difficulties previously mentioned which the master 

programmer is to overcome, it is clear that since most problems may be separated 

into a large number of repeated routines, ,each with a comparatively few steps, 

the master programmer will allow the ENIAC to cope with these problems in spite 

of having only three hundred program controls. 

The master programmer temporarily forms program chains into "rings". 

This would be impossible without the master programmer, since the number of 

program CJ'Cles around these rings would be uncontrollal:>le if such a ring were 

established manuallyo 

It is very important to wderstand that this far from exhausts the 

possible improvements which the master programmer makes in the ENlACe It is 

possible to have the main routine divided into sub-routines, in which case one 

stepper is used to feed another stepper, thus allowing the proper sub-routine 

to be chosen in the course of a regular routineo This process can be carried 

even further, and thus an elaborate hierarchy of program sequences can be 

established. The savinb in program controls accomplished by such arrangements 

is enormous. 

The second difficulty, that of having to make a number of numerically 

deter~ned choices as to what routine to do next, can also be overcome by using 

the master programmer. It is simply necessary to use an accuculator as a 

magnitude comparing device and to have it signal a stepper through its direct 

input to change to a new routine 0 

In the ENIAC, the master programmer does not serve as the sole governing 

unit, but coordinates many small decentralized control wits. 

3.:; Memory 

The ENIAC has its memory divided into four fundamental classes. 11;; i8 

our present purpose to discuss three of these classes and to postpone the dis• 

cussion of the fourth until later. 

The first olaas ia the one in which the infol"ll&tion can be introduced 

and withdrawn at extremely high speeds, preferably in one addition time 

Tlll UW& 
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(1/5000 second). As was previously noted. this is the type of memory provided 

b.Y the accumulators. This type of memory is necessary to hold the information 

computed in the course of a problem while some further calculation is made 

upon it, or until the time when some operation is to be done which requires it. 

The second class of memo~' consists of three function tables or constant 

storing units. This class of memory differs from the type of storage employed 

in the accumulator, mainly in that the tabular values are introduced manually 

which requires considerable timeo These values, however. may be withdrawn 

at the relatively high speed of five addition times (1/1000 second). The 

f\Dlction table provides a hundred tabu.lar values of twelve digits each - each 

tabular value having, however, two sign indications. The digits, as well as the 

sign indications, are all set by separate manually operated rotary s~~tches. 

Tbu~there are fourteen switches for each tabular value. The two sign indications 

are provided so that the twelve digits of a tabular value may be assigned to two 

separate numbers. By dividing the twelve digits into two equal groups, two 

functions of one hundred tabular values, or one function with two hundred tabular 

values. can be stored in a single table. The hundred tabular values of the 

function table are designated by the successive decimal integers from zero to 

ninety-nine. Thus, the first two digits/ of an arg~nt may be used to choose 

the correct tabular value, while the remaining digits are used in an interpola-

ting routine which makes use of the regular arithmetic functions of the machine 

to obtain the value of the function eorrespondinb to the argument. Thus, the 

function table supplies only the nearby tabular values that are to be used in 

an interpolation and does not itself do any interpolation. Any desired inter-

polation formula is set up as a sequence of operations, using the accumulators 

~ multipliers in the same way as is done with any other arithmetic problem. 

In order to obtain the nearby values which are required in the interpolation, 

the program controls of the function table also produce arguments which are 

one or two in~gers above or below the argument introduced. 

1'n LLI& iilfttt 
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Four tabular values, in addition to the one hundred mentioned above, 

have been added - two at each end of the table so that those extra arguments re-

quired above will be present in the table when the argument value is either zero 

or ninety-nine. These tabular values are designated ~ the decimal integers -2, 

-1, 100, and 101 respectively. Thus in reality, the table contains 1~ entries. 

Since each entry has fourteen switches, there are 1456 switches to be set. If 

the switch settings are read to the person setting the switches, they can all 

be set in approximately half an hour. This comparatively long set•up time is 

partially mitigated ~ having three such function tables in the machine and ~ 

providing the switch assemblies with wheels and easily disconnected cable 

connections so that several banks of switches can be left set up and plugged in 
~, 

when required. In fact, where a function is required frequently, it is practical 

to replace the switch assemblies ~ permanently wired assemblies which can be 

plugged in when needed. 

Several additional uses of the function tables are possible. They may 

be used for the storage of any group of constants which must be introduced into 

the machine at a high speed. In problems where the ordinary program controls 

of the ENIAC are insufficient, it is possible to emplo.y the table as a 104 

position program selecting device using its outputs to initiate program circuits 

rather than feeding the outputs into digit channels. A function table may be 

uaed, therefore, to sequence operations, or chains of operations, which may be 

initiated in sequence or chosen at random depending on the value of the two 

pulse groups introduced as argument into the table. These pulse groups may be 

obtained either from the program circuits or from the digit circuits of the 

To SUJn up, three tunction tables are provided, of a hundred and four 

entries each, with facilities for dividing the entries into two numbers where 

twelve digit accuracy is not required for one function. The moat notable feature 

of this type of memory is ita large capacity and high speed. Unfortunately, this 

is coupled with the necesaity tor manual, and therefore slow, introduction of the 
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'!'he third claas ot memory ia the progrl\111 equipment which was previousl~' 

cl .. oribed• The progrl\111 circuits re~mber ..rhat processes are in progress. what 

tbeae processes are, haw long these processes take. and what processes are to 

~e actual physical memory is made up ot the many tube circuits, 

and plug and oord aasembliea which make up the program• 

The fourth class of memory will be covered later when we discuss the 

ot data from the ENlACe 

The accumulators are the basic arithmetic units ot the ENlACe They are 

to add a number to a number already stored in them. This ability to add ia 

in the ten stage ring co\Ulters which serve as the memory elements. In 

simultaneously added into all ten counters which provide 

•mory of an accumulator, a special circuit inserts pulses corresponding to 

carry-overs which may take place after the ordinary transfer process. Since 

is carried out by a system of complements with respect to 1010, an 

ia required to si:q>lify the mechanism tor transmitting numbers. 

times are required for the carry-over process. This additional time 

be added to the ten pulse times required to transfer the number • and the 

additional pulse times require~ to al~ow the program equipment to operate 

to the transfer. A total of twenty pulses is obtained which corresponds 

twenty stages of the cycling unit. Thus, an accumulator requires twenty 

at ten microseconds, or 1/5000 of a second to do an addition. The 
• 

~u.erment system of subtraction was used to avoid the necessity for having 

rings which could advance in either direction. 

The accumulators are provided with two output circuits - cne for positive 

and one for their complements. It is thus possible to transmit simul-
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another. If both output circuits are connected to the same char~el, it is 

of course ~possible to do more than one of these operations at a time. Five 

input circuits are provided which allow the accumulator to receive from five 

different channelso This is a necessity if several simultaneous operations 

aro to be carried out between different pairs of units. These input channels 

are also useful in that they provide a simple method of multiplying numbers ~ 

powers of ten. 

The accumulator contains eight transceiver program controls and four re-

ceiver program~ontrols. Since the transceiver program controls allow an 

operation to be repeated up to nine times a simple method of multiplication 

b,y small constants is possibleo A program control can, 1( desired, by the 

setting of one of its switches cause an accumulator to clear its counters to 

zero following a transmission. A round-off switch is provided on each accumu-

lator which enables it to clear and leave a five, instead of a zero, in any one 

of the decades. This five, in conjunction with a special plug device to delete 

the undesired digits. allo~ retention of as few significant figures as ~ be 

required0 If more than ten significant figures are required. it is possible 

to connect two accumulators in tandem by means of special plug and cable 

assemblies and to obtain as many as twenty significant figures. The accumu-

lators indicate the numbers which they contain on a bank of neon lamps, which 

provide a Yelj' convenient facility in checking the operation of the ENIAC• 

' As previously stated, signals may be taken from the sign indicatiLg 

circuits of the accumulator to provide magnitude discrimination which permits 

computed numbers to control the program sequence of the machineo 

In addition to the two outputs previously mentioned, the accumulators 

have a set of "static" outputs which provide a ten wire circuit from each 

counter ring, one from each stage. Thus, since there are ten counter rings, a 

hundred output circuits are available. These circuits provide all the information 

about a number simultaneously and are essential in the multiplie~. 
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The multiplier is fed bw static outputs from the two -accumulators 

