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The ii:lcreasingly important role played by 

computing in analysis led the Applied Mathematics 

P8.Del• NDRC, to set up a study to proTide for a sur-

vey of the 1110st important computers, both continuous 

am digital. The electronic computers, EDV'AC al:ld 

ENI.AC, have been constructe,d at the Moore School of 

Electrical Engi:neering, University of Pennsylvania, 

under Contract 17·670· ORP· 4926 With the .A:rrts.y Ordila:o,ce 

Department. ~s report on the ENIAC and other 

electronic digital computers, .prepared by members of 

the statf' of the Moore School, is be~ distributed 

by the Pa:nel with the approval of the Office ot the 

Chief of Ordnance. 
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PREFACE 

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

n!,:!W in the test stage,. I_t 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 

The EDVAC (Electronic DiScrete Va.riabl~ Conputer) is in an early design 

stage, and remarks concerning it are subject to future change as work progresses. 

Of the authors of this report, Mr. 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 memor~um prepared by IX'. Mauchly at. a thle when the 
I 

BRL work at the Moore School was so extensiv.e that everyone was impressed by 

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

than aDy then available• 

It is desired at this point to make certain ackno1rledgmentsa 

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

J.berdeenJ Colonel Paul No Gillon, Chief of the Research 'and Development Section 

of the Ar~ Ordnance DepartmentJ Mt Sam Feltman Chief Engineer of the Research 

a.nd Development Section of the Arli\Y Ordnance DepartmentJ Dean Harold Pender of 

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

th&Dks are due for hearty and ~tenei..,. cooperation. 
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To 1~r. S. B. Williams, of the Bell Le.boratorit1s, tha project is 

:indebted for many hAlrfn 1 sur:~estions on the rel1q cir<"!.lits and cons iderablR 

aid on many occasions in supplying detailed info~A~ion on telephone parts 

whi<:lh proved useful in the ENIAC. 
. . 

' 
The project al:so wishers to thank l!r. A. B. Dickenson and Mr. ,Tohn Wheeler, 

of the UlM Company, for desjeninr the special card readine Ma~hine and for 

su~costill!:: circuits for conne~ting it to the r~;>lays in the ENIAC. Thanks are 

also due to the IBM COJ!!pany for supplJring: machjnes and auxiliary parts. -, 

Livi!lE;ston and Co!!'pany, Ini'!Orporated, of Philadelphia,went out of its 

way to cooperate in expeditiously fabricating certain part!! for the ENIAC; for 

this m1r thanks are extended. 

To Ee;gly ~ne;ineers the '[)ro,ject is indebted for design of the ventilating 

system which is an integral !1firt of the ENli'.C. 

En~inoers, me:themat:i.cians, report writers .and others who have worked at 

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

substantial contribution to it are the follow).nga 

Arthur Burks Harry Huskay 

C. c. Chambers Hyman James 

Joseph Chedaker Edward A. Knobelauch 

Chunn Chu Horman wkoff 

James Cummings Robert lli chae 1 

Leland Cunni.ngham · Fra.nk Mural 

John Davis T. Kite Sharpless 

Harry Gail Robert Shaw 

Adele Goldstine c. Bradford Sheppard 

Irwin Goldstein HOJner Spence 

s. R. Warren, Jr. 

The project is 1'8rticularly indebted t 9 the above It:! rsons for their contributions. 
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Thanks are due to Proteisaor Hans Rademacher of the Mathematics Department 

of the University of Pennsylvania w~o carded out for the project some u yet­

unpublished stooies~concerning the optimum interv&.l to be used in the solution 

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

and truncation shall be a minimum. 

Professor J~ Von KeUman:n, ot the Institute tor ~vanced Study, is 

an active participant in the planning or the EDVAC, especially with regard to 

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

continued work and interest in the project. 

J. G. Brainero. 

[c-6750)-U 



I 
.. 1 

RESTRICTEI;I 

DESCRIPTION OF THE ENIAC 
and 

COMMENTS ON ELECTRONIC DIGITAL COMPUTING MACH.INES 

INTRODUC T:tON 

In recent years various large machines have been devised for_ carryw . ' 

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

ematical problema which could hardly be undertaken without such machines. 

The Moore .School of-Electrical Engineering of the University of _Fennaylvania 

has, for the. past two and one-half years, been engaged in the development ot 

such machines for the Ballistic Res.earch Laboratory 'of the Aberdeen Proving 

Ground • 

. The EN!AC, described in this report• is the first general purpose 

automatic electronic digital computing machine. Its speed considerably 
I 

exceeds that of aqy non-electronic mach~e, and its accuracy is in general 

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

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

any given class of problema. However, there are problema for which ita speed 

is limited by the input and output devi_ces, so that it is impossible to deri-ve 

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

out ita entire computing schedule automatically, but the sequence Which it is 

to follow must be set up manually beforehand. The intended use of the E.,IAC 

is to compute ia.rge familiu of solutions all baaed on the same program of 

operations,. in whi.ch case the tine spent in manual set up can be disregarded. 

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

It will be of ;.arger capacity than the ENIAC, have a soJ11811'hat higher colJt)uting 

speed, and will be completely a\ltoma:Uc, including aet up. Despite these 

features, it will require consHorably.!!!! equipment thali the ENIA~, ainoe 

~ electron~c components will be used in a quite different and much more 
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efficient ~· 

The nature of the problems which these machines, bring within the 

range of computation, 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 

flexibilit.y required, electronic digital machines must be used. 

A description of the ENIAC in Chapter 3 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 illtportant f1.mction of control is COJlsid.ered 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; there 

is also an appendix giving constructional data.) 

The later chapters of this l"eport are concerned with a discussion of 

some general principles which seem pertinent tp computing machine design and 

which have been use~ in formulating the plans for the EDVAC. 

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

that the objeot of computing machine design is not mere~ to speed up arith• 

•tic 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 ha~ 

«a much as po•aible done automatically. 

It is alao to be obsel"ved that a great. deal of the equipment in non• 

electronic machines ia "in multiple", that ia, concurr.ent operation of~ 

parts is used to increaae,coDputing speed. Electronic devices are inherentq 

ao -fast that it is urmeoessary to achieve speed in this ·~· By resorting to 

•aerial operation", a considerable laving in equipment~ be aeoured. 
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the consequent loss in speed is tolerable only when electronic components having 

, high inherent speed. are employed. Reliabil~ty and maintenance are aided by this 

equipment reduction. and serial operation also has important advantages both 

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

,.j 
I ;:.: ning the computational program. 

/I 

i 
. '~ 

I 
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CHAPTER 1 

THE NEED FOR HIGH SPEED GENI!RAL PURPOSE COMPUTING MACHI~ 

1.1 Need for General Purpose Computing Machines 

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 B~llistic 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 foz:nulated in terms of linear equations) which can be handled 

by analytic techniques. Physi~al problems different from these_are not neces-

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

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

Those problems which qa_nnot\ 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 Qf 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 maoh'ine to solve two-dimensional steady state aerodynamical problems. 

Industrial companies frequently resort to highly specific analogy ~achines 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 work consists essentially of the solution 

of mathematical problems by analogy methods. If one ha'd a computing nBchine or . ' 

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; Furthermore, with computin~ machines 

whose speeds were orders of magnitude faster than exper iritents.l methods, not only 

vlould progress in mathe~atical physics and engineering be accelerated, but, un-

doubtedly, research 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, contemplta.ted are sufficiently 

general to solve problems whose compl.,xity is comparable to those of two-dimensional 

transient or three-dimensional steady state aerodynamical motion. Such maOl!ines 

will stimulta.te the investigation of ~any problems, otherwise computationally 

unapproachable, in many other f'ields. iie mention only e. few oi' the more obvious: 

quantum mechanical and electrodynamice.l studie~, mo~ecular and statistical studies 

tn chemistry, e.strophysi~e.l applications, exploratory investigations in theoretical 

meteorology as well as researches in matl1ematical statistics and mathematics 

itself. 

1.2 Ueed for Speedy Computing·Machines 

In discussing the speed of computing machines it, is perhaps desirable to 

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

existing continuous variable machines such as the differential analyzer .and the 

a.-o network analyzer are exceedingly rapid, the class of problems Vlhich they can 

solve is limited. Since both of these machines perform all operat~?ns of e. 

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

is liinited by the number of e.ritlunetic organs they contain~ In addition, these 

me.chine.s are necessarily restricted in their accuracy due to their inherent 

nature. We will, tP,erefore, confine· our. nttent ion to digital computing machines. 

The time required to carry out e. multiplication provides e. rather good 

index of the speed af 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 ~ime for the ENIAC is about 3 msee, for the EDVAC, about one msec. 

For elect,.omechanioal digital :tl'.acnines, the multiplication time ranges from about 

1/2 second to 5 seconds. 

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

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

interest to the B':lllistic 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 k;nowledge of this pressure enables one to compute the head drag, 1he air flow 

between the projectile 1:1.nd the head wr:.ve, and of course, the head shape of lG"Jest 

drag in a given group of head shapes. If the Yll:lthematical solution of this prob~ 
• 

lem is successful, it will "'vidently point the way to the solution of many 

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

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 ~ell as the flow. The partial differential equations 

de11cribing the motion of the fluid are quasi-linea~ hyperbolic partial dif'ferential 

equations wherever the flow is sup~rsonic, and 1hey are solved by the introduction 

of characteristic parameters. It is assumed by Segal in tre 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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to tl6 solved is 

(a? - u2) uy - uv (uy + vx) + (a2 - v2) v + a 2v = o, 
y y 

v 
·X - u y = o, 

where a is the local velocity of sound; u,· 1 v arethe COIT1ponents of the fluid velc-

city at the point (x,y), and v;here the subseripts denote the partial differentia-

tion. 

