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S. CHARP

1
1. Introdustion

In the design of the ENIAC, which was censtructed by the Moore
Scheol of Electrical Engineering for the Rallistic Research Laboratory
of Aberdeen Proving Ground, 1t was necessary, because of the great necd
at that time for such a calculator, te freeze engineering at a very
early date. As construction proceeded, however, it became increasingly
otvious that by a recvnsideration of the logic, it was possitle and
desira¥rle to design a computer much smaller in size than the ENIAC,
with even greater flexibility and better mathematical performance then
the ENIAC. This cenclusion was reached as a result of consideration
of the computing speed possible with electronic design, the operating
characteristics of the circuit elements required in electronic com-
puters, and the nature of the mathematical preblems which can be
attacked economically only by large scale high speed computers. The
Ballistic Research Laboratory became interested in this possibility,
end in late 1944, it was agreed that, as work cn the ENIAC permitted,
the design and censtruction of such a machine should be undertaken,
under the sponsorship of the Office of Chief of Ordnance, U.S8. Army,
by the Moere Scheol of Electrical Engineering.

A progress repert on this machine, the EDVAC, or Electronic Discra®
Variable Computer, was published in September, 1945, covering a number
of pessible physical designs, all meeting the general logical require-
ments established for the EDVAC.

In a conference in early 1946, attended by Dean Hareld Pender and
pr. Irven Travis of the Moere School, Col. Paul Gillen of 0CO, and Dr.
John ven Neumann of the Institute for Advanced Study, it was decided
that experience with a pilot model of the EDVAC type was urgently

needed, in order te obtain information about coding problems and
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operating characteristics, which could then be applied to the design

of & very comprehensive calculating machine., It therefore seemed
expedient that the Moore Scheol should immediately proceed with the
design and construction of a small preliminary model of EDVAC for the
Ballistic Research Laberatery, while the Institute fc;r Advanced Study
should undertake a study pregram leading to the esta¥lishment of design
requirements for a large-scale comprehensive computer.

In working out the preliminary designs for this small EDVAC, Moore
School personnel worked in close cooperation with representatives of
the Ballistic Research Ladoratory who were then operating the ENIAC.
Both Moore Scheol and BRL persomnnel very naturally desired this small
EDVAC to be as comprehensive as possihle, and still meet the require=-
ment for small size and simplicity. In order to obtain a mutually
agreeable interpretation ef the term "Small Preliminary Model of EDVAC",
a conference was held at Aberdeen on 9 ®ctober 1946, attended by Dean
Pender and Dr. Travis of the Mcere Schee¢l Colonel G. F. Powell and Mr.
Semuel Feltman of 0%, Col. L. E. Simon of FRL, Dr. von Neumann of IAS,
Mr. Harry Diamond of the National Bureau of Standards, and other repre-
gsentatives ef these activitles.

The Meore School presented three possible designs, briefly
described as fellows:

EDVAC I. A very simple binary cemputer, with automatic addition,
subtraction and multiplication, programmed division, and no internal
checking. Memory capacity 1000 words.

EDVAC II. A simple binary ceded decimal computer, with fixed
decimal point, all four basic arithmetic processes automatic, and aute-

matic checking in the computer. Memory capaclty 1000 words.
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EDVAC III. A more comprehensive machine, with autematic floating

decimal point, and all the automatic features listed under EDVAC II.
Memory, 4000 words.

In this conference, it was decided that a binary machine based ocu
the EDVAC I design, but with automatic division and automatic checkirgz,
was desirable. This machine was designated as the EDVAC 1.5. It was
aleo decided that the National Bureau of Standards would design and
supply the equipment for preparing and printing from the magnetic wire
used in the Reader-Recorder of the EDVAC.

As the design of the EDVAC 1.5 progressed, further dlscussions
with ERL representatives indicated the desirability of introducing
certain additional orders, such as the "Extract" order, described in &
later sectiecn of this report, into the coding scheme. Since these
changes, together with another change necessary to give increased
stability to the memory, would considerably increase the complexity of
the EDVAC, ansther conference was held in Aderdeen on 27 May 1947, in
which two alternative proposals, EDVACS 1.5A, and 1.5B, with and withouv®
the added coding flexibility, respectively, were considered. No final
decision was reached at this conference, and Dr. R. F. Clippinger of
BRI, was appointed to consider the various possibilities, and sutmit a
repert, As a result ef this report, the EDVAC 1.5B design was approved,
with one minor modification. The major part of this report is devoted
te & condensed description of the approved design.

In the discussion that follews, it has been necessary, in order to
keep the size of this report within reasonable bounds, and to avsid ex-
cessive attention to minor details, to introduce certain simplificaticnc,
and to omit occasional exceptions te certain general statements.
Emphasis is placed on the overall logic, the basic engineering design,

and on the principleshbf operation ef the EDVAC.
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2. @rganization of the EDVAC

A simplified tlock diagrem of the EDVAC is shown in
figure 1(drawing 104-10IA-4.) All the igtercemnecting
lines represent single channels carrying words or characters
only; none of the centrol comnections are shown. Major
physical and functional components of the EDVAC are indicated
by the full width blocks in the figure.

(a) Reader-Recorder. This unit contains the three
wire drives, associated serve-mechanlisms, amplifiers for
the magnetic reading, recerding and erasing heads, and equip-
ment required to transfer information from the heads to the
precessing delay and vice versa.

(%) Control. This unit centains all epurating buttons,
indicating lamps (but net flip-finp neons) , central ewitches,
and an oscilloscope for aid in meintsnance. The cantrol
gsends special erders, which arv set up on switches, to the
dispatcher in erder to start the machine, and may send words,
set up en another set of switches, to the high-speed menory.

The arove twe units, shown at the top of the bleck
diagram, are the only ones which contain devices which are
manipulated ®y the eperator.

(c) Dispatcher. This unit deccdes orders received
from the centrsl and the memery, and special data received
from the precessing delay or computer, and emits contrel
signals te the other units which are nceded by them in order

to preperly perform their functions. It gontains an elect-




rical delay memory which retains the order while it is

teing performed. The dispatcher cabinctgelso house the

shifting and precessing delay which assembles the charact-
ers recelved at low spuved from the reader-recorder and trans-
mits them at high speed to the high-speed memsry, and also
dissects words revceived from the high-spesd memory and trans-
mits them, one character at a tims, to the revader-recorder.
Thie delay ia alse used in the "extract" order. The recir-
culating system is housed in the dispatcher. This gating
apporatus permits a word being transferred cut of the memory
to be simultancously copied back inte the same position,
and has other special functions in the wire and extract
orders.

(d) High-Speed Memory. This consigisof two iduntical
units, each containing 64 acoustic delay lines and associated

regeneratien circuits. Each line or "tank" has a capacity of

8 words.




Each memory cabinet also houses three shert tanks of

one word capacity, which eare connucted to the computer.
In edditiun to the memory units, the cabinets also house
apparatus to deccde the addresses received from the
dispatcher and selsct the mumory position whose contents
are to be transferred out of the memory or to be replaced
by inceming data.

(¢) Computer. This unit performs the rational
oporations, +, =, X, #on pairs of signed numbers received
from the high-gspeed memory, and returns the result to
the memory at the apprcpriate timu. When the ccmpare
order is programmed, it transfurs the result ef a sub-
tracticn to the dispatchur, which uses the aign of this
result to selecﬁ:\g alternative courses of actlon.

The computing equipment is in duplicate and thu answurs
are compared, digit for digit. Any disagrecment will
stop the machine and glve an vabnermal halt" indication.
1f the result of performing +, -, s+,8lves an answor
whose absolute velue is vqual to or greater than unity,
the computer emits signals to the dispatcher and control
which may be used tc modify the subsequent epuration

of the machine in variocus ways.

