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The increasingly important role played by
oomputing in a.nalysia led the Applied Lathematics
Pa.nel. NDRC, to set-up a sbudy to. provide for a sur-
vey of the most 'impofbant 6omputers., both .conf.inuous

and Qigitel. The elestronie oomputei-s; EDVAC and
ENIAC, have been constructed at the b!oo:?e School of

Eleotrioal Engineering, Um.versity of Pennsylvanla, :
under Contrae'b w 670 ORD 4926 wl'bh tho Army Ordnance-*

Depe.rhnent. This report on the ENIA.G a.nd othsr
‘eleotronio digital computers. prepe.red by members of
the s'ba.i'f of the Yoore School._ is being distributed
by the Panel with the approval of the Office of bhe
Chief of Ordnance. ‘
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PREFACE

The BNIAC (Eleotronic Numerical Integfator end Computer) is a device
ngw in the tesﬁ stages It is not in a state in which a repor.t;for geéneral
dia’tribution is warranted. The present report is supplied to the Applied
;dathmatics Panel for'blimited circylation among a particular group,. the mmﬁers ‘
of which have a special interest in comﬁuting machinese Th;a c‘ontenf.s should be
considered in the light of thé pteceding statement, with the assurance that:
‘technical descriptions will be published in technical journals as >soon as ‘it
s felt that this is justifiede

The EDVAC (Electrénic Discrete Variable Computer) 'is‘ in an ‘early design
stage, and remarks concerning it are subject to future‘ change as work progresses.

0f the authors of this. report, Mr. Eckert has been chief engineer of the
project ‘and deserves credit for most of the technical worke. Dre Ma.uchly has
aseigted him. Capts.in Goldstine as liason officer of the Ballistlo Research
Labaratory, has been actively engaged in the project from its inceptione The
prb;joct. originated in a msmorapdum §repared by Dre. Mauchly at a time-when the
BRL work’_ at the Moore School was so extensive that everyohe was impressed by
the great deé;rabi'lijty of a high-speed, high-cepacity computing device, faster
than eny then available. _

It is desiregi at this point to make certain ackmowledgmentss

To Colonel Leslie E« Simon, Diréctor of the Bailistic Research Laboratery,
| Aberdeen; Colonel Paul No Gillon, Chief of the Research 'and Development Section
of the Army Ordx_u;ﬁ@ Department; Mr VSGm Feltman Chief Engineer of the Research
and Dévelopnisnt Section of the Army Or(inahce Depa.rtmentf Dea.n Herold Pender of
- the Moore School, and Mr. Miles E. Nelson, aupervi:or of the Moore School shop,

" thanks ure due for hoarty a.nd utennivo cooperation,
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To ¥r. S. B, Williams, of the Bell laboratecrias, the project is

,indébted for many hélpfnl suprestions on the relay eireuits and considerable

aid on meny occasions id_supplying detailed informa%tion on telephone paris

“which vroved useful in the ENIAG,

The pfoject also wishes to thank'Mf. A. H;'Dickensonvand Mr., Jonn Whaefer, .
of the IBM'CQmﬁany, for designing the spcéial card.reading mgchine.and for
suggesting circuits for connécting it to the relays in.the ENIAC. Thapks aré
also due to the IBM Cqmpény for sqpplying machinés and suxiliary parte, .

Livingston and Company; Incorporated, of Philadelphia,went out of iﬁé
way to cooperate in expeditibuslj‘fabricatihg certain pafte for thé ENIAC; for
this oﬁr thanks are extended. |

To Eggly kngineers the project.is indebted for design of the ventilating

system which is an integral vart of the ENIAC. ‘ : '

Enginoers; mithemeticians, renort writers and others who have worked at

any time in a design or supsrvisory capacity on the project or otherwise made a

_ substaﬁtial contribution to it are the following:

Arthur Burks N | IHarry Huskey
c. C. Chambers _ | | Hyman James
'Joseph Chedaker i Edward A; Knobelauéh
Chuan Chu ' Herman iukoff \
James Cummings | ‘ Robert Michael
Leland Cﬁnnipgham a ' Frank Mural
John Davis ' S - T. Kite Sharpless
Harry Gaii ' ' Robgrﬁ.Shaw
 Adele Goldstine ) ' C. Bredford Sheppard
Irwin Goldstein : o Homer Spence v

S. R, Warren, Jr.

The project is particularly indebted to the above p!rsons for their éontributions.
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Thanks ere due to Professor Hans Rademacher of the Mathematiecs Depértmont
of ‘the University of Pennsylvania who carried out for the pro;jecé soms as yet -
wnpublished studies.concerning the optimum interval to be u#ed in the solution
of certain sets of equations in order that the expected errc;r ﬁom round-of f
and’ truneation shall be a minimum,

Professor Jghn Von ieinn@n, of the Institute for Advanced Study, is
an-active participant in the planning of the EDVAC, especially with regard to
vi=ts ovérall logical organization§ Thanks are certﬁinly due to him for his

cc;ntinued work and interest in the prqjeét.

Je Ge Brainerd,
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g . DESCRIPTION OF THE ENIAC
W ‘ ) and
' COMMENTS ON ELECTRONIC DIGITAL COMPUTING MACHINES

| | - B . INTRODUCTION

In recent years various large machines have been devised for carry-

- ing out in nore or less automatic fashion the numerical solution of math- -
ematical problems which could :ha_rdly be ‘undertake‘n without such machinés. |

o The Moore School of Electrical Engineerirllg of the University of Pennsylvania
has, for the past two and one~half years, been engaged in the ;idvelopment of |
such maéhines for. the Ballistic Research Laborétory of the Aberdeen Pro;ring
Ground. .

‘The ENIAC, descr;lbed in ‘this report, is the first .genera'l pirpose .
auﬁomatic eleétronic' digital camputing n,xachine. Its speed considerably
'exc;eds that of am non-electronic machi.né, and its accuracy is in general
superior to fhat of any non~digital maching‘ (such .as a differential analyzer).

The ENIAC is extremely flexible, and is not fundamentally restricted to
any given'class of problemsd Howevei- » there sre pfoblems for which its speed

s limited by the input and oﬁﬁput davicos, so that it is impossible to derive

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

out its entire computing achedule automatically, but the sequence whlch it is
to follow must be set up manually beforqhand. The intended use of the ENIAC
is to compute large femilies of solutions all based on the same progrem of

L | ‘ ‘ operationi, in which cese the time spent in manual set up ean be disiegarded. }

i ‘, - ‘. " A second electronic digital maéhine,‘ the EDVAC, is now being planned.

- It will be of .arger capacity than the ENIAC, have @ somewhat higher conputing
speed, and will be completely automatic, inoluding set up. Despite these
"features, it will require considerably _]f_a_g_ equipment than the ENIAC, since

. the ¢lectronic components will be used in a quite different and much more

. k
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efficient waye

The nature of the problems which these machines bring within the
rs,nge of computation, and the real necessity for speed in carrying out |
such computetions, are covered in the first cha.pter of this reports Follow=
ing this, chapter 2'po:lnts out thet to attain the speed, accuracy and

lemibility reguired, electronic digital machines must be useds

A description of the ENIAC in Cha.pter 3 is intended to give the
reader a rather complete account of the general features of the ENIAC and
also p;'ovide him with some information on the way in which. the vnrioua \I.tn‘its‘
can be useds The importaht funof;ion of control is considered first, then
various kinﬁs of memory or storage facilities, then the arithmetic units,
and f‘i_na.lly the input and dptput devices. (Specific explanations of some
arithmetic and programming techniéues will be found in the ;ppendices; there
"~ is also an appendix giving constructional datﬁ.) - |

| The later chapters of this report are concerned with a discussion of
some géneral principles which seem pertinent to computing machine design end
which have beén us.odi in _tormuléting tﬁe plans for thé' EDVAC,
':I't should. be noted in this‘introductory section thatr it is réoognized

. that the object of .c,onqmt'ing' machine design is not mereiy to speed up Varith-
metic ‘pro',cos'sea, but to attain 6. high overall speed, including. the problem
'_rget-up and the preparatibﬁ of results in useful forms It is desi'ra,b]_.s to have
a8 much as possible done auﬁomticallyo A

It is also to be observed that a great deal of"\the ,eq'uip‘mnt‘in non=

- electronic machines is""bin multiple®, that is, concurrent operation of many

parts is used to increﬁse_rconputing speeds Electronic devices are inherently

so fast that it is wnnecessary to achieve speed in this wayes = By rescrting to

"gerial cperation”, a considerable saving in equipment mey be securede
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i the consequent loss in speed 1s tolerable only when electronic oonpohents having

i ' _high inherent speed are employed. Reliability and maintenance are aided by this

i ‘ equipment'reduction, and serial operation also has impvort':ant advantages both
I ) from the point of view of checking and because it simplifies the work of plan~

1 ning the computational programe

RESTRICTED
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CHAPTER 1 ‘
THE NEED FOR HIGH SPEED GEN:RAL PURPOSE COMPUTING MACHINES

1.1 Need for General Purpdse Computing Machines

Before préceading to e dsécription 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 ths Fallistic Research Laboratdry,
Aberdeen Proving Ground, for such'machinés. The diécussion of these points will
' be brisf since it'is'ﬁelieved that von Neumann is planning to devote considerable
space to them in an AMP report soon %o appear.

An examination of the literature of the physical sciﬁnces shows that the
principal emphesis in these fields has been in the solution of linear problems
(those which can be formulated in terﬁs of linear equations) which can be handled
by ;nalytic techniques. .Physical problems different from‘these\are not neces-
sarily more difficult from a physicai point of view, but they have béen by-passed
in fﬁvor of the problems whose analytic solutions are possible of attainmeﬁt.

Those problems whEch‘qannofﬁbe solved analytically have been handled by
computgtional methods or through tge use of specific analogy machines. 4s an
illustration of the computationel approach we might mention the truly remark-
aﬁle»work of Hartreeion the structgre of the atom, a series of calculatiéns
extending over & period of abéut 15 years, An exsmplification of the latter
technique is found in the use of wind tunnels., At presenﬁ, the supersonic wind
tunnel at the Ballistic Research Laboratory is used about 30 % of the time as
an analogy machine to solve two-dimensional steady state amerodymamical problems.
Industrial companies frequently resort to highly specific analogy machines to
solve, for exemple, linear equqtions‘of electric circuit theory or the partial
'differential equafions which enter into slectron-optics problems, It may be
noted that much of present experiméntaliwork consists essentially of the solutioﬁ
6: matheﬁgtical problems by analogy methods. If one hed a computing machine of

 sufficient flexibility the necessity for these expériments would be obviated
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prov;ded that it was sufliciently rapid to solve the problems in a length of time
competitive with that of.experimentation; Furthermbre. with competing machines

whose Speeds were orders of magnltude faster than experimental methods. not only

“would progress in methematical physics end enmineerlnr be accelerated but, un-

doubtedly, research would also be extended into fields es yet unexplored.

To handle efficiently large classes of problems which can be mathematlcally
fofmuieted. automaticelly sequenced general purpose computing»machinee are needed,
Tﬁe medhines thus far developed or, at present, eontempluted are sufficiently

general to solve problems whose complexity is comparavle to those of two-dimensional

transient or three-dimensional steady state aesrodynamical motion. ' Such machines

will stimulate the investlgetion of many problems. otherw1se computatlonelly
unepproachable. in meny other fields, We mention only a few of the more obvious:
quantum mechanical and electrodynamical studies, molecular and statistical studies

in chemistry, estrephysiqal appiieatiohs. exploratory investigations in theoretical

" meteorology es well as researches in mathematical statistics and mathematics

itself,

1.2 Heed for Speedy Computing Yachines

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

" distinguish between so-called continuoué variable and digital machines, Although

existing continuous“variebie mechines such as the differential analyzer and the
a;o netﬁbrk analyzer are exceedingly rapid, the ciass of problems which they can
solve is limited, Since both of_these.machines perfori all operat‘ons of a
oomputatioﬁ‘in parellel, the size and complex;ty‘ofvthe problems they can solve |

is lihited by the number of arithmetie organs they contain. In eddition, these

" machines are necessarily restricted in their eccuracy due to their inherent

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

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

‘1ndex of the speed of a digital comput ing machine inasmuch as the time spent in

multiplication usually represents>the»major part of the computing time ehen sqch
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machines are used. In general, the computing time for a given broblem can be
.estimated roughly as 2 or 3 times the amount spent’ in multiplications. - The multi.
plication time for the ENIAC is about 3 mgec, for the EDVAC, about one msec.

For electromechanical digital machines, the multiplication time ranges from abo;t
1/2 second to 5 seconds,

To give some idem of the time consumed in carrying out an extensive
computation, it might be well to consider a typical eerodynamical problem of
iﬁterast'tobthe Ballistie Researéh Laboratory,>which’involves the solution of
quasi-liﬂear hyperbolic differential equations.

1. E, Segal has formulate;\the paftial differential equations for describe-
ing the pressure on a high-spesd, sharply pointed and non-yawing projectile.

The knowledge of this pressure enubles one to compute the head drag, the air floﬁ
between the projectile und the head wave, and of course, the head shapa of lowest
drag in a given group of head shapes, Iflthe mathematical sélution of this prob=
lem is successful, it will évidentlj point tﬁe wayféo'the solution of meny
problems now handled in wind tunnels or precisionufiring ranges as experimental
problems. We shall then describe Segal's problem and his method of solution as

a typleal exampie in mathematical physies illustr;ting the need for high~speed
computing equipment. | '

We assume as given the shape of the head wavé and compute from -this the
shape of the projectile as ﬁell.aé'the flow. The partial differential equations
describing the motion of the fluid are qdasi-linear hyperbblic paitial differential
equations wherever the flow is supgfsonic, and they are solved by the introduction
of characteristic parameters. It is essumed by Segal in the derivation of his
equations that the air 'is a compressible and non-viscous, as well as an isentropic;
fluid: The cbnsiderabie simplification brought about by teking the head wave as.
given, however, results in the inconvenience of havihg to interpolste in a family‘
of previously computed head waves to determine the flow aroundrthe given pfojectile

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

"this interpolation to be in the order of 25,
RESTRICTED
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Feforeé the introduction of charscteristie raramectors the form of equations

to be scived is’

(a? - uz) uy = uv (u, + vl + (82 - v2%) vy + 8%y m o,
v ‘ v .

where a is the local velocity of sound; u,]v:are*the compqnents.of the fluid vele-
city at the po;nt‘(x,y), and vhere the subscripts denote the partial diffefentia-
tion.