Without e:oing into the detail~ of the step-by-step inteeration mdhod used 

by Ser;al, we can say that there are appr.o:ximAtely 90 ~ltiplic~atic·ns to be performeti 

at each point in the field of integration,· and that there will be about a. thousand 

wch roints.. Consequently, on the F:NIAC the pure cor.mutirl{; time, apart from 

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

discussion, the ENIAC has at least two typos of l'!lfln•ory; s fairly hic;h-speed 

JT1emory, used locally in connection with the arithJTletic operations, and an in-

definitely lare;e me!Tlory capacity on IBJ.f. cards. The machine is equipped both to 

read and p•jnch such cards. In this problem it appears necessary to use this slow-

speed memory to store the results of rrevious computations and then to reintroduce 

these date. at a later time for subsequent caleu let ions. In fa.~t, jt may be 

necessary to rf'!ad 2 eards and to print 2 others for eal'lh point. The reading and 

printing however, can protably be,d one Mncurrently. It is therefore sufficient 

to consider the printing time alone. Inasmuch as there will be 2000 cards printed 

at a rate of 100 cards per minute, the printine: time is of the order of 20 

minutes. It ~s thus seen that the total soluti.cn for Segal's problem for a given 

Mach number and a given head wave will be, with ideal ENIAC operation, about a 

half hour. 

As was remarked ear Her, it will rr obably be desirable to do about 25 

solutions of this problem for different head waves nnd possibly about 10 solutions 
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tor ditterent Maoh .numbers so that the total problem will be· of the order of 250 

solutions of the equations. This would represent, UDder ideal operating_ conditions, 

about 125 hours of totd computing w provide a reasonably complete tabn for the 

determination o£ the drag on an ordinary shaped projectile head movi~ at super-

sonic speeds. 'lhe memory o£ the BDVAC is planned to be much larger than that of 

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

about two minutes tor each head wave and },Iach number. It l.s thus seen that on 

the EDVAC, the total time of' solution tor the complete problem will be of' the 

ordeT of' 8 or 9 hours. This great speed is possible prjJna.rily because of' the 

nry large high-speed memorjr of' the machine. 

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

meohanical machine. Assuming 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 tor 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, 
I 

about 8,000 hours, is sufticient;ly long so that ona would not handle the problem 

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

l!lental techniques either in,supersonio wind tUIJD.els or precision firing ranges of 

the sort in use at the Ballistic Rasearch Laboratory. 

l'{e mould perhaps next inquire int:o the reasons why one is not content to 
/ 

take extremely long times to carry 'out a numerical computation. 1"he three argu-

menta on this point are cost per. problem, the necess.i ty for getting a solution 

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

to undertake • l'he second point is. important not only because of deadline 

considerations but also because tlle hic;h-speed machine can be used as a tool of 

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

importance of this consideration:cannot be over-emphasized since it will allO'N 

the scientist to undertake investigations which he 111ould otherwise not even 

attempt. 
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1.3 The Needs of the Ballistic Research Laboratory 

The Ballistic 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 rr oblen:s of an aero- or hydro-dynamical nature, whereas· 

the latter gives rise to simple but exceedingly l.E.borious and extensive calculations. 

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

des.igns of the EIUAC and the EDVAC, as we shall indicate 1a ter. 

Although the Laboratory utilized both its own and the Moore School of 

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

computers and organ:i,zed an extensive IBM group, it was felt that even this comput-

ing facility would be inadequate to provide the combat servi~es with the firing 

end bombir.zg tables that were so urg~ntly needed. A~cordingly every effort was 

~~de to seek entirely new tools for this purpose. 

In Aur,ust, 1942, J. W. }/,auchly had summarized briefly, in memorandum 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, and Colonel 

Paul N. Gillon of the Offi~e of the Chief of Ordnance, became interested in the 

possibilities of such a device for carrying out the preparation of firin[ and 

bombing tables. At Goldstine's request, lauchly and J. P. Eckert, Jr. wrote a 

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

integrating trajectories for firing tables and which would handle other c.omputing 

jobs of sitT'iler complexity. This me·terial \Vas then, April, 1943, included by 

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

t)"niversity of "Pennsylvania and the Government to develop an f'lectronic device 

along: thflse lines. The project was set up under the supervision of Brainerd, 

with ~ckert as chief ~ng;ineor end Mau~hly as orincipal consultant; Goldstine was 
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appointed resident representativ11 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 .ENIAC. The cons·huction 

of this ma_chin,e is at the rr e~ent time just completed and an acceptance t~st 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 th&.t the ENI.AC could be used as a (reasonably) 

a·ll-purpose digital device. It is still, however, most efficiently usable as a 

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

as is the case in making f'iring tables. 

This_ property stems, to some extent, from the pioneering nature of the work. 

To make possible simple calcula tiona 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 hi~h-speed memory used. It was not until 

early in 1944 that Eckert and Mauchly invented a device which permitted in a 

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

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

between the Goverili!lent and the University for the development of the l!."DVAC 

(Electronic Discrete Variable Calc'J.lator), an automatically seguenced, 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 iqtcrior ballistics. 

The development of this machine is still in its early staees since the 

staff, until recently occupied with the construction of the ENIAC, is also desie;n-

ing the EDVAC·. They ere being assisted by von Neumann in plannine; the logical 

aspects of the EDVAC. The administrative s~per'vision is being handl~d by 
' 

Dr. s. R, Warren, Jr. 
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1.4 Scope of Problems That ~an Be Handled on the EDVAC. 

It might be ·.-~11 here to clarify the "all-purpose" character of the EDV.\Ce 

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

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

possible a computational approach to the various physical theories which were 

.mentioned above in Section 1.1. 

or particular importance to the laboratory is the possibilit~, of consider­

ing non-viscous, isentropic and compressible hydro- and aero-dy;~arnical problems 1 

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

great importance to the Laborator;r is the studying of' ~lastio and plastic 

properties or· materials. 

It is probable that these r..a.chines will necessitate a eonplete reorientation 

of thinking about computa:;ional techniques. The current teclmiques of numerical 

approxir..a.Jcion are based on an "economy" of numerical operations which may not 

be pertinent in selectint~ the procedures to he follow·ed on the BliiAC or the 

EDVAC. 
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ADVANTAGES OF EU;C'fnONIC DIGITAL MACHINES 

'2.1 Purpose 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 pra~tical in a continuous variable machine. A digital 

machi~e which is electronic can have a very decided speed advantage over one 
• 

which is non ... electronic. The. question of reliability is deferred to Chapter 61 
\ 

It will be sufficient now to. say that it is believed that electronic digital 

machines can be made as reliable as others. 

2.2 The Value of Speed, Flexibility and Accuracy 

For the type of problem outlined .in Chapter 1, 't has already been 

emphasized that speed. is an essential; not a secondary, consideration. The 

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

to assess the value of timeliness in an;,r specific 
1
9ase, but undoubtedly 0imoli­

ness can be extrelilely Lcportant. Higher speed is there1'ore worth attaininr; even 

if its attainment increases costs. As Sec. 2.6'vlill indicate, the use of 

electronic elements to increase speed ma:,r actually reduce costs. 

Flexibility and accuracy also are valuable from this point of view. With 
/ 

specialized machines, specific problems ma:• be solved rapidly, :.;ut time u1.y be 

lost when new problems require either a nevv machine or the modific(<.tion of e.n 

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

devices can easi~:l total mbre than the cost of one flexible all-purpose machine. 

2.3 ~lti:::ate_D_esign Aini 

The ul!;imate aim of computing machine design may be taken to be the reduc;.. 

tion of the overall cost of carrying out· numerical solutions to mathematical 

probl~ms. This point of view yrill be amplified in Chapter 4. Eo attempt is made 
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to discuss the- actual cost of equipr.J.ent or operation, but some general comparisons 

which are relevant to 'such costs can be ;i.Sde~ Actual machine operation is only 

one of several items contributint; to the total cost. It i.s, however, the major 

item when a large proble~ is being done on a slow :oochine. It is lor:;ical, there-: 
I 

i'ore, ~o ~:ive ~his item f'i1·st considera(;ion. oince anal·ogj" machines (continuous 

variable or non-digital machines) a,·e capable of producing solutions rather 

rapidly in some cases, it is necessary first to point out why digital :-.1nchines are 

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

accuracy, then the most; sir,nifica:D.t reduction in overal,;l, cq(lt C~'"l ·pe secn1red, by 

~ 

'§h€1 ~~curacy v~iih Wh:io,h th~ MlnFQP,en"ti l'-l~r't!i · ~:re QQfi§i:Jryg'§~g, fi@WeViH'~ e~A~'§l:; 

tM ~?~me s'\!§.i~m~mt; nt~if 'be ;nf!.de ~1Hmt g, di!,l;~1H\l mQhir!th ~1he ~HHleniJi§,l. tUffel"'" 

e~@e i.l? in the l~nd gf llt:il~en~engo vtl\i@h · h@li!J,§ in eMh @~lie, In §: di~it§:l 

AA~hine. lJlingr inMQlJJ>p,gieli €If QQ'mf19nen'ti$ QM l;Je HfMct~ 'bg h§:TO ng effogt g,'§ §.ll 

\.l.l;l9n the M!:Hll!'My gf! the I!!Qmpu"tiail:!,gru~ ~ In ognti.nu.9Y§ wri§:'ble mA6hinfHI ~ tho" 

:i.l!! a o,cmt inuous ( thou.(!;h not neCQ!H~."l.rtly l!limpl§) r-el~tign6hip 'b~rbween th§ AMYI"~Of 

gf the part~ !1M ·~h~ acauro.oy ot the re~Ylts (befcn•e trli!.nda.tiem into digital 

form),. Increa,s~d eompqta.tional accuracy can be attainad only by ineroe.sed 

pNoision of the parts. Not only are there praotical.limits to the precision 

with which the parts oa.n be manufactured, but the r1.8.intenence 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, 

and the tolerance band oan be :made very wide. Th~ accuracy of a digital machine 

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

limitation is more often an economic one than a physical one., 
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2.5 . Flexibility 

Analogy computing devices vary greatly in flexibility. Scale models and 

fixed electrical networks which are completely specialized represent an extreme 

which is of no_ interest here. Large network analyzers and differential analyzers 

are usually considered typical exar.tples 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 canmon 

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 approxim~tion to pi.) Therefore, it can, for example1 compute to any 

desired approximation the solutiomof non-linear partial differential eq~ations 

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

generality might be taken as suffi.cient justification for a digital machine~ 

'Nhether a digital maciline is to be preferred for solving problems which 

can be solved on existing specialized ~achines 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 accuracy and 

flexibility rec~en~ digital rather than continuous variable computing devices. 