(f) Timer. This unit is not shown in the bleck
diagran. It emits clock pulscs at intervels of 1 pssc,
and tining pulses at intervals of 48 mace (1 minor cycle).
There 13 also a Igjor cycls pulse occurring every 364

psec (1 majer cycle = 8 minor cyclus) originating in the

dispatcher.
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In addition to the EDVAC proper, an input-output systom
is being constructed by the Neticnal Burcau of Standards. This
cquipment, whosu design is a relatively indupendent problum, is
to conaist of modifivd teletype equipment for inscribing key-
boarded information to the magnetic wires, and for outscribing
information from the magnetic wires to automatically typewritton
characters on rolls of ordinary paper. The apparatus which
converts koyboard data to wire recordings is known as thu in-
scribur, that which converts wire recordings to typewritten
characters, as the outscriber.

Before discuseing the block diagram, it is important to
consider the various languagee that are employed in thu EDVAC.
Basically, there 1s a spokun and a written language. *{py former
Consiste physicelly of timed electrical pulses. The u8Bential
function of the EDVAC timer 1s to interpret these signals. The
spoken language is dynamic; if the power is cut off, all of its
characters will disappear. The writton language consjets phyeically
of magnetized regions on the wirus. If power is cut off, the
cheracters of this language are purmenent , owing to the magnetic
revtentivity of the medium.

Both languages are binary, that is, only two kinds of
cheracters are employed. In the spoken language the two kinds
of characturs are characterizod by the presence of & pulse or
the abscnce of a pulse. In other words, the absence of a signal
is not a mere space bstweon charactors, but cenvoys information.
The timing pulses are comparcd with the pulses in the werd and

when both are present, wu have ons kind of charactur, end when
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only the timing pulse occurs, we have the other kind. The timing

pulscs arv c¢yclic and thus scrve O identify the boginning and

end of & word as well as all intermediate positions. This
language is thus scen te be synchronous, and not interprctable
excupt with the aid of a clock.

In the writton languages, the two kinds of ¢heracters ore
distinguished by regions of opposite longitudinal megnetlc polurity
on the wires. The reader-recorder can proporly identify thosu
rogions regardless of the direction in which the wire moves, pro-
vided only that thc direction in which the inscriber pruparvd
the wire is known. This dircction must of coursc be known at
all timus when the wire is used. Unmagnetized strotches occurring
botweun magnotized areas, although nothing but blanks or spaces,
have the important function of making the charactors discruto
and countable. If all the words had the same number of characters,
n, the beginning and e¢nd of a word, as wull as any internediate
character, could be identificd by counting the characters from
the buginning of the first word on the wiru, and deturmining
the residue modulo n. This is wasily mochanized by a countur
which "counts off" the characters in groups of n.mus,
as prepared by the inscriber, have:z; o:, b4 or n = 5V, however,
hence the end ef a word ia signallced by & spucial kind of char-
acter or "marker" on the wire, which is an abnormally long
magnetized rogion jdentifying the end of a word. The written
language thus has three distinct kinds of characturs, as well
as blanks, and is static and hence asynchronous.

More conventional languages are used in the input-output
system, employing, inter alia, the 10 decimal digits, Tho input-
output eystem 18 capable of transliterating these charecters into

the binary languago, but truc translation, i.e. thu binary -denary
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(vinary-decimal) interconversion is a mathematical pro-
blem which, in the absence of & special purpose computer,
will be programmed en the EDVAC. For problems requiring
large emounts of computation per unit of input or output
(for which the EDVAC is intended), tiis procedure ie
perfectly foasible. More details on the languages
employed in the input-output system will be found in
Section 4. In what follows wo restrict ourselves to the
languages used in ths EDVAC proper.

Having dispesed of the characters of our languages
the nature of the words requirus some explanation. In
the spoken language, a word consists of 44 characters.
Introducing w as a word variakle, vz (e, Cpuenes Oyl
where the c¢'s are either pulses or nen-pulses. In the
cemputer, a word is interpreted as a k3-digit binary
number with sign. The two kinds of characters are inter-
proted as zeros and onos. The kind of character which is
represented by & pulsc is interpreted as & 1, and the
absence of a pulse as a 0. The function x (W) 1s

introduced: 43

2 "1 - -1 c
duy ctl (-1)*, where oy, oy, = 0, 3.
l_i % 5

thus ropresents the algebraic sign of the number, and

A chh

a pulse (1) represents -; no pulse (0), +.
4 =b3 -1

g - 1-283 4
Since x! = f——-‘z 2 ci, rex I = Z—-"z s 1.2
1:=1 R

N
3, end minixl = 0.




It should be noted that IXI<1l, and we have fixed the

. 43 43
"binary" point at the left. Thus -142 <x<4l-2 7,

» _n
and x can be varied only by increments of 2 3 or

multiples thereof. Any real number, X, in the closed

interval -1+2-Mt<.x §+l-2'hh can be ruprusul_:wd, wsing
only one word, with o maximum error of M 6x10'lh;
| the absolute accuracy (and also the relative accuracy
with respect to max |x|) of one-werd represuntations
of numbers is about 10-13. Since there are 2“
different kinds of words, but only Ehb-l different
values of X, there 1s one number which has a non-
unique representatien, namely; zero. The camputer

18 so deeigned as to recognize -0 and {0 a0 the same

number, which is not en entirely trivial problen.
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The interpretation of a word in the dispatcher is guite
different. The dispatcher, in effect, breaks the word up into 5

segrents: €164 inclusive, ¢ and ¢

10 11"%20° %217%30° 3140’ b1 ~u
The first U segments of 10 characters each are called addresssa

1, 2, 3, 4, respectively. In ordsr to have & convenient
symbolism to employ when discuseing these segments, particularly

in sectinn 5, five functiens of w are introduced;

A A A A
12 (11,272,..., 220) = (¢, Cprenes cm),

& R

A A
2: (21, 22,..., 210) ),

(cll’ G0 ts Sy

i 3 0y A
= 1 L ; L

3 (3 » 3 2! » 3 lo) (021, cael ] GBO)!

A A A
Wt @1, 2,0, 4M0) = oy, egarists Oyols

44 = clO(J-l) +1; 323, 2 8,8 1), 2,000, 10
T =1c(j'rl, T, Typ Ty) =05 Cyps Cygs Oy)

Since 2 21024, the functiens | A (w), that 1is, the
four hlocks ef 10 binary characters, have exactly 1024
functional values, which agrees exactly with the number of
positions in the high-specd memory. To a first approximation,
the dispatcher uses each address to sulect a mumory positian
involved in a transfer of data; since there are b addresces

per order, the order code is referred to as a k-address cods.

The f£inal bleck ef 4 characters, the functien T(w), designates
the crder- ; namely , the operation to be porformed on the
nunPers invelved in the transfers. (i.e., addition, subtraction,
etc.) Complete details will be found in section 5. Although

L
sixteen different kinds of order-types are poseible (2 = 16),
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enly 11 different codings are erdinarily used (A, S, M, D, C,

m,d, E, W, H, 7). If onu of thy 5 unused codus unturs thu dlspatcher,
the machine will cease cemputing and indicaty thu causv. This provides
a valuable safety featuru. If, through some orror in progremming,

a numer is sent to ths contrsl, rather than the crder, the pro-
Pability is 5/16 that it will bde meaningloss. The prehability of

any sizwahle number of such errenccus erders paseing UMeTeCtud
thrsuch the dispatcher thus bucemss venishingly srall, peri!ouwlarly
when 1t is neted that the characturs °h1‘°43* whick form part of the
rrdvr-type code, correspund to the least significant digits of the
numburs and hence will tend to fluctuate randomly.

T hure 18 ne integnal characteristic of a word which dis-
tinguishus.ofders from numbors. The distinctien is dynamic. Any
word ontering the dispatcher is an erder; eny word sntoring the
computer is a number. The sams werd may hove both classifications
at @ifferent times. This possibility is env of the major innovatiena
in the EDVAC, which distinguishes it frem carlier large-scale
computers; there is no scgregatien of pregram and numurical data.