Without poing into the details of the step~by-step integrgtionAmﬁthbd usged
by Segal, we can say that there are approximately 90 rultiplicaticns to be performed
at each point in the field of ihtegration,'and that there will be about a.fhousand
such roints, Consequently, on tha ENIAC the pure computing.time, epart from ‘
reading or printing, will bte about 5 minutes, As will be seen in the suﬁsaquent
discussion, the ENIAC has at ieast two types of.memory; & fairly highe-speed
memory, used locally in.connection with the arithmetic operations, and an in-
definifely large memory'capacity‘oﬁ IEM eards. The maéhine is equipped both to
read and punch such.cards. In this problem it appears necessﬁr? to use this slow-
speed memory to Store the resﬁlts of previous computatgons and then to reintroduce
these dﬁta et & 1ater_time for subsequent caleuletions. In’fact, it may be
‘necessary to. read ?fcards and to print 2 others for egch point., The reading and
orinting however, can probahly.benione concurrently. It is therefore sufficient
to consider the prinxing ﬁime alone, Inasmﬁch»as there will be 2000 cards printed
a;'a rate of 100 cards per minute, the printihg time is of the order of 20
. mirutes. It is thus seen that the total solution for Segal's problem for a given
¥ach number and a given head wave will be, with ideél ENIAC operatiﬁh, ébcut a
half hour; | |

As was remarked earlier, it will fr obably be desirable to do about 25

solutions of this problem for d ifferent head waves and possibly about 10 solutions
RESTRICTED
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for different Mach numbers so that the total prpblem_ﬁll be of the order of 250

-solutions of the equations. This would_représeht, under ideal opera.ting conditions,

about 125 hours of total computing to provide a reasbna.bly complete table for the
determination of the drag on an ordinary shaped projectils head moving at super=-

sonic speeds. The memory of the EDVAC is planned t¢ be much larger than that of

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

about two minutes for each head wave and Mach number. It is thus seen that on
the EDVAC, the total 'bime of solution for the 3comp1été problem will be of the
ordpr of 8 or 9 hours. This great ‘speed" is possibie rvprim.rily becduse of the
very large high-speod memory of the machine, | |

Iet us oontra.st thls comp\rl:ing time w:.th that on a hypothet:.cal electro-
mechamcal machine. Assuming a multi_phca.tion time on such a machine of aboub

one second end- a prixrbing time of 5 charactsrs per second; _there wouild be spsnt

.25 hours for the pure computing time and about 8 hours for pr;'lnh'ing_making;l a

total computing time of a.bo\rl; 33 hours, Consequently, the total time of solution,

about 8,000 hours, is sufficienmtly long so “that one would hot handle the problem

by qoﬁputationalmsans, but rathe'r‘wb\ild be forced to handle the problem by experi=-

mental techniques either ih,supersonic wind tumnels or precision firing ranges of"

~ the sort in use at the Ballistic Research Laboratory.

We should perhaps next inquire into the reasons why one is not content to
take extremely long times to carry out a numerical computation. The three argu-
ments on this point are eost per. problem, 41.-he necessity for getting a solution

quickly, and the scope and range of problems which one could and WOuld be w111mg

to undertake. ‘he second point is important not only because of deadline

‘considerations but also because the high=speed machine can be used as A tool of

~

the physicist or engineer, much as his other laboratory equipment is used. The
importance of this consideration:cannot be over-emphasized since it will allow

the scientist to undertake investigations which he would otherwise_ﬁot even

attempt,
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1.3 The Needs of the Balliqtic Research Laboratozl

The Ballistic Research Laboratory is charged by the Ordnance Department with
the two respon51b111tles of carrying out research leading to the development of
better gun-oroject1le-propellant combinations and of producing flring and bombing -
tables for proposed or sxisting comblnations. "In general,- the former‘activity
results in cohputatiohal r oblems of an aeré- or hydro-dynamiéal nature, whereas
fhe latter gives rise to simple but.exceedinglf laborious and exfen;ivo calculations,
This dichotomy in the computiné work of thé Laboratory has been reflécted in the
designs of the ENIAC and ;he EDVAC, as we shall indicete ]Ater;

Although tha.Laboratory utilized both its own end the Moore School of
Electrlcal Engineering s differentisl analyzers. assembled a staff of about 200
computers and organized an extens1ve IBM group, it wes felt that even this compute
ing facility would be insdequate to provide the combat services with the firing
) gndbbombing tables that were so urgqptly neaded. ‘Accordingly,every effort was
made to seek entirely new tools for this purpose. |

In August, 1942, J. W, Mauchly hsd Summarized briefly, in memorandum form,
the edvantages ‘to be expected from an electronic high-speed computer of the t ype
fhat coula reasonably be developed et thét time. Early in the spring of 1943,
Captain Herman H. Goldstine of the Ballistic R;search Leboratery, and Colonel
Phﬁl N.‘Gillon of the Office of the Chief of Ordnance, became jnterested in tﬁe
.possiblxltles of such a device for car“ylng out the preparatlon of firing and
bombing tables. At Goldstlne s request, MNa urhly end J, P. Eckert, Jr. wrote a
tentative technical outline of a machine which would te capable of numerically
integrating tragectories for firing tables and which would handle other conput:ng
_ jobs of 51m1lar complexity. This meterial was then, Apri], 1943, included by
J. G. Brainerd in a report whlch formed the basis for a contract between the
University of‘?énnsylvania/and the Government to d;veloﬁ an electronic device
~aleng these lines. The project was set up under fheAsupervision of Brainerd,

with Eckert as chief engineer end Mauchly as principal consultant; Goldstine was

RESTRICTED
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‘appbinted résident.rep;esentativw.to take technical_ cognizance of the project

for the Ordngnce‘Depaftment. :

Updér this contract a staff of the Moore School has, sinée\l July 1943,
worked continubusly on the design ahd construction of the ENIAC. The construction
of this machine is at the r esant ¥ime‘just cbmpleted end an acceptance test is
in process. It ié worth remarking that the final form of the ENIAC represents a
change from the initial plans which contemplated primerily a deéice for solving
non-linear total differontiAI equations. These changes were intqnded to increase
the generﬁlity §£ the device so that the ENIAC could be used as a (reasonably)
dll-purpcse digital_deiice. It is stili, however, most efficiently usable as s
machine for handling fairly simple computations which must te repeafad many times, .
as is thé case in making firing tables.

7 This property stems, to some extent, from the nloneerlng nature of the work.,
To\maPe possible ‘simple calculstions with a unit, as it was completed, each was |
designed so that it contained not only its arithmetiec facilities but also an
extensive gtﬁdb of~logi¢al controls. Pdséibly another factor which iimits the
gene:alify of the ENIAC is the type of high-speed memory uéed, It was not until
early in 1944 that Eckert and Mau?hly in;ented a device which panmitted3in A ’
prectical manner an increase‘in memory of two orders of megnitude.

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

hbetween‘tha Government and the Uhiversity for the development of the EDVAC

(Electronic Discrete Variable Calculétor), an automaticaily sequenced, all-purposg
electronic computing mschine., It is expected that this new machine will be
useful as a basic research tool for the Laboratory's investigations, e.g., in
aerodynamics and interior baliistics; : |

| The,development of this machine is still in its early stagesvsincé the’

&

staff, until recently occupied with the construction of the ENIAC, is also design-

' 1ng the EDVAC. They are being ass1sted by von Neumann in planning the logical

aspacts of the EDVAC. . The administrative sﬁpafVision is being hedndled by

Dr. S. R, Warrpn, Jre
: RESTRICTED
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le4 Scope of Problems That Can Be Handled on the EDVAC.

It »rﬂigh‘b be woll here to clarify the "all-purpose" oharécter of the EDVAC, -
-1t is expected thét this mach_ine‘wi‘.ll-- make possible aﬁ exploration of the purely
mathematical theory of non-~linear differéntial equations, It will also make
possible a computationai approach to the varfious physioail theories which were
-mentioned above in Section lele - - ‘
| of pﬁrbicular importeance to the Laboratory is -the possibility of consider-
ing non=viscous, 'i“sentropié and compressible vhydro— and aero-dy:amical pfoblems )

~as well as the more diffiecult problems in the theory of shock waves, Aiso of

greé.t importance to the Laboratory is the studying of elastic and plastie
properties of materialss |

, It is probable that these machines will necessitate a complete reorientatiom

of thinking about cbmpu‘ba"cional teehniques, The current techninques of numerical
approximation are based on an "economy" of numerical operations which may not
be pertinent in selééting:‘the procedures to he followed on the ENIAC or the

EDVAC,
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, CH.APTER 2
| ADVANTA(‘ES OF ELECTRONIC DIGITAL MACHINES

‘2,1 Purpose of This Chapter )

The ENIAC and the EDVAC are electromic digital machines, The purpose of
this chapter is to indicate reasons for believing that machines of this type

have important edvantages, A digital machine has more flexibility and accuracy

" than is pbssible or ﬁractical in a continuous variable machine, A digital

N

machine which is electronic'cgn have & very decided speed advantage over one
which is non-electronic, The question of relisbility is deferred to Chapter 5;
It will be sufficient now to say that it is believed that electronlc dlgital

rachlnes can be nade as rellable as others,

242 The Value of Speed,,Elexlbility and Accuracy

| For the type of problem outlined in Chapter.l, %t has already been
emphgsized_that speed. is an essential; not & secondary,.consideration.» The
value of a result is strongly affected by its fimeliness; It may not be eaéy
to assesbvthe velue of timeliness in any spécificlpgsa, but undoubtedly timeli-
ness canybe extremely impoftént. Higher speed is theretore worth attainins even
if its ;ttainment increaées costs, As Séé; 2,6'will indicate, the use of

k electronic elements to increase speed'may actually reduce costs.

i

¢ Flexibility and mccuracy also are valuable from this point of view, With
specialized machines, specific’probiems.may be soived-rapidlv, wut time way be
.lost when new problems require elthex 8 new wachlne or the modification of an !
old one, [Furtler, even if time is no object, the cost of a proup of specialized

devices can easily total more than the cost of one flexible all-purpose machine,

‘2,3 Ultinate Design Aim

The ultimate aim of computing machine design may be taken to be the reduce
tion of the overall cost of carrying out numerical solutions to mafhematical

probléms. ‘This point of view wiil be‘amplified in Chapter 4, No attempt is made
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to discuss the actual cost of equipmbnt-or qpération, but some generél comparispns
which_ara;rele&unt to such cos?s can bé nade, Actual machine operatiéﬁiis only
one of several items contributing to the total cost. It is, deever; fﬁe'major
item when & 1arbe problem is being done on & slow machlne. It is logiecal, there=
fore, uo give this item first con51deration. Since anaiogy'machines (continuous'
vaﬁiable or non-digital;machines) a-e capable of producing solutions rather
rapldlv in some cases, it is necessarj first to point out vhy digltal rniachines are
advocateds If dlgital uachines are acoepted for reasons of flexlnlllty and
accuracy, then the most sxgnlflcan$ reduction in overall cost can be secured by
the use of_electrqnie cqmponents 40 increase speed wltheut inereasing equlpment.
244 Acouracy
The accuraeJ ebtaln&ble with eqnalnuous variable uagh;§e§ depends upen
the accuraey with which the gqmpgngn& parts-are censtrueted, ﬁ@w@vgr, exagtly
the same stéﬁ@m@n@ may be made @béut 8 digit&l'mgghingg‘ The @§§gntiél differe
eng@ is in the kind of dependence whieh ‘helds in eagh ease. In & digital |
maehlne, m;nov ingecurasies ef eemponenﬁs can be uﬁde t@ havﬁ no @ffggt at all
upon the aceuracy of the eomputations. In eentinuous variable machines, yhere
is a continuous (% hough not necessarily simpl@) relationship between the ascuragy
fom), Inereased eompu:batmnal accuracy can be a,tizained only by ‘in;ma_sed
precision of the parts. Not only are there practical .iimit’g to the precision
“ with which the parts can be manufactured, but the waintenence of such precision
during subseguent operation is extremely dli‘fmult. For instance, mechanioal
_parts will lose precision through wear, On the other hand, digital machmes
require only that ﬁha-accuracy of the parts be kept within certain tolerances,
and the tolerahce band cén’bo nmade very wide., The acouracy of a digital machine
- 1s then limited only by the amount of equipment which can be used in it, This

limitation is more often an economic one than a physical one.
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2,5  Flexibility ‘

Analogy coﬁpqting_de§ices vary greatly in flexibility. Scale models and
fixed electrical nefworks which are completely specialized représent en extrems
which is of no.in#erest ﬁére. Large network.analyzprs and differential analy:zers
are ﬁsually considered typidal exémples 6f highly flexible analogy devices,
| Nevertheless, these machines are somewhat specialized and restrioted in application,

A digital machine which can be directed to carry out any of the common |
grithmetic operations in aﬂy-desired sequence on eny given set of numberé has all’
| the geanality and flexibility required for an& practical purpoée. (It cannot —
compute'th§ 'eiacﬁ' value of pi, but‘it cen compute in a finite number of steps
any desired appfoximgtion to pi.) Therefore, it c;n. for example;campute to any
desired dpproximqtion thé solutiors of non_iinegr partial differentia% eqqatibnS-
which are hot_obtainable from any existing analoéy com?uter. This greater
generality might be taken as sufficient justification for & digital machine.