Even moderately large problems Vihich are within the range of existing analogy 

machines require an e110rmous nun,ber ot arithmetic operations _when' handled by 

digital machines. The cost of digital computing must be lov; if such cal'cuiations 

are to be Wldertaken. 

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

computation by electronic devices should ~e a great deal faster than by the 

electro-mechanical devices used in existing larg~ computers. Typical electro­

mechanical devices are relays and elect~ically controlled counter wheels. Five 
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or ten milliseconds is ~bout the operating time for reliable high speed relays. 

Analogous operation of- a vacuum tube oan take place in 0.5 to 1 microseoerld. The 
. 

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

(It may be observed that taster 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 s~~e amount as a relay. This indicates that an electronic digital comp~ter 

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. F_or 

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

the EDVAC will, it is hoped, probably be more nearly 1000. 

Moderately large computine problems are already being done by digital 

electromechanical devices. If dieital computing costs can be divided by several 

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

electronic die:ital machines should find extensive application. 

2.7 Comments on the EUIAC Design 

Essentially, the preceding sections of this chapter have presented the 

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

that the ENIAC design was also influenced in other ways which· niay 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 computing S:?eed, but· 

also on c-onstructing the machine-as soon as possible. l<'or this reason, extended 

research and development were curtailed in favor of amploying ready methods w~ich 

could be put into production quickly. :i'he eLiphasis on computing speed came about 

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

firing tables. !n such work, only a small quantity of numerical information has 

to be introduced and vdf;hd:rav.n during a long c-omputational process. Hence, no 
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effort was made to ach:eve high input or output speeds. Also, for such work, 

I the same schedule of 'operations :night be followed for several days. . Hence it 

was re'7sonable to have this operatinc; sequence set up manually before the calcu­

lations were started., even though this might require several hours. It ~s 

therefore evident that the EiJIAC is well suited for highly repetitlve calculati_ons,. 

but that its high computing speed may be limited by t,he input and output devices 

When large qu!Ultities of' numerical inofrmation are put through rather sitttple 

arit~tic processes. 

The description of the EUL'•C in Cl1apter 3 must be consulted to obtain a 

clear picture of the capabilities and limitationa of the ENIAO. 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 numbers may be multiplied together at the 

rate of ~60 multiplications per second. Punch card devices introduce numbers at 

the approximah rate of 200 deci~¥1 digits per second. 1 1'he rate at wh.i.ch 

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

~dditions, multiplications, dirisions and other processes can be carried on 

simultaneously, the contrast between comput.ing speed' and input and 'Output speed 

is obvious. 

2.8 Comments on the EDVAC Desim 

As the preceding section h~s briefly indicated, the ~!lAC design has 

eur)?hashed high computing speed to avoid what has her~ttofore been the most 
' ' . . 

severe limitation on large COIIlputing problems, but has neglected other aspects 

or the ,overall computing j9b. If the time required for purely arithmetic 

operations is sufficiently redu()fJd by electronic methods, other contr.ibutions to 

the over~ll time and cost of numerical mathematics may need reduction to preserve 

an effident balance. In desi.gning the EDV.AO, all parts of '\;he overall computing 

job are being considered. A diacussion along these l~es .·1s given in Chapter' 4• 
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CHAPTER 3 

DESCRIP-pm; OF THE ENIAC 

3.1 Introduction 

In order to describe such digital computing machines as the ENIAC'1 it 

is desirable to set up a classification into .which the dHf~rent elements 

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

one· which is particularly suited to larie scale digital computing machines. 

It is orobably not the best system for classifying the elements of con-

. tinuous 'variable machfnes. However, even here, some interestinr; comparisons. 

can be made using tho following system of classification. I 

We divide the various units of the ENIAC into ti-.ree classes - arithmetic 

~ 

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

the computing machine are those which form the basic. operations of ariti1Illetic -

addition, subtraction~ multiplication, division. and perhaps, square rooting. 

There should be added to this list another operation which we classify as being 

arithmetic. This is "maghi tude discrimination" or s:imply "comparison." In t}1,is 

operation we 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 betv•een alternative possibilities which exist in many 

problems. 

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

extsts outside of the Jnachine in such a form as punched cards or perforated tape. 

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

associated vnth·the machine by an input and output mechanism which is usually 

comparat·ively slowo 
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It is convenient to divide th~ internal memory into three classes - fir st11 

memor,Y tor numerical data which can be altered b,y the operation of the machine 

(usually rapidly)J second• memory for numerical data such as empirical data 
. 

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

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

ot 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 ot the computationo 

The discussion ot the ENIAC will thus be divided into four parts.~ first, 

timing relations and program controlJ second, IIIIBmory; third, arithmetic units; 

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

incll¥led in the appendix. 

The ~ortant arithmetic mite of the ENIA.C area twenty accumulators& 

one multiplier,, and one combination divider aJld square rooter. 

!be accumulator~ provide facilities for storing numbers computed in the 

course or 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· 

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 

numbero 

Electrical connections are established between the units of the ENIAC 

bJ connecting them to trunk or transfer linea with plug or ca~le assemblies in 
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order to provide the interoomm.unication of numbers. A number of input and out• 

put circuits from different units of the ENIAC may be connecteu to. a s+ngle 

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

on the length of the trunk. The decimal digits are tranSl!litted into, and re­

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

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

ThU., 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 Sl!l.lll8 trunk. 

3.2 Timing Relations and Program Control 

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

various pairs of ENIAC units can be carried cut simultaneously. ThiS is possible· 

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

chroni~ed b,y permanent electrical connections with the •cycling unit•. Therefore 

it several operations are started simultaneously between various units of the 

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

operations will end .at knMm times relative to one another. 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 co:opleted. If the timing 

of the various operations wer' not kna.n, interlock circuits would be required 

to insure the completion of those various operations which are prerequi.site 

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 enablea the c,rcling UDit to put out a special impulse 

or "progral!i pulse" at eftry twentieth pulae ot the "clock" • These program pulses 
\ 

form the basia of. the programming aystem and mark the beginning and end of the 

addition cyclea which are the basic arithmetical intervale ot the machine •. The 

rAdition cyclea are thus repeated at one twentieth ot the clock rate, or at 

five thousand per second. N:l addition, therefore, takes 1,fi.1000 ot a aecond, or 

two hundred microaeconds. 

Between these unifor~ recurrent programpulaes, groups of pulaea are 

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

or receive numbers, the requir~ signals will be available to enable the carz:y­

ing out or the operation. 

When one unit is-required to tran81111 t numbers to another, the pulses are 

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

cycling unit and are simply rel~·ed as a whole or in part by that unit .. 

A .witch 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 .presaedo This allows the a.chine to operate in a normal 

wq during the addition, but permits the operator to advance the problem. step 

by step allowing whatever time is required to check the resul ta of the previous 

operation. Another position ot the llwitoh suspends this type of operation and 

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

This ability to stop the machine at any or all stages ot its operation i.s 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 18 

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

position. Since all the circuits except aome•ot those carrying pulses are 

dir-ectly coupled, all¥ lcwer clock frequency can be· used. 
I • 

The program pulses previously mentioned as the lileans ot sequencing the 

achine serve to initiate circuits called "program controls" on the various units. 

These units, when initiated by .a progr~ta pulse., cause the unit on which they are 
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located to operate in accordance with the. settings ot'aeveral ~itches which are 

p.rt ot the progr~m control. When the operation is completed,· tne progr~m control 

may transmit anotner program pulse through ,peoial program trunk circuits ot one 

wire eache fhe program controls are connected to the trunks by a plug and cable 

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

A program control capable ot transmitting a program pulse is known as a •trans­

ceiver"• .A transceiver program control may repeat its operation as many as nin~ 

times in aooordano~ with the ·setting ot an associated switch before terminating 

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

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

reception ot a prograJil pula,e and do not transmit a pulse when the· operation 18 

I 

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

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

It is now seen that one·ca.n set up sequences or chains ot operations 

simply by connecting the output ot one program Qontrol to the input of another 

,, prograa control, making connections through the program trl.UlJc lines using plug 

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

unit", gives out a pulse upon operation ot 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 d~ne. fhey also time the 

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

the cycling unit to cause the requir~d operation ~o 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 suffice. However, two difficulties arise 

in practice. The numper ot steps in most interestillf; problems is so large that 

the ,group of about three hundred program controls in the ENI.AC would te entirely 

!lli'S TRI.C 'fEU 

j 

'j 
j 

1 
'I 
1 



R:!~STRICTED ,_6 
inadequat~. Se~ondly, it is so:metimes desirable to make a choice between two 

or Dore 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 times in the course of a computation. one could allow the sequences 

to rm out, thus stoppirtg the computation. At this point the operator could 

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

a comnutation manual choice would be imnractical. Both of these difficulties 

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

The master programmer-consists of te.n tmits, each of which may be employed 

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

unit contains a six~osition electronic s~epping 6Witch and an associated counter. 

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

is registered in the cotmter and also causes the transmiaaion of a program pulse 
' from one of six possible output terminals. The pos.ition of the stepper determines 

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

with each counter-etepper unit, and when the number of pulses received by the, 

unit has advanced the counter to a number corresponding to the switch setting6 

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

Separate switches are provided for each stepper position. The intervals between 

transfer 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 

stepper position. If lees than six outputs are desired, a special swritch can be 

set to cause the stepper to return to ita first position after reaching &nJ chosen 

position. 