It sheuld be noted that the charactors ¢ -0y inclusive, in a
single werd are invariedbly accompanied in the memory by four censtant
characters, Y548 These characturs are all "non-pulses" and are
required te give a time {nturval botween words gufficicntly long te
permit the electronic circuits te eperate propurly. Thuse charactors
arv knewn as switching tlanks. Altheugh & word usually only contains
4 usuful characters, a miner cycle is 48 pscc in length. It should
also be borne in mind that the charectcrs appesEr in roverse time
s quunce within the machine, that is, ¢y appears first, thun °h3
one peec later, and finally ¢;. In @& serial adder, which is uscd in

the EDVAC, the carrius must prepagate from right te left, as in




4 1
pencil and paper addition; the least significant digit must Yo

vxamined firast.

The written (wire) language will now be discussed. Thure arv
ruvally two languagus, the words of which can b¢ interminglud in an
arbitrary mennur. One language has U4 binary characters pur word,
Kyjeees khh' Thuse cerrvepend oxactly to the 44 binary characturs
of tho spoken language. The othor language has 54 characters per
word, xi,..., Kim, Kil""’ th' The last 44 characters again
corruspond exactly to the b4 binary characturs o f the spokun languagv.
The first 10 characturs, Kl'xio' corruspond to an address. This
addruse 18 callud a fifth address, and designates the dvsired
location of the word Kil-Kﬁh in the high-spevd memery. When
"read fifth address" is programmed, the fifth addruss 18 sent to
the dispatcher, which then uses it to contrel the location of thue
word. The EDVAC reader-recorder can bu pregrammed to read eithur
language, but to recerd enly the k-language. The inscriber and
outscriber squipment is similarly designed. gither language can be
kuyboarded on thu inserider, but thu eutscribur can transliterate
only the k-language /’Eseu suction b4).

Tt will be recalled that in the spoken languagu thu characters
occur in ruverse time sequonce. €n tho wiwes, however, thu cher-
acters originally appear in ncrmal sugquence. The keyboarding precueds
from loft te right in the normel way, and when the wirv is traveling

in the ferverd direetion (defincd &s the dirvetion 1t moved when 1t

was rocorded in the inseriber cquipment) k, passes undur the runding

hvads bufore k , otc. This causes no @ifficulty, since when the

virv is read into the machinu, all cf the characters are asscmbled

in the precvssing dvlay wufore they arc sent te the high-spued

memory. It is murely necessary te assemble them in the ruverso

EDVAC, and to

srdvr when the wirs is rupning ferward in the
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asscmbley thuem in the obversy ordur when the wire is running backward.

words ~f the k-language can thus be revad with the wire running in
oither dircction. The order of the words may be reversed, dut the
order ef the characters within the words is not. Individual words
arv thus palindromic for all practical purposvs. Recording on the
wire can B¢ accomplished in vither #irevcticn in a similar manner.
Since thu precessing delay can only assemble 44 characturs, it is not
possible te handl. words of the K-language in this palindromic
foshibn. Tho first ten characturs from the wire arv asssmblud and
sent to the dispatchur, and then the last ferty-feur are asscmbled
and sent to the memory in accerdancy with actien takun by tho
dispatcher on thy first tun. Thu two portions of the word can be
proporly reversed, but not thy word as a wholy, Attempts to rvad
these words backwards would rusult in interprouting Kh5"xsh as the
address and Kl-xu as the werd. No serial palindromic manipula-
tion of the twe suparate parts will be successful in accomplishing

the desired results.

| We new turn to thu principles involved in the routing of data
within the machine. The basic tranefor operation is known as an
"exucute." The function of an executv 1s to make one of thu

1024 high-speud memory positions available to thu rust of thv machine.
The 10 binary characters of an address arv requirvd for this purpose.
The switching problem is partly spatial and partly temporal. The
characters JAl’ JA'r inclusive arv used to svluct env of 128 long

Y - t luct of 8
tanks, (2'-128) and charecters Jns JAJ.O arv ;sad. o suvluct onu
positiens (minor cycles) in thu leng tank (27-8). A thrvc-stege

binary counter in tho dispatcher counts minor cycles modulo 8. The

timing pulses are used to identify the difforent charactors within

a word, and the eutput ef this counter 1s usvd to identify thu
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different words in a tank. The tim.r is analagous to the minute

hand of a clock, and the minor cycle counter analagous te thu hour
hend. The dispatcher comparus the status of this counter with
Jﬁa‘ JAlO cach miner cycls, and when they agrue, the dispatcher

recognizes that the word desired is on the verge of wmerging frem

the output end of soms long tank, and emits an exvcute signal.

JAl‘ JAT are continually available at the high speed memory, ready
to sclect the proper tank on receipt of the sxecute signal. As
soon a8 the execute 18 received the proper long tank is opened long
enough to emit the 44 characters ef thu word stored thervin en the
connuction marked YX in the diagram (see figurel), and to receive
vhatever information appears at YJ during the sams time interval.
As soen as the transfer is cempleted, the internal recirculating
system of the tank restorevs the regencratien loep and the mumory is

completely isolated from YJ and ¥YX until another execute occurs.

! It will bv scen that as far as the memery is cencerned, an uxecute
merely causes the contents of the memory position identified by the

address concerncd te be emitted at YX, and to bu replaced by what-

uver date are concurrently present at YJ. Whenover a word is with-
drawn from the memory for use¢ in the computer, dispatcher, or if the
ultimate dvstination is the megnetic wire, the word emitted ie
simultancously made aveilable again to the memory at YJ, from YW,

via the extornal recirculating system and ZX. The information is

thus merely copied and nat crased. On the other hand, if the result

of a computation is being trensferred frem the computer to the memery,

or a word is being read from the wire or the input generator in the

control, the external recirculating system fails to make the
connectisn botween ZX and YW and the old contents of the position

affected disappear. This design philosophy is followed whenever
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reasonatly possible; no data are erased until it becomes essential
to do 80. The word "urased" nay be slightly nislvading in this
contuxt. Within the high-speed momory, a total avsence of pulses,
;o' is significant since if-;o)-_-o. A cleared memory position will
be interpreted by the computer as a zero. The dispatcher inter-
pruts it as an "unused order".

A8 socn as an exscute occurs » the dispatcher immediatoly
switches te the next address to be coneidered. Since there are only
10 characters to examine, this can vasily be accomplished serially
during onwv minsr cycle. By the tims the memery contents affected
by the first exscute have been completely transferred, the checking

of the next address is completed, and if agreement is found, the

sucond execute follows ths first after one minor cycle has clapsed.

Agreement must certainly occur tefore 8 minor cycles have elapsed,

80 unluss the dispatcher inhibits the exscute for reasons not
pertinent to this discussion (such as waiting for the cemputer to
complote a multiplication), the second execute must follow the first
ty at most 8 minor cycles. Assuming rendem distribution of the
addrusses, the average waiting time will be 4 1/2 minor cycles or
21k ysec, The maximum ia 384 psec (8 minor cycles), the minimum

is 48 psec (1 miner cycle). Although the access time of thu mumory
1s stated to be 200 psec in round numbora, it is possible in certain
Protlems to approach the optimum waiting time of 1 minor cycle by
careful programming. It should not be assumed that the waiting time
1s necessarily atove and bgyond the time required for computing.
For instance, in addition, the first exvoute tyansfurs on: of the
Surmands to a computer short memery tank, the second exccute trans-
fors the second summand to the computer adder, and simultanvéusly

transfurs the previously received contente of the computer short
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memory to the computer addur. Ths two numbers thus entor thu adder
in parallel. The edder has a delay of only about .6 jpeec which can
easily be mede up during a ewitching blank. By the time the eccond
summand has completely left the memory the sum {8 ready to emerge
from the adder memevy where it 18 to be stored until the third
execute occurs. If the desired locetion of the sum is properly
arrangod, the three executes mey occur in three succossive minor
cycles. Thus from the time the first character of the first summend
leaves the memory to the time the last character of the sun enters
the memory, as little as 3 minor cycles may elapsw. Since 3 trans-
fors have occurred, addition requires no time whatover in addition
to the walting time.