which receive and hold the multiplier and multiplicand respectively. The , 

multiplier contains an internal multiplication table which allows the 

multiplication of one digit of the multiplier by ten digits of the multi­

plicand simultaneously. Since pairs of single decimal digits have• in 

general. two decimal digits in their product, it is necessary to provide 

two accumulators to receive the twen~· digits which result from the multi-

plication of one digit simultaneously by ten digitso This is true because 

it is desirable in the interest of speed, to add all of these "partial 

products" simultaneously to the accumulated partial ·produots of the preceding 

steps. These two accumulators can conveniently accumulate the "units set" 

and the "tens set" of these partial products without any interference in the 

normal carry-over. Since each set of the successive partial products requires 

ten channels to receive them, end since every set corresponding to the different 

digits of the multiplier times all of the multiplicand digits must be shifted 

~· one channel with respect to the preceding one, the product accumulators re-

quire twenty input channels. These twenty digit accumulators are made by 

coupling two ordinary accumulators in the manner previously described. There-

fore, two sets of double accumulators~ or four ordinary accumulators, are 

required to collect the partial products from the multiplier. After this 

collection has been ·accomplished, the final product is obtained by adding the 

units set and the tens set with a single shift be~een the channels to obtain 

the proper relation between the two setso 

If one of the numbers is a complement, the product obtained will be in 

error by a number whose magnitude is 1010 times the other number. If both 

numbers are complements, the product obtained will be in error by a number whose 

magnitude is . lo10 times the sum of the two numbers. Following the collection of 

partial products, but before the final product is obtained, a special sign-



indicating circuit causes appropriate correction& to be made, transmitting 

them from the multiplier and multiplicand accumulators into the product 

accumulator so 

The multiplier is equipped with twenty•four tranaceiver program control 

units• any one of which can control the above .process. These program controls 

each contain a s,dtch which allows the multiplication to be carried out with 

any number of digits in the multiplier between the maximum of ten and a minimum 

of two. In addition, other switches in each program control are available which 

allow the multiplier to cause the reception of numbers into the multiplier and 

multiplicand accumulators and which allow transmission and rounding-off ~ the 

product accumulators. 

The time required for multiplication is computed as followsa 

(a) one addition time to operate the multiplication table, (b) one addition time 

for each digit of the multiplier, (c) one addition time for complement correction 

terms6 (d) one addition t~e to add the units and tens parts of the partial 

products, and finally, (e) one addition time to transmit the product and receive 

the next multiplier and multiplicand. Therefore, the maximum time of a multi­

plication will be obtained with a ten digit multiplier and is fourteen addition 

times or 1/360 of a second. 

The third, and last, arithmetic unit of the ENIAC is a combination divider 

and square-rooter. This unit can either divide or take a square root, but cannot 

do both at the same time. This compromise seems desirable since square rooting is 

fairly- infrequent, and ia so similar to division, that very little additional 

equipment was required to make a combination unit. The method employed to do 

these processes was chosen so as to require a minimum of equipment since neither 

of these processes are as frequent as the other arithmetic processes, and, there­

fore, would not justify a large expenditure of equipment. 

Division is carried out by the conventional method of successive subtractions. 



The only uncommon feature is that the shifting operation is accomplished qy 

transmitting the d"ividend back and forth between the dividend-accumulator and 

a special shifting accumulatoro This. unfortunately. limits single divisions 

to nine decimal placeso However, since the remainder can be retained. the 

process can be carried further qy a special program arrangement if greater 

accuracy is desiredo Another feature of this divider is that, after successive 

subtraction of the divider from the dividend has produced an overdraft, the 

remainder is shifted one place to the left and the divisor is added instead of 

subtracted in obtaining the next digit of the quotient. This turns out to be 

somewhat simpler to mechanize than the ordinary method of restoring the over­

draft. 

Square rooting is accomplished essentially qy the method of subtracting 

successive odd numbers and is carried out qy a method otherwise analogous to 

division. As in divisiong the overdraft is not restored before shiftingo The 

combination divider-square rooter makes use of the ability of the accumulators 

to provide magnitude control and is in itself, therefore, merely a permanent 

assemblage of program equipment and circuits for supplying the various constants 

required to build up the answers. This unit requires several addition t~es to 

set up and round off its results. The main computational time is that required 

for the successive additions and subtractions. An addition time is required 

between each trial addition or subtraction to sense the sign of the remaindero 

Since five and a half trials are required on the average, one can estimate the 

total number of addition times required ~ lumping the computational time with 

the set-up and round-off time in a simple formula which gives the total addition 

times as approximately 13 multiplied ~ one more than the number of digits required 

in the answer. Thus, for nine digit answers, the average tin1e required for division 

or square root is 130 addition times (approximately 1/38 second). Since this time 

is variable, depending upon the numbers emplo.yed, and may be as high as 210 

addition. times (1/23 second), considerable saving in time may result in carrying 

.. 
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out parallel operations. 

In order to make possible such parallel operations, an interlock 

circuit is arranged so that the output pulse, which signifies the end of dividing 

or square rooting, is not transmitted until both the parallel operation and the 

tiivision or square root have been co.mpletede This unit is equipped with eight 

transceiver program controls, each having its own interlock input as well as 

its ~n regular input and output. 

3·5 Input and Output Equipment 

Since the actual computing process is a highly automatic and rapid one. 

there must be some system for introducing or withdrawing numerical data which 

is considerably faster than setting switches or copJ'ing down numbers from a 

bank of neon bulbs, which are the only means so far described for doing this. 

In order to save the time required to develop any special apparatus, 

automatic business machines which operate with Hollerith punched cards are 

employed. Comparatively simple modifications of standard machines of this 

type give higher speed for introducing or withdrawing data, than appear 

possible with any other type of commercial equipment. This speed results from 

the simultaneous uae of eight,y channelso 

Paper tapes are also used in this field by others, and have the advantage 

of being more easily handled and thus less likely to lose their proper sequence. 

They have an additional advantage in that they can easily be run forward and back­

ward, and can introduce and withdraw data onto different parts of the same tape 

simultaneously. Tapes have an inherent disadvantage when used for sorting, 

since a considerable waste of tape is involved. 

Paper cards were chosen because of the econo~ with which they could be 

sorted, because no fast tape machines were available • and further 1 because few 

of the desirable auxiliary machines that are so necessary to scientific computing 

were available for handling paper tapes. 
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On the other hand, card machines were available which would punch, 

verify, and reproduce the cards, which would print the information upon the 

cards themselves or upon other sheets of paper, and which would sort and 

collate the cards. Standard card machines were supplied ~ the Internatinnal 

Business Machine Canpany1 who also kindly cooperated br supplying a special 

machine for taking information -from their standard cards and putting it in a 

form which could be used in the ENlACe Also, IBM supplied a standard machine 

suitably modified to pe~t punching standard cards from information taken from 

the ENIAC. Various plugs and cables used for attaching the portable function 

table switch panels to the function table control panels were also supplied by 

IBM. 

It is, of course, evident that some intermediate memory, such as the 

cards provide, is necessary if the transition from slow manual operations to 

fast mechanical operations is to be made. In addition, however, these cards 

play a very important role in providing the machine with an auxiliary memory 

of infinite capacityo It is this memory which was referred to earlier as the 

fourth class. While the absolute speed of introducing and withdrawing data 

from this type of memory is quite fast (approximately 1/12 second for a ten 

digit number), it must be considered as a slow ~mory compared to the electronic 

equipment in respect to both the putting in and the takinG out of data. Since 

the card machines, both in reading data from the cards and in punching data onto 

the cards, scan across one dimension of the card, some auxiliary memory fs re­

quired to hold these nunbers. 

Rather than use some of the expensive and limited electronic memory 

which the accumulators provide for this rather slow operation, a nunber of 

telephone relays, of a very reliable. type, were employed for this purpose. 

These relays and the equipment for testing them were supplied by the Western 

Electric Company. The relays were designed ~ the Bell Laboratori~s. 

Relays are 9Flployed not only because they provide an inexpensive memory 

of adequate speed, but also because they constitute the simplest method of 

<tlilBI!~.:r~ 
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transition from the electro-mechanical card machines to the electronic 

circuits. This is especially true in the printer where, because a number 

of contacts ~ be put on a single relay, it is possible to have a simple 

mechanism for converting negative numbers expressed as compliments (in the 

~lectronic circuits) to their true negative form (on punched cards). This 
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latter form is preferred on the cards ooth to facilitate examination and print-

ing of the numbers and because it fits in with the system which is used ~ the 

standard auxiliary card machines. 