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

-group. AJJ.other input terminal allows the stepper to be stepped directly from a !'­

pulse groupe Finally • an input b provided to allmr direct re-1etting of the 

atepper. fhus 11 there are altogether nine tei'Jilinala - one program. input. aix 

program outputs. one direct atepper input, and one stepper re-setting input 

terminal. 
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To return to the two difficUlties previously mentioned which ·the master 

programmer i• to overooDIB, it is clear that since most problems may be separated 

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

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

,ot having only three hundred program controls~ 

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

This would be impossible without the master prog~ammer, since.the number of 

program c;;·cles around .these rings would be uncontrollable if such a ring were 

established manuallyo 

It is very important to wderstand that this tar from exhauets the 

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

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

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

to be chosen in the course of a regular routine0 This process can be carried 

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

established. The saving in program controls accomplished b.y 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 b.y using 

the master programmer• It is eimply necessary to use an accw:1ulator as a 

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

input to change to a new routine. 

In the ENIAC, the master programmer doee not serve as the sole gover~ing 

unit~ but coordinates JIIIUlY small decentralized control units. 

3·3· Kemery 
\ 

The ENIAC has ita memory divided into tour t'undamental·olasaeso· It· is 

our present purpose to discuss three of these clasaea and to ~o~tp911e the dis• 

cusaion of the fourth until later. 

The first olaas is the one in which the 1Df'ol"'ll.t1on oan be introduoecl 

and withdrawn at extr-..ly high speeda, preferabq in ou addi1;1on tilDe 
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(1}5000 second). As was previously noted, thia is the type ot memory provided 

~ the accumulators. This t,ype 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 ito 

The second class of memory consists of three function tables or constant 

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

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

which requires considerable timeo These val~es, however, may be withdrawn 

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

ftmotion table provides a hundred ts,bular values ot twelve digits each ... each 

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

sign indication~, are all set ~ separate manually operated rotary sy;itches. 

Thu~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. B,y dividing the twelve di~its 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 ~ the successive decimal integers from zero to 

ninety-nine. Thus, the first two digits of an argument may be used to choose 
\ 

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

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

to obtain th~ value of the function corresponding to the arg~nt. Thus, the 

functio~ table supplies only the near~ tabular values that are to be used in 

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

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

and multipliers in the same W&J as is done with any other arithmetic problemo 

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

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

one nr two integers above or below the argument _introduced. 
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Four tabular values. in addition to the one hundred mentioned abo~. 

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

quired above rill be present in the table when the argwnent value is either zero 

or ninet,y-ninee These tabular values are designated b,y the decimal integers -2, 

-1, 100, and 101 respectively. Thus in reality • the table contains le4 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 halt an houro This comparatively long set•up time is 

partially mitigated_ by having three such function tables in the machine and b,y 

providing the switch assemblies with wheels and easily disconnected ca~le 

connections so that several banks of switches can be lett set up and plugged in 

when r•quired. In tact. where a function is required frequent}J. it is practical 

to*replace the switch assemblies by permanently wired assemblies which can be 

plugged in when. needed. · 

Several additional uses of the function tables are possible. They Jlla¥ 

be used tor the storage ot ~· group of constants which must be i~trod uced into 

the machine at a high speede In probl8JJI8 where the ordinary program controls 

ot the DUO are inautficient. it is possible to employ the table as a lo4 
I 

position program seleoting·deVice using its outputs to initiate program circuits 

rather than feeding the outputs into digit channels. A ftinction table -., be 

used, therefore, to sequenoe operations, or chains of operations, which li1AY be 

initiated in sequence or chosen at random depe~ing on the value ot the two 

pulse groups introduced as argUIII8nt into the table. These pulse groupa mq be 

obtain~ either from the prop;'Ul circuits or from the digit circuits of th8 

To sa up, three tunotion tables are provided• of a hundred and tour 

entries 'each. With facilities for dividing the entries into two numbers WherA 

twe 1,. digit ace uraoy ia not required tor one function. !he most notable feature 
' 

ct this tYPe of .uory iii ita large capacity and high speed. Unf'ortunately~ this 

is coupled with the necessity tor manual, and therefore alow, introduction of the 
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data. 

!he third clau ot :iDBaory ia the program equip-nt which was previously 

deaoribed. !he proe;ram circuits remember M1at p'rocessea are in progreaa. what 

tbeae,procesaes are haW long these processes take, and what processes are to 

be done nex:t. !he actual physical JDeJIIOl'l' 1a .made Up ot the many tube circu;ta 

mtches. tr'UDk circuits• ~d plug and cord aaaembliea which •ke up the prograa-

ming s;ystea 1n the DIJ.C. 

!he fourth claaa of memory will be conred later when we diacuaa the 

introduction and withdrawal ot data trom the BHIAC• 

3~ ~ithmetic units 

!he accumula:tQJ"s are the. basic arithmetic units ot the DIAC Tbey are 

able to add a number to a number already stored 1n theme This abilit, to add is 

inherent 1n the ten stage ring counters which serve as the memoey elements. In 

order that nUIIlbers ~ be siaultaneoualy added into. all ten counters which provide 

the »mory · ot an accumulator a speCial circuit inaerts pulses correapowUng to 

~ carry-cmtra which -.y take place ~er the -ordinary transfer proce81 Since 

, subtraction .is carried out by a system ot complements with respect to 1010• an 

extra pulse 1a required to atq,lity the mechanism tor tranemi tting numbera~ 

Seven pulse times are required for the ca.iory-o-ver process.. This additional time 

must be added to the ten pulse times required to transfer the number, and the 

three additional pulse times required to allow· the program equipment to operate 

prior :to the tranater. A total ot twenty pulses is obtained which corresponds 

to ~e twenty stages of the cycling unit. 'thus, an accumulator requires twenty. 

pulses' spaced at ten microseconds, or 1/!;000 ot a ·second to do an addition. The 

coii'J)lemant aystem ot subtraction was used to avoid the necesSity for having 

counter rings which could advance in either direction. 

The accumulators are provided with two output circuits - one tor positive 
! 

n'UIIlbers and one tor ~ir oOlllplemanta. .It is thua possible to tranamii; aimul-

taneously a n\Dber from an accumulator into one channel and its coJ14»lement into 
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another. If both output circuits are coMected to the same channel, it is· 

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

input circuits are provid~ which allow the acc'I.IDlulator to receive from five 

different channelso This is a necessity if several a~ultaneoua operations 

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

are also useful in that they provide a s~ple method of multiplying numbers by 

powers of ten. 

The accumulator contains eigh~ transceiver program-controls and four re•. 

cei ver pro.gram controls. Since the transceher program controls allow an 

operation to be repeated up to nine times a simple metnod ot multiplication 

by .small constants is poasibleo A program control can, if desired, by the 

setting of one of its s-itches cause an acc~ulator'to clear its counters to 

sero following a transmission. A round-ott switch is provided on _each accumu­

lator which enables it to clear· &nd leave a_ five, instead of a zero, in any one 

ot the decades. This five, in conjunction wit~ a special plitg device to delete 

the undesired digits. allows retention of as few s~g;nifipant figur~s as may be 

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

to coMect two accumulators in teJ;J.dem by means of special plug and cable 

assemblies and to obtain as DI8JlY as twenty significant figures • The accumu- _ 

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

provide a very convenient facilit.y in checking t~ operation of the ENIAC· 

As previoU8ly stated, signals may be taken from the aign indicatiz:.g 

circuits of the accumulator to provide magnitude dia~rimination whi,ch permits 

coDJ)uted numberi to control the program seqqence of the machine• _ 

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 1 since there are ten counter rings, a 
, 

hundred output circuits are available. These circuits provide all the int'oratlon 

about a number simultan6ously and are ~ssential in the aultiplie&'o 
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The multiplier is fed by static outp11ts 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 ~ ten digits of the multi-

plican4 simultaneously~ Since pairs of aingle decimal digits have. in 

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

two accumulators to receive the twen~· digits which r$sult from the multi• 

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

it is desirable in the interest of apeed• to add all of these "partial 

products• simultaneously to the accumulated partial products of the preceding 

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

and the •tens set• of these partial products without aqy interference in the 
I • 

normal carry•ovsr. Since each set of the successive partial products requires 

ten channels to receive the~ and since every set eorrespondipg 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 ~ccumulators re-

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

couplinr; two ord·inary accumulators in the manner previously describftd. There .. 

fore, two sets of double accumulators. or four ordinal}- accumulators, are 

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

collection has been accomplished, the final product is obtained ~ adding the 

units set and the tens set with a single shift between the channels to obtain 

the proper-relation between thQ two setso 
I 

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

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

numbers ~e compl~nts. the product obtained will be in error qy a number whose 

magnitude is 1010 ti.Jiies the sum of the two numbers. Following the collection of 

partial products. but before the final product is obtained, a special sign-
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1Dd1cat1ng circuit causes appropriate corrections to be made, transmitting 

them£rom the multiplier and multiplicaD4 accumulators into the product 

accumulators. 

'lhe multiplier is equipped with twenty•f'our transceiver program control 

units, a~ one of which can control the above process. These program oontrola 

each contain a switch which allows the multiplication to be carried out with 
. . 

~ number of digits in the multiplier between the maxim.ual of ten and a minimum 

ot two. Iri addition~ other switches in each program control are available which 

allow the multiplier to cause the reception ot' numbers into the multiplier and 

multiplicand accumulators and which allow transmission and rounding•otr by the 

product accumulators. 

The time required tor multiplication is computed as f'ollowsa 

(a) one addition time to oper~te the multiplication ta'ble, (b) one addition time 

tor each digit ot the multiplier, (o} one addition time for oo:uplement correction 

terms, (d) one addition time to add the units and tens parts of the partial 

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

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

plication will be obtail\ed witb a ten digit, multiplier and is fourteen addition 

times or. 1~0 of a second. 

'The· third, and last, arithmbtic unit of the EHI!C is a combination divider 

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

do both at the aa.me timeo This compromise seems desirable since square rooting is 

fairly infrequent, and is so similar to division, t~t very little additional 

equipment .was required to Jllllke a combination unit, ·The method employed to do 

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

ot these processes are as frequent as the other arithmetic pro~esses, and, there-

tore, would not justify a large expenditure or equipment, 

Diviaion is carried out by the conventional 'methnd of successive subtracti~ns. 
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The only'uncammon feature ia that the shifting operation is accomplished b,y 

transmitting the divi,qend back and forth between the dividend-accumulator and 

a special shifting accumulatoro This. unfortunately, limits single divisions 

to nine decimal places~ However, since the remainder can be retained, the 

process can be carried further qy a special program arrangemen~ if greater 
I 

accuracy is desired. Another feature of this divider is that, after successive 

subtraction of the divider from the dividend has produced an over~aft, the 

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

subtracted in obtaining the next digit ~f 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 by the method of subtracting 
. . 