Continuing with the addition example, the first cxecute causes
the first eddund to be sent to the computer. Characters Ch1~Chy s

that 1s, T(w), are also decoded at this tims, and the results memo-

rized on flip-flops wntil the entire order is cempleted. The
vXeCute also advances a ring counter which controls the seluction
of the 4 addresses in the order. The second execute transfers the
second addend to the computer and starts the addition. The
recirculating system returns both of these numbers to tho memory
simaltaneously with their withdrawal. The third executs transfers
the sum to the mgmory. The recirculating system closes for this
oxecute. Finally, the fourth exccute transfers & noew order to the
dispatcher. S,M,D orders (subtraction, multiplication, division,
both of the latter with round off) are similarly handled. The
Program chain can thus be stored in the high-speed memory in any

erbitrary manner; the control is not required to scan mamory

positions in sequence. This pexmits grvat flexibility in programming,
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sub-routines can be easily integrated or additional orders inter-
polated when ths problem is in the Planning stage witheout requiring
oxtensive alterations of previous ceding results. Programming
for minimum tims 1s also more feasitle with a four-address code.
Tt should be pointed out that the entire order is not decoded at
one time. There is only ons address-decoding circuit in the
dispatcher, which scans the addresses sarially.

The computer performs directly (i.e., using one order) the
rational algebraic operations, together with all necussary trans-
fers. The result is always returned to the memory. In the case of
miltiplication and division two optiong are provided, one pro-
ducing a round-off and the other a more accurate result suitable
for problems requiring more significant digits than can be stored
in a single memory position. Thess order-types are designated
as m,d. The computer alse performs a subtraction when the dispatcher
reaches a "cempare" order, end the result is sent to the dispatcher
instead of the memory. In this order, the contents of the memory
position designated by address 1 are compared with the contents of
address 2. Depending on the relative magnitude of these two numbers,
the dispatcher selects 1ts next order from address 3 or address b.
The compare order is the EDVAC analogue of what are variously known

as branch, discriminate, or conditional transfer orders in other

terminology, and permits previously computed results to affect the
course of the computation.

In addition to these T orders, which the computer performs,
there is the wire order which transfers any selected number of
words from 1 to 1024 from the corresponding number of positions
ready to pass under the reading heads in either dirvction to a

selocted sequence in the high-speed memory, or vice versa.




1?-
These words must be written in the k-language (44 characteras per

word) previously mentioned. It also permits words to te trans-
ferrod from positions ready to pass under the rvading heads in the
forward direction to positions identified by the charecters 1(1-110
on the wire, until a designated memory position has been filled.
These words must be written in the K-lenguags (54 characters per
word). Finally, it permits & transfer of & word set up on switches
on the centrol panel (auxiliary input generator) into the high-
spouvd memory. In all cases, if the information is coming from the
memory, no srasure occurs, but if the information is going into the
msmory, the previous contents are displaced by the new data.

The vxtract order permits digits to be shifted, i.e., a linear

transformation on the subscripte of the cy, it alse purmits sclected

portions of a werd to be replaced by corresponding portions of this
shifted word. This order enables a word to be dissected, and on-
ables replacements of word segments to be performed.

The visual order is designed for a future installation; it
performs no computation, but emits the centents of 2 selectud
memory positions simultancously en 2 outputa. This is designed to
be used in conjunction with a long-persistence vieving scope and
digital to continuous conversion apparatus which 18 planned for

future installation.
Finally, the halt order causes the machine to ceass computation,

give an andible and visual signal, retain all results, and permit
calculation to be resumed when desired. This 18 used for program-
ming break pointe or indicating the conclusion of the problem.

Full details on all these cperations will be found in section 5.
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Normel operation of the EDVAC will procecd as follows:

the operator will take one or more "printed" wires and possibly
some blank wires and load one or more of the three wire drives

on the reader-recorder. The blank wires require preparation since
geven though no characters are present the markers are nweded. A
special order to read the "printed" wire will then be set up on

the contrel switches; ancther switch (mode of opuration) is set to
dircct the control te read this special ordsr. The initiate button
is then depressed, causing the special order to be sent te the
dispatcher where it is acted upon and the informaticn on the wire
is read into the high-speed memory. The machine then halts after

a few seconds. The switch (mod¢ of operation) is then set to a
continuous mode. The initiate button is depruased again. The
machine starts and continues to opurate until a prograified halt is
rvached. An audible undﬁyisunl signal are given and the machine
conses computing. The operator then removes the wires which contain
the recorded date, presumably one of the wires which was originally
blank. Tach output wire, criginally prepered on the inscriter
equipment, is loaded into the outscriber equipment which autcmat-

ically prepares a typewritten transcript of thy information on

the wire.
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3. Discussion of Design Problems

As pointed out in the first section of this repert, the EDVAC is
required to be much smaller than the ENIAC, with greater flexibility and
better mathematical performance. It was tacitly assumed that the speed would
be at least equal to that of the ENIAC. Reliability is an obvious requirenent,
and operating experience with large scale computers of various types in service
today has further indicated the need for emphasis on design for maximum
reliability, coupled with inclusion of an adequate checking system. These,
then, are the basic design requirements for the EDVAC.

In order to obtain high overall speed in the solution of complex
mathematical problems, high functional speed must be supplemented by an
adequately large high-speed memory. The most influential factors in deter-
mining the overall design of a large scale computer are probably the nature
and size of the high-speed memory.

In late 1946, a mercury acoustic delay memory unit had been built by
the Moore School, and had operated stably and reliably for long periods. At
this time, while a number of other types of memory gave promise of eventually
becoming useful, it did not appear that any other type could be reduced to an
engineering design in the immediate future. The mercury memory Wwas therefore
selected for the EDVAC.

In the discussion of possible problems for digital computers, require-
ments for a high-speed memory of as many as 10,000 words have been encountered.
Howcver, many of the problems currently under consideration for high-speed
computers can conveniently be handled with a memory of 1,000 words or less
without excessive loss of time because of too frequent replacements of the
contents of the high-speed memory from the input mechanism or the inter-

mediate memory. Since the EDVAC is a binary machine, selection of a number
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of memory positions which is a power of 2 will simplify coding and switching
problems. It turns out that a mercury acoustic memory of 1024 words requires
very nearly the same amount of equipment as the rest of the machine. A reduc-
tion in memory size to 512 words, the next lower power of 2, would result in a
saving of only 25% in size and cost of the machine, and would certainly slow
down the solution of many problems. On the other hand, increase to 2048 words
would increase the size and cost 50%, and it appears the additional memory
capacity would be required by a relatively small number of problems. A high-
speed memory capacity of 1024 words has therefore beecn selected as the best
compromise between the mathematical requirement, and the requirement that

vhe EDVAC shall be much smaller than the ENIAC.

With the memory capacity determined, it is possible to fix the word
'ength, by also taking into account the method of coding numerical information,
‘he method of coding orders, the necessary switching time per minor cycle, an’
e number of digits required for the desired degree of precision. As indicated
in the preceding sections of this report, the EDVAC is a binary computer, and
a four address code, with a type of operation order appended, has been
selected because of its flexibility. It has been found that four digit spaces
switching time is required each minor cycle. Experience with other large
scale computers has indicated that the number of decimal digits per number
entering or leaving the machine should be on the order of 10, and it is
preferable to have a few more digit places available within the machine, to
-ase the scaling problem and decreasc round-off errors.

Since 102l is 210, LO binary digits are required to specify the four

addresses in the memory. Four binary digits are used in the type of operation

order. Adding these digits to the switching time, we arrive at a total word
For reasons discussed in a later paragraph, it has

length of L8 digit spaces.
been found desirable to operate at a rate of 1 binary digit per microsecond,
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so that the word length is L8 microseconds. It will be noted that the Ll usable
binary digit spaces per word permit the use of 10 digit decimal numbers (binary
coded) with sign, in the input and output, and that within the machine, signed
i3 binary digit numbers are used, corresponding approximately to signed 13
decimal digit numbers.