The machine which reads the cards ia able to store eighty decimal digits 

in a group of rel~so By means of special holes punched in the cards, it is 

possible to designate them as "master" and "detail" cards. Some of the eighty 

digits may be taken from one of these types, and the rest of the eighty digits 

from the other types. The master-detail card arrangement is very useful when 

it is desired to do problems in which several constants are required for a 

considerably larger number of cycles than those which are introduced ·on the 

regular or detail cards. These constants are put on special master cards on 

which a special punched hole causes information from these cards to be retained 
~, 

until another master card-appears. The master cards are then used for the less 

frequently changed numbers or constants while the detail cards are used for those 

which change frequently. The numbers are stored in the relays, which are associ-

ated with the input machine. These in turn control tube circuits associated 

with thirt~· transceiver program controls and allow aey group of five or ten of 

the eighty digits to be transl:litted at any one time into the rest of the machine. 

S~ch a transmission requires only one addition time (1;5000 second). Twen~-

additional digits and four sign indications, which can be set by hand switches, 

are provided for constants which do not require alteration in the course of a 

problem. 

This input unit, called the "constant transmitter", can receive cards 

at the rate of 120 per minute. The output or card punching unit, which we call 
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the "printer", operates from a group of relays which are controlled by the 

static outputs of the counters in the accumulators and master probrammer. 

Semi-peri,~nent cable connections allow the printer to have its ei~h~ columns 

controlled from aqy eigh~ of the two-hundred and twenty counters which the 

machine has, with the exception of those which already have their outputs 

emplcyed in the multiplier and multiplicand accumulators. The printer is 

capable of punching cards at the rate of one hundred per minute. 
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CHAPTER 4 

DESIGN PRINCIPLES FOR HIGH SPEED COMPUTING MACHINES 

4.1 The ENIAC and the EDVAC 

As was said in Sec. 2.7, the principal aim in designing the ENIAC 

was to achieve high speed in the computation of firing tables. There is 

no essential or fundamental restriction imposed by the ~~IAC design on the 

character or complication of the problems which it can do. Practical limi-

tations on internal memory capacity, both for numerical data and for pro-

gramming sequences, serve to limit the efficiency and speed of the ENIAC 

when used for problems beyond its intended scope. Nevertheless, the ENIAC 

should be able to solve many of these larger problems faster than they can 

be done on any other existing machine . Undoubtedly, the ENIAC will be used 

in this way until the EDVAC or some other machine with better facilities 

for handling non-linear partial differential equations can be built. 

In the design of th~ EDVAC it is hoped to achieve a grea~ deal of 

flexibility in the handling of both large and small problems, and to do 

this at a reasonable cost -- that is, in a reasonable time with reasonable 

amounts of equipment. Heasons for believing the reliability will be good 

are given in Chapter 5 • Since the EDViiC will be a digital machine, any 

desired accuracy can be attained. 

Some principles which have guided the design of the EDVI1.C will now 

be discussed. 

4.2 The Overall Computing Problem 

A general aim of computing machine design should be to increase the 

speed and lessen the cost of scientific computations. This implies much 

more than high-speed arithmetic. For purposes of discussion, it will be 

useful to sub-divide the overall computing job into these four steps: 

(l) Preparation of the problem in a symbolism and form 
appropriate to the machine. 
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(2) Actual physical preparation of the machine to carry 
out the work of obtaining the solution. 

(3) Machine operatior1s such as computing or sorting to 
achieve the solution. 

(4) Preparation of the solution in a form suitable for 
examination and use. 

There is no particular advantage in reducing the time and cost of 

any one o{ these steps if the overall time and . cost are largely controlled 

by the other steps. It is also important to recognize that all four steps 

are affected by the design of the computing machine and therefore the de-

signer of a machine should carefully consider the way in which each step 

is influenced by his design, 

4.3 Automatic Operation Desired 

It is reasonable to try to make all operations as automatic as pos-

sible. Manual operations cannot compete with machine operations in speed, 

and even unskilled or routine clerical labor is expensive when compared to 

the cost of automatic machine processe:o. 

Since step 3, the machine computation, can be done automatically and 

at high speed by electronic digital machines, it becomes important to reduce 

the t~ne and cost of steps 2 and 4 by rendering them automatic. This is 

possible, although it is not inilllediately evident what this will cost in 

terms of equipment. The point Y-lhich it is desired to emphasize in this 

section is that one can afford to spend a great deal of equipment in this way. 

In making steps 2, 3, and 4 all automatic, ho ,"'ever, a ;sreater burden 

is thrown on step 1, because th~ operator must plan all subsequent steps be-

forehand and be able to specify, in some sort of symbols, all the instruc-

tions needed to car>';Y' them out. For aLrnost all problems of any complexity 

at all, step 1 will be the most time-consurr.ing and costly. ivhen this fact 

is recognized, it is seen that an important object of computing machine 

design is to simplify step l. Further discussion of this objective will be 

given in Section 4.14. 
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4.4 Speed Versus Eguipment 

Computing speed and ~nount of computing equipment are to some ex-

tent interdependent. The designer is faced with many choices which in-

volve this relationship. If a designer is restricted to the use of but 

one_ type of element or component, the computing speed which he may achieve 

is more or less fixed by the amount of equipment he can use. By using 

more equipment, and carrying out many operations at once, he can effec-

ti vely increas,e the computing speed. Conversely, he may prefer to sacri-

fice speed in order to reduce equipment. This exchange has limitations, 

of course, since all operations of a long calculation cannot be done con-

currently, nor can equipment be reduced to the vanishing point by going 

to the other extreme. 

It is obvious that excessive equipment is undesirable from .the point 

of view of both first cost and maintenance. It would therefore be unwise 

to multiply equipment unless the speed ·so gained in the automatic processes 

serves to materially reduce the overall computing time. 

4.5 Levels of Serial or Multiple Operation 

At this point it is convenient to distinguish various levels at 

which the designer may choose to gain speed by use of more equipment or 

may choose to sacrifice speed to save equipment. The terms "multiple" and 

"serial" will be applied to these _choices. 

lEVEL 

(a) Representation of 
numbers 

(b) Standard arithmetic 
processes, such as 
multiplication 

(c) Combination of 
standard processes 
by programming. 

SERIAL 

Digits of the same numb~r 
follow each other through 
same channels and devices. 

Digits are passed in se­
quence through the same 
adder. Multiplication is 
done by repeated addition. 

Never more than one stand­
ard operation is done at 
one time. All steps are 
arranged in a single se­
quence. 

UULTIPIE 

Separate channels and 
devices operate on all 
d~its of a number at 
once. 

A large number of adders 
act on all digits at once. 
(Partial products may be 
used- if s~they are all 
summed by multiple adders.) 

Several standard arith­
metic processes may be 
carried on at the same time. 
This is subject to the 
operator's control. 



4- 4 

It is assumed, in level (c), that the various standard operations 

which may be put in either serial or multiple order are all part of the 

same computing problem. The process of doing many problems on as many dif-

ferent machines operatins simultaneously might be thought of as a fourth 

category of multiple operation, but this is of no interest to the designer. 

4.6 ;.iultiole Oneration in Non-electronic ~.lachines 

For non-electronic computing machines, the canputing time for com-

plicated problems r.,ay be quite large compared to the time spent in step l 

or other non-automatic steps. 1~ultiple operation to gain speed therefore 

seems desirable. In fact, multiple operation at level (a) is quite cus-

to1aary, and various degrees of multiple operation at level (b) are often 

used. Any attempt to gain speed by multiple operation at level (c) has a 

disadvantage not shared by the other two levels. Here the operator must 

plan his problems carefully so as to make use of the speed which is afforded 

him. To some extent, then, the gain in computing speed is offset by the 

additional burden which is transferred to the non-automatic step l. 

4.7 Serial Operation in Electronic Machines 

The situation is quite different when electronic machines are con-

sidered. In this case computing speeds are so high that ofteu many numer-

• 
ical solutions can be obtained in less time than may be required for earry-

ing out step 1. It is therefore reasonable to examine the possibilitJr of 

sacrificing some of this speed in order to reduce equipment. The sacrifice 

in speed need not be as drastic as one might suppose, however, for the fol-

lowing reason. There is no sharply defined limiting speed for electronic 

equipment, and the design of electronic computing circuits has not yet reached 

"speed saturation11 • As the total amount of electronic equipment is reduced, 

intensive circuit design becomes easier and more practicable, so that each 

element may be able to operate at a higher rate. (Thus, the fundamental pulse 

rate for the EDVAC is expected to be ten times that for the ENIAC.) 
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It does not appear unreasonable to insist on serial operation at 

all levels . Specifically, this means that 

(a) .:-Jurnbers are to be represented by timed pulse trair.s, all of 
the digits for any one nWLber follo•dng each other in time 
sequence through the samf, channels and circuits. 