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

division. ~ in division~ the overdraft is not restored before shifting. 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 an&Wers. This unit requires several addition ttmes to 

set up and round off. its results. The main c·omputational time is that required 

for the successive additions and subtractiQns. An addition tiD is required 

between each trial· addition or subtraction ·~o sense the sign of the remainder. 
. ' 

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

total number of addition times required by l~ing the computational time with 

the set-up and round-off time in a. simple formula wht~h gives the total addition 

timea as approximately 13 multiplied by one more than tae number of digits required 

in: the answer. Thus, for nine digit answers, the avva'e time required for division­

Ql" square root is 130 addition tbn~s (approxiuately 1/38 second). Since thia ttme 

11 variable. depending upon the numbers employed, and may be as high u 210 

addition times (1~3 second), considerable saving in t~e may result in carrying ,·. 
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out parallel operations. 

In order to make possible s~ch parallel operations, a.n 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 

Qivisi·on or square root have been completed., This unit is equipped with eight 

transceiver progr.am controls, each having its own interlock input a:s well as 

its own regular input and ,output. 

3·5 Input and Output Equipment 

Since the actual coxnputing process is a highly automatic and rapid one, 

there must be some system for introducing or withdrawing numerical dat& which 

is qonsiderably faster than setting switches or cop~'ing down numbers from a 

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

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

/4 
au'toma.tio 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 
I 

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

the simultaneous uae of eighty channelso 

Paper tapes are also used in this field b.y 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 e~sily be run forward and back• 

ward, and can introduce and withdraw data onto dii'ferent 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 eoononzy with whioh they could be 

sorted, because no fast tape machines were availab~e, and further, because fn 

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

were available for handling paper tapes• 
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~ the other band• card Dachines were a'ftilable whi:ch would punoh. 

Yerit). ·and reproduce the cards• which would print the information· upon the 

oards the:meel '9'88 or upon other sheets of paper • and which would sort and 

collate the cards. S~dard card machines were supp~ied qy the International 

.Business Machine CC.pany, who also kindly cooperated qy supplying a special 

machine for talcing information from their standard cards ani putting it in a 

form which could be used in the E.NIAC. Also. IBM supplied a standard machine 

suitably modified to permi. t punching standard cards from information taken from. 

the ENIAC. Various plugs and cables used for attachiDg tn.e portable function 

1;able switch panels to th$ function table control panels were also supplied by 

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

cards provide, is l'lecessary if the transition from slow manual operations te 

fast mechanidal 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 capacity. It _is this memory which was referred to earlier as the 

fourth class. While the absolute speed of introducing and withdre.wing data 

from thia type of memory is quite fast {approximately 1/12 second for a ten 

digit number), it must be considered. as a slow mamory compared to the electronic 

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

the c&rd machines. both in reading data fr.om the cards and in punching data onto 
I 

the cards, scan across one dimension of the card; some auxiliary memory is .re-

quired to hold these nunbers. 

·Rather than use some of the expenshe and limited electronic memory 

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

telephone rela..vs, 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. Laboratories. 

Relays are 'lJII{'loyed not only because they provide an inexpensive memory 
·~ . I 

of'ad4['quate speed• but also because they constitute tl\~ simplest method of 
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transition from the electro~chanical card machines to the electronic 

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

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

mechanism for converting negative numbers expressed as co~liments · (in the 

electronic circuits) to their true negative form (on punched cards). This 
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latter form is p'referr~ on the cards ooth to facilitate examination end print-

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

standard awciliary card machines. 

-The machine which reads the cards is able to store· eigh~ decimal digits 

in a group of releyao By means of special holes punched in the cards,. it is 

possit-le to designate them as "master" and "detail" cards. ·some of the eigh~ 

digits may be taken from one of these. types, and the rest of the Ei ighty digits 

from the other ~pes. The master-detail card arrangement is very useful when 
f 

it is desired ·to do problems ·in which several c<ms·tan·ts 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 ce.:rds 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 chant;e frequently. The numbers, are stored in the relays, which are associ-

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

with thirty transceiver program controls and allow any group of five or ten of 

the eigh~ digits to be transmitted at any one time into the rest of ~he machine. 

Such a transmission requires only one addition tirne (1;'5000 second). Twenty 

additional digits and four sign indications, which can be set ~J 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 programmer. 

3 - 18 

Semi-perit18.llent cable cC'nnectioru~ allow the printer to have its eit;hty columns 

controlled from aqy eighty of the two-hundred an~ 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 MACEINES 

4.1 The ENIAC and the EDVAC 

As was said in Sec. 21.7, 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 ~~lAC 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., aerve 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 ENrAC 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 the EDVAC it is hoped to achieve a great. deal of 

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

this at a reaso~1able 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 • :::lince the EDV'.ri.C will be a digital machine, any 

desired accuracy can be attained. 

Some principles which have guided the design of the EDV:,c will now 

be discussed. 

4.2, The Overall Computing Problem 

" 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: 

(1) Preparation of the problem in ~ symbolism and form 
appropriate to the machine. 
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(2) ·Actual physical preparation of the machine to carry 
out the wor~ of obtaining the solution. . j 

· (3) Machine operations 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 of 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 ~chine 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·processes. 

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:Lne and cost of steps 2 and 4 by rendering them automatic. This is 

possible, although it is not imn1ediately evident what this will cost in 

terms of equipment. 'l'he poin.t 'which 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 step~ 2, 3, and 4 all automatic, however, a greater burden 

is thrown on step l, because the ope~ator must plan all subsequent steps be­

forehand and be able to specify, in some sort of symbols, all the instruc-

tions needed to car;.7 them ·out. For almost all problems of any· coinplexity 

at all, step 1 will be the. most time-consuming and costly. 1lhen this fact 

is recognized, it is seen that an important object of computing machine 

design is to simplify step 1. Further discussion of this objective will be 

given in Section 4.14. 
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4.4 Speed Versus Equipment 

Computing speed and &nount of computing equipment are to same ex­

tent interdependent. The d~s,igner is faced with many choices which in­

volve this relationship. If a designer is restricted to the u~e 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 c~n use. By using 

more equipment, and carrying out many operations at once, he can effec-

tively 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 ~terially 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 sain 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 progranuning. 

SERIAL 

Digits of the same numbt::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. 
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KULTIPIE 

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 
s~ed by multiple ad~ers.) 

Several standard arith­
metic processes may be 
carried on at the same time. 
This is subject to the 
operator's control. 
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It is assumed, in level (c), that the various standard operations 

which may be put in either s~rial or multiple order are all part of the 

same computing problem. The process of doing many problems on as many dif­

ferent machines operatin;::; simultaneously might be thought of as a fourth 

category .of multiple operation, but this is of no interest to the designer.· 

4.6 :.:ultiple Operation in Hen-electronic ~.:achines 

For n<;m-electronic computing machines, the ccmputing t~me for com-

plicated prpblems r.iay be quite ·large c anpared to the time spent in step 1 

or other non-automatic steps. :~ultiple operation to gain .speed therefore 

seems desirable. In fact, multiple operation at level ,(a) is quite cus­

to1.w.ry, and various degrees of multiple operation at level (b) are often 

used. Any attempt to gain speed by multiple. operatiolil at level (c) has a 

disadvantage not shared by the other two levels. Here the operator must 

plan hi,s 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 ~o the non-automatic step 1~ 

4.7 Serial Qperation in Electronic Machines 

The situation is auite different when electronic machines are con-. . -

sidered. I~ this case computing speeds are so high that ofteu many numer­

ical solutions can be obtained in less tim~ than may be required for earry-

ing out step .1. It is therefore reasonable to examine the possibilit;)r of 

sacrificing some of this speed in order to reduce equipment. The sacrifice 

in speed need not be·~s drastic as,one might suppose, however, for the-fol­

lowing reason. There is no ~harply defined lliniting speed .for electronic 
' 

equipment~ and the design of electronic computing. circuits has not yet reached 

"speed saturation". As the total amount of electronic equipment is red,uced, 

intensive circuit design becomes easier and more practicable, so that each 

elementmay be able to opE!rate 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 unrea~onable to insist on serial operation at' 

all levels. Specifically, this means tha_t 

(a) :-Jumbers are to be represented by 'timed pulse trair.s, all of 
the digits tor any one number following each other in time 

· sequence through the same channels· and circuits. 

(b) All of the simple elements of a standard arithmetic process · 
are performed in.serial order. Thus, successive diEits are 
added by the same adding circuit, and multiplications are 
carried out by .performing a number of additions in sequence. . . 

(c) There is never more than one standard arithmetic operation 
being carried out at any one time. All aritt.metic steps 
follow each _other serially. · 

4.8 Serial Operation, in Ji.nalog;y l;:achines 

It is of interest to n9te that >nalogy machines'al~o employ serial 

operation for certain proces;:;es. Netvlork analyzers, onee they are set up, 

produce the desix•ed ~olutions serially with only a few measuring -instrwnents. 

The alternative, that .of using many instru.r!le.uts distributed over the network 

and reading all of them at once, would be a multiple process which oan 

har<il¥ 'be justi:t'ied, 

Al.mo 1 !1:1.f1'orentie.J. e.ne.lyzero 111ean oontinuoullr by variation ot tho 

independtrJt variable (Yilll~&Uy referred to at~ "t.il!~t''). %n tM•. way, 1 rtli•_ 

U vfl.y IM11 number of ~ntesratort II"• abll to Pf'Oduoo 1 ocmtinYWfl of 1'81\ll.ti. 