The amount of equipment required for a given number of words in the
memory depends upon several factors. Since each mercury coluun must be pre-
vided with transducing, amplifying, and selecting equipment, it is economical
to store as many Words as possible in each tank. The attenuation per unit
length of tank is small in comparison with the coupling losses. On the other
hand, information stored within the tanks can only be available when it reaches
the end of the tank, so that the time wasted in waiting for a word to appear
at the output of the tank may appreciably d ecrease the speced of computation.
Assuming serial operation, since the mercury memcry logically operates in
this manner, the average "waiting time", or time required to remove a word
from a tank is n+l . microseconds, where n is the number of words in a tank,
and w is the 1angﬂit: of the word in microseconds. From this point of view,
it is desirable to have the tanks as short as possible. In addition to this
factor, there is a change in transit time, as the temperature coefficient of
increase of acoustic velocity is greater than the linear coefficient of thermal
expansion of the material of the tank walls. With eight L8 microsecond words
storage space in each tank, the permissible temperature tolerance is +2kec,
if the pulses leaving the tank are broadened by a factor of tiree before being
used to gate clock pulses. The average waiting tins with this _engzuh of tank
is only 216 microseconds. With a 16 word tank, the waiting tizs would be LOB

microseconds, and the temperature tolerance would be oaly *1-1/1,°C. Since

it would be extremely difficult to maintain a large asscmbly of tanks within

this tolerance, it appears that 8 words is the maximum tank length for
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thoroughly reliable operation, and the EDVAC memory therefore consists of 128
B-word tanks, located in two temperature-controlled ciabinets.

The broadening of the pulses mentioned above is achieved by making the
long tank lengths one and onc-h2lf microscconds less than a major cycle, and
jnserting a multi-tapped delay line, This delay linc also makes it possible
to emit a word to the recirculating system one microsccond carly, so that
after the delays inhercnt in its excursion, tho word may re-enter the tank
in oxact synchronism.

Liquid delay lines are used, since this is a2 siraightforward way to
avoid interference from transverse waves. Quartz transducers arc used because
of their stability and low cost, and because X-cut quartz crystals are well
suited to the production of compressional waves in the liquid. Of a large
number of liquids considered, mercury was found to give the best acoustic
match with the quartz crystals, and consequently is used in the EDVAC,

Mercury has three disadvantages; it is dense mnd expensive, and it
is contaminated by most metals, producing a powdery deposit on the quartz
surfaces, which greatly increascs the coupling loss. In the EDVAC, con-
tamination is completely climinated by the use of glass tubcs with tungsten
clectrodes. Height and cost are reduced by uso of tubes of the smallest
diametor consistent with good performance. Measurcments have shown that
dispersion and wall attenuation effects, which ure serious at very small

diameters, are reduced only slightly by snereasing the tubc diameter nbove

3/8 inch, which is the size sclected for the EDVAC. This small diameter also

decreases crystal capacitance, wiich deoreases the driving power required.

Tank tempcrature will be stabilized by enclosing the tanks in heavy

extruded U-sections of Dow metal clamped to thick vertical plates of the same

ack, with heating elcments between.

material. These plates are mounted back to b
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them. The temperature control system is designed to maintain the temperature
well within the % 23°C tolerance noted above. Thirty-two long tanks are
mounted on each plate. The entire assembly is enclosed in a heat insulating
case, and a pair of coaxial leads is brought out from each tank to its
associated recirculating chassis, which is mounted outside the insulating casc
where it is cooled by circulation of the ventilating air. Two of these
assemblies, mounted in separate cabinets, are used in the EDVAC.

Some consideration was given to the possibility of using a temperaturc
compensating device with each tank, instead of the system for controlling the
temperature of the assembly. While attractive in many ways, this would require
considerable development, and would have the disadvantage of requiring 128
individual controls, the failure of any of which would incapacitate the system,
as compared with the two controls required for the two-bank stabilized system
in the EDVAC.

As indicated above, functional operation must be fast enough to give
operational speeds comparable with the ENIAC, in spite of the fact that the
serial operation of the EDVAC is inherently slower than the parallel operation
of the ENIAC. /An upper limit to the operation speed is set by the pulse
repetition frequency. The frequency selected, one megacycle per second, is
determined primarily by the characteristics of the commercially available
vacuum tubes used in the machine. Experience with the ENIAC has demonstrated

that for long life and reliable eperation, tubes should not be operated at

aver.ge currents or dissipations above half the values for which they are

normally rated. Under these circumstances, it is feasible to produce pulses
of at least 15 volts amplitude with 2 rise time of .05 microsecond. The pulse

can then be made to have a base width of .3 microsccond, and a crest width of

.2 mierosecond. A repetition frequency of one megacycle per seoond then
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provides an interval between pulses slightly greater than twice their duration,

which is adequate for good discrimination, even when the pulses have been
broadened by passage through a number of circuits. Fifteen volts is chesen as
the normal pulse amplitude because this is about three times as great as the
grid excursion necessary to cover the active characteristics of the tubes at
the plate voltages at which they are operated. This overdrive eliminates
spurious pulses due to noise or cross-talk. Reduction of factors of safety
would permit higher operating speeds.

In all circuit design, emphasis has been placed on reliability,
simplicity, economy of vacuum tubes, and to the limited extent to which it
is practicable, standardization of circuits. Two circuits, extensively used
without variation in the EDVAC, have been built into plug-in units, for ease
and speed in maintenance. These are the flip-flop and mercury memory circu-
lating units. Crystal gating circuits are extensively used, to decrease the
~umber of tubes required. All available information indicates that the life
of the germanium crystals, at the voltages and currents to which they are
subjected in the EDVAC, will be many times that of the tubes they will replace.

in a field as new as electronic digital computer design, it is impossible
to set up hard and fast rules of circuit design. Where guiding principles are
established, they are subject to modification as mere information becomes
available, and occasional exceptions are inevitable in order to moet
carticular requirements. Subject to these qualifications, the following

guiding principles in circuit design are believed to be conducive to reliable

operation and long component life:
(1) All heater voltages shall be held at 6.2 +0.1 volts,
(B) The difference between cathode and filament potential shall in no case

exceed 70 volts.
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(c) 411 voltages for D. C. coupled inverter and buffer stages shall come
from the same bleeder.

(D) Mica and paper condensers shall be used at no more than 50% of their
rated values. Electrolytic condensers shall not be used at more than 50F
of their rated values, and shall not bec mounted near any heat dissipating
elements.

(E) The current through 1N3k crystals shall not exceed 6 milliamperes.

(F) No operational pulses shall appear on the contacts of switches or relays.
Where nccessary to switch pulses, switches or relays may be used to
control the bias of gate or inverter tubes.

(6) all pulse lines more than 2 feet long shall be terminated by their
characteristic impedance.

The checking system and its use are discussed in Section 7 of this
report. L number of methods of checking the algebraic operations were
considered, and taking into account the maintenance problem, it was concluded
that the most satisfactory method was to build two identical algebraic units,
carry out all algebraic problems in both in synchronism, and compare resul ts
at five points., As described in Section 7, other checks have been provided
in the Reader-Recorder and Dispatcher for detecting forbidden orders, numbers
in blanks, and other coding and functional errars.

The problem of driving pulse lines has received a great deal of
attention. The method used in the ENIAC, the driving of lines by means of

cathode followers in parallel, is in general unsuitable for use in the EDVAC

because of the large number (on the order of L0) of tubes required to drive

certain heavily loaded lines. Two new methods have been devised: blocking

oscillators for low duty cycle lines, and power pulse transformer coupled

tube banks for high duty cycle lines. These systems require only about one-

sixth as many tubes as the earlier circuits.
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The use of magnetic wire as the input and output medium for the EDVAC

is largely the result of a decision to make extensive use of commercially
available equipment in the Input and Output Systems, which are described in
the next section of this report. For convenierce in coding and to eliminate
excessive wire transport three wire drives are used. Although in most cases
all three can be used interchangeably, it is often convenient to consider

one as primarily for input data, one for usc as an intermediate memory, and
one for output data. Together, they furnish an auxiliary mcmory of more than
150,000 words, the equivalent of more than 6,600,000 binary digits.