ﬂhétﬁer e digifal machine is to be preferred for solving problems which
cen be solved on existing specialized machines depends on the speed (or cost)
considerations which will now be discussed,

2.6 Digital Computing Speed |

The préceding sections have in?icated"that advﬁntages of accuracy end
flexibility recommend digital rather than continuous variable computing devices,
Even moderately large problems vhich are within the range of existing analogy
machineé reqﬁire an enbrmous nunbsr of aritimetic operationé,when‘handled by
digitai machines.l»The cost of digital cémputing.must be low if such calculations
are to be undertaken, | ' |

Only very rough oompgrisbns need to be mede to demonstrate that digital
compﬁtationrby eleatr§nic'devices Ehould be a great deal faster than b& the
‘ eiectro-mechaﬁical devices used in existing largq computérs. Typical electro~

mechanical devices are relays and electrically controlled counter wheels. Five
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or ten milliseconds is about the dperéting éime'for reiiable highISPeed'relays."
Analoééus operatioﬂ of a Qacuum'tuba can_fake_placé inv0.5-to lrmigrOSeeend._ The
electronic device is thefeforé éapable/of operaﬁﬁng about IO,OOOZtimsé faster.l
(1% méy bé observed that faster tube circuits can be developed at least as readily
‘as faster relays can be designed.) | | | |
A vacuunm tube and its assooiated éirpuit coﬁponents-costsbapproximately ‘
the same amount as a felay. This indicates that an.electronic digitalAcompﬁéerr
costing about \the same.as a non-electronio digitai computer should qartain}y be
a gréat deai faster, and might‘possibly be faster by a factor of 10,000, fpr
various reasons, the actual factor for the ENIAC is something like‘lod, and for
the EDVAC wili, it is hoped, probdbiy be more neafly 1000,
Moderately large computing problems afa glregdy being donse by digital
éiectromechanioélvdevices. If digitgl'computing costs can Be divided by several
powers of ten by appropriaté use of’éléctronic elements, it seems ciear that

eleotronic digital machines should find extensive application,

'

2.7 Comments on the ENIAC Design
Essentiélly, thé éreceding seqtions of this chapter have presented the
point of view which led to ﬁhe development of the ENTAC, It will be appreciated
that the ENIAC design was also’infiuenced in other ways which may be mentioned :
briefly. During the war, speéd was tﬁe nain object = for'redéons of‘fimeliness
- rather than'reduétionfof coste H;t onlf‘wasjemphasis‘put on computing speed, but -
also on éonstrgcting the machine?as soon as pbssible.‘ For this feason, extended.
reSearcH end development were curtailed iﬁ favor of employing ready methods which
could be put inbto production quickly; The eﬁphasis oﬁ computing speed came about
because the principle use contemplated for the BHiAC was the'célculation of
firiﬁg tables; th such work, only a small quantity of numerical'infbrmatioh has

to be introduced and withdrewn during a long computationél process, llence, no
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ef'fort was made t9 achieve high input or 6utput speeds., Also, for such work,
the same schedule of ‘operations might be followed ior several days.'vHenbe it

waes reasonable to have this operating seguence set up manually before the qélcu—

lations were started, even though this might require'séverai hours., 1t is

therefore evident that the ZHIAC is well suited for highly repetitive calculations,,

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

when large quantities of numerical inofrmation are put through rather siuple
erithmetic pfbcesses. . - : R .
- The description of the ENIiC in Chapter 3 must be consulted to obtain a .

clear piéture of the,caﬁabilities and limifations of the ENIAC, Hdwever, an idea

of the computing apeéd 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 360 muifiplicatidns'per second. Punch cérd devices introduce numbers at
the approximate rate of 200 decimal digits per Sécohd; /The rate at which
numbers'may‘be withdrawn.(coming:out on punched cirdé)‘is;somewhat léss;' Since

ﬁdditions,‘multiplicatiohs, divisions and other processes can be carried on

'simultaneousiy.Atha contrast between computing speed'andviqput and output speed

-

is obvious,

2.8 Comments on the EDVAC Design

As the precedins section hss briefly indicated, the EFIAC design has

entphasized high computing speed to avoid what has harntofore been the most

. severe limitation on large computing problems, but has neglected other aSpects

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

A

the overall time and oost'of‘numerioal mﬁthematics may neéd'reduction'to preServo-

an-effieient balance. In designing the IIVQC all parts cf the overall camputing

Jjob are being considered. A discussion along thoso linea 18 51ven in Chapter 4.

\
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CHAPTER 3 -

' DESCRIPTION OF THE ENIAC

31 Introductlon

In order to describe such dlgital computlng machlnes as the ENIAC, it

is desirable %o set up a classification into whlch tne d11ferent elements ;
.of the machine mayvbe placed, The classification whlch we will employ is

one which is particularlyisuited to 1arge scale dlgital comput1ng machines,

It 15 probably not the best system for c1a381fying the elements of con-_
5t1nnpus varlable nachines, bﬁowaver, even here, some 1nteresting comparlsons
can be made using tﬂo following systen of class1£10atlon. _/n

| | Ve divide the various units of the ENIA@ intoithree classes - arithmetié‘
elem;nts, memory:elements, and control elements,. Ihe aritﬁﬁetic elemenis of

+the computing machine are those which form the uLasioc operat*ons of arithmetio -

‘addltlon, subtraction, multipllcatlon, division, and perhaps, square rooting.
There should ‘be added to this list another operation which we classify as being -
" arithmetic, This is "maghitude diScrimination“ or simply "comparison. In this
: operation we expect te obtaln a result whlch is dependent upon which of two numbers

is the larger, This operatlon is essentlal 1n any . automatlc computing machine and

'isvused to make decisions beltween alterpatlve p0551b111ties which exist in many
problems, |
The memory elements of the machlne may be divided inbto two groups « the
- "‘gternal msmory" and the "external memory The internal memory 1ncludes all
memory dev1oes w1th1n the ﬂachlne and is thﬁs flnlte, while the external Tenory
: exists outside of the machine in such a éorm as punched cards or perforated tape.
: Thié ﬁeﬁory may be increased indefinitely but has phellimifatich tha% iﬁ must be
associafed with -the machine by an input and output mecha#ism which is usually

comparatively slowe
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It is convenient to divide the internal memory into three classes - first,
memory for numerical data wﬁich can be altex;ed by the operation of the machine
| (usualiy rapidly); second, memory for numerical data such as empirical data
which are known before the ma.ch'ine is started andmay, therefore, be introduced
- into the memory ‘dew‘rioo slov;ly, buf. must be withdrewn rapidly during the computing
of the v;‘uroblem; and third,- there must be e memory for instructions - those
Mfeatatiom which cause transfer between the ;arious memory and srithmetic
units and cause the erithmetic units to do the various operations on the numberse. -
This form of memory, like the second class, may be set up slowly sinc? the
necessary information is av;ilable before the coniputation is started and like=-
viise, it niust‘produoe its effect ra.pidly since it must-control the operation
at .‘all Apo:lnts of the computatione.

The discussion of the ENIAC will fhus be divided into four parts -~ first,
" timing relations and progtaﬁ control; second, memory; .third, arithmetic units;
‘and fourth, input nnc; output equipment. The general ‘cbnstructioml data are
included in the eppendix. |

The important arithmetic wnits of the ENIAC ares twenty accumulators,
one multiplier, and one combination divider and square. rooters

The accumulators provide facilities for storing mmbox"s -computed in the
cowrse of a probiom and ‘further allowing the addition or spbtraction of & second
number- t,o. or from the stored number. They are capable of performing these
operations with up to ten decimal digits snd the assooiated plus or minus signe

- The multiplier computes the prdduct of two decimal numbers of.up to ten’
digits each. o |

‘The‘ combinat:lpnv‘ divider and square rooter computes the quotiént of two
nine digit decmi numbers or finds the square root of one nine digit decimal
' number, ' |

Eléétricul connections are establinhod between thé units of the ENIAC

by connecting 'Eheﬁ to trunk or transfer lines with plug 6r cable assemblies in
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order to proiide the intercox‘muﬁicration. of numberse A number of inputand out~
put ecircuits from dif ferent inits of the ENIAC mey be connectea to-ea single
trunk provided the number of units is not greater than forty or fifty depending
on the length of the trunke. The deciml digits are trapsx_nitted into, and re-
ceived from, these tfunks in the form of groups of pulseé h@ving a ‘number of
‘evenly spaced pulses, equal in number to the value of the digit represented.
.Thus, such a group may have from zero to nine pulsess In order to obtain high
speedr, the trunks have elevgn wires in them to enable simultaneous transmission to
the ten digits and the sign. It is not possible to\transm’it signals from bmore
tha;x one tmi;t‘:‘into e trunk at the s@e time, - Many units may, however, receive
signals simultaneously from the same trunk. |

3.2 Timing Relations and Program Control

Since the ENIAC contains a number of trunk cirouits, operations between
various pairs qf‘ ENIAC units can be carried cut simultaneously. This is possible "
not only because of this multiple trmk system, bﬁt because all units are syn-
chronized by permanent electrical cbnngctions'with the "cychng unit” . .Thererore
_if several O§erations are started simultaneously between various units of> the
ENIAC, and since all of these are timed from ohe and the same circuit, the various
operations will end at known times relative to one another, Thus it is possible
to plan the next group of sim\iitaneous operations with the'assurance: that ali of
the prerequisite‘ steps of the firet group have bqen.con;:leted. If the timing
of the verious operations weré not known, interlock c';rcuits would be reqixired
to insure the completion of those various operations which are prerequisite
to the next groupe. |
_ The cyeling unit supplies a number of specially shaped signals to the
other miiti. It contains an oscillator or melock" which generates impulses at
" the rate of one hundred thousand per secpnd, each ip\‘x‘lse having a duration of two

microsecondss These pulses are fed into a twenty position electroﬁic stepping
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switch or “"counter", which enables the cyc].:l.n; unit to put out a special impulse
or "progranr pulse” at every twcncicth pulse of the "clock®s These progra.m pulses
form the basis of the programing system and mark the begixming end end of the
addition cycles which are the basic arithmetical mtervalc of the mchine. The
eddition cycl_es are thus repeated at one twentieth of the clock rate, or at
five ‘thousand per second. An addition, therefore, takes 1/‘5000 of a second, or
two hundred microseconds. f

Between these A\miformly recurrent program pulses, groups of pulses are

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

or receive numbers, the required sigmh will be available to enable the sarry-

ing out of the operation. -

When one wmit ia«required to transmit numbers to another, the pulses are
transmitted through a trunk to the other unit. These pulses originafe in the
cycling wmit and are simply relayed as a whole or in part by that uwnit.

A switeh on the cycling wmit enables the cperator' %o suspend continucus

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

time a vpush»buttcn is \,prcsscdo' This allows the machinme to operate in a normal
wey during the additior, but permits the operator to advance the problem step

by step allowing whatever time is reguired to chcck the results of the previous
operatione Another positiom of the §witch suspends this ty.i)e of cperation and‘
allows a similar examination of the twenty steps that occur in an addition cycle.

This ability to stop the machine . at sny or all stages of its operation is possible

' since all of the memory elements are a.blc to retain thcir state as long as dezired,

. assuning the elcctri_c power supply is not interrupted. Each memory element is

connected to a small neon lamp which lightc up when the element is '1n the "on"
position. s:lncc all the circuits except some ‘of thoae carrying pulses are |
directly coupled, any lcwer clook frequency can be used.

The program puls_es previously mentioned as the means of sequencing the
mcﬁ:lne serve to initiate cirocuits called "program ccntrols" on the %arious unitso

These \mits, when initiated by a program pulse, cause the unit on which they are
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- locetod to cperc.te in occordo,nce with the oettingc of oevero.l cwitchcc vhich ere
.pe.rt of the program controle Ihen the operation is completed the program control
| may transmit another prognm pulse through gpecial program trunk circuits of one
‘_wire eache The program controls sre comnnected to the trunks by a plug and ce.ble

usembly, in some rospeots similer to those previously mentioned for the digits,

A program control capable of transmitting a progrem pulse is known as a "trans-

ceiver®, A transceiver program control may repeat its operation as many as nine

times in accordanoe with the setting of an essociated switeh before: terminating

© - its operation and transmitting its output program pul's_c. ASO!!B of the umits are

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

reception of a 'progr,wn‘ pulse aml' do not transmit a pulse' when the operation is
terminated. Traneceivers, v;ith their switches set to positions which donot
‘ operate the associated units, can be used to_pro;ide delays and isolc.ting of
"buffing® actiono |
1t is now seen that one can set up eequeneea .or chains of operations
simply by connecting the output of one program control; to the input of another
| '-prograin control, making conneotione through the program trunk lines using plug a
and cable assemblies. A special control, oxi a panel known as the "initiating :
. wnit", gives out a pulse .upon operation of a manual .push button, snd this ‘pulse/
can be introduced into such chains to initiate their operation. \
"In brief, the program control unita known a&s transceivers and receivers
" remember, with their switches, ~whet processes are to be dones They also time the

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

the cycling wnit to cause the required operation to teke place in the wmit to be

controlled.