(b) All of the simple elements of a standard ari tfur,etic process 
are performed in serial order. Thus, successive digits are 
added by the sa~te addi ng circuit, and multiplications are 
carried out by perform_i_ng a number of additions in sequence. 

(c) There is never more than one standard arithJnetic operation 
being carried out at any one time. All aritf.n,etic steps 
follow each other serially. 

4. 8 Serial Operation in J;.nalogy :.~achines 

It is of interest to note that >nalogy machines also employ serial 

operation for certain processes ~ Network analyzers, once they are set up, 

produce the desired solutions serially with only a few measuring instruments. 

The alternative, that of using many instrum.eats distributed over the net·nork 

and reading all of them at once, would be a mul~iple process \~hich can 

hardly be justified. 

Also, differential analyzers scan continuously by variation of the 

independent variable (usually referred to as 11 time 11
) . In this way, a rela-

tively small number of integrators are able to produce a continuum of results. 

Nevertheless, these machines do not employ scanning (or serial opera-

tion) to the fullest possible extent . In a differential analyzer, each inte-

grater must, during a given problem, be continuously associated with just one 

integral process. As more complicated problems are devised, more integrators 

must be used. A similar remark holds for the network analyzer. Each branch 

of the network has certain impedances associated with it, and as problems 

become more complicated, more impedance elements must be used. To ·solve a 

non-linear problem on a network analyzer numerous non-linear iffipedances are 

required. If, by sorr,e scanning process, a single non-linear element could 

be 11 switched 11 from place to place in the network, scannir,g all the positions 
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where such an elemeEt is required, the network analyzer would in effect be 

able to reduce equipment by serial operation. 

4.9 ]'.':emory Scanning by a Compute;: 

Althou~h the notion of a serially operated netvvork analyzer may not 

appear practical, such an idea is closely connected with a practical and 

quite fleJCible scheme for a computine; machine. Let tl-J.is Jll.achine have a 

single arithmetic device and a gre,at many number registers, or memory ele­

ments, so that it may receive numbers from the memory and also store numbers 

which- it computes in the memory. The arithmetic tmit is the single "non­

linear element" which scans the various points in the "memory netvvork. 11 

Because it is completely flexible, however, this unit must be told hovr to 

scan and what sort of computations to do as it proceeds. 

4.10 -~nstruction ?.~emory 

For high-speed computation, not only raust the arithmetic organ com­

pute at high speed , but the memory elements must be able to supply and re­

ceive numbers at high speed. · Obviously, a further requirement is that the 

instructions to the arithmetic unit must keep pace vnth it. The faster the 

instructions can be carried out, the faster must new .instructions be supplied. 

This requirement as to instruction speed can be met in a direct and 

simple fashion by storing instructi~ns (in numerical code, so to speak) in 

memory elements or registers of the same type as those· used to store the 

n~~erical . data. The function of receiving such instructions from the memory, 

interpreting them, and causing the instructions to be carried out, can then 

be vested in a "control unit" which is also a part of the computing machine. 

4.11 Function Table · Memory 

If high-speed electronic memory elements are used for numerical data 

produced in the course · of operation, and are also used for storing operating 

instructions, it appears that empirical or mathematical functions which are 

necessary to a computation should be accommodated in the same way. By so doing, 

all memory elements are made identical, and a very desirable unification is 

achieved. 
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4.12 Flexibility of Memory 

By unifying all memory functions through the use of similar memory 

elements for both operating instructions and nunterical data (including 

function tables), it is possible to obtain new flexibility. All memory 

elements can be interchangeable. Consequently there is no need to special-

ize any memory element. Any portion of the total memory may be allotted to 

operating instructions, and any portion to ,function tables. This allotment 

is in no way fixed, so that any part of the memory may be used for any pur-

pose. The same memory element may be used in vario~s ways during the same 

problem, in fact. 

4.13 ~emory Capacity Needed 

No matter how much high-speed memory capacity is provided, interesting 

problems are bound to arise which could profitably use even more. Such prob-

lems must then be handled by making use of an infinite exterio~ rrremory capa-

city of which IBM punched cards are one example. There would be no need at 

all for an internal memory if such an infinit e external 1nemory could operate 

at electronic speeds. ~ince this does not seem possible, some compromise 

must be made. Some form of permanent and inexpensive infinite memory must 

be provided. Any improvement in the rate at which nun1bers and instructions 
. 

can be transferred from tbis memory into the internal memory, or vice versa, 

is greatly to be desired. Obviously, high rates can be achieved by use of 

multiple equipment, but this does not lower the cost. Any simple and prac-

tical form of external men1ory so far considered cannot compare in speed to 

the electronic i nternal memory speed. The internal memory capacity must 

therefore be chosen with reference to the kind of problems which are to be 

done at high speed (that is, at speeds not lilflited by the input and output 

rates). For instance, an internal memory capacity equivalent to about 2000 

ten-digit de'Cil!lal numbers may be considered a minimwn for handling numerical 

solutions of partial differential equations having two independent variables. 
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4.14 Simplification of Step ~ 

It is believed that serial operation at level (c) _is of extreme 

value in -simplifying the planning and layout of a problem which comes under 

step 1. The operator has no parallel timing problems to worry about. Since 

the machine can do but one operation at a time, his attention can likewise 

be put oh only one thing at a time. 

The machine must be capable of carrying out any numerical operation 

required by the mathematician. It is evident that only a few basic or 

standard operations could be built up from these. Certain operations, al­

though expressible in terms of more elementary ones, are used so frequently 

that it is advisable to have the machine "lmow how" to do these processes. 

An ex: mple of this is multiplication, which should be hanclled as a 'basic 

operation for which no elaiJorate instructions need be given. On the other 

hand, the temptation to provide a. great variety of standard operations must 

be resisted. More of these requires more control equipment, but the main 

reason for limiting the number of basic operations is that step 1 is not 

s i mplified but rendered more difficult by having too many operations to re­

member and to choose among. An instruction code must be simple enough and 

compact enough to be easily memorized and used vdthout need for constant ref­

erence to a dictionary. It is believed that adequate flexibility and,easy 

codinr; is provided vy restrictin;: the arithmetic op·erations to addition, sub­

traction, multiplication, division and possibly square root. 

A e;eneral machine needs also the ability to alter its program of in­

structions in accol-dance with the outcome of some numerical calculation. In 

punch~d card computinr; 'nachines, this function car. be perfcrr:ed by "dir.;it 

..;u:r~t"ol.'' One form which this can tak~ is that of an instuction ·which causes 

t he machine ~o choose between two courses of action when two numbers, a and b, 

are specified • . One proc; ram is followed if a-b is positive or zero, and the 

other if a-b is negative. Such an order can obviously be applied to programminG 

identity c,heckinc; (see Section 5.0), but it has many other applications. 
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Die;it control is easily carried out in the h'NIAC, and the instruction code 

for the EDVAC is. to contain this essential operation. 

Another most important requirement on the programming or instruction 

possibiliti8s of any large and General nachine is that it must be possible to 

set up hierarchies of control. This may be expressed by saying that it must be 

pessible to set up a given· program routine ju~t once, and call upon it as often 

as required in the course of S-Ome other program routine. If this facility i~ 

not provided, the same instructions mught have to be set. up many times. This 

would be wasteful of memory equipment and wasteful of the operator's time. It 

is impossible to overemphasize the extreme limitation which lack of this facility 

would impose. In the ENI.A.C, the master programmer serves the desired purpose. 

Ins·:;ruction orders which operate upon other instruction orders will make this 

procedure loc;ically possible, in the EDVAC. 

One further desirable characteristic for programming systems should be 

pointed out. Any sequence of instructions which define a problem should be 

capable of rapid and easy modification by the operator when he desires to make 

slight variations in his problem. This is obviously possible in the .ENIAC, 

since the operator has immediate access to all of the manual program controls. 

In a machine which is automatically set up from tape, for instance, . it ·is 

not olwi ous that this condition is fulfilled. In the design of the EDVAC, 

it is hoped to meet this condition. 

In conclusion, it may be remarked that for any large machine it is de­

sirable to establi s h a "library" of standard program routines. In the case 

of the 3NIAC, such a compilation can s ometimes avoid duplication of effort 

in the planning s ·tage of a new problem which has parts resembling old problems, 

but it can liardly do much to reduce manual set.:.up . time. For machines which 

are automatically set up, a great deal of time and effort can be saved by 

such a library. ~lect ro-mechanical machines now make extensive use of sudh 

libraries, which include f1motion tables as well as program routines. Exactly 

the same techniques can obvious-ly be applied to the EDVAC. 
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CHAPTER 5 

RELI.AB ILITY AND CHECKING 

5.1 RelationshiP of Reliability and Checking 

The need for checking depends greatly on the inherent reliability of the 

device being checked. A device which fails extremely often is not worth checking, 

and one which never fails needs no checking. In practice, failures can never be 

eliminated compl~tely, und some method of controlling ~1d reco6nizin~ failures is 

highly desirable. 