The FDVAC is housed in steel cabinets 86 inches high. In all except

the Memory Units, chassis are mounted vertically, with doors front and back
for ready access to both sides of each chassis. This arrangement simplifies
maintenance and is convenient for installation of the ventilating system.
A1l air inlets will be located on the sides or backs of cabinets, which makes
it possible to build a partition flush with the front panels, and completely
isolate the ventilating system. This will eliminate noise and drafts in the
operators' space.

Relatively few manual controls are required, since they are used only
for starting and stopping the machine, examining the progress of a calculation,
modifying a routine, or checking functional operation. Most of these will be
mounted on the Control Unit panel, with a few on the Reader-Recorder pancl

for use in connection with the handling of the wire spools.
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L. Input-Output System
The input-output system is the result of collaboration between

the National Bureau of Standards, the Institute for advenced Study, and
the Loore School, It is designed by the Bureau of Standards and, insofar
as possible, standard commercial equipment has been used in its construction,
particularly Teletype equipment and standard wire recording components,
Figure 2 is a block diagram of this system,

It is divided into two parts, the inscriber and the outscriber.
The inscriber is used to translate the information prepared by the programmer
into a code on the magneticwire which serves as an input for the EDVAC, The
outscriber prints the information which the output of the EDVAC has placed
on a magnetic wire, on paper for human consumption,

Two Teletype keyboarding machines are used in the inscriber,
The first is called the preliminary perforator and is used to prepare a
preliminary "chadless" paper tape by typing the programmer's instructions.
Chadless tape is used in order that the character may be printed over the
perforations, to assist in checking, This preliminary tape is then fed
(either directly, or after being reeled and rewound) into a solenoid-
operated tape reader, the output of which is fed through the Verifier to the
perforator-printer, This machine will be used, preferably by a different
operator, to retype the same code., The output of this machine is fed
back to the Verifier, If the character typed agrees with the character
cn the tape, it is punched in a second tape, not chadless, called the
verified tepe, and the tape reader advances the preliminary tape to the
next character, If the two charapters disagree, an indicator lamp lights
on the Verifier panel, and the perforator-printer locks until the source

of disagreement is eliminated, Provision is made for alteration, deletion,
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or addition of a character, as required to place the correct character
on the verified tape, No characters are printed on the verified tape,
tut a page proof is provided for checking against the original code
script.

The verified tape is then fed by a tape transport device
through a transmitter-distributor, the output of which is fed to the
deleter, The deleter removes spaces, and converts the 5-character
teletype code into the binary notation required for the input wire,

The output of the deleter is fed into the wire recorder, which
records units as positive pulses, and zerocs as negative pulses on the
wire, It also records marker pulses ,6 inch long, to mark the ends of
words, These marker pulses furnish the EDVAC reader-recorder with
positioning information and the dispatcher with word counting information.
A space of at least .l inch is left between the end of a marker pulse
and the first digit pulse, If the 5-address code is being used, 54 digits
will be recorded, and the space between the end of the word and.the marker
pulse will be about ,17 inch, If the L-address code is used, only L4
digits are recorded, and a wide space (about ,37 inch) is left at the
end of the word, The pulses themselves are sbout Ol inch long, with
spaces of the same length, When recording is complete, a high-speed
rewind prepares the wire for the EDVAC, "Blank" wires for the EDVaC
auxiliary memory and output require the markers, which are placed on
then by running them through the wire recorder with no input signals,

The output wire from the EDVAC has only L4 pulses per word,

The pulses are slightly wider than the input pulses, and the end
spaces are smaller than on the input wire, These pulses are read by

a wire reader, similar to the wire recorder, anplified and assembled
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in groups of four in electronic circuits, These circuits control a
parellel-type punch which perforates the final tape, Since only
sixteen different signals are provided, the output tape cannot provide
the complete teletype (5-hole) code,

The final tape is passed through a transmitter-distributer
which operates a page printer, In view of the limited code used, this
printer can only print 16 different characters, Ten of these characters
are the conventional decimal digits and 2 are the symbols +, -, Ordinarily
an output wire to be printed, since it will contain decimal data only,
needs only these 12 characters, The other four characters are arbitrary,
and only needed to print out wires which have not been converted to
coded-decimal data, or to detect errors in supposedly coded-decimal

data,
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5., Performance Details

5.0 Numerical Interpretation of lords

n

The method of performing the operations, or order-types, &, S, ¥, D. C,
has already been outlined, The eleven different order-types will now be
considered in more detail, It will be recalled that each ofder corsists
of 4 addresses, of ten characters each, and an order-type of 4 characters,
In order to be scrupulously accurate in describing the results of per-
forming an order, without indulging in clumsy locutions, a carefully
considered symbolism is essential, We have already introduced the
functions lﬁ(;): 23(;), 5Z(Go, L;(;) to describe the four addresses
in an order, and %(;) to describe the order type.

In the sequel, a numerical interpretation of these segments is
important, because certain operations on addresses performed in the
dispatcher are most easily explained if the addresses are numerically
interpreted, Taking a broader view, this numerical interpretation is
important for two additional reasons, In the first place, both the
inscriber keyboard and the manual control switches are such as to make
it convenient (and in some cases, necessary) to introduce the address
(j;'l') and the order-type (T) in numerical form,

Secondly, since the EDVAC stores orders and numbers in a common
reservoir, it is possible to manipulate orders by passing them thru
the computer; This is the most striking difference between the EDVAC
and earlier large-scale computers, since it opens up an exceedingly
wide range of programing possibilities. But if orders are to be

treated as numbers, the relation between the numerical and the order

interpretation of a word must be made explicit.
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The function nl I) is introduced:

o i=10 (10-i) -
nSA) = L 2 shy j where jA; = 0, 1; §=1,2, 3, A
i=1
This gives a numerical identification for every address and preserves
the interpretation of the characters of our languages as zeros and ones,
Since 0 £ n & 1023, the memory positions in the EDVAC will be con-
sidered as being identified by these values of n, The characters in an
address are considered to be the successive digits of the binary ex-
pansion of n, As stated in sectlon 2, the characters A 1-3Aq
identify the long tank, thus
(A=) 27 %A; , where jA =015 j=1,2,3,4

The first ;e:ren characters in an address ( a) are thus the most significant
digits of n, We now have the numerical identification for the long tanks,

Since 0< ] < 127, the long tanks in the EDVAC will be considered as

being identified by these values of £ b
Finally the characters JAF' - A y5 identify the minor cycle

(modulo 8), thus
i=10 i
& 5(20- )

jAj, where ja; =0, 13 J =1, 2, 3 L.
i=8

m(J' A) =

The last three characters of an address (Jf_\.) are the least significant
digits of n, The numerical identification for minor cycles will follow
from the fact that 0% m X 7. The minor cycle counter in the EDVAC

is designed to count forward so that the minor cycles occur in the

natural sequence O, 1, 2, seey 7o In planning problems, particularly

for minimum waiting time, and in order to utilize the inscriber key-

board most efficiently, expansions to the base 8 will be normally used

to represent memory positions. QOctonary (octal) digits are denoted by
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O, 1, 2, 3, sses 7o In this system, 0000 < n< 1777; 000 & I £ 177;
and O Lm< E. Since one octonary (octal) digit is the equivalent of
three binary digits, and since there are only 10 characters in an address
(j:)’ it will be convenient to replace the 1 by 1, to represent a binary
digit. These characters all appear on the inscriber keyboard, In the
octonary (octel) system, the least significant digit of n identifies the
minor cycle, and the other digits identify the long tank,

#hen performing certzin types of orders, the dispatcher modifies
the addresses (_",1) by changing their characters in such a way that n(j:':)
increase$ by unity, Numerical operations on orders in the computer can
also be interpreted as changing n(j 4), This raises the problem of deter—
mining the memory position corresponding to an arbitrary integer, that
is, of establishing the inverse function n-l( sé(n(-jﬁ))) , where ¢ is
some numerical operation on n, If n is 1023 and ¢ is n + 1, then g(n) -
becomes 1024, which corresponds to no address (J'K) since it requires

11 binary digits instead of 10, In order to take care of this, we

define N( J‘E) as the residue class of integers congruent to n(J A) modulo
1024, The function N(J-:ﬁ:) now has a single-valued inverse, and the values
of n will be used as the standard representation of t?m equivalence
classes which constitute the range of the function N, For example if
N=1023, N+1=0,

Finally we introduce the function P to designate the memory position
identified by an address. This represents an actual position in the
high-speed memory, and not a mere number,

P(j%) = P(n(;3)) = P(N(;A))
thus if n( J};) = 1336, P is the éth position (minor cycle) in the 9lst
long tark, it any fixed time W (P) is the word stored in position P,
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?'(}I) is the word identified bty the address 'II. A numerical inter-

pretation of T(ﬁ) - (cbl, Chz, Cose CM) is also convenient,

L3

/ {=93 N\
” "

| e Z (¢+9-4) | Cas

ifH:TJ — f\ . St -'i(hi) , where Cir‘eg =0, 1.
(=41 / ;

The interpretation of the characters as zeros and ones is preserved,
Since =7 £ n <+ 7, the order types may be identified as signed
octonary (octal) digits, Since the sign occurs at the right, it will
be appropriate to write these digits with the sign in the same position,
e.g. 7-, 3+ , The ambiguity of +0 and -0 is resolved by making both
of these unused orders.