Neverthelon, thai" llliOhinal d.o not tmpl.or IOIM:I.fll (or ruJrill. opti!l'l• 

tion) to the .fuUtuJt ,I''Uidbl.l oxttnt. In 1 liiftironti&l MAlYitr, 111h intt= 

sra.tor lllUJt 1 dour in& I "1 Vltn pro\llJ:<Ifi, b@ Gtmtir!YW§lf !l8§0@iAt8d wf'bh JYit Oft@ · 

i.nttJ;A1. pi'OOIII e AI mort IOfflPliOAtJ;?t probl@fll§ Aro tJ,filViiOd J JBOrfil intfii~I'.Bt,orll 

n~tt bt Uitda A 1imilll' l'imirk hoidti f~r tho nfiltwork AHAlf181'a ~ith br&n~h 
~ ~ ' 

ot the flfilWOI'k hAl oortA:in implt\MIO§ UI!IO@i:Atfild with U 1 Md A§ pJIODl8m§ 

bito• lllOI'I oomplioAtfild, mor• impld&M@ ll§JMnt§ m\:l8t bl Y:§Ma 'ro iol\'8 1 

non=l.lno&r problom on A notwork An&lfitr nYmfilroY:I ft§H=lifi@Ar imp@dAHitll ' '' 

l'O(I\liPM • U 1 If §MI8 tJOAfil'l.iftj ~l'liiOOIUi 1 .I li.ftjlO Mfi=l.ifiOil' Ol@li!Oft\ 80\ll.d 

18 n ni.tohld" trom plAti tt~ pliGt in th1 Bt\wirk 1 lllliM!nl ill \HI p8llliU8HI 
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·where suoh an element if! required, the network analy~er would in effect ·r.e 

able to reduce equipment by serial operation. 

4.9 J;Iemory Sca:rming by a Compute.!: 

Although the notion of a serially operated netvvork analyzer may not 

appear practical, such an idea is closely connected with a. practical and 

quite flexible scheme for a computing machine. Let t~is machine have a 

Ringle arithmetic device and a e;reat many number registers,, or memory ele-

ments, so that it rnay receive numbers from the_ memory and also store numbers 

which tt computes in the memory,. The arithmetic unit is the single 11non-

linear element" which scans the· various points in the "memo1·y net"',vork." 

Because it is completely flexible, however, thi!s unit must be told h<n'l to 

scan and what sort of computations to do as it proceeds. 

4.10 .~nstruotion. !,remo2: 

For high-speed computation, not only must 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 

instl"lictions to the arithmetic unit must keep pace vdth it. The faster the 

instructions can be carried out, the faster must new .instructions be supplied! 

This requi~ment as to instruction speed can be met in a direct '¥1-d 

simple·fashion by storing instructions (in nwoorical code, so to speak) in 

memory elements or registers of t.he same type as those used to store i;he 

n~~rioal data. The function of receiving such instructions from the memory, 

interpr-eting them, and causin~ tJ:;le instructions to be carried out, can then 

be vested in a ·"control unit" which is also a. part of the computing machine • 
. ' 

4.11 Funcliion 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 'desirab.le unification is 

achieved. 
RESTRICmD 
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4.12 Flexibility of Memorz 

.B.1 unifying all memory function~ through the use of similar memory 

'elements for both operating instructions and numerical data (including 

function tables), it is possible to obtain new fle:x:i,.bility'. All memory 

elements can be interchalilgeable. 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 a0y pcir-

pose. The same. memory element may·be used in vario~s ways during the same 

problem, in fact. 

4.13 Uemory Capacity Needed 

No matter how much high-speed memory capacity is provided, interesting 

problems are bo~d to arise which could profitably use even more. Such prob-

lems must then be handled by making use of an infinite ~erior rnemory capa­

city of which IBM punched cards are one example. There would b~ no need at 

all for an internal memory if such an infinite external memo~y could operate 

·at electroni.c speeds. Since 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 numbers and instructions 
. . 

can be transferred from tbis memory irito the internal memory, or vice versa, 

is greatly to be desired. Obviously, high rates can be achieved by use of 

multiple equi~ment, but this does not lower the cost. Any simple and prac­

tical form of external memory so far considered cannot compare in spee? to 

the electronic, internal memory speed. The internal memory capacity must 

therefqre be chosen W:ith reference to the kind of problems which are to be 

done at high speed (that is; at speeds not limited by the input and output 

. rates) •.. For instance, an intern~! memory capacity equivalent to about 2000 

ten-digit decimal 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 1 

It is. believed that seri"l operation at level (c) is of extreme 
\ 

va:lue in ·simplifyin·g the planning and layout of a problem which comes under 

step The operator has no parallel timing problems to worry ab~ut. Since 

the machine can do but one opera'eion at a time, his attention can likewise 
;,:, - . . 1~;:~·;_ .. ~.:;,.~~-<t ~--: ., ' 

'L .. be put oh only ol?:e r:'- i'ttg: 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 tenns of more elementary ones. 1 are used so frequently 

that it is advisable to have the machine "know how" to do these processes. 

An ex.~ mp.le of this is multiplication, which should be handled as a 'basic 

operation for which no elaborate instruct~qns 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 

s1mplified 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 tp be easily memorized and used without nee~ for constant~ ref-. 

erence to a dictionary. It is believed that adequate flexibility and, easy 

I 

coding is provideQ. by restrictin~ the ad th)netic operations to addition. sub-

traction, multiplication, divis_ion and possibly square root 

A e;eneral machine needs also the ability to alter ,its progra.'ll of in­

structions in accorctance with the outcome of some numerical calculation. In 

punched card computinr; machines this flmction can be perfc'fr.ed by "die;it 

.Ji);r~ r-ol." , One form which this can take . is· that of an instuction which causes 

the mach:ipe to choose between two courses of action when two numbers .• a and b~ 

are specified. • One proGram is. f<;>llowed if a-b is positive or zero. and the 

other if a-h is negative Such an order can obviously be applied to progra!lllling 

id~ntity c,heckirtc; (see Section 5.J). but it has many oi;her appl~cationsf' 
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Die;it control is easily carried out in the 1<1UIAC. and the instruction ccxis 

for the EDVAC is to contain this essential operation. 

Another ,!llOSt important requirement on the programming or instruction 

possibiliti8s of any large and general machine is that it must be possible to 

set up hierarchies of control. This may bG expressed by saying that it must l>e 

possib·le to set up a given· progrsm routine ju~t once, and call upon it as. often 

as required in the course of s.ome other program routine.. If this facility is 

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 laok of this facility 

would impose. In the ElHA.C, the master programmer serves the desired purpose. 

Ins·t;:ruction ordurs which operate upon other instruction orders will make this 

procedure lor,ically possible, in the EDVAC. 

One further desirable characteristic for progranming systems should be 

pointed out. Any sequence of instructions vmich 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 obviou~ ly 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 obvious that -:Ch.is condition· is fulfilled. In the design of the EDVAC, 

it is hoped to meet this condition. 

In conclusion, it 1nay be remarked that for any large machine it is de­

sirable to establish a "library'' of standard pror;roon routines. In the case· 

of the ZNIAC, such a compilation co.n som3times avoid duplication of effort 

in the planning stage of a new problem whi;Qh has parts resembling old problems • 

but it ean 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 

s'uoh a library. :i5lectro-meohanical machines now make extensive use of suoh 

libraries. which include f1mction tables as well as program routines. Exactly 

the same tecjntiques can obvious-ly be applied to the EDVAC. 
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CHAPTER 5 

RELIABILITY AND CHECKiriG 

5.1 Relationship of Reliability and CHeckin~ 

The need for checking depends greatly on the inh~rent 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 campl~tely, ~d some method of controlling ru1d reco&nizin~ 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 machine. 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 me.thods detect rather than prevent failures. Since the 

checking device or process may also fail, it might seem that there i.s no end to 

checking. It must be recognized, _however, that no system can really detect ill. 

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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s.3 Types and Levels of Checking 

It is convenient in discu~?sin!~ checking methods end devices to use the 

Rep"'at checking 

Multiple checking 

Identity checking 

Test checking 

C I 

The same operation is done agt;~.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 same construction. 

TYro equivalent but different methods of do- -

ing the. san<e operation are employed, and the 

results compared. The two methods ma~· make 

use of different equipnent, or the same equip-· 

ment in different ways. 

:;~·~. test problem, for which the correct ansvrer 

·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. 

Smoothness checking The smoothness of a series of calculated values 

is exwmined, usually by higher order differences. 

Programmed checking 

Built-in checking 

Checking which is carried out in accordance 

with specific instruction order~ (at the con­

trol of the operator). 

Checkinb which is not at the discretion of the 

operator, but is always done by the machine 

wit~out instruction. 

These categories are not all. 'X!'lusive , nor exhaustive. ·The first five 

are types which are usually programmed, not built-in. There ·are numerouwtypes of 

built-in checking which are hard to classify. One of the best is that used by 

certain relay computers which' dete.Ct whether the proper number of relays have operated 

in each step of the problem, allowing no oper.ation t9 proceed until the immediately 

prior opera~ion has been checked in this way. This method is. notable for the 

nioety with which it localizes errors •. and for the high reliability which it 

achieves. 

I 
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It is convenient to speak of various "levels" of checking. At the lowest 

level, every 1.mit operat;i<?n is checked, vmile at J..;he hi;;hest level an ontiJ;"e problem 

might be multiple checked' or idonti ty checked on two distinct machines. Except 

for the relr y check just mentioned, both of these extremes are undL<l:r expensive, 

s.ince intermediate me·t;hods can usually be found to in::;ure adequate :·eliability 

combined with reasonable localization of ,failures. 

It is obvious th~t a· di;:;it;al computinc; rnachin61 which has· any claim to 

flexibility vtil_l certainly pe:rrnit prot:rarti::'IOd checkin;; of an~, sort desired. Smooth-

ness checking, for instance, can be aided by autor:JB.tic calculation of the required 

-I 
differences •. The d-?sicner is concerned, however, with tho q<<es~ion of >ihat check-

ing devices should be built-i::l. In ans·wering this question, careful considera·~ion 

should be gi van to Lhe kind of failures which are likely to occur. 