In a digital computing machine, the failure of almost any component can 

vitiate the entire computation. Even a momentary failure of any part may therefore 

be considered as a failure of the whole T11achine. Since a l...rge computing machine 

contains many parts, its failure frequency may be high even though the individual 

components have a low failure rate. 

5.2 Detection and Localization of Failures 

Checking .devices or methods detect rather than prevent failures. Since the 

checking device or process may also fail, it might seem that there is no end to 

checking. It must be recognized, however, that no system can really detect all 

errors; the true aim of checking is to reduce the probability of undetected 

failures to an extremely low value which is deemed tolerable. 

A secondary, but by no means trivial, function which may be served by check-

ing is to localize the failure. The importance of this feature increases with the 

size of the machine and the complexity of the calculations. Suppose a long and 

involved problem is done by two different methods on two different machines. If 

the results agree, there is very little chance that they are wrong; but if they 

fail to agree, there may be no clue as to which is right or where the error wa:s 

made. To avoid having this situation recur frequently, either checking must be 

done more frequently on smaller parts of the problem, or the machine components 

must have exceedingly high reliability. 
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5.3 Types and Levels of Checking 

It is convenient in discussing checking methods and devices to use the 

follo•.'fing terminology: 

Rept1at checking 

Hultiple checking 

Identity checking 

Test checking 

Smoothness checking 

Programmed checking 

Built-in checking 

The same operation is done ag~in in the same 
way with the same equipment. 

The same operation is done in the same way, 
but using entirely separate pieces of equip­
ment of the srune construction. 

~vo equivalent but different methods of do­
ing the same operation are employed, and the 
results compared. The two methods may make 
use of different equipment, or the same equip­
ment in different ·ways . 

A test problem, for which the correct answer 
is known, is run through the machine before 
and after new problems are done. Presumably 
this problem can be designed to reveal most 
of the possible failures, and perhaps can 
help localize these failures. 

The smoothness of a series of calculated values 
is ex~ained, usually by higher order differences. 

Checking which is carried out in accordance 
with specific instructlion order's (at the con­
trol of the operator). 

Cheeking which is not at the discretion of the 
operator, but is always done by the machine 
without instruction. 

These categories are not all .. exclusive , nor exhaustive. The first five 

are types which are usually programmed, not built-in. There are .numerous types of 

built-in checking which are hard to classify. One of the best is that used by 

certain relay computers which detect whether the proper number of relays have operated 

in each step of the problem, allowing no operation to proceed until the immediately 

prior operation has been checked in this way. This method is notable for the 

nioaty with which it localizes errors, and for the high reliability which it 

achieves. 



It is con-venien·~ to speak of various "levE:tls 11 of checkin~. At the lowest 

level, evei.'Y 1.mit operal;ion is checked, vrhile at the hi i",hest l evel an enti.re problem 

~ght be multiple checked or identity checked on t wo distinct machines. Except 

for the rela~r check just mentioned, both or theae e:r.:trer.Jes are undul;;r expensive, 

since inter:~diate methods can usually be found to in:>u1·e adequate ;·eliability 

cmribined with reasonab le localization of failures. 

It is obvious that a ·di;:;ital computinc; machine which has any claim to 

flexibility will certainly permit pro e; r9.m.-r:~od checkinG of any sort desired. Smooth-

ness checl:ing, for instance, can be aided !:ly autor.1a.tic calculation of the -required 

diffe rences. The d~ si ::;ner is concerned, howevei·, ·;;ith tho q;<es:;ion o~· 11hat check-

ing devices should be built-L1e In answering this · question, careful consideration 

should be given to Lhe kind of failures which are likely to occur. 

5.4 Character of Failures 

Equipment failures can be broadly classified into these tvto ;:: roups: 

Type 1 - lasting failures, v1hich persist until corrected by the 
operator or maintenance personnel. · 

Type 2 - transient failures, f or which the appai'a"cus passes back 
and forth oe·b·reen correct and incorrect operation. usually 
but not necas3arily at irre~ular intervals. Type 2 
failures are often called "intermittents." 

l'ypa 2 faults are mora difficult to detect and locate. If not detected 

immediately, the1·e is no way of l;nowing how many calculaLions have been spoiled. 

Probably one reason why relays have been preferred to vacuum tubas . for use 

in large computing machines is that r.10re is Lnovm about their failure c :]aracteristics. 

TyPe 1 faults are extremely improbable in good relays. Most failures are t~Ipe 2, 

caused by dust particles fouling contacts for a few operations only, "being shaken 

out by subsequent operations . These failures are reduced by usine; tvvo contacts in 

parallel, but they still predominate over type 1. The step-by-step built-in check-

ine; circuit mentioned in Section 5.3 is tJ 1erafore quite essential for computing 

reliability. 
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For vacuum tubes, quantitative information on failures is very rough, and 

comparisons are difficult because conditions of usage are not standardized. Some 

general facts about their failure characteristics are of considerable haportance 

to any discussion of checking. Suitably tested tubes operated under proper condi­

tions can have a useful life of about 10,000 hours. Type 2 failures are rare, and 

type 1 failures are bigh during the first few hours of operation, becoming low 

thereafter. Type 2 failures may arise from mec~anical vibrations, loose connections, 

and such things, but the period or interval associated with these is usually long 

enough to cover many operations at the high electronic computing speeds. Extremely 

le¥1-level checking is not needed to detect these. 

As tubes age, their signal output gradually decreases, until at some time 

an occasional pulse may not affect the device it is supposed to operate. For this 

reason it is important to design computing circuits so they are insensitive to 

rather l~rge changes in signal strength. The liklihood of type 2 failures from 

aging effects can then be greatly reduced by periodically testing all tubes. By 

other methods, potential t~~e 2 failures can be forced into becoming type 1 failures 

which are readily located. There is no comparable procedure for relay machines. 

5.5 ENIAC Checking -and Reliability 

The ENIAC has not been provided with any built-in checking devices in any 

strict sense of the term. However, there are circuits which see to it that all of 

the nwnerous power supplies are operating within certain tolerance limits, and other 

circuits which shut dcwm the whole machine if certain fuses are blown. Another 

feature, described in Chapter 3, is also related to checking and localization of 

failures. The cycling unit is capable of operating the machine by single addition 

time steps, or by single pulse steps, each step controlled by a push btitton. All 

counters and other fliP-flops are equipped with neon indicating lamps, so that 

many details of circuit operations can be followed visually during a manually­

controlled ster-by-step check. It is also possible to operate the machineJeither 
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•continuously• or step-by-step,at any pulse repetition rate lower than the standard 

100,000 per sec., or even somewhat above this rate. 

can be investigated. 

Thus certain timing tolerances 

Since the ENIAC ·has no built-in checking, careful attention has been given 

to improving reliability by circuit design. Tubes and other components are operated 

at very conservative ratings. Tubes are used as binary elements, being either on or 

off. Large safety factors are provided, both in signal atrength and in timing. 

In general, all tolerances have been made consistently large. 

Any kind of programmed checking may, of course, be used, except that there 

is no \YRY of multiple checking operations such as multiplication, division and 

square root, for which duplicate equipment does not exist. Identity checking and 

smoothness checking apiJear to be reasonable methods. Considering the character of 

vacuum tube failures, as discussed in the preceding section. repeat chec!<ing is 

probably of no value at all since the same errors will probably be made during the 

second rWl. For exactly the same reason, test checking is very likely to be 

quite successful, and if this turns out to be the case, this will be the most 

efficient sort of general purpose checking. Only after considerable operating 

experience will it be kno·,vn how frequently (or infrequentl~.') test checking will 

have to be done. Yihenever the nature of the problem allons it, Suioothness checkin.:.; 

should also be done, but this method does not reveal systemu.tic errors. 

5.6 Advantages of Serial Operation 

From the st.andpoint of checking and reliability, completely serial machines 

have important advantages. In the first place, since less equipment is involved, 

there is less liklihood of a machine failure. The time lost when a failure occurs 

is also reduced, since both diagnosis and repair are easier with less equipment. 