The eleven fundamental order types will now be specified, roughly
in order of increasing complexity. The alphabetic symbol for the
order type, which appears on the control switches, and the numerical
symbol, which is used when keyboarding an order in the inscriber, appear
in parentheses,

5,01 (V, T—Q Visual Display (provision for future use)
The first execute copies W(;A), the word specified by the first

address into a short tank, the second execute presents a copy of '\i(zz't),

the word specified by the second address and simultaneously with. it,

the memorized W(,A) from the short tank, on two output terminals. oA
is not executed, that is, used to select a memory position, but is

decoded to give another signal which is intended to select one of three

output scopes:

1 mod 4, flip flop 1 is set;

If n(gﬂ)

If n(}h‘) 2 mod 4, flip-flop 2 is set;
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If n(BK) & 3mod 4, flip flop 3 is set;
if n(jim") =0 mod 4, no flip-flop is set,

In other words, the least significant octonary (octal) digit in

n(jﬁ))[}, is intended to select the scope:

D=1or?% selects scope 1,
D=2orb selects scope 2,
D=3or 7 selects scope 3,

D=4 or 0 selects no scope,
The other digits in n(;x) are thus not significant, In order to complete
the installation required for performing this type of order, it will be
necessary to provide 3 long persistence scopss to be turned on and off

by the flip-flops, and a pair of digital to continuous conversion de-

vices (pulse-modulation demodulators) to transform the pulses of the

words into voltsges for the scope deflection plates, When installed,

this equipment will permit visual curve-tracing as the problem pro-

ceeds, The last execute copies the contents of the memory position

identified by l;::’ i‘.e. w(&:)’ into the disnzteher to zurble the _,.-_.--_;_,_-‘-1-‘.;';

Sequence to continue, It should be noted this order does not alter

the contents of the high-speed memory in any way.

5.02 (H, 6+) Halt |
vhen this type of order reaches the control, the EDVAC ceases

all computation and gives an audible and a visual signal, The power

remains on and the machine is ready to continue,- If the initiate

button is depressed, the contents of the memory position identified

by 1; (the new order) is copied ‘into the m&md the EDV.C resumes

Operation, Ry . A, A are dummies in the halt order and have no

l}." 2 3
Ieaning or effect on the operation of the EDVaC, Again, it should be
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noted that this o?dar does not alter the contents of the high speed
remory in any way.
5,03 (A, 2+) Add

This is a typical order which uses all four addresses for transfer
operations and which produces a numerical result which is sent to the
memory. In order to explain the nature of the computer output, we
mst discuss this problem: Given a nuzber, x, what word is to repre-
sent 1t? The inverse question of determining what number is represented
by a word has already been settled by the conventions established in
section 2, First of all it is essential that x be a proper digital

mumber X, Lie., 16 dn the range -1+ 2 € x € +1 -2, and

be of the form x = N 2-"3, where N is some integer (not necessarily
positive,) Assuming this has been properly teken care of, what sign
(+ or.=) are we to choose when x = 0?

The partitioning of a word into 5 segmeri s by the dispatcher has
been explained in section 2; in order to clarify the discussion of
computer operation it is convenient to recognize smybolically what
actually occurs in the computer circuits, The computer sepax_*a.tes the
sign from the digits of a number and handles them separately, A word
is thus divided by the computer into two 5egnenﬁs, the first containing
L3 characters, and the last, a single characters (It should be con-
tinually borne in mind that first and last do not refer to the flow of
characters in the spoken lanzuage, which emerge temporally in reverse

order), Two new segment-functions of a word are introduced, analagously to

14 2}:: BK’ h;:’ and Tt
D(ﬁ) = (Cl, Cas eee) chg),
S(ﬁ) - GM.
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In order to be consistent with the numerical interpretation of words

described in section 2, the following numerical interpretation of these

word-segments is required:
— s iy j_:hB i
x| ©@) = || @ = §= 27 e ; uhere c; =0, 1
i=1 . &

(@) = (@ = .0, 1
a(s(w)) a(w) (-1)Cyy where chb 0, 1

The interpretation of the characters as zeros and ones is preserved,
and since A = |x(w}{, D(W) represents the absolute value
of the number, that is, the unsigned digits, (W) is a multiplying
factor which determines the sign, or sense, of the numerical inter-
pretation of the word:

/

O E&B ik c.) G
\i=1 3

This is identical with the numericel word-interpretation of section 2,

Now we are prepared to settle the problem of encoding proper

digital numbers into words, The diiits give no difficulty, since

E‘El (%) has an inverse, that is, it is unique, an:;mainly
exists if x is properly digital, There are exactly 2 different .
values of !5:"! , and exactly 243 4isferent kinds of word-segments D,
Je encode the digits of X by setting D =[§‘-’ ];J
The problem of determining S, ziven X, is slightly more subtle, In
a computer which operates with the usual notation instead of using
complements, the double representation of -0 and +0, must be carefully
accounted for in the logical design. The obvious choice for the

function S'(x) is clesely rsl ated to the function aRn( x):




3.
*1, X ¥03
sgn(x) =J0, x = 03
Lfl, x{ 0,
Unfortunately sgn (x) has three values in its rangé, which runs

counter to our binary language principles. On the other hand,

sgn x = 0 if and only if x = O, hence the difficulty only arises

in this isclated case. In order to circumvent this deficiency in

our language we more or less arbitrerily throw zero in with the
positive numbers; instead of the trichotomy, positive, zero, negative,
we have the dichotomy, non-negative, negative, & new function, sgn,(x)

is defined:
+1, x2 0 3
sgny(x) =
"'l,x.<0 .

which gives
0, x2 03
(1 - sgny(x))/2 =
1, x¢ O,
in order to preserve the interpretation of the characters as zeros and

ones, Iie now have a function which enables us to encode the sign of

zero'uniquely:

pu/fc) if {1*594;692 o A
f“J =\ - Hd
> (%) = TN
{1"5‘_'::"-\* =0

T

ne Fu;’ﬁc} ;‘F
If X is non-negative we assign ¢;, in such a way that W has a plus sign,
if X is negative, a minus sign., The computer will decode either -0 or +0
as 0, but it will encode O only as +0, This is of special importance
in the compare order as will be seen later. The methud of ancoding X,
a number in proper digital fhru;i: thus

w=wZ = |x| i x| s'(),
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where the arch signifies concatenation or justaposition,

e
!x'\ (f\) is the segment D(w) containing characters €1=C) 35 the
ngigits" of w, and 8'(x) is the character QM’ the "sign" of w, Such
a representation of & computer output will be properly decoded if the
word is returned to the comput,er, since

F{0) = "(#E) = [5(wD): o (®m=)
fi' [(D(w(x) -0 (WD
o = (¥ ))
/7‘“‘?‘] 'IM) .a(w(i’._
I5] - o (w(x)
< (%) - G(S(R(F)

I/x 1, E’(;(f_f]ﬁ)uw/zj

|l

I

1

i

"