5.4 Character .of Failures - -
Equipment failures- can be _broadl;y classified into these two sroups: 

Tzye l - lasting failures, v1hich persist unt_il corrected by the 
operator' or maintenance personnel. 

Type 2 - transient failures, for which the apparatus passes back 
and fort"h beb~een"-correot and incorrect operation, usually 
buJc not neces3arily at irrae;ular intervals. Type 2 
failures are often called "intermittents." 

l'ype 2 faults are more difi'icult to detect and locate. If not detected 

immediately, there is no way of knowing how man:l calculations have been spoiled. 

Probably one reason why relays· have been preferred to vam,mm tuhes for use 

in large ~computing machines is that r.tore is Lnown about their failure c:1aracteristics. 
/ 

Type l fault;s are extremely improbable in good relays. Most failures a1·e type 2 1 

caused by dust particles fouling contacts' for a few operations only, ~eing· shaken 

out by subsequent operations. These failures are reduced by us ine; two contacts in 

par~llel, but they still predominate over type 1. Tho step-by-step built-in check-

ing circuit l>lentioned in Section 5.3 is therefore qui"be essential for computing 

reliability. 
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For vacuum tubes, quantitative int'ormation on failure• is very rough, and 

comparisons are difficult because conditions of usage are not standardized. s~ 

general facts abo~t their failure characteristics are of considerable importance· 

to any discussion ot 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 b,igh during the first few .hou;s of operation, becaning ·low 

thereafter. Type 2 failur.es may arise from mech,a.nical 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 

1~~-·~vel c~ecking is not needed to detect these.· 

As tubes age, their signal output gradually decreases, until at some time 

' 
an oeeasional 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 

rathel'· ltA.rge changes in signal strength. The liklihood of type 2 failure~:~ from. 

aging effects can then be greatly reduced by periodically testing all tub~s. 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 b~ilt-in checking devices in any 
~.... ' . 

strict sense of the term:. However, there are circuits which see to it that all of 

the numerous pm;er supplies are operating within certain tolerance limits, and other 

circuits which shut down the whole machine if certain fuses are blown. Another 1 

feature, described in Chapter 3, is also related to dhecking and localization of 

failures. The cycling unit is capable of operating the machine by single addition 

til{le steps. or by single pulse steps, each step controlled by a push ba.tton. All 

counters and pther fliP-flops are equipped with neon indicating lamps, so that 

many details of circuit operations can be followed visually during a manually-

• 
controlled steP-byastep check. It is also possible to operate the ma~hine,either 
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•continuously• or step-by-step, at any pulse repe.tition rate lower than the standard 

100,000 per sec.' or even somewhat above this rate. Thus certain timing tolerances 

can be investigated. 

Since the EUIAC 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 eith"'r on o:t· 

off. Large safety factors are provided, both in signal strength 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 way of multiple checking operations .such as multiplication, division and 

square root, for which duplicate eq_uipment does not exist. Identity checking and 

smoothness checking ap:::>ear 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 erz:ors will probably be made durin;; the 

second run. For exactly the same reason, test checking is very likely to be 

quite successful, and if this turns out to be the case, this w:lll be the ttost 

efficient sort of general purpose checking. Only after considerable operating 

experience will it be known how frequently (or infrequentl~r) test checking will 

have to be done. :','henever the nature of the problem allows it, smoothness checkin.;.; 

should also be done, but this utethod does not reveal systeuu ... tic errors. 

5.6 Advantages of Serial Operation 

From the standpoint of checking and reliability, completely serial machines 

have important advantages. In the first place, since less equipment is involved, 

the.re is less 1 iklihood of· a machine failure. The time lost when a failure. occurs 

is also reduced, since both d:l.agno~is and repair .are easier with less equipment. 

Q.uite apru:t from this, however, se_rial machines have a considerable 

advantage with respect to checking. Since there is less equipment to be checked, 
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less equipment is need~d to ~o the checking. In fact, a number. of components can 

sometimes be checked by a single checking device. Test checking is easier to work 

out for a machine· having .fewer components and proportionatefy more of them used 

in each operation. Since .many parts of a serial machine are in almost continuous 

-· 

operation, t;he-re is also more opportunity for det.ection and location of type 2 

failures. 

A very significant fact is that all of the digits for any number must pass 

through the same channel. This means that a type 1 faqure in such a channel will 

affect ap the digits of every/ number that uses that channel. It is quite. probable 

that the calculations will be so completely upset thut the failure will be·cbvious 

when the results are inspected, presuming that no built-in checking catches this 

failure. This is to be contrasted with the possibility, in a r~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 su.ootJ:-..ness checks. 

·,Then type 2 failure;; are considered, the fact that all digits must pass 

through the same ·che.nnel is even more itaportant. In a serial machine any type 2 

failure wi 11 be alruost certainly cause a gross error, and again iHight be noticed 

without the aid of built-in checking; devices. In a multiple machine, if a type 2 

' . . 
f.ailures occurs in a place vr'nere it dos. not cause a ;;ross error, ~he faulty canpon-

· ent may cause errors only infrequently and thus go undetected during the course of 

many problems, unless identity· ohecld.ng; or ing;enious test chec;.;;ing is employed • 

.Although all failures i;n a serial machine are likely to cause gross errors, 

an& would probably be noticed ~fithout built-in checking devices, it seems reason-

able to build in any checking device which does not require a great deal of equipment. 

5.7 Checking in the EDV.AC 

For the EDVAC, it is expected that most of the equipment will be associated 

, with the memory. This means that the arithmetic organ and the control unit could 
I 

be multiple checked by having duplicate equipment for these pi:U'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 having a duplicate comparing circuit, thus 

guarding against failure of ,this checkil"g device. 

To check the unit operations of the computer 'Within any stand.ard arithmetic 

process seems unnecessary. Reliability is sufficiently assured by the multiple 

checking of complete arithmetic processes, and· checking at a lower level would 

involve much more equipment and s.erve orly ~o localize failures. It is believed 

that such ertreme localization is not necessary, s inca once a computinr.; failure has 

been noticed either diagno\tio test checking or electrical service instruments. can 

be used to locate the fault more precisely. 

Methods for checking the memory and sWitches will no~ be described here 

except in very general terms. It is probable that a kind of uuilt-in test checking, 

requirillg only a small amount of equipment, will !Je found suitable. Sufficient 

input and output equipment can he provided so that multiple oheckinr, can be used. 

It is hoped that these built-in oheoldne; devices will improve the relia-

bility to such an extent that the operator will not ordinaril;v haYe to devote much 

attention to pror.;ranimed checking. U, after the EDVAC is put int<;> operation, it 

is found that this hope is not entirel;y- justified, then a certain amount of programmed 

checking might ha~e to be done. In. any event, all o~ the failures' which are 

noticed by the .. ouilt-in checJdng system will be to some extent localized and 

service prqblems will thereby be simplified. 
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APPENDIX A 

· R,mar:ks on .Ari tlmietic Operation of the ENIAC . 

The purpose of this appendix is to present in more. detai~ 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 ri~ counters in 

the accumulators -cycle in but one direction it is desirable to treat I!Ubtraction 

as a form of addition b,y the introduction of ~ system of complements. 

Let us f'oc·us attention on the 10 decade counters of an accumulator. AJJy 

10 ' 
integer between 1 and 10 -1 inclusive, is uniquely representable on the counters 

10 . ' . 10 
but the numbers zero and 10 are indist1nguishable. Hence the sum ( 10 -N)+N 

appears as zero on the decade counters. The number 1010-N is referred to as ~ 
10 

complement of N with respect to 10 .• 

To permit a unique representation both of positive numbers N with 

< 10 ·. \ ' ' 
0 ~ N • 10 •l and of the complements of such numbers there is·a so-called 

PM counter ·to the left ot the decade co~ters. This counter is a binary one 

since its function is to ciistinguish between positive numbers (which carry 

sign P) and their complements (which carry sign M)e In the transmission of a 

positive numbef no pulses are sent along the PM lead in a digit tray' whereas 

nine sign pulses are sent for a complement. The PY 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 nwaber 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 nair easy to verify that all 

the usual arithmetic properties of addition and subtraction are obeyed jn the 

system described. There follow a few illustrative examplesa The sum of 

801 and 527 appears as 

P o,ooo,ooo,ao1 
P o,ooo,ooo,527 
P o,ooo,oo1,326 ; 
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the difference 801 minus 527 as 

P o.ooo1900,80l 
M. 9,999,999;L-73 
p o,ooo.ooo,n4 J 

and the difference 527 minus 801 as 

P o,ooo,ooo,527 
M 9,999,999,199 
M 9,999,999,726 • 

The ENI.AC is so constructed that the complement of a number i!l formed by 

subtracting each digit of the number froDt 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 1010 is thus fnrmado 

.M was mentioned earlier, the divider .. square rooter is essentially a 

JD8chanism for automatically sequencing tHe behavior of a number of associated 

accumulators., It performs this sequencint~ by generating at various times 

special programmint; pulses which are transmitted to the appropria_te accumulators. 

The operation cycle 1 whether for division or square rooting, divides itself into 

four distinct phasesJ phase I in which the stage is set for the following phases; 

A..;2 

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· 

d1.·nominator accumulators to receive their arguments and sets up certain program-

ming circuits. 1 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. nUJD8rator and the (tuotient is inoreaserl by onti. in a 

particular decade, when the signs are unlike. the denominator is added to the 

numerator and the quotient is decreased by one in a P~f!ticular decade. When 

the remainder changes. sign, the basic di"Yision sequence is interrupted. The 

remainder is ·i;hen transmitted from the nUJD8ra.tor accumulator to the shfi't 
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accumulator, shifted pne place to the left and returned to the numerator 

accumulator. The basic division sequence is then rea.umed. A.f'ter CA. shift, 

ho•ver, the unit, added or subtracted from the· quotient, is put into the 

next dec•de to the right of the place in which it was previoualy acc~aated. 

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 dia• 

cuss phases III and IV, but consider a numerical eXuple of ditvision on the 

ENlACe See Problem 1, p. A-4•. 