Quite apart from this, however, serial machines have a considerable 

advantage with respect to checking. Since there is less equipment to be checked, 



less equipment is needed to do the checking. In fact, a number ot components can 

sometimes be checked by a single checking device. Test checking is easier to work 

out for a machine· having fewer components and proportionately more of them ueed 

in each operation. Since many parts of a serial machine are in almost continuous 

operation, there is also more opportunity for detection and lo~ation of type 2 

failures. 

A very significant fact is that all of the digits for any number must pass 

through the same channel. T}1is means that a t ype 1 failure in such a channel will 

affect ~ the digits of every number that uses that channel. It is quite probable 

that the calculations will be so completely upset that the failure will be cbvious · 

when the results are inspected, presuming that no built-in checking catches this 

failure. This is to be co!ltrasted with the possibility, in a L:ulti-channel machine, 

of a single digit failure causing only a very small error in the results. Such an 

error might be sufficiently systematic as to go undetected by szr.ooth.ness checks. 

When type 2 failures are considered, the fact that all digits must pass 

through the same che.nnel is even more iraportant. In a serial machine any type 2 

failure will be al:uost certainly cause a gross error, and ag;ain ·,night be noticed 

without the aid of built-in checking devices. In a multiple machine, if a type 2 

failures occurs in e. place where it dos not cause a ;;ross error, the faulty canpon­

ent may cause errors only infrequently and thus go undetected during the course of 

many problems, · unless identity checking or ing;enious test chec~~ing is employed. 

Althoug;h all failures in a serial machine are lilcely to cause gross errors, 

and would probably be noticed without built-in checking devices, it seems reason­

able to build in any checkint; device which does not require a t;reat deal of equipment. 

5. 7 Checking in the EDVJi.C 

For the EDVAC, it is expected that most of the equipment will be associated 

_with the r.temory. This means that the arithmetic organ and the control unit could 

be multiple checked by having duplicate equipment for these ptU"ts, and yet not 
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increase the total equipment very much. The circuit which compares the results from 

the two computers can also be checked by havin~ a duplicate comparing circuit, thus 

guarding against failure of this checking device. 

To check the unit operations of the computer within any standard arithmetic 

process seems unnecessary. Reliability is sufficiently assured by the raultiple 

checking of complete aritlunetic processes, and checkinr, at a lower level would 

involve much more equipment and serve only to localize failures. It is believed 

that such extreme localization is not necessary, since once a computin~ failure has 

been noticed either diagno;tic test checking or electrical service instruments cian 

be used to locate t;he faug more p1·ecisely. 

Methods for checking the mem.ory and switches will not be described here 

except in very general terms. It is probable t hat a kind of uuilt-in test checking, 

requiring only a small amount of equipment, will be found suitable. Sufficient 

input and output equipment can he provided so that multiple checkinr; can be used. 

It is hoped that these built-in checldnc; devices vdll improve the relia­

bility to such an extant that the operator will not ordinarily have to devote much 

attention to proc;rammed checkinG• If, after the EDVAC is put into operation, it 

is fo\lnd that this hope is not entirely justified, then a certain amount of programmed 

checking might ha~e to be done. In any event, all of the failures ·which are 

noticed by the uuilt-in checJ.d.ng; systen Vlill be to s ome extent localized and 

service problems vlill thereby be simplified. 
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APPENDIX A 

Remarks on Arithmetic Operation of the ENIAC 

The purpose of this appendix is to present in more detail the arithmetic 

operation of the multiplier and divider. To do this let us first describe the 
. 
system for handling negative numbers in the ENIAC. Since the ring counters in 

the accumulators cycle in but one direction it is desirable to treat subtraction 

as a form of addition ~ the introduction of a system of complements. 

Let us focus attention on the 10 decade counters of an accumulator. Any 

10 
integer between 1 and 10 -1 inclusive. is uniquely representable on the counters 

10 10 
but the numbers zero and 10 are indistinguishable. Hence the sum (10 -N)+N 

appears as zero on the decade counters. The number 1010-N is referred to as the 

complement of N with respect to 10
10

• 

To permit a unique representation both of positive numbers N with 

< < 10 0 • N • 10 ~1 and of the complements of such numbers there is a so-called 

PM counter to the left of the decade counters. This counter is a binary one 

since its function is to distinguish between positive. numbers (which carry 

sign P) and their complements (which carry sign M). In the transmission of a 

positive number no pulses are sent along the PM lead in a digit tray, whereas 

nine sign pulses are sent for a complement. The PM counter can receive as its 

input either the sign pulses or a carry-over pulse from the extreme left hand 

decade. The reception of an even nunber of pulses leaves the counter in its 

original state, the reception of an odd number of pulses has the effect of 

cycling the PM counter to its other stageo It is no1r easy to verify that all 
( 

the usual arithmetic properties of addition and subtracticm are obeyed in the 

system described. There follow a few illustrative examplesa The sum of 

801 and 527 appears as 

p 0,()()().000,801 
P o.ooo,o00.527 
P o,ooo,oo1,328 

R D 



the difference 801 minus 527 as 

p 0,000,000,801 
M 9,999,999,L.73 
p o,ooo,ooo,274 

and the difference 527 minus 801 as 

P o,ooo,ooo,527 
M 9,999,999,199 
M 9,999,999,726 • 

The ENIAC is so constructed that the complement of a number is formed by 

subtracting each digit of the number frODl 9 and then transmitting an additional 

pulse over the lead associated with the extreme right hand digit as specified 

by the setting of the significant figures switch. This .additional pulse has 

the effect of subtracting the right hand digit from 10 so that a complement 

with respect to 10
10 

is thus formed. 

~ was mentioned earlier, the divider-square rooter is essentially a 

mechanism for automatically sequencing the behavior of a number of associated 

accumulators. It performs this ·sequencing by generating at various times 

special programming pulses which are transmi tte'd to the appropriate accumulators. 

The operation cycle, whether for division or square rooting, divides itself into 

four distinct phases; phase I in which the stage is set for the following phases; 
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phase II during which the operation is performed; phase III, the round-off period; 

and phase IV the interlock and clear period. 

In phase I the divider emits signals which stimulate the numerator and 

denominator accumulators to receive their arguments and sets up certain program-

ming circuits. During phase II the basic division and shifting sequences are 

performed. When the numerator ana. denominator have like signs, the denominator 

is subtracted from the numerator and the quotient is increaserl by one in a 

particular decadeJ when the signs are unlike, the denominator is added to the 

numerator and the quotient is decreased by one in a particular decade. When 

the remainder· changes sign, the basic di~ision sequence is interrupted. The 

remainder is then transmitted from the numerator accumulator to the shift 



accumulator, shifted one place to the left and returned to the numerator 

accumulator. The basic division sequence is then resumed. After a shift, 

however, the unit, added or subtracted from the quotient, is put into the 

next decade to the right of the place in which it was previously acea.modated. 

Phase II ceases and phase III starts when an overdraft occurs and when the 

specified number of answer places have been found. We shall not further dis• 

cuss phases III and IV, but consider a numerical example of division on the 

ENlACe See Problem 1, p. A-4. 

The multiplier, as was remarked above, carries out its operation by 

formi~ successively partial products consisting of the entire multiplicand 

by one digit at a time of the multiplier. Arrays built into the multiplier 

store the multiplications tables for numbers between zero and nine in two 

parts: the tens digit and the I.Dlits digito For example • . the product of 

4 x 9 is remembered as a tens digit of 3 and units digit of 6. During the 

multiplication process, the tens digits of the partial products are stored 

in the so-called left-hand partial product accumulators and the units digits 
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in the right-hand partial product accumulators. Upon the completion of the 

multiplication cycle the process of correction for multiplication by complements 

is effected. At the end of this phase the left-rAnd product is transferred into 

the right-hand accwnula torso See Problem 2, P. A-5• 

RE~ D 



Phase 

1 

I 

II 

I 

I 
I· 

Quotient Accumulator Numerator Accumulator Denominator ShJ.ft Accumulator , 

Ace umula tor 

Receives !stores. a~ter Receives I Store~ ~fter Receives and Receives 
recel.vl.ng receJ.vJ.ng stores there-

I after 

I 
I PO 209 070 000 PO 209 070 000 IPO 230 000 000 I 

M9 770 000 000 1f1 979 0 70 000 

PO 100 000 000 PO 100 000 OOC 
( 

;M9 790 700 000 
l 

~ 790 700 000 M9 790 700 000 i 
t I 

PO 2~ 000 000 PO 020 700 000 l 
~ 990 000 000 PO 090 000 000, 

f. 

! I ~ 
! 

!, : PO 207 000 000 

I PO 207 000 000 ; PO 207 000 000 I 

l 
! 