"If it were sufficient in most problemc simply to go through a sequence of
operations, the above chain system would sufficeo However, two difficulties erise
in practice. The number of steps in most interesting problems is so large that

the group of about three hundred progre.m controls in the ENIAC would e entirely
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. inadequgte;. Secondly, it is sometimes desirable to make a choice between two
or nore sets or chains of operatidns', this choice depending upon someAnmnbers
which are the result of an earlier computatione If this choice were to ocour
only a few times in the cours§ of a computation, onrev could allow the sequences
to run out, thus stopping the computations 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 imoracticals Both of these difficultigs
may be overcome by the use of a unit in the ENIAC called the "master programmer®,
The.master programmer-consists of ten umnits, eachkof which may be empleoyed
.in various ways to count program pulses and to switch program connections. Each
unit contains a six-position electronic stepping switch and an associated counter,
For each unit there is one input channel and any program pulse entering this wmit
Y‘is registéred in the counter and also causes the transmission of a program pulse
from one of six possible -output terxﬁinals, The position of the stépper determines
which'.oui‘:pué ferminal is 50 activated. A group of manual switches is associated
with each counter~stepper wnit, and vﬁen the number of pulses received by the
it has advanced the cownter to a number corresponding to the switeh sett\ing,
the stepper is moved to its next positivo‘n end the counter is cleared to zeroe
Separate switcl"ms’are_ ‘provided for each stepper positj.on- The intervals between
transfer from .o'ne output channel to the next can therefore be >detex"m1ned in terms
of the number of pulses received, and a different number may be us§d for each
-stepper p.ositiono If less than six outputls are desired, a special switch can be
set to csuse the stepper to return to its first position after reaohing any chos’e#
positidne A
An input terminal allows the counters to be set directly from a pulse
groupe Another input terminal allows the stepper to be sbeppad directly from a #
puiu groupe Finally, en input is provided to allow direoct re-getting of the
stepper. Thus, there ere altogether nine terminals = ome program input, six
program outputs, ons direct V:teppor input, and one stepper re-getting input
~ terminal.
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T¢’> return fo‘ the two difficulties érevioualy menfioned which-the ﬁster
progr axmer is to overcome, it is clear that since most problems may be sepa.rated
into & large number of repeated routines, each with a comparatively few stepa,
the master programer will allow the ENIAC to cope with these problems in spite
pt“ having only three hundred program controls,

_ The méter programmer tempérarily forms progran chains into "rings".
This would be iﬁpc;ssible without the master programmer, since the number of
program cycles a.round .thesge rihgs ioﬁld be uncﬁntmllable if such a ring were
established manuallyo o |

It is very hnportant to mderstand that this far from exhausts the
pos#ible 1nprovements which the master programmer makes in the ENIACe It is
possible to have tho main routine divided into sub-routines, i.n which. éase one
stopper 13 used to feed another ‘gtepper, thus allowing tho proper aub—routine
to be chosen in the course oi‘ a regular routine, This proceas can be carried
even further, and thus an elaborate hierarchy of progr?m sei;uences cen be
established. The saving in program eéntrols g.ecomplished by such arrangémonts
13 enormous.

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

determined choipes ag to what routine to do next, can also be overcome by using

the master programerv'. It is simply necessary to use an accunulator as a |

mgnifude comparing device and to have it signal a stepper through its direct
inéﬁt to change to & new routines '_

In the ENIAC, the master programmer does not serve as the sole governing
unit, buﬁ coordinates many small decentralized control units. |

343 ory
4 .
The ENIAC has its mamory divided into four fundmnul oln.uoa. It is

ow present purpose to discuss three of these classes and to poatpcno tho_' dige

cussion of the fourth until later.

The first olass is the one in which the infomtion can be introdunod

and withdrawn at o.xtranoly h.lgh speeds, prefer;bly :Ln one addition time
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(1/5000 second). As was previously noted, this is the type of memory provided
by the acoumulatorse This type of memory is nooostary to hold the information

computed in the course of aylproblem while some further calculation is made

upon it, or wntil the time when some operation is to be done which requires ite
The second class of memory consists of three function tables ar constant

storing units. This cless of memofy differs from the type of storage employed

in the accumulator, mainly in that the ta.bular values are introduced ma.nually
which requires considerable time, .These values, however, may be withdro.wn
at the relatively high speed of five addition times (1/1000 second). The
funetion table provides a hundred te.bular values of twelve diéits each = each
tabular value having however,. t'lro sign indicationse The digits, as well as the
sign indioat:.ons, are all set by separate manually opera.tod rotary svd.'bches.
‘Thus, there are fourteen switches for each tabuler values The two sign indications
are provzded so that the twelvs digits of a ta.bular value may be assigned to twc
_aeparate numberse By dividing the twelve digits into two equal groups, two
functions of one hundred tabular velues, or one function with two hundred tabular
values, can be stored in a single table. The hundred tabular values of the
function table are designated by the successive deciml 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 reinainizig; digits are used in an interpola-
tingvroutine which makes use of the regular arithmetic functions of the machine
to obtain the value of the function courespdnding to the arguments Thus, the
function teble supplies only the nearby tabular values that are to be used in
en 1nterpola.tion and does not itself do any interpolation, Axv desired inter-
‘polation formuls is set up as a sequence of operations, uaing the accumulators
and multipliers in the same way as is done with any other arithmetic problemo
In order to obtain the nearby values which ere reqtured in the 1nterpolation, '
the program controls of the function table also produce argumsnts which are

one or two 1ntegers above or below the argument introduced. :
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Four tabuie;- values, in addition to the one hundred mentioned above >
‘have been mdded = two at each end of the table so that those extra a;'gmnts re=
quired above will be present in the table when the argunent value is either zero
or ninety-nines These tebular values are designe.ted by the decimal integera -,
-1, 100, and 101 respectivelye Thus in reelity, the table contains 104 entriese
Since each entry has fourteen switches, tﬁere are ih56 switches to fee sete 1f
the eﬁtcp settings are read to the person, getting the slfitches; they cen all
be set in approximately half an houre This comparatively long set;-up time is
pe.rtially mitigated by having three such funct:lon tables in the ma.chine and by
providing the switch assemblies with wheels and easily disconnected cable
connections so that several hanks of switches can be left set wp and plugged in
when required.  In fact, where a function is required frequently, it is practical
to#replace the nrifch assemblies by permanently wired assemblies which can be '
plugged in when needed.’ | |

Several additional uses of the function te.bles are possibles They may
be used for the svtore.ge of e.ny group of oonatants which must be 1ptroduced .’mte
;the machine at & high speed. In. proble‘;ns where the 'ordine,ry program controls - :
of the ENIAC are insufficient, it is possible to employ the table as a 104
position program selecting-device using its outputs to initiate program eircuits
reather than feeding 'i:he outp;xts into digit channelse A function table may be
used, therefore, to sequense ope:atiens, .er chains of operations, which may be
inithﬁed in seqwﬁce or chosen at random depending on the value of the two
pulse groups :lntroduced es srgument into the table. These pu}se groups may be
obtained eith& from the program circuits or frvom the digit cireuita‘ of the
mschinee | |

To sim up, three function tables are providod,’or & hundred and four
entries each, with facilities for dividizig the entries into two numbers where
twelve dig:lt accuracy ia not required for one funetion. Ihe most notable feature
of this type of mmory 13 its large eapacity and high lpeed. Unforfunetely:; this

1:' coupled with the necessity for menual, and thersfore slow, introduction of the:
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The third olass of memory is the progranm ’oquipmnt. which was i)rqviously
described. . The program circuits remember mt processes are in progress, what
these processes are how loﬁg .theso procéssos take_, and what pi‘ocesao.' nfe to
be done next. The actual physicﬁl memory is made up of the many tube circuits
switches . trunk cireuits, and plug and cor& assemblies which make up the program-f ,
ming syi’ton in the ENIAC, | |

fho f&urth class of memory will- be’ covered lo;tor whe_n. we dilcuas_.thob
introduction and withirawal of data from the ENIAC.

3.y Arithmetic Units

‘ The accumulstors u'e’tho_. basie ar:lthmetit\: mﬁ.ta of the ENIAC  They are
able té add a number to a mmboi- already stored in f.ho‘n." This uﬁilii:y'to add is
inherent in the ten stage ring counters which serve as the memory olemonta. In
order that numbers may be sinultaneously added into all ten counters which provido
the memory of an accwnulator e special circuit inserts pulaes_ cori'oapopding to
'any -carry-overs which may take p.lvace after tho ordinary transfer process Since

: subtra;sti'on is carried out by a system of coniélemnts with respect to ;@10, an
extra pulse is required to supli_rj the mechanism for transmitting numbers.

Seven pulse times are required for the ’cu"ry-over pfooesg.. This ddditions;‘l time
mﬁat be added to the ten pul;e.tima required to tram_ifor the number, and the
three additional pulée times required to allow the program equipment to operate
prior to the transfer. A total of twenty pulses is obtlo.:ln'ed which corresponds
'tovtho ;b'onty,;té.ges of the cycling unit. Thus, an Acctm}xlator requirés twenty
pulses spaced at ten miéréééeonds, ox; 1/5000 of a second to do an addition. The
comp lement system of subtra.ction was used to avoid the necessity for having _
 counter r:l.nga which could adva.nco in either diroction.

' The accumulators. are provided with two output circuits = cne for ﬁoﬁitive

nu!mber; and one for thoi.r comp_lez_nentﬁ It is thus possible to transmit ain;ﬁl-

taneously a number from an acewnulator into one chaunel .and_ its ocomplement tnto
- RESTRICTED
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another, If both output circuits. are connccted to the same channel, it is'
of course impossible to do more than one of these operations at a time. Five
input circuits a,re provided which allow the accumulator to receive from five
different channelse This is a_necessity ir several simulbaneous operations
arc to be carried out bctween diffenent pb.irs_ of unitse These input channels

are alsc useful in that they provide a simple method of multiplying numbers by

powers of ten. ’ : ‘ - f;
The accumulator contains eight transceiver program.controls and four re-
ceiver program controls. Since the transceiver program controls allow an

operation to be repeated up to nine times a simple metnod of multiplicn.ticn

" by small constants ic possibles A progrem contrcl can, if. desired by the
setting. of one of its switches cause an acc\nuulator‘tc clear its counters to
zero follcwing a transmission. A round=cff Switch is proirided on each acc\mu;
lator which enables i'c to clear and leave a five, instead of a zero, in any one
of the decades. This five, in conjuncticn with a special plug dovicc to delete |
the undesired digita. allows retention of as few significant figures as may be
requireds If more than ten significant figures are required, it is possiblc . ;
to connect two accumulators in tandem by means of special plug and cable
assemblies and to obtain as many as twenty significa.nt figues. The accumu-

- lators indicate the numbers which they contain on a benk of neon lamps, which.

provide a very convenient f..cilify in checking the ‘operation of the ENIAC.

As previcusly stated, signals may be taken from the sign indicatircg

cirouits of the accumulator te provide magnitude discrimination which permits

computed numbers to control the program sequence of the machinee

| - In addition to the two outputs 'previously‘ mentioncd‘, the accumulators
have a set of "static" outputs which pronide a ten wire circuit from each
counter ring, one from each stages Thus, since there arc_'ten counter rings, w
hundrcd output circuii:a are o.vai?lablc. These circuits provide nll"thc inroi'mtion
ebout a number simultaneously and arev essential in the multipliere
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Thp mnltiplior-is fed by staticAoutpnts tr&m the tfb accumulators
which receive and hold the multiplier and multiplicand respectively. The
multiplier contains Qn internal multiplication table which allaﬁs‘thé
multiplication of one diéit of the multiplier by fen diéits of the multi-
plicand simultaneouslyﬂ Since pairs of single decimal digits have, in
»general;_two decimal digits in their product, it is necessary to provide

two scoumulators to receive the twent: digits which resulé from the multi-
plipation ;f one digit simultaneously by ten digitse This is true because

it is desirable in the interest of speed, to add all of these "partial
products® simultaneously to the acchmﬁlated pertial produots of the éreceding
'steps. These two accumulators can conveniently accumuldte the ”unifs set"

;

and the “tens set® of these partiél products without any interference in the
normal,carryaévsf. Since each set of the successive partial products requires
tenrohannels to receive them, end since every set corresponding to the different
digits of the multiplier fimes all of the multiplicand digits must be shifted
by one channel with respect to the preceding one, the;product accumulators re-
‘quire twenty‘input channel?. These twenty digit accumulators are made by
coupling two ordinary accumuletors in the menner previously describag. There«
- fore, two sets of double acéumulators.'or four ordinary sccumulators, are
required to collect‘the partial products from th; multiplier. After this
collection has been accomplished, the.final product is obtained by adding the
units set and the tens set with a single shif't betfeqn the channels to obtein

the proper-relation between the two sets.
‘ If one of thavndmbers is a complement, the product obtaineé will be in

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

numbers are comblements, the product obtained will be in érror by a number whose

magnitude is 1019 times the sum of the two numberss Follewing the collection of

partial products, but befﬁre the firal product is obtained, a Sbecial sign- .
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indicating oirocuit causes appropr hte corrections to be made, tranenitting
them from the multiplier and multiplicand accumulators into the product
ece\unuletor 80- , | |

‘ .g}p'.mltf\el.ier. ie equipped with te'entyafour trensceiver program control
units, any one of which can control the above processe ‘rhese program controls
each contain & switeh which allows the multiplication to be carried out with
eny number of digits in the multiplier between the mximxm of ten and a minimxlm’
of two.’ In addition, other switches in each peogram control are available which
allow the’multiplier to caﬁse the reception of n\enbefs into the multiplier and
multiplicand accumulators and which allow transmiseion and rounding=off by the
predu_ct acoﬁnﬂetore. | ‘

The time required for mﬁltiplicetion is computed as follows:

(&) one addition tlme to operate tlxe multipl.ication table, (b) one addition time

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

terns, (d) one addition time to add the units end tens parts of the partial

products, and finally, (e) one addition time %o transmit the product and receive
the next multiplier and multiplicand, Therefore, the maximm time of & multi-
plication will be obta‘ined'with a ten digit multiplier and is fourteen addition

times or 1/360 of a second.
The third, and last, arlthmetic unit of the ENIAC is a combimtion divider

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

do both at the same times This compromise seems desirable since square rooting is
fairly infrequent, and is so similar to division, that very little additi_onel
equipment was required to make 8 combination unite - The lmethod employed to do
these processes was chosen so as to require a minimm of equipment since neither
ot these processee- are as frequent as the other arithmeiic processes, and, there~
fore, would not justify a large expenditure of equipment.