The multiplier, as was remarked above, carries out its operation' by 

formin& 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 far numbers between zero and nine in two 

parts: the tens digit and the units digit. For example, the product or 

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 lett-hand partial product accumulators and the units diglts 

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 or this phaa~ the left-~~nd product is traneferred into 

the right-hand accUm.ulatorao See Problem 2, .P. A-5· 
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APPENDIX B 

Remarks on Progranuning the ENIAC 

Inasmuch as the problein 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 a.n illustration of an 

elementary programming procedure. In planning a set-up for the ENIAC it is 

desirable to link the elementary prograrnwJing 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 n2• We then vtish to program tbe first 

accumulator to transmit lts contents twice into the second one, which must 

then also be progr~r~ed to receive twice. Hence we need to use one trans-

·ceiver program control on accwnulator 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 nur.tbers (n-tl) and n2 + 2n 1 = (n-;.1)
2

• 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 t~ stim11late reception of the digit. 

Fig.. .1 shows a schem&tic 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. ,;e then wish to rr:.ake use of the master programmer 

to count the number of times we carry out our process. To use the master 

progrruamer for this purpose we associate 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 ~75..g. 2 is now routed to the stepper input and the output 

of stage 1 is'then sent to the program pulse input terminals on accumulators 

l, 2 and the const~t transmitter (cf. Fig. 2). After the computation of n2 

has been stimulated .13246 tLmes (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 staga 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 lL 1e. 

Evidently we could have used the outp\1t 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~g 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 programmer is being 

stressed since it is the mechanism in the ENIAC which enables one to link 

the simple·sequ~ces of instructions given the other units of the computer 

into a complex whole. 

To illustrate another important funct;.lvn of t~e master programmer, 

let us consider the problem of programmi&~ the BNIAC to discriminate be­

tween two~1Program sequences depending on the relative size~ of two numbers 

iffiSTRICTED 

•'.' 

' ( 

C-67503-70 



't~TRICTED 

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 form the difference 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 negatjve, nine pulse~ are trans­

mitted. Let us now connect the output of stage l or a stepper to the pro-

grai:l line which carries the stirnuL:.ting pulse for title sequence of computa­

tions involved in reiteratinG, and the output of itE second stage to the 

line which carries the stimulating pulse for the nex~ step. ·.~e now connect 

the sign indication lead fror:: the accumulator storin,~ the difference a-b 

to a transceiver whose outnut is fed to the direct i~1put of our stepper, 

and connect a progr&n line to the stepper 1 s input. /.,e shall send a pro­

gram pulse along this line in the same addition time ~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,f.9.nsceiver. t:ore­

over, the pulse applied to the stepper input causes an output pulse on its 

stage 1 output, thereby stimulating the reiteration program. If a-b is 

negative, the stepper is advanced to stage 2 since the trtansceiver is stim-

ulated. The pulse applied to the stepper input, in this case, causes an 

output from stage 2, which results in the next line 1 s be)ing 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. fi.g. 3) • 

As an extremely simple example of the way in which one may compound 

sequences of progrwn instructions consider the following ~oblem: Suppose 

it is desired to read certain data, such as initial condit:ioas 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 CQuld then use 
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sta~e 1 o~ stepper (with the stai;e one dooa.de switch set at 1) to sir;nal 

for the card reading, stage 2 to order the computations to be performed 

while its associated decade s-.ii tches count the m repetitions, and stat~e 3 

to control the printinb operation (of. Fig. 4). 

B-4 

Still another mtMlter 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 resulting output pulse from sta~e 1 stimulates the 

first read-compute-print sequence. The terminal pulse of the read-compute­

print sequence is also delivered to this stepper. 

In closin~ let us consider the ~eru1s 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, which 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 integrat-ion performed on 

one variable is essentially the same as that performed on the other. Hence 

it suffices to arrange the computation so t1~~ onlv one of the integrations 

is set up on the arithmetic units and to have the master pro~rammer provide 

for the iteration. In this fashion~ problems involving nmabers of multi­

plications far in excess of 24 can pe programmed. 

If, however, the basic group of operations itself requires more than 

24 multiplications, it is necessary to resort to other techniques to obtain 

the nec"essary 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 

tmlSt be considered in allocation program faoili ties to various parts of the 

problemo 
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In closin,o; let us consider the means ut our disposal '''or performing 

a number of multiplications in our basic ~roup, vrhich are essentially alike 

in the followin(; sense: the multipliers ai ( i "' 1, 2, ••• 1 n) and multi-

ljlicands b1 are received on the saJPe channels; l:;he prod•1cts Ci = ai bi are 

transmitted on the sane lines; there are the same number o:' digits in the 

muHipliers; t!te products ci are ;:·onnded-off to the same number o~~ places; 

and the ;·aultiplier, emltiplicand and pr·oduct accUJaula;tors require the same 

clearing or holdinr, instructions. Evidently the simplest procedure for 

handling the proolem is to devote one multiplier program control to each 

of the n multiplications. This technique is, however, not always possible 
• 

as, for example, in the case of a pro:, 1om requiring more than 24 :r.mltipli-

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. ·~re first define a dur!Dlly program con~rol 

as any tre.nsciever which is used to perform no arithmetic operation but 

serves only to give an output signal 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 

B - 5 

b1 and to stimulate the mul'l;iplier to produce ol• By means of these dummy 

controls we have isolated the order to the multiplier from the orders calling 

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 o1 , the transmission a2, b2 and the 

multiplication a2 , b2 by the same multiplier control. The output signal of 

the last multiplication is sent to the stepper and output of stage 6 oe.n be 
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used, as indicated above, to stimulate a new multiplier control (of. Fig. 5). 

As a closing illustration let us consider the previous problem but 

let us set the problem up in a different way eliminating: tho use of the 

master programmer. For simplicity we suppose that our multipliers are al-

ways five digit numbers. This•time we send our initiating pulse to four 

dummy controls, the first three of which are used as before and the last 

of which gives a nine addition time delay. -;fuen the multiplication is com-

plated, 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 oon·brols in the obvious >ve.y. (cf. Fig. 6.) 
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APPENDIX C 

GENERAL CONS'l'RUC'£ION DATA Oli 'l'HE ElTIAC 

The ENIAC is a very large artd complicated machine. The electronic and 

relay apparatus, exolus.i ve of the portable function tables and the auxiliary card 

machines, which are separate units mounted on wheels and plugged into the ENIAC, 

is mounted in forty panels each of which is two feet vdde and eight and one-half 

feet high. Including the oases which house the tubes and air filters, the units 

are about two and one-half feet deep. Over thirty thousand oubio feet of air is 

forced per minute through the air filters and around the tubes by ten two-horse-

power blowers. The hot exhaust air, which is between ten and twenty degrees 

Fahrenheit above room temperature, is passed through sheet metal ducts out· of the 

building in which the machine is housed. In addition to the fo;ty panels above, 

six similar panels of greater depth and two of s:naller depth house the power 

supply equipment. 

The forty main panels of the ENIAC are arran;ed in a large U >vith 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 space. Viewing the U from the inside, the forty main panels of ·bhe ENIAC 

arranged from left to right are: 

1. Control and Initiating Unit 

2. Cycling Unit 

!: ~ Master Prograill!ler (a two-panel unit) 

~=~ First Function Table (a two-panel unit) 

7•)) !coumulators 1 and 2 (~vo one-panel units) s. 
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9. Divider and Square Rooter 

10.) 
11.) 
12.) 
13.) Accumul~tors 3, 4, 5, 6, 7, 8, 9, and 10 
14.) (Eight one-panel units) 

15.) 
16.) 
17.) 

18.) 
19.) Multiplier (a three-peinel unit) 

20.) 

21.) 
22.) 
23.) 
24.) 
25~) 
26.) 
27.) 
28") 

29.) 
30.) 

31.) 
32.) 

33.) 
34.) 

35.) 
36.) 
37.) 

38.) 
39.) 
40.) 

Accumu1~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 two.-pa.nel U11h; 

Accumulators 19 and 20 (two one-panel units) 

Constant Transmitters (a three-panel unit) 

Printer (a three-panel unit) 

Nine digit trunks of eleven wires each and ninety-nine prosram trunks of 

one wire each are mounted in trays 7rhich are st.:..c:~ed on shelves at the front of the 

machine. The digit trays are placed on a centrally located shelf, -.-rilile the program 

tra:,'s are stacked at the base of the machine. Both s.ets of trays as well as the 

frame of t:1e :::achine are made in eit;ht foot, or four panel sections. Front panels 

containing the input anti output terminals &nd the V>-rious progr:.llll control switches 

are mounted bet•:reen the two tray assemblies. The conuectin;:; plug and cable assam-. 

blies are plugged into sockets on the front panels and on the trays. The neon 
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b~lbs on the accumul~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 channels or nmtJ!t:rnine 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 filament 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 EUIAC contain over fifteen hundred automatic 

telephone exchange relays mounted in a similar manner. Thu-; 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 numero'-<S elements or C041ponents of 

the ENIAC. 

The EtliAC consumes one hundred and fifty kilowatts. 1his 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 follows: eighty kilowatts for heating 

the tubes, forty five kilowatts for generating DC voltages, twenty kil~watts for 
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driving the ventilating blovrers, and f'i ve kilowatts for the auxiliary card machine!:. 

-,l'hile the ENIAC does not contain any built-in checkin:.: equipment, a number 

of points were eiven 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 were mounted in small ·,nits which can be easily 

removed for repair. ·his was done in all of the more complicated circuits. 

Third, the sir,nal or voltae;e level of !;he circuits was generally maintained at 

approximately forty volts and in practicall:-,' all circuits in which sharp pulses 

were transmitted, shielded conductors were emplo:,.ed. A few exceptions to this 

rule were made 1.tnder extenuating circumstances. Fourth, the ventilatinG system 

not only cools the room in which the r.~achine is housed (which is only a fm; 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 P'~·wer 

supply and electronic and oscillographic equipment so that the small spare units 

may be tested without interfering with the operation of the machine. 
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