' M9 770 000 000 ! M9 977 000 000 I I I 

PO 001 000 000! PO 091 000 OOC 
I 

M9 770 000 000 

--

Problem 1 

To perform the division PO 209 070 000 • j. PO 2~ 000 000 to four figures without round-off. · 

I Stores after 
receiving 

M9 790 700 000 : 

/ 

I 
! 

PO 207 000 000 

' 
; 

• M9 770 000 000 
; 
'---~~---~ 

IJ>o 

I 

f:" 
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I 
Left-hand Partial Product Right-hand Partial-froduct 

Accumulator Accumulator 

Multiplier Receives Stores after · Receives Stores after 
Di~it Receiving Receiving 

2 Pl 000 010 000 Pl 000 010 000 PO 226 046 000 PO 226 046 000 

0 PO 000 000 000 Pl 000 010 000 PO 000 000 000 PO 226 046 000 

I 
8 PO 040 201 600 Pl 040 211 600 PO 008 840 640 PO 234 886 640 

Complement 
Correction . M7 920 000 000 M8 960 211 600 

Final 

L Product M8 960 211 600 M9 195 098 240 
Collection 

-



APPENDIX B 

Remarks on Programming the ENIAC 

Inasmuch as the problem of programming the ENIAC has not been discussed 

in much detail above it is desirable to devote more space to this subject. 

Let us first consider an extremely simple problem as an illustration of an 

elementary programming procedure. In planning a set-up for the ENIAC it is 

desirable to link the elementary programning sequences into a complex whole 

by means of the master programmer. Hence we first consider the problem of 

programming the elementary steps and then plan the over-all connection of 

these steps by hierarchies of program sequences in the master programmer. 

It is desired to form in two acc~~ulators a tabulation of the function 

n2 against n (cf . Fig. 1). Let us proceed inductively and assume that one 

accumulator contains n and another 2 
n • We then wish to program tbe first 

accumulator to transmit its contents twice into the second one, which must 

then also be progrru~ed to receive twice. Hence we need to use one trans-

ceiver program control on accumulator one to cause the transmission and one 

such control on the second accumulator for the reception. In addition , we 

must use a program pulse to stimulate simultaneously each of these controls 

and we shall indicate below the origin of this pulse. The output signal 

from either control will then be used to stimulate a unit such as the con-

stant transmitter to send the digit one into each of the accumulators. We 

need therefore to use one receiver program control on each of the two accu-

mulators to receive this digit. Upon the reception by each accumulator of 

the unit there appear the numbers (n -;- i) and n2 -;- 2n 
2 

l = (n -+ l) . Finally 

the program output of the constant transmitter may be fed into the transceiver 

controls mentioned above to stimulate the reiteration of this process. It 

remains only to describe the inception of the entire cycle. Initially the 

accumulators contain the number zero, and the initiating pulse is sent to 

the constant transmitter for the purpose of stimulating the emission of the 
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digit one and to the accumulators to stimulate reception of the digit. 

Fig. .1 shows a schematic diagram for the set-up of this problem. 

Suppose it is desired to form the above tabulation for n ~ 13246 

and to stop at n = 13246. 1;e then wish to make use of the master programJ!ler 

to count the number of times we carry out our process. To use the master 

programmer for this purpose we as::ociate with, for example, the C stepper 

five decades. The five decade switches associated with the first stage of 

the stepper are set to 1, 3, 2, 4, 5 respectively. The program output of 

accumulator 2 in Fig. 2 is no~ routed to the stepper input and the output 

of stage l is then sent to the program pulse input terndnals on accumulators 

1, 2 and the constant transmitter (cf. Fig. 2). After the computation of n2 

has been stimulated 13246 times (once by the initiating pulse and 13245 times 

from the output of stage 1 of the stepper), the stepper cycles to stage 2. 

The program output pulse from stage 2 of the stepper does not cause any fur­

ther computations since the output terminal for this stage of the stepper 

is not connected to any program line. 

Evidently we could have used the output of stage 2 to initiate a new 

and different sequence of events. It is therefore clear that one can, by 

such simple measures, _order the execution of a sequence of subsequences of 

operations and by suitably interconnecting steppers achieve considerable 

progra:-:uning complexity in this manner. 

Instead of pursuing this obvious topic further let us discuss other 

uses of the master programmer. The use of the master progra~er is being 

stressed since it is the mechanism in the ENIAC which enables one to link 

the simple sequences of instructions given the other units of the computer 

into a complex whole. 

To illustrate another important function of the master programmer, 

let us consider the problem of programming the ENIAC to discriminate be­

tween two program sequences depending on the relative sizes of two numbers 



a and b. For example, in the integration of a differential equation it 

may be desired to reiterate a given step if the third difference, a, of 

a certain quantity is not less than a fixed number, b, and to proceed to 

the next step in the contrary case. After completing a step of the inte­

gration we accordingly wish to forrn the differende a-b and to examine its 

sign indication. Recall that if a number is non-negative, no pulses are 

sent to indicate the sign, whereas, if it is negat~ve, nine pulses are trans­

mitted. Let us now connect the output of stage l of a stepper t o the pro­

gran line which carries the st~T~ul~ting pulse for t~e sequence of computa­

tions involved in reiterating , and the output of it~ second stage to the 

line which carries the stimulating pulse for the next. step. ;:':e now connect 

the sign indication lead from the accwnulator s t.orin,$ the difference a-b 

to a transceiver whose out~ut is fed to the direct i~1put of our stepper, 

and connect a program line to the stepper's input. j.,e shall send a pro-

gram pulse along this line in the same addition tL~e ~s the transceiver's 

output will occur. If (a-b) is non-negative, no pulse~ are applied to the 

direct input of the stepper since no pulses reach the t:transceiver. More­

over, the pulse applied to the stepper input causes an output pulse on its 

stage l output, thereby stimulating the reiteration program. If a-b is 

negative, the stepper is advanced to stage 2 since the tnansceiver is stim­

ulated. The pulse applied to the stepper input, in this case, causes an 

output from stage 2, which results in the next l ine's be)Lng computed. 

Finally a program pulse is sent to the stepper clear dir~ ct input so that 

the stepper returns to stage l for the · next magnitude discrimination 

(cf. F'i.g. 3). 

As an extremely simple example of the way in which one may compound 

sequences of program instructions consider the following ~oblem: Suppose 

it is desired to read certain data, such as initial condit.'io;ls from an IBM 

card, carry out a computational routine of m line steps, ptint the final 

results, and then perform the same routine n times. We ccvuld then use 
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stage 1 of stepper (with the sta;;e one decade switch set at 1) to si r11al 

for the card reading, staGe 2 to order the computations to be performed 

while its associated decade s:vi tches count the rn repetitions, and stage 3 

to control the printinb operation (of. Fig. 4). 

Still another master programmer stepper is used to stimulate n repe­

titions of the read-compute-print sequence. The initiating pulse is sent 

to this ·stepper, and the resultin~ output pulse from stage 1 stimulates the 

first read-compute-print sequence. The terminal pulse or the read-compute~ 

print sequence is also delivered to this stepper. 

In clo~ing let us consider the meru1s at our disposal for performing 

a large number of multiplications. It is clear that in planning a problem 

one must determine what is a basic group of elementary arithmetic operations. 

By this is meant a group of operations, whioh cannot be built up by iteration 

· of any of its sub~groups. An illustration of this notion can be gained by 

considering a pair of differential equations. The integra.t·ion performed on 

one variable is essentially the same as that performed on the other. - Hence 

it suffices to arrange the computation so tlmt only one of the integrations 

is set up on the arithmetic units· and to have the master programmer provide 

for the iteration. In this fashion, problems involving numbers of rulti­

plications far in excess of 24 can be programmed. 

If, however, the basic group of operations itself requires more thB.n 

24 multiplications, it is necessary to resort to other techniques to obtain 

the necessary freedom. These other techniques require the expenditure of a 

number of transceivers for non-arithmetic purposes. As will be seen below, 

to achieve six multiplications in the basic group at the expense of but one 

multiplier control necessitates the use of about 30 of these transceivers, 

i.e., about 10 per cent of the program control capacity. In general, in 

planning a set-up of a problem for the ENIAC the inner economy of the machine 

must be oonsid.ered in . allocation program facilities to various parts of the 

problemo 



In closing let us consider the means at our disposal f or performing 
I-

a number of multiplications in our basic ;roup, ·which are essentially alike 

in the follo•vinG sense: the multipliers ai (i = 1, 2, ••• , n) and multi-

plicands bi a1·e re ceived on the same channels; the products Ci = ai bi are 

transmitted on the sarae lines; there are the same nw:1oer· o:' di gits in the 

muHipliers; t he products Ci are i'Otmded-off to the same nur;1ber of places; 

and t he ,.;lultiplier, r1ultiplicar1d and product; accUJ:1Ula·tors require the same 

clearing or holdint; instructions. Evidently the simplest procedure for 

handling the proo lem is to devote one multiplier program control to each 

of the n multiplications. This technique is, however, not alway~ possible 

as, for example, in the case of a proi>lem requiring more than 24 r.lUltipli-

cations. 