Divieion is carried out by the conventional ‘method of succeesi.ve subtract:.ons.

,//
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The only uncommon feature is that the ehifting operation is e.coomplished by -
transmitting the divi,d_end back and forth between the dividend-acctmula.tor and
& special ehifting, accumulatofo Thi‘.e,eunfox.'tmately, li.mits single diﬁsions
to nine deciﬁal places'n' >However, since the remainder ca.n‘be‘ retained, the
process can be carried further by a special program arrangement if greater
accuracy is desired. Another feature of this divider is that, after_ successive
_ subtraction of the di._vide‘r ‘from the dividena has produced an overdraft, the
remainder is shifted one place to ;l:he left and the divisor is added instead of
subtracted in obtaining the next digit ef the quotient, _ Th/is turns out to be
’semewhat simpler to mechenize than the ordinary mthodv of restoring the_over'-'
drafte o | )

Square rooting J';s accomplished ess.entiall;v by the method of subtracting ;

successive odd numbers and is ':se.x'ried/‘~ out. by & method of.herwise analogous to-
, d1v1sion. As in divxsion, the overdraft is not restored before sh1fting,o The
combination divider-square rooter makes use of the ability of the accumulators
to provide mgnitude control and is in itself’ therefore, merely a permanent
assemblage of progran equipment and circuits for supplying the various constante
‘required te vbuild up the answers. This unit requires several addition times to
set up and round off its resultse The main computational time is that required
for the successive additions and subtre.ctiens. An addition time isvrequired
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 eetimate the
total number of additien timee required by lunping the computational time with
the set-~up and round-off time in a simple formula which gives the total addition
times as approximately 13 multiplied by one more then #he n\mber of digits required
in the ‘a.nswex-'. Thus, for niue digit ahmu, the average time required for division -
or square root is 130 addition times (apprm::lnntely 1/38 second). Since this time
is vnriable, depending upon the numbers employed and may be as high as 210 h

addition times (1/23 second), oonsiderable sa.v_;lng in time may result in 'ca.n_'ying
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out ﬁarallel operations.

In order to make possible such parallel operations, an interlock
cirouit is arranged so that the output pulse, which signifies the end of dividing
or square rooting, is not transmitted wntil both the parallgl operation and the
division or square root have been c&mpletedo This wnit is equipped with eight .
transceiver program controls, eech havingtits own interlock input as well as
its own régular input and outpute A ‘

3.5 Input and Qutput Eqpipment

-

Since the actual computing érocess is a highly automatic and rapid one,
there must -be some system for introducing or withdrawing numerical date which
is ccnszderably faster than setting switches or copy1ng down numbers from a
bank of neon bulbs, whlch ere the only means o far described for d01ng thise

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

. gutomatic business mechines which operate with Hollerith punched cards are

employed. Comparatively simple modifications of standard machines of this
ngHem@ﬂsmﬁfwlmmwm%ormmﬁwmghm,mwawnr
\possible with any other type of commercial equipmenta This speed results from
the simultaneous use of eighty channelae.

Paper tapes are also used in thls field by others, and have the advnntaga
of being more easily handled end thus less likely to lose their proper sequencoe
They have an additional advantage in that they oan easily be run forward and back=
werd, end can intr&duce end withdraw date onte different parts of the same tape
s1mu1taneous1y. Tapes have an inherent disadvantage whex used for sorting,
since a considerable waste of tape is involved.

Paper cards were chosen because of the economy with which they could be
'sorted because no fast tape machines were availabla, and further, beeauae fow

of the desirable. auxiliary machines that are so necessary to seientific oomputing

were available for handling paper tapss.
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On the other hand, card machines were available which would punch,
verify, ‘and. reproduce the cards, which would print the 1nforﬁatidﬁfupon'tha
cards themolves or upon other sheets of pa.per, and which would sort and
collate the cards. Standa.rd card machines were suppli.ed by the International
Business Machine Company, who also kindly coéperated by supplying a special
mchine for ta.k:.ng ini‘prmaition from their standard cards ani putting‘ it in a
fbrm which coulvd be ugdd in the ENIAC, ~ Also, IBM suppliod_d« standard ~mchine‘
suitably modified to permit punching standard cards from in.fornhﬁdn taken from
' the ENIAC. Various ’pl_ugs and dables used for attaching the portable function
| table switch paneld “_to fha' function table eonfrol paneia were also supplied by
IBM. |
It is, of course, evident that some intermediate memory, such ds ;tho
cards provida, is necessar; if the transition from slow manual operations tc
rast mechaniéal operations is to be made.\ In addition, howover, these cards
play a very\important role in providing the mach:lne with an asuxiliary memory
of ini‘inite capacity, It is this memory which was referred to earlier as the
fourth olass. W‘hile the absolute speed ot‘ introducing and withdrawing da.ta
from this type of memery is quite fast ‘(apprroximg.tevly 1/_12 second for a ten
diglt number), it must be considered as a sldw msxynory‘ compared to the eléctronic
equipment in respect to bdth the'putting, in and the taking out of datd. ‘Since )
the card machines s both in reading data f‘rom the cards and in p\mching data onto
the cards, scan across one dimension of the card, some auxiliary memory is re-
quirsd to hold these numbers. ‘ ‘
.Rather than use some of the expensive and limited. electroniq nﬁmoi;y
which the accumulators provide for this rather slow 0pera;tion, 8. nunber of
téldphone relays, of a vdry reliable type, were employed for "bhis purpose.
These relays and the equipment for testing them were supplied by the Western
Electric Company. The relays were designed by the Bell Laboratories.

Relays are enployed not only because they provide an inexpensive memory -
of’ adequate ‘speed but also because they constitute thg simplest method of
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transition from the electro-mechanical éard machines to the electronic
circuitse This is especially true im the printer where, because a number
of contacts mey be put on a singlé relay, it is possible to have a simple
mcha;nisﬁ for converting neéa.ti‘ve number s expressed’ as compliments (in the
electronic circuits) to their true negative form (qn punched cards)e This
latter form is preferred on’the cards ooth to facilitate examination end print-
ing of the Pumbers and because it fits in with the system‘which is used by‘the
‘standard auxiliary cerd machinese - _

-The machine which reads the éards is able to store eighty decimal digits
in a group of relays. By means of special holes punched in the cards, it is .
possitle to designAte ther as "master® and "aetail" ca;ds. 'S;mé of the eighty
digits may be taken from one of these types, and the rest of the eighty digits
. from the other types. The mgs?er~detaii card arréngemént is very useful when ‘
it'is desired -to doﬁproblems‘in which several constants are required for a
' considerably iarger ﬁumbér of cycies than those whiéh are introduced -on the
regular or detail caerdse These constents are put on specisl master csrds oﬁr
which & speciel punched hole causes information.from thése cards to be, retained
until another master card appearse. The maéter cards are then used for the less
,frequently‘changéd numbers or constents while the detail cafds ere used for those
ﬁhich change frequently. The numbers are stored in the.relays, which aré associ-
ated with the input machine. These in turn cqntrol tube ciréuits associated
with thirty transceiver program controls end allew any groub of five ?r ten of
the eighty digits to be transmitted at any one time into the rest of the machine,
Such a transmission requires only one addition time (1/5000 seéond), Twenty
additional digits end four Sigﬁ indications, which can b; set by hand switches,
are provided for constants which do not require alteration in the'céurse of a
problem.'v |

This inpuf unit, calléd the "constant trensmitter”, can receive cards

et the rate of 120 per minute, The output or card bunéhing unit, which we call
_ RESTRAICTED
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s

_ the prmter", operates from a group of relays which are controlled by the

v i
!

.static outputs of the counters in the accumulators and master programmer,
Semi~permanent cable ccnnections allow the printer to have its eighty columns
controlled from any eighty of the two=hundred and twenty counters which the
machine has, with the exception of those which already have their outputs
empleyed in the multiplier and multlplicand accumulators.' The printer is '

capable oi‘ punching, cards at the rate of one hundred per minute,
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CHAPTER &
DESIGN PRINCIPLES FOR HIGH SPEED COMPUTING MACKINES

4.1 The ENIAC and the EDVAC ' B

. As was said in Sec. 237, 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 imbosed by the ENiAC design on the
character or compllcatlon of the problems which it can do. Practical 1limi-
tations on internal memory capacity, both for numerical data and for pro-
grammlng sequences, serve to 11m1t the efficiency and speed of the ENIAC:
when used for problems beyond its intended scope. Nevertheless,mthe ENIAC
should be able to solve many of these larger problems faster than they can
be done on any other existing machine. Undoubtedly, the SNIAC will be used
in this way gntil the“EDVAC or sbme other machine wiﬁh-better facilities
for handling noﬁ-linear partial differential equations caq‘be built.

In the désign_of the EDVAC it is hoped to achieve a great deal of
flexibility in the handling of both large and small problems, and to do
) this‘at_a.reaSOnable cést -- that ié, in a reasonable time with reasonable
amouﬁts of equipment. Keasons for Believing the reliability will be good
~are éiven in Chapter 5 ;' Since the EDVAClwill be a digital machine, any
desired accuraéy can be attained.

Some principles which héve guided the design of the EDVAC will now
be discussed.,

L.2 The Overall Computing Problem

" A general aim of computing'machiné deéign should be to increase the
speed and lessen the cost of scientific computatiohs. 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:

) Preparatlon of the problem in a symbollsm and form
approprlate to the machine.
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() Actual physical preparation of the machine to‘carry
out the work of obtaining the solution.

' ' (3) Machine operations such as compﬁting or sorting to
achieve the solution.

(4) ’Pieparationvof the solution in a form suitable for
i : examination and use. ‘ . ‘ :

There is no particular advantage in reducing the time and éost of
any one of these steps if the overall time and cost are largelybcontrolled
by the other steps. It is also imporiant to‘reéognize that all four steps
are affected by the ‘design of ‘the computing machine and therefore the de-.,
éigner of a machine should carefully consider the way in which‘each step
is influencéd by His désign, 7 |

" 4.3 Automatic Operation Desired

It is reasonabie to try to make all operations as automatic as pos-
sible., Manual operations cannot compete wiﬁh machine operations in speed,
" and even ﬂnskilled or pbutingvclerical labor is expénsive when compared to

the cost of automatic machine processes.

Since step 3, the machine computation, can'be'done aufomatically and ‘ \
at high speed by electronic‘digital machines, it‘becomes important to reduce
the tine and éost'of steps 2 and 4 by rendéring them automatic., This is
possible, although it is not immediately evident what this will cost in
terms of equipment. The é&inp which it is deéired té emphasize in fhis
section is that one can afford to spend a great deal of equipment in this way.

+ 1In making stepd 2, 3, and 4 all automatic, hoWever, a greater burden
is thfown on step 1, becéuse the operétor must plan all subsecuent steps be-
forehand and be ﬁblé to Specify, in some sort of symbols, all the instruc-

'tioné needed to carry them out. Fér ;lmbst all problems of any complexity
" at all, step 1 will>be>the,most time-consuming and costly. when this fact
is recognized, it is seen thét an important object of comquing machine
design is to simplify step i. Further‘discuséibﬁ of this objective will be

i S
given in Section 4.14. ‘
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Lely Speed Versus Equ;pment

“Computing speed and amount of computlng equipment are to‘some ex-
tent 1nterdependent. The dﬁqlgner is faced w1th many choices which in-~
volve this relatlonshlp. If a designef islrestricted to the use of but
one typevof elemept or component, the computing speed which he ma& achieve
is more or less fixed by\the amount of equipment‘he can use. By using
more equipment, and carrjing out many ;perations at once, he can effec~
tiVely increase ihe computihg‘spegd. Converéely, he may prefer to saeri-
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’pointAby going

to the other extreme.

It is obvious that excessive eqﬁipment is undesirable from the point
of view of—béth first cost and maihtenance.r It would therefore be unwise =
to multiply equlpment ‘unless the speed so galned in the automatic processes
serves to materlally reduce the overall computing time. . ‘E

h,S Levels of Serial or Mnltlple Operation

At this point it is convenient to dlStlngUloh various levels at
. which the designer may choose to gain apeed by use of more equlpment or
may choose. to sacrifice speed to save‘equlpment. The terms "multiple" and

" mgerial™ will be applied to these choices.

1EVEL SERIAL : ‘MULTIPLE

(a) Representation of ' Digits of the same number Separate channels and

numbers : follow each other through devices operate on all X
same channels and devices. digits of a number at
' once. :

(b) Standard arithmetic Digits are passed in se- A large number of adders
processes, such as quence through the same act on all digits at once.
mualtiplication adder. Multiplication is (Partial products may be
‘ - done by repeated addition. used - if so they are all

: . summped by miltiple adders. )

(¢)  Combination of - Never more than one stahd— Several standard arith-
standard processes ard operation is done at metic processes may be: .
by programming. one time. All steps are carried on at the same time.
o arranged in a single se- . This is subject to the

quence. o operator's control.
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It is assumed, in level (c¢), that the various standard operations
which may be put in either serial or multiple order areyell part of the
same computing.problem. The Drocese'of doing many problems on as many dif-
ferent machines operating simultaneously mlght be thought of as a fourth
category of multlple operatlon, but this is of no 1nterest to the des1gner.

L.,6 lultiple Operation in Non-electronic Zlachines

For non-electronic computing hacﬁines, the canputing time for coml
plicated problems may be quite-large compared to the time spent in step 1
or other non-automatic steps. nultiple operation to gain.speed therefore
seems desirable. in fact, multiple operation at level (a) is quite cus-
touary, and various'degrees of multiple'operation at'level (b) are often
used. 4Any attempt to gain speed by nultiple operation at letelb(c) has a
disedvantage-not sharedrbﬁ the other two levels. Here the operator must
plan his problems carefully so as to make use of the‘speed which is afforded
him, To some extent then, the galn in computlng speed is offset by the

additional burden whlch is transferred to the non—automatlc step l.

L.7 Serial Operation in Klectronic¢ Machines:

The situation is quite different when electronic machines are con-
sidered. In this case computing speedsvare 80 high that often many numer-
ieal solutions can be obtained in less time than may be required for carry-
ing out step l. It is therefore reasonable to examine the poss1b111ty of
sacrlflclng some of this- Speed in order to reduce equipment. The sacclflce
in speed need not be ds drastic as one might suppose, however, for the fol-

* lowing reason. There is no sharply defined limiting speed for electronlc
equlpment, and the de51gn of electronlc computing. c1rcu1ts has not .yet reached
"speed saturation". As the total amount of electronic equipment is reduced,
intensive circuit design becomes easier and more pfacticable, so that each
element may be'abie‘to operate at a higher fate. (Thus, the fundamental pulse

rate for the EDVAC is expected to be ten times that for the ENIAC.)
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It:does not appear unreasonable to insist on serial operatioﬁ at’
all levels. Specifically, this means that

(a) Numbers are to be represented by timed pulse trairs, all of
the digits for any one number following each other in time
jseouence through the same channels and circuits.

. (b) All of the simple elements of a standard arithmetic process -
‘ are performed in serial order. Thus, successive dipits are
added by the same adding circuit, and multiplications are
carrled out by performinc a number of additions in sequence.

(¢) -There is never more than one stdndard arlthmetic oreration
being carried out at any cne time. All arithnetic steps
follow each other serlally :

4,8 Seriel Operation in inalogy machlnes

It is of interest to note thatianalogy machines also empléy serial
operation for certain proceaﬁeé. Network analyzers, once they are set up,

produce the desired solutions serially‘with only a few measuring instruments.

. The alternative, that of using many instruments distributed. over the nétwork

and reading all of them st once, would be a multiple process which can
hardly be justified, |

Alsgo, differsntii; analyzers ecen eon&innauﬂly by variatien of the
independont varisble (ususlly referred te 80 "tine"), In this way, 8 rela-
tively small number of integrators are able to preduse 8 scntinuum of results.

Nevertheless, these mschines do not empley scanning (or serial epera~ |
tien) to the tullsst,pwsﬂib;a gxtent, 1In 8 differential analyser) each inte=
;raier mnst, during 8 giveh pr@blﬁm;,ba e@ntiﬂususly gé@@@i&b@d with just ene
1n§egra1 preaess. As more eemplieatu@ problens are devised, mere integraters
st be used, A eimilay remark helds fﬁ? the nehw@rk analysef. ‘Zaeh braneh
of the network has eertain 1mpedaaae§ aaaa@iated with it, and as 9?9@18&@
beseme mere cemplicated, mere impedanse elements must be used. Ts seive &
nen=linear preblem en & netWork analyser AUREreus nen=linear impedaﬁéss are
required, If, by Sens seanning preeess, & single nen-linear element gould
be‘"swiishsd" from plase te plage in‘the netwerk, seanning all the pesitiens
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where such an element is required, the network analyzer would in effect te
able to reduce equipment by serial operation.

. \
4,9 Memory Scamming by a Computer

Although.the notion of a sériaily operated network analyzer may not‘
appear practical, such an idea is closely comnected with a practical and
quite flexﬂble'scheme for a computing machine, ‘Let this maéhins have a
singlé arithmetic'device and a great ﬁany number‘registers,‘of memory ele=
'ments, so that it may receive numbers from the memory and also store numbers
which itvcomputes in the memory. The arithmetic unit is-the single '"none
linear elameﬁb"vv¢ich scans the various ﬁoints in the "memory networﬁ.
Because it is completely flex1ble, hOWevor, thls unit must be told how to
scan and what sort of computatlons to do as it procaeds.

4,10 Instruction Memory

For hlgh-upaed computatlon; ‘not only must the ar1thmet1c 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
instructlons to the arithmetic wit must keep pace with it, The f&ster the
instructions can be oarrled out, the faster must new 1qstruct10ns be ‘supplied.,
This,requiremént as to instruction'SPeed can be met in a direct end
simple‘fashion by storing instructions (in numerical ecode, so to speak) in
memory elements or registers of the same type as those used tO-storé the
v numbrioal,data.v The fuﬁction of receiving such instructions from the memory, -
1nterpreting them, and causing the instructions to be carried out, can then

be vested in a "econtrol unit" which is also a part of the ecomputing maahlne.

4.11 Function Table'Memory

If high~speed elecfronic memory elements are used for numerical data
prodﬁoéd in the courée,of oéeration, and are also uséd for storing operating
instruotiqns, it appears that empirical or mathematical funoctions whioh are -
necessary to: a computation should be acoommodated in the same Way. By so doiﬁg,

all memory ‘elements are made 1dentica1 and a vary desirable unification is

achioved, RESTRICTED = 3 o
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4.12 Flexibility of Memory

:B& unifying all memory functions through thé use of similar memory
\elementsrfor bqth operating instructions and numerical data (including
functioﬁ ﬁables), it is possible to obtain hew'flexibility: All memory
elements can bg inte;chamgeable., Consegquently there is no need to‘special-
ize ahy'memory element. Any portion of the totdl memory may be allottgd to
operating instrﬁctions, and any portion to function tébles, This allotment
is in no way fixed, So that ahy part of.the memory may be used for any pur-

' pose. The samefmemory element ﬁay'be used in various ways during the same
problem, in fact. |

L.13 lLiemory Capacity Needed

' No matter how much high;speed memory capacity is provided, interesting
problems aré bound to afise which could profitably use even more. Such prob-
lems must then be handled by making use of an infinite exterior memory capa-
city of which IBi punched,cards are one example. There would bé no need at

¢ all for an internal memory if such an infipite external memory could operate
'at’electronic speeds, - Since this does not seém 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 this memory intoc the internal memory, or vice versa,

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

d

multiple equipment, but this does not lower the cost. Any simple and prac-

tical form of external memory so far cgnsidered cannot compare in épeeq to
the electronic, internal memory sﬁeed. Thé internal memory capacity must ‘
therefore be chosen ﬁith reference to the kina of prbblems_which are to be
done at high speed (that is, at:speeds not limiteq by the input and output
_rateé).‘;For instgnce, an internal @emory caéacity equivelent to about 2000
.‘ten;digit decimal'numbers may be considered a minimum for'handling numerical

solutions of partial difterential equations having two independent variables.
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4,14 Simplification of Stgp 1

¥

:ﬂﬂhbe put on only one iy

Tt is believed that serial oneratlon at level (o) is of extreme
value in simpllfy1ng the planning and layout of a. problem which comes under

step The operator has no parallel timing problems to worry about, S1nce

the machine cen do but .one operation at a time, his attention can llkewise

‘at o tine,

The machlne must be capable of carrying out any numerical operatlon
reouired by the mathematlolan. It is'evident that only a few basic or
standardxoperations could be built up:from theee Certain,operations; al=
though expresslble in terms of more elementary ones -‘are used so frequently
that it is advisable to have the machine "know how" to do theee prooesees.

An ex:mple of this is multiplication, which should be handled as a’basic

- operation for which no elaborate instructions‘need be given, On the other

hand the temptation to provide a great variety of standard operatlons mst
be res1sted. More of these requires more control equ1pment but the main
reason for 11m1t1ng the number of basic operatlons is that step 1 is not
simplified but rendered morevdifficult by having too many operations to re=
member and to choose among;._An.insfruction oode»mnst be aimple enough and
compact enough to be‘easily memorioed and‘ueedeithout‘need for ‘constant ref=.

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

‘coding is fovided by restrictlnv the arithmetic operations to addition, sub=
‘ pro R £ : P

traction, multiplication, division and possibly square root

A general machine needs also the ability to alter its prorram of ine=

.

Vstructions in accordance with the outcome of some numerical calculation, In

‘punched card computing machines thls finction cer be performed by "digit

control,™ One form which this. can take is  that of an instuction which oauses
the nachine %o choose between two courses of action when two numbers, a and b

are specified,: One program is follcwed if a=b is p051t1ve or zero, and the
. \

_other if a-hois negative : Such~an order can obviously be applied to programing -

“1identity checking (see Section 5.,5), but it has many other applications.
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Dizit control is easily carlried out in the ENIAC, and the instr;ction code
for the EDVAC is to contain this essential oneratlon.

AnOuher most 1mportant reéquirement on the programming or 1nstrﬁct10n
possibilities of any large and general machine is that it mist be possible to
sel up hiefar&hies of control., This may be gxprgssed by Saying that it must be
_ poséiﬁle to set up a giﬁen'program ;outine just once, and call uponrit as often
as required in the course of some other program routipE.. If this facility is
not provided the saha instruétions rmught have to be set up many timés.v This
would be wasteful of memory equipment and wasteful of the operator's time. It
‘is impossible to overemphasize the extreme 11m1tation which laok of this facility
would impose. In the ENIAC, the master programmer serves the desired purpose.
Instruction orders which operate upon other instruction orders will meke this
procedure logically possible, in the EDVAG. ‘

One further desirable qharécteristic»for programing systems should be
pointed'out. Any sequence .of instructions which define a problem should be
capable of rapid and easy modificatién‘by the operatbr when he desires to make
slight varlatlons in his problem, This is obviously possible in the ENIAC,
since the operator has immediate access to all of the manual program controls.
In a machine whicﬁ is automatically §et up from»tape; for instance, it-is
not. obvious that this condition is fulfillede In fhe design ofvthb EDV]b,-
it is'h.oped‘ %o moet this condition.

In oonclusion: it may be remarked that for any large machine it is'de-
siraBlerto establish a "library" of standard prcgfam routines, - In the oase
- of the ENIAC, such a compilation cdnbsomatimes avoid duplication of effort
in the planning stage_of a new problem‘whigh has parts rgsembling old problems,
but it can Hardly do muéh to reduce mamual set-up time, For machines which
are autgmatiqally set up, a great deal of time and effort can be sgved_by
such a libréfy. BElectro-mechanical machines now make extensive use of su&h
libréfies, which include fundfion tables .as well as progranm routines.A Exactly

the same teqyniques'can obviously be applied to the EDVAC.
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'CHAPTER 5

RELIABILITY AND CHECKING

5.1 Relationship of Reliability and Checking.

The need for checking depends greatly on the inherent reliébility~of the

device being checked. A device which failé extremely often is not worth checking,

and one which never fails needs no checking. In practice, failufes can never be

"eliminated completely, and some method of controlling end recoznizing failures is

.

highly desirable.

Ip a digital‘compﬁtihg machine, the failure §f aimost any component can
vitiate the entire computation. Even a momentary fgilure of any part may therefore
be considefed és a failure o? the whoie mgchine. Since a large computing machine
contains many parts, its failure freguency ma& be high even though the individual
components have a low failure rate, . | |
5.2 Detection end Loéalization‘og Failufes

| Checking devices or methods detect rather than prevent‘failures. Since the
checking davice-or process may also fail, it might saém that there is no Bﬁd to
checkingf. It must be fecognized.whowavar,.that»no system can really detect all
errors; the true eim of checkingris to reduce.the probability of undetected
failures to an/éxtremelyilow value which is deemed tolerable,
:A secondary, but bylno means ﬁrivial. function which may be served by check-

ing is %o localizé the failuré. The importance of this feature increases with the

size of the machine and the complexity of the calculations. Suppose e long and

involved problem is dome by two different methods on tﬁc different machines.' If
the resulté agree, there is very little chance that théy'ére wrong; but if the§
fail.to agree, there ﬁay be no clue as to which is*r;ght or’where the error was
mede,  ‘To avoid having this situation recur freguently, either checking must be
dope more frééuently on smaller pa{ts.of the problem, or the machine components

mist have exceedingly high reliability.
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5;3 Types _end levels of Checking
It is convenient in discussing checking methods end dgvicés to use the
following terminology:

Repuat checking The same operation is done again in the same
way with the same equipment, ‘

¥ultiple checking The s@me operation is done in the same way,
- . but using entirely separate pieces of equip-
ment of the same cohstruction,

Identity checking Two equivelent but different methods of do- ~
' : ing the same operation are employed, and the
results compared. The two methods maey meke
use of different equipment, or the same equip-
ment in different ways.

Test checking 4.\ test problem, for which the correct answer

‘ 'is known, is run through the mechine 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.:

N

Smoothness checking The smoothness of a series of calculated values
is examined, usually by higher order differences,

Programmed checking - Chécking which is carried out in accordance
. with specific: instruction orders (at the cone.
trol. of the operator). ‘ ‘

Built-in checking dhecking which is not at the discretion of the

operator, but is always done by the machine
without instruction.