An alternative procedure is to use out [ n/6] + 1 multiplier controls 1 

where [xJ is the largest integer ~, x, and the same number of' steppers. 

We illustrate by showing how to achieve six products _ci "'ai bi 

(i = 1, 2, ••• , 6) by the_ use of one stepper and one multiplier control and 

a number of dummy program controls. ·,·ie first define a dummy program con-~rol 

as any transciever which is used to perform no arithmetic operation but 

serves only to give an output sic;nal after one or more addition time delays. 

To return now to our problem let us send the initiating pulse into three 

dummy controls and use their outputs to stimulate the transmission of a1 

b1 and to stimulate the multiplier to produce cl• By means of these dummy 
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controls we have isolated the order to the multiplier from the orders calling 

for the constants al• bl• 

We now send the output signal from the multiplier into our stepper 

and send the output pulse .of stage one to four -more dummy controls which 

stimulate the disposal of the product c1 , the transmission az, bz and the 

multiplication a 2 , b2 by the same multiplier control. The output signal of 

the_ last multiplication is sent to the stepper and output of stage 6 can be 

RESM1:fxo.. 
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used, as indicated above, to stimulate a new multiplier control (cf. Fig. 5). 

As a closing illustration let us consider the previous problem but 

let us set the problem up in a dif'ferent way eliminating t he use of the 

master programmer. For simplicity we suppose that our multipliers are al­

~ys fiv~ digit numbers. This time we send our initiating pulse to four 

dummy controls, the first three of which are used as bef'ore and the last 

of which gives a nine addition time delay. When the multiplication is com­

pleted, we do not use the multiplier output pulse. Instead we · take the de­

layed signal from our fourth dummy and use that signal to stimulate five 

more dununy controls in the obvious ·way. (cf. Fig. 6.) 
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APPENDIX C 

GENERAL CONS'.l'RUCTION DATA OH THE EHIAC 

The ENIAC is a . ver; large and complicated machine. The electronic and 

relay apparatus, exclus.i ve of the portable function tables and the auxiliary card 

machines, which are separate units mounted on wheels and plugged i11to the ENIAC, 

is mounted in forty panels each of which is two feet vnde and eight and one-half 

feet high. Including the cases which house the tubes and air filters, the units 

.are about two and one-half feet deep. Over thirty thousand cubic feet of air is 

forced per minute through the air filters and around the tubes by ten two-horse-

power blmvers. The hot exhaust air, . which is between ten and twenty deg1·ees 

Fahrenheit above room temperature, is passed through sheet metal ducts out of the 

building in which the machine is housed. In addition to the forty panels above, 

six similar panels of greater depth and two of smaller depth house the power 

supply equipment. 

The forty main panels of the ENIAC are arran.;ed in a large U with sixteen 

of the panels on each leg of the U and eight panels on the end. Thus U, together 

with the eight power supply panels, the three portable function tables, and some 

of the auxiliary card machines, are arranged in a room thirty feet by fifth feet. 

Since the room has a ceiling which is over eleven feet high, the blower motors and 

ventilating ducts are suspended from the ceiling over the machine in order to save 

floor spaoe. Viewing the U from the inside, the forty main panels of the ENIAC 

arranged from left to right are: 

1. Control and Initiating Unit 

2. Cycling Unit 

!: ~ Master Progratllller (a two-panel unit) 

s.) First Function Table (a two-panel unit) s.) 

~:~ ,.Accumulators 1 and 2 (two one-panel units) 



9. Divider and Square Rooter 

10.) 
11.) 
12.) 
13.) Accumul~tors 3, 4, 5, 6, 1, B, 9, and 10 
14.) (Eight one-panel units) 
15.) 
16.) 
17.) 

18.) 
19.) Multiplier (a three-panel unit) 
20.) 

21.) 
22.) 
23.) 
24.) 
25.) 
26.) 
27.) 
28~) 

29.) 
30.) 

31.) 
32.) 

33.) 
34.) 

35. ) 
36.) 
37.) 

38.) . 
39.) 
40.) 

Accumul~tors 11, 12, 13, 14, 15, 16, 17 and 18 
(Eight one-panel units) 

Second Function Table (a two-panel unit) 

Third Function Table (a twe-p~1el unit) 

Accumulators 19 and 20 (two one-panel units) 

Constant Tr~~s~itters (a three-panel unit) 

Printer (a three-panel unit) 

Nine digit trunks of eleven wires each and ninety-nine program trunks of 

one wire each are mounted in trays which are st.s..cked on shelves at the front of the 

machine. The digit trays are placed on a centrally loca.ted shelf , ·,yi1ile t he progr:.tm 

trays are stacked at the base of the machine. Both sets of trays as well as the 

frame of t he !!~achine are made in eight foot, or four panel sections. Front panels 

containing the input and output terminals and the v,,r ious progre.m control switches 

are mounted bet·:reen the two tray assemblies. The coru1ectin0 plug and cable assem-

blies are plugged into sockets on the front panels and on the trays. The neon 

~--~----~~~------~~~--------~---------~~----~--------~------~~----~~-----------



bulbs on the aecumult~.tors are visible above the digit trays, while other neon bulbs, 

arranged to show the state of the programming equipment, are visible just below and 

above the front panels. 

If more than nine digit chan..'Ylels or n~nine program channels are required, 

they can be obtained by removing the plug and cable assemblies between one or more 

adjacent pairs of trays, thus giving a greater number of total channels some of 

which will no longer extend around the entire machine. At the base of the machine, 

running along the back of the panels, a single trunk constructed of digit trays 

is provided to connect the cycling unit to the other machines. This is ordinarily 

a semi-permanent connection - a connection which is only changed for servicing 

the equipment. 

The panel of the control and initiating unit contains two meters and a small 

oscilloscope for measuring the fil~~ent voltages, the DC voltages,and the AC or hum 

component of the DC voltages. The cycling unit contains a larger oscilloscope 

which may be used to examine the various signals which are generated by this unit. 

The ENIAC contains between seventeen and eighteen thousand vacuum tubes 

which are mounted along the back surface of thirty-seven of the forty panels. 

They are mounted horizontally just inside the dust covers which support the air 

filters. 

The other three panels of the ENIAC contain over fifteen hundred automatic 

telephone exchange relays mounted in a similar manner. Thus each main panel 

contains either about five hundred vacuum tubes or about five hundred relays. 

Over seventy thousand resistors, about ten thousand condensers and five thousand 

switches comprise, ·;rith the vacuum tubes, the nwaero'-<S elements or components of 

the ENIAC. 

The ENI..:,.C consumes one hundred and fifty kilowatts. .This power is supplied 

by a. three phase regulated two hundred and forty volt, sixty cycle power line. 

The power consumption may be broken up as follovrs: eighty kilowatts for heating 

the tubes, forty five kilowatts for generating DC voltages, twenty kil~ffatts for 

h I I 
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driving the ventilating blovrers, and five kilowatts for the auxiliary card machines. 

':i'hile the ENIAC does not contain any built-in checkin:: equipment, a number 

of points were r;iven special attention in its design. First, very conservative 

tube ratin~s, well below those of the manufacturer, were used. Second, more 

than sixty -per cent of the tubes <Vere mounted in small '<nits y;hich can be easily 

removed for repair. this was done in all of the more complicated circuits. 

Third, the signal or volta:se level of the circuits was generally maintained at 

approximately forty volts and in practically all circuits in which sharp pulses 

were transmitted, shielded conductors we·re emplo;y-ed. A few exceptions to this 

rule were made ttnder extenuating circumstances. Fourth, the ventile.tine; system 

not only cools the roop in which the raachine is housed (which is only a fmv degrees 

warmer than normal) but also insures that the many resistors, which are already 

operating well under their rating, are functioning at a conservative temperature. 

Fifth, and finally, not only was great care given to the selection of such parts 

as switches and plugs, which have their contact surfaces silver plated, but all 

components and tubes were carefully tested before beine: installed. 

In addition, special test equipment allows many of the circuits to be 

easily tested. This equipment includes a special test bench with its own power 

supply and electronic and oscillobraphic equipment so that the small spare units 

may be tested without interfering with the operation of the machine. 
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