These categgries are not all sxclusive , hor exhaustive.'-The first five
are types which are usually programmed , not built-in. There are numerous types of
built-in checking which are hard to classify. OCne of the best is that used by
certain relay computers which detect whether the proper number of relays have operated
in each step of the problem, allowing no operation to proceed until the immediately
prior operation has been checked in thié way. This method is noteble for the

nicety with which 1t locelizes errors, and for the high reliaﬁility4which:it

achievese
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It is cohvanieni,foAspeak of various "levels" éf checking. At the lowest
‘level, every wmit operatién‘is checked, whiie at the highést.level an- entire problem
might be mul iple checked or identity ebacked on two distlnct machlnes.> Except
for the relry check just mentioned,‘bbth‘oz these extremes are undulyr expensive,
since intermediste methods can usually be found to insure'édequata veliability
combined withAreésonable localization of failures,

It is obv1ous that a'digitel computing nachina'Whlch has- anJ claim to
flexibility will certainly_permit prograrmod checking of any sort desired, Smooth=
ness cheqking; fqr instance, can be aided by automatic caléulation oflthe»reQuired
,differencesf. The désigner is concerned, howaver, with the quesiion of whaf check-
ing devices should be built=-ian, In answerlnr this question, careful consideration
should be given to the kind of fallures which are likely to ooccure

5.4 Character of Failures

Equipment failures can be broadly classified into these two Froups:

Type 1 = lasting failures, which persist until qorrected.by the
operatorfor maintenance personnel, '

Type 2 = transient failures, for Whlch the apparatus passes back
and forth petween correct and incorrect operation,. usually
but not necessarily at irregular intervals, Type 2
\ » failures are often ocalled "intermitients," o

Type Z faults are nore difficult to detect and locate, If not defected
Vimﬁediatély, there is no‘way of lmowing how mény-calculations have been spoileds

Probably oné reason why relays have been pgeferred'tovvacuum tubes fér use
in large computing machines is that more is imown about their failure characteristies,
Type 1 faults are extremely improbdble in gooa relays, Most failures are type 2,
caused'b& dust particles fouling contacts for a few operations omly, being shaken
out By subsequent operations, These failurgs‘are reduced by uéing two contacts.in
parallel, but they stiil predbminate over type 1; The step~by~step built-in check=
ing cirouit mentioned in Section .3 is therefore qulue essential for computlnv

reliability,.
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For vecuum tubes, quﬁntitativb‘1nformation-oﬁ failnrei is very fough.vand
comparisons are difticultvbeéause_conditions of usage are not standardized, Some
general facts abogtvthoir failure charaéterigtics are of considerable importance
to any discussion of checking,  Suitably tested tubes,dperated‘uhdof proper condi-
tionq can havg a uéeful life of about 10,000 houfs. Type 2 failures are rare, and
type 1 fallures ere h;gh during the first feﬁ,hou;é of operation, becoming low
thereafter, Type 2 failures may'arise from mechanical vibrations, loose connections,
and such thingé. but thé pericd or interval,associatgd with these is usually long
enongh to cover many operations at the high electronic computing speeds. Extrenely

lov. svel cheoking is not needed to detect thesea
As tubes age, their signal output gradually decreases, until at some time
‘-an occasional pulse may not affect the device it is supposed to operate. Por this
reason it is importent to design computlng circuits so they are insensitive to
rather lurge. changes in signal strenvth The liklihood of type 2 failures from \
aging effects can then ba graatly reduced by perlodlcally testing all tubes. By
other methods, potential type 2 failures can be forced into becomlng type 1 fallures
which are readily located. ‘There is no comperable procedure for relay mechines.:
5.5 ENIAC Chegk;gg ggg geligbiliti | |

“The ENIAC has not been provided with any built-ln checking devices in any
sfrict sense of the term, However, there are circults whlch see to it that all of
the numerous power supplies are operatlng within certain tolerance limits, and other
circuits which shut down the whole machine if certein fuses are ‘blown, Another /
feature. described in Chapter 3, is also related to checking and localization of
failures. The oycllng unlt is capdble of operatinb the machine by single addition
tlme steps, or by single pulse steps, edach step contro}ledﬂby-a push batton,  All
counters and pther flip~.flops are equlpped with neon ir;dica‘biﬂg lemps, so that
many details of‘circuitvoyerations can be followed visually during a manuallya_

somtrolled step-by-step check. It is also possible to operate the maghine, either
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‘qontinubusiy' or stép—bygstep,at any_pulse repétition rate lower than the stendard
1oo,opo per sec,, or pi@n somewhét’above this rate. Thus certain timing tolegances
can‘be investigated. | |

Since the ENIAC has no built-in checking, careful attention haé been given
" to improving reliability by circuit design. Tubes and other components are opefated
at very conservétive retings. Tubes are used as binary elemeﬁts. being either on or
of f, Large safety factors are profided, both iﬁ signal strengthvand in timing.
In gene{ai. all tolerances have been ma&e consistently large. . ’ L

Any kind of programméd.checking may, of course..be used, except that #hgre‘
is no way of multiple checking operations such as multiplication, division and
square root, for which duplicate equipmenf does not'exist. ~Identity checking and
émbothhess checking éppear to be reasonable methods. .Considering the éharacter of .
vacuun tube failures, as discussed in the prededing section, repeat checking_is
protebly of no value at all since the same errors will probably be made during the
seoond run. For exactly the same reason, test checking is very likely to be
quite. successful, and if‘this tufns out to be the case, this ﬂill be the nost
efficient sort of general pufpoée checking. Cnly after considerable operating
;xpérience will it be known h§w freguently (or infrequently) test checking wiil
have to be done. ﬂhenever'the natufe of,thgrprbblem allows it, ;moothness checking
should also bé done, but this method does not reveal systemutic efrors.
5.6 Adfantages of Serial Oge?ation

Prom the standpoint of checking and reliability, §6mpletely serial machines
have important edvantages.  In the first place, since less eguipment is invélved,
there is less liklihood of a maéhinerfailure. 'The time 1oét wheh a failgre occurs
is also reduced, since both diagnosis and repair are easier with less equipment,

Juite apaﬁt from thié, however, sérial machines have‘a considerable

advantage with respect to checking. Since there is less equipment'to be checked,
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less eguiument s needed to do the checking. In fact. a humber,ot camponents can
sometimes be checked by a single checking device. Test checking is‘easior to work‘
out for a macnine ‘baving fewer components end proportionately more of them Lsed
1n each operation. Since meny parts of a serial machine are in almost continuous
operation, there is also more opportunity for detection and lovation of type 2
failures. |
A very significant fact is that ell of the digits for any number must pass
through the seme chennel.  This means that a type 1 failure in scch a channel will
‘afxect all the digits of every number that uses that channel. It is cuite.probable
| that the calculations will be 80 completely upset thut the failure will be cbvious
‘when the results are 1nsPected, presuming that no built-in checking cetches this
; failure.. This is to be contrasted with the p0581b111ty, in a Lulti-channel mechine,
of a single digit failure ceusing only a very small error in the results, Such an
.error night be sufficiently systematic as to go undetected by smoothness checks.
‘When type 2 failures are considered, tﬁe fact that all digics'must pass
through the same chennel is even more important. In a serial machine eny type 2
failure will be alwost cerfainly cause a gross error, and egaic wight be noticed
© without th; eid of built-in checking devices. In a multiple machine, if a type 2
‘failures occurs in a place where it dos. nct cause & ross error, the faulty canpon-
ent may cause errors only inirequently and thus go undetected during the course of
meny problems unless identity checking or inbenious test checxlng is employed
Although all failures 1n a serial machine are likely to cause cross errors,
‘and would probably be noticed without bullt-in checking devices, it seems reason-
able to build in any checking device uhich (does not require a yreat deal of equiphent.
5.7 Checking in the EDVAG

_For the EDVAC, it is expected.that most of the aquipmenc will be associated’

v

‘with the memory. This means that the arithmetic orgen and the control unit oould

be multiple checked by having duplicate squipment for these narts. and yet not
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inorease the total équipmant very much, The eiicuit which dompares the resulté from
the two computers can also be checked by having a dupliocate comparing circuit, thﬁs
guarding against failure of this checking device,
To check the unit éperatio;s of the computer within any standard arithmetic
process‘seéms unNNecessary. Reliabllity is suff101ent1y assured by the multiple
‘checklng of compiete arithmetic processes, and checking at = lower level would
- involve much more equipment and’ serve orly *o localize failures. It is believed
that such éxtreme localization is not ﬁecessary, since once a computing failure has
been notioed either diagnostic test checking or electrical service instruments ocan
 be used to loosate the faull more pracisel&;

Methods for checking the memory and switches will not be desoribed here

except in vafy general térms. It is probable tha% a kind of built-in test checking, :

requiring only a small amount of equlpment will be found sultable. Sufficient
input and- outnut equipment can be provided so that multlple checklnp can he used.

It is hoped that these built-in checking devices wlll improve the relia—
billtv to such an extent that the operator will not ordlnarlly have to devote ;uch
attention to programmed-checking. If,’after the EDVAC is put into operation, it
is founﬂ that this hope is not entirely5justified, then a certain amoumt of programmed
chebking'might ha~e to be done, In any event, all of the failures which are
noticed by the vuilt-in checking sysfem will be to some extégt localized and

service problems will thereby be simplified,
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'Remerks on Arithmetic 0peration of the ENIAC

The purpose of this appendix is to present in more deteil the arithmetic
- operation of the multiplier and ﬁivider. ' To do this let us first describe the
systenm fe} hendlieg;negafive,nuﬁbers in the ENIAC. Since the ring counters in
the aecumulaeorsfcycle in but one dieection it is deeireble to treat subtraction
as a form of eedition by the introduction of a eyetem of complements.
Let us focus attentiee on‘ehe 10 decade.counterevof an sccumulator. - Any
integervbetween 1 and 1010-1 inciusive, is uniquely representable on the counters

10

‘ ' 0
but the numbers zero and 107" are indistinguishable. = Hence the sum (101 -N)+N

; appears as zero on the decede countérse The number 10 -N is referred to as thu

% L ; complement of N with respect to 10l

| -To permit a unigque representation both of positive numbers N with

o&N = 10 —1 and of the complements of such numbers there is: arso-called

PM counter to the left of the decade counterss This counter is e einary one

? ’ since its function is to distinguish between.positiﬁe numbers (which carry

‘ sign P) and their cemplements (which carry sign M)e In the transmission of a
positive numbe; no pulses are sent elong ﬁhe PM lead. in a digit tray;_whe:eae
‘nine sign pulses are sent for a complements The P counter can receive as its
_input e;ther.the sigﬁ puieesier e ca:ry-ever-pulse from the extreme left hand
decadees The reception of an even nunber of pulses ieaves the couﬁter 15 its

! original state,’the reception of an odd number of pulees hee‘the effect of

oyclihg the PM counter to its ether stages It is now easy te verify that all

~ the usual arithmetic properties of addztion and subtraction are obeyed in the

system describede. There follow a few illustretive exampless The sum of
801 and 527 appears as

P 0,000,000,801
P 0,000,000,527 -

P 0,000,001,328 ;
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the difference 801 minus 527 as

P 0,000,000,801
M. 9,999,999,4L73
P 0,000,000,27}; 3

and the difference 527 minus 801 as

P 0,000,000,527
M 9,999,999,199
M 9-999.099.726 .

The ENIAC is so constructed that the complemsnt of a number is formed hy

subtracting each digit of the number from 9 and then transmltting an adultzonal
‘ pulse over the lead associated with the extreme right hand digit es specified
by the setting of the significant figuros switche This additionél pulse has
the effect of subtraoting the rlght hand digit from 10 so that a complement
w1th respeot to 10 _is thus formade

As wes mentioned earlier, the divider~square rooter is essentially a
mechanism for autometically sequencing the behavier of a number of associated -
accumulators. It performs this sequenciny hy generating at various times
special programminé pulses which are transmltted to the appropriate accumulators.
The operation cycle whether for division or square rooting, divides itself into
four distinet phases; phase I in which the stage 1s,set for the following phases;
phagse II during which the operatxon is performed; phase III, the reund-off perlod;/
and phase IV the interIObk and clear period.

In phase I the divider emits signa&a which stimulate the numerator and
denominator accumulators to receive their arguments and\séts'up cértain program=
ning circuitse - During phase II the baéic_division and shifting ssquences ure |
éerformod. When the numerator and denomipator have like signs, tﬁe denominator
is subtracted from the numerator and the quotient is increased by.oné»in &
particular decade; when the signs are unlike, the denominator is added to the
numergtor and the quotiant is decreased by one in a particuler decade. When
the remainder changes s;gn, the basic diviaion sequﬁnee is interrupted, The

remainder is then transmitted from the numerator accumulator to the shift
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accumulator, shifted one place to the left and returned to the numerator
accuﬁuhtor; The basic division soquence is then resumeds After a shift,
however, the unit, added or subtracted from the quotient, is put into the
next decade to the right of the place in which it was previously accommodated.

Phase 1] ceases and phase 1I1 starts when en overdraft occurs and when the

specified number of enswer places have been founde 'We shall not further dis-

cuss phases III and IV, but consider a numerical eiunple of diwision on the

ENIAC. See Problem 1, P. A-l;. | 7 . ' ‘ ,
The multiplier, as was remarked above, carries out its operation by

‘forming successively partial products consisting of the entire multiplicand

by one digit at a time of the multiplier. Arrays built into the multiplier )

store the multiplications tables for numbers between zero and nine in two

parts: the tens digit and the mits digite For example, the product of

L4 x 9 is remembered as a tens digit of %3 and wnite digit of 6. Duriﬁg the

nultiplication process, the tens digits of the 'partiai products ere stored

in the so-called left-hand partial product accumilators and the mits digits

in the right=hand partial product accumulators. Upon the complotioﬁ of the

multiplication cycle the process of correctlon for multiphce.tion by complements

is effecteds At the end of this phase the left~-hand product is trensferred into

the right-hand ;ccumulatora. See Problem 2, P, A5
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QaLDLULSTY

B

PO 230 000 000

PO 020 700 000

M9 990 000 000

PO 090 000 000

H

Phase Quotient Accumulator Numerator Accum\ilator Denominator Shift Acoumulator _
. p ‘ Accumulator
Receives Stores after Receives -Stores after Receives and: Receives Stores after
receiving ' ’ receiving stores there= receiving
h ; after - ‘
I | PO 209 070 000 | PO 209 070 000 ! PO 230 000 00O
II M9 770 000 000 | M9 979 070 000 '
PO 100 000 OOU{PO 100 000 00O
M9 790 700 000 { MY 790 700 00O}
M9 790 700 000 | MO 790 700 000

. QILOIVISHL

"PO 207 000 000

PO 207 000 000}.

PO 207 000 000 |

PO 207 000 000 |

3

)

M9 770 000 000

¥ 977 000 000

; _
PO 001 000 000! PO 091 000 00d

M 770 000 000

M9 770 000 000

Problen 1

~

To perform the division PO 209 070 000 */. PO 230 000 000 to 'four figures without round=off,




A8

Left=hand Partial Product

- Right-hand Partial-Froduct
Accumulator .

Aocumulator

—

lMultiplier Receivesg Storss after Receives Stores after
Digit A : Receiving Receiving
2 P1 000 010 000 | P1 000 010 00O PO 226 046 000 PO 226 046 000

PO 000 000 000

PO 226 046 000

v 0 PO 000 000 000 | P1 00O 010 000
5. - 8 ' PO 040 201 600 | P1 040 211 600 PO .008 840 640 PO 234 886 640
: — - =S : = ——
L Complement ‘ : | ‘ ‘
a _ Correction ! M7 920 000 000

M8 960 211 600 : ,

Final A . .
Product M8 960 211 600 M9 195 098 240

Collection

RESTRICTED

;
i
4
g
4
3

C-67503-68



‘RESTRICTED o ' B-1

"APPENDIX B

Remarks on Programming the ENIAC

Inasmuch as the problem of pfogramming the ENIAC has ﬁot béen_discussed
in much detail above it isvdesifable to devote more space to this subject.‘ -
Let us first consider an extremely si@ble problem as an illustration of an
| elementary programming précedure.’ In planning a set-up for the ENIAC it is
desirable to link the elementary programming sequences into a complex whole
by @eans of the master programmer; Hence we first consider the problem of
programming the elementary steps and then plan the ovgr-all connection of
these steps by hierarchies of prégram sequences in the master programmer.

It is desired to form in two.accumulétoré a tabulation of the function
n® against h (ef. Fig. l}.' Let'us proceed inductively ;nd assume that one
accumulator contains n and another n2. We then wish to program the first
accuﬁulator to transmit its contents twice into the second one, which must
then also be programwed to réceivevtwice. Hence we need to use one trans-
‘ceiver program control.on accunulator one to cause the transmission and one
'such control oh‘the second accumulator for the reception. In addition; we
must use a program pulse to stimulate simulteneously each of theée controls
and we éhall indicate‘below‘the origin of this pﬁlse. The output signal
from either control will then be usealto stimulate a unit such as-the con~
stant transmitter to send the digit one into each §f the accumulators. We
need therefore to use one receiver progranm control.on each of the two accﬁ~
mulators to re;eive this digit.‘ Upon the reception by each accumulator of
the unit there appear the humbers (n+1) and n® + 20 1 = (n+ 1)2. Finally
the program output of the‘constant.transmitter may'be.fed into the transceiver
controls meﬁtionéd 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'cgnstant transmitter for the*purpése:of stimulating the emission of the
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digit one and to the acéumulators to stimlate reception of the digit.
Fig, .1 shows a schematic diagram for the set-up of this problen, ‘ 3
Suppese it is desired to form the =zbove tabulation for n § 13246
and to stop at n = 13246, e then wish to make use of the master programmer
to count the»numbér of times we carry out our process. To use the master
prograsmer for this purpose we associate with,‘for example, the C stepper
five decades. The five decade switches associsted with the first stage of
- the stepper are set to 1, 3, 2, 4, 5 reSpeétiveiy. The program oufput of
accumilator 2 in Tig. 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
3 1, 2 and the constant transmitter (cf. Fig. 2). After the computation of n?
f » has been stimulated 13246 times (once by the initiating pulse and 13245 times
? - from the oﬁtput of stage 1 of the stepper), the stepper cycles to stage 2.
i The program outputbpulse from stage 2 of the stepper does not cause any fur-
i ther computations since the output terminal for this stage of the stepper
1 ‘ . is not connected to any program line,
1 Evidently we could have used the output of stage 2 to initiate a new
| and differeﬁt sequence of events. It is therefore cléar that one can, by
sﬁch simple measures, order the execution of a sequence of subsequences of
operations and by suitably intefconnecting steppers achieve considerable
programming complexity in this manner.r
Instead of pursuing this cbvious topic further let us discuss other
uses cf the master programmer. The use of tie master programmer is being
stressed since it is the méchanism in the ENIAC ﬁhich enables one to link

the simple Sequences of instructions given the other'units of the computer

into a compléwihole.

i " TPo illustrate another important function of the master programmer,

| let us consider the problem of programming the ENIAC to discriminate be-

tween two.program sequences depending on the relative sizes of two numbers
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a‘and b. For example, in the integration of a differential ecuation it
may be desired to reiterate a given step if the third difference, a, of
& certain quantity is not less than a fixed number, b, and to‘proceed to
the next step in the contrafy case, After completing é 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 negative, nine pulses are trans-

mitted. Let us now connect the output of stage 1 of a stepper tc the pro-
gram line which carries the stimulating pulse for the sequence of computa-
tions involved in reiterating, and the output of its second stage to the
line which carries tﬁe stimulating pulse for the next step. !le now connect
the sign indication lead from the accumulator storing the diflerence a-b
to a transceiver whose outnut is fed to the direct imput of our stepper,
and comnect a program line to the stepper's input. +v.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 pulsesy are applied to the
direct input of the stepper since no pulses reach the transceiver. Lore-
over, the pulse applied to the stepper input causes an output pulse on its
stage 1 ou?put, thereby stimulating the reiteration program. If a-b is
negative, the stepper is advanced to stage 2.since the transceiver is stim-
ulated. The pulse applied to the stepper input, in this case, causes an
output from stage 2, which results in ﬁhe next line's beling computed.
Finally a program pulse is sent to the stepper clear direct input so that
the stepper returns to stage 1 for the next magnitude discrimination
(ef. Fig. 3).

As an extremely simple example of the way in which one may compound
sequences of program instructions consider the following problem: Suppose
it is desired to read certain data, such as initial conditions from an IBM

card, carry out a computational routine of m line steps, pfrint the final

results, and then perform the same routine n times. We cguld then use
RESTRICTED
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stage 1 of stepper (with the stage one decade switch set at 1) to signal
for the card reading, stage 2 to order the computations to be performed
while its associated decade switches count the m repetitions, and stage 3

to control the printing operation (ef. Fig. 4)e

5till another master programmer stepper is used to stimulate n repe;

‘titions of the read=-compute-print sequence, The initiating pulse is sent
to this stepper, gnd the resulting output pulse from stage 1 stimulates the
first read-compute-print sequence. The terminal pulse of the read-compute=-
print sequence is also delivered to this stepper.

In closiﬁg let us consider the means at our disposal for performing

a large number of multiplications. It is clear that in plamming 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 integration performed on
one varisble is essentially the same as that performed on the other, Henoe
it suffices to arrange the computation so tha®t onlv one of the integrations
is set up on the arithmetic units and to have the master programmer provide
for the iteration, In this fashion, problems involving numbers of multi-
plications far in excess of 24 can be 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 ne&essary freedom, These other ‘techniques resquire 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 transoceivers,

i.e,, about 10 per cent of the program control capacity., In general, in

plaming a set-up of & problem for the ENTAC the inner economy of the machine

mist be considered in allocation program facilities to various parts of the

problem,
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In closing let us consider the means at our disposal [or performing
a numbef of multiplications in our basic croup, which are essentially alike
in the following sense: +the multipliers a; (i ; 1, 2, eve, 1) and rmulti=-
plicands by are received on the same channels; the produets cj = aj by are
transmitted on the same lines; there are the same number of digits in the
multipliers; the products o3 are rounded=-off to the'same number ol places;
and the multiplier, multiplicand and product accumulators require the same
clearing or holding instructions. Evidently the simplest procedure for
handling the proulem is to devote one multiplier program control to each
of the n multiplications, This technique is, however, not always possible
as, for ;xample, in the case of a problem requiring more then 24 nultipli-
cations,

An alternative procedure is to use but [h/%] + 1 multiplier controls,
where [x] is the largest integer £ x, and the same number of stepperse

We illustrate by showing how to achieve six products 6y = aj b3
(1 =1, 2, ses, 6) by the use of one stepper and one multiplier control and
a number of dummy progrem controls., Ve first define a dummy pfogram consrol
as any transciever which is used to perform no arithmetic operation but
serves only to give an output siznal 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 a3
by and to stimulate the multiplier to produce o3, By means of these durmy
controls we have isolated the order to the multiplier from the orders calling
for the constants ay, bj.

We now send the output signal from the multiplier intb our stepper
and send the output pulse of stage one to four more dummy econtrols which
stimulate the disposal of the product 01, the transmission ag, by and the
multiplication 85, by by the same multiplier control. The output signal of

the last multiplication is sent to the stepper and output of stage 6 can be
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used, as indicated ebove, to stimulate a new multiplier control (cf. Fig. 5).
As a closing illustration let us consider the previous problem but
let us set the problem up in a different way eliminating the 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. When the multiplicetion is com-
pleted, we do not use the multiplier output pulse. Instead we take the de=-
layed signal from our fourth dummy and use that siznal to stimulate five

more dummy controls in the obvious wey. (cf. Fig. 6a) v
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APPENDIX C
GENERAL CONSTRUCTION DATA Ol THE ENIAC

The ENTAC is a very large arnd complicated machine, The electronic and
relay apparatus, exclusive of the portable funetion 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 wide and eight and one-half
feet high. Including tﬁe cases which house the tubes and air filters;.the unit§
are about two and one-half feet deep. Over thirty thousand cubic feet of air is
forced per minute through the air filters and around the tubes by ten two=horse-
power blowers, The hot exhaust air, which is between ten and twenty degrees
Fahrenheit above réom temperature, is passed through sheet metal ducts out' of the
building in which the machine is housed, In addition to the forty panels above,
six similar panels of greater depth and two of smaller deptir house the power
supply equipment, '

The forty main panels of the ENIAC are arranged in 4 large U with sixteen
of the panels on each leg of the U and eight panels on the end, Thus U, together
with the eight power supply panels, the three porteble 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 o?er the machine in order to save
floor space, Viewing the U from the inside, the forty main panels of the ENIAC
arranged from left to right are:

1, Control and Initiating Unit

2, Cyoling Unit

3.)

) Master Programmer (a two-panel unit)

[+ 205,

S N A e d

*{ First Function Table (a two-panel unit)
. ,

o ~3

Accumulators 1 and 2 (two one-panel units)
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Divider and Square Rooter

Accumulutors 3, 4, 5, 6, 7, 8, 9, and 10
(Eight one-panel units) -

Multiplier (e three-panel unit)

Accumulutors 11, 12, 13, 14, 15, 16, 17 end 18

(Eight one-panel units)

Second Function Teble (a two-panel unit)
Third Function Table (& two-panel uaiv)

Accumulators 19 and 20 (two one-panel units)

Constant Transmitters (a three-panel unit)

Printer (a three-panel unit)

95:]

Nine digit trunks of eleven wires each end ninety-nine program trunks of

one wire esch are mounted in trays which are stccied on shelves at the front of the

machine. The digit trays are placed on a centrally located shélf, wiile the progrum

trays are stacked at the bese of the machine. Both sets of trays as well as the

frame of the machine are made in eight foot, or four panel sections, Front panels

containing the input and output terminals wnd the w.rious program control switches

are mounted between the two tray assemblies.

blies are plugged into socksts on the front panels and on the trays.
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bulbs on the accunulutors are visible above the digit trays, while other neon bulbs,
arranged to show the statg pf the prpgramming equipment, are visible just below and
above the front éanels. o : ” |

‘If more thaﬁ nine digitrchannels or ninetp-nine program channels are required,
they can be obtainedvby removing the plug and cable assemblies between one or more
ad jacent pairs of.trays, thus giving a greater number of total channels some of
which will n§ 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 mechines. This is ordinarily
a semi-permanent comnection - 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 uﬁit contains a larger oscilloscope
which may be used to examine the various signals which are generated by this unit,

The ENIAC contains between seventeen and eighteen thousand vacuum tubes
which are mounted along the back surface of thirty-seven of the forty panels.

They are mounted horizontally just inside the dust covers which support the air
filters.

The other three panels of the ENIAC contein over fifteen hundred automatic
telephone exchange relays mounted in a similar menner. Thu~ each main peanel
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, with the vacuum tubes, the nunmerous elements or components of
the FNIAC,

The ENIAC consumes one hundred and fifty kilowatts. This power is supplied
by a three phase regulated two hundred and forty volt, sixty cycle power line,

The power consumption may be broken up as follows: eight& kilowatts for heating

the tubes, forty five kilowatts for generating DC voltages, twenty kilowatts for
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driving the ventilating blowers, and five kilowatts for the auxiliary card machines.

‘thile the ENIAC does not contain any built-in checkin;: equipment, a number
of points were given special attentlon in its design. Fivrst, very conservative
tube ratings, well below those of the manufacturer, were used, Second, more
then 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 signal or voltase level of Lhe circuits was generally maintained at
approximately forty volts and in practically all circuits in which sharp pulses
were transmitted, shielded conductors were employed, A few exceptions %o this
rule were made undex; extenuating circumstances, ourth, the ventilating system
not only cools the roonm in which. the machine is housed (which is only a few 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, end 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 being installed.

In addition, special t_est equipment allows many of the circuits to be
easily tested, This equipment includes a special test bench with its own power
supply and electronic and oscillographic equipment so that the small spare units

may be tested without interfering with the operation of the machine,
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