H

The rules for encoding proper digital numbers having been established,
we now direct our attention to the effect of performing rational
operations, in this case, addition, on such numbers. Vhen we program

an add order we signify our intention of adding the contents of the

memory position identified by lI to the contents of the memory position
identified by 27::

%(#(;)) + FWA) = L.
. s not, in general, a proper digital number, S-inoa max ["5:“‘ =1 - 2""3‘
max IZl =2-2"42 and -2+ 2“*252_ f 2 = 2742, Since X varies only
by increments of 2~43, J must do likewise. ) thus satisfies the
Hgital requirement that it be of the form N 2747, but it may lie out-
side of the range stipulated for X, and hence fail to be a proper
digital number for that reason, There are 1+ (a2 . (-2*2-1‘2))/ 2
2(2&.1-») ~ 3 different possible values of Z . Since there are only ZM‘

different kinds of words possible in the memory, and there are almost
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twice as many values of Z sy it is clearly impossible to store Z
in the memory without modifying it in some cases, If we expand }_
in the binary system:

(=43

Z /a__ 2"' & ) (-;}54qawhere S5 51;14 =0, 1, and at
least one of the o is zero,
If it were not for the 8,5 Z could be expressed as a word in
the same way that X cen, The computer, emulating Procrustes, trims
off the 6  If Zl 1, we subtract 1 from it, which is
equivalent to discarding 50. If such is the case, the computer gives
a signal to the dispatcher, known as "add-subtract capacity exceeded”,
The complete significance of this will be described later; this signal
makes it possible to modify the subsequent operation of the EDVAC, In
eny case, the computer output is not modified by this circumstance and
it remains to describe it analytically., In order to do this conveniently
the function "greatest integer in x", [x] y is employed. For our
purposes it is sufficient to consider only positive values of x:
0, 0 &= <3
[x] = {1, 1éx<z,
n,.' n€x<n+ l.

- [_IZ [J will give the fractional part oflz'lonly, and this
Operatic; is the analytical equivalent of the syntactical operation of
suppressing the supcrnumerary digit at the left, 80; in other words
this is a mathematical expression for the physical operation correspond-
ing to rubbing out 60 with an eraser,

The proper digital number encoded by the computer is
..i -—("Z] ﬂ}:{])s_}" Z . This number is not encoded strictly in
“ T B
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accordance with the principles previously stated; if Z = -1,

Z = 0, but 'ﬁ'(f)will be a "minus zero", that is, 5'(x) is determined
from Z » rather than from Z » If we have an exceed capacity signal,
excmination of the sign (cu’) of the contents of the memory position
identified by ;A_, will indicate whether the result is incorrect by +1

or -1,

The complete discussion of the conversion of 7. into a proper

digital number has resulted in almost losing sight of the broader
outlines of the add order, which will now be summarized., The first
execute sends W(Ex) to a computer short memory tank and returns Tt(l:)

to the memory, via the recirculating system. The second execute sends
“'54'(2:‘1) direct to the adding circuits, retumns ;(2._1) to the memory, and
sends the memorized Tv(lz) to the adding eircuits, At the end of ene
minor cycle Z , the algebraic sum of 3':(1?(1;.)) and i(ﬁéﬁ)j has been com-
puted, and when the third execute occurs 'i(;\) is replaced by F(Y__),
thus storing the sum in the memory position identified by the third address
in the order, and displacing the original contents of that position., In
caseIZi 2 1, an "add-subtract capacity exceeded" signal is sent to the
dispatcher, to be discussed later, but in any case, a proper digital
number is stored in the memory by dropping the 1 to the 1e£t of the
tinary point, and storing only the ‘fractional part of Z « The sign
of this number agrees with the sign of Z, even when f is zero, The
fourth execute normally sends W( l;i) to the dispatcher, constituting the
next order in the program chain,

5.04 (S, 3+) Subtract

This operation is similar to add, If we program a subtract order
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we signify our intention of subtracting the contents of the memory
position identified by 2: from the contents of the memory positicn
identified by l}T:

W A) - XECR) = A
L\, gives rise to an extra digit at the left, exactly as }: does,
The proper digital number encoded by the computer is Z\— B 6./_‘-“!_""-‘@'5‘?”,3;
and if 2\ = -1, E = 0, and ?(Z) will be a "minus zero", If

IA‘ > 1, the computer emits an "add-subtract capacity exceeded"

signal, as in the previous order,

The first execute transfers 'i(lz) to a computer short memory tank
and returns _xf(l;) to the memory, via the recirculating system, The
second execute transfers 'ﬁ(g\) direct to the adding circuits, returns
"-'-.'(2]1) to the memory, and transfers the memorized -i(l;) to the adding
circuits, At the end of one minor cycle, & » the algebraic difference,
has been computed, and when the third execute occurs, 'i(BI) is replaced
by “ﬁ(E ), thus storing the difference in the memory position identified
by the third address in the order, and displacing the original contents
of that position, In case 'AI 2> 1, an "add-subtract capacity
exceeded" signal is sent to the dispatcher, but in any case, a proper
digital number is stored in the memory by dropping the 1 to the left
of the binary point, and storing only the fractional part of A
The sign of this number agrees with the sign of A evenwhen £ is
zero, The fourth execute normally sends ’i(z;l) to the dispatcher, con-
stituting the next order in the program chain.

5.05 (¢, E*l Compare

The first two executes accomplish the same results as in the sub-

—

= 18 " UL
tract order., The result, w (& ) ,nj,mmediaj'.ely scrt to tle df spatcher
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as soon as it has been computed, The dispatcher takes S(( _A_ )),
(the sign of O ) and useS it to select 3: (the third address), or
L: (the fourth address) for the next execute, If S is a pulse,

/A L 0, and the third address is chosen, if 5 is & non~pulse

/\ 2 0, and the fourth address is chosen. ?r(j:‘:), where j = 3,
4 is sent to thedisjatentron the last execute, constituting the : =+
order in the program chain, In other words, il the nuuber in tle
memory position identified by lI is greater cor cqual to the number
in the memory position identified by 21, then the order in the memory
A, will become the next order, while if

L
#wl(14) < S'((W(zi)), then w(j-A'J becomes the next order, The ruason

position identified by

for giving & = -] g minus sign, even though A = D, is apparent,
We do not wish the dispatcher to think that the numbers are equal,

if their difference is exactly -l., Similarly, /\ = O has a plus sign,

since if it had a minus sign, the dispatcher would infer that
X(W(,0)) ¢ ®(WR),

The compare order enables the EDVAC to make a choice as to the
next operation to be performed, which can depend on the results of
previous computation, since either or both of W(ya) and '1'1(2;3 may
be the results of previous computations, and ﬁ(:;f\) and ?r'(f\) may be
entirely different orders, The compare order does not change the memory

contents in any way, W(gi) or W(yi) is returned to the memory via the

recirculating system, The last execute cannot follow the second exccute

o

until at least 2 minor cycles have elapsed, since the address A or .a

cannot be checked against the minor cyele counter until after wa )

arrives in the dispatcher.
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5,06 (M, L+) iultiply with round-off

The first execute transfers Ty(l—a') to a computer shart memory tark,
and returns it to the memory via the recirculating system, The second
execute transfers Tv(z-;) to the same computer short memory tank, sends
the memorized Tv(l:) to a second computer shart memory tank, and bsgins
the serial process of multiplication, which requires 42 minor cy:.o3
since there are 43 digits in the multiplier, G(ZT.), The computer forms
the product 'i(ﬁ(l:) * X(W(za)) = TT . T1 is not, in general, a
proper digital number, Since max l'i" = ] - 2-2'3,
max hT]“ L o= 2—1‘2 ® 2"86; TT falls in the same range as X, hence there
is no problem of extra digits at the left, i,0., no exceed capzcity
problem, On the other hand J[ does not satisfy the aigital require-
ment that it be of the form N*2™*> ind hence fails to ba a proper digital
nunber because of supernumerary digits at the right, If we expand |i'] |

in the binary system, 86 digits will be required, in general:

(=86 _
ITT] =) 2768, where 620,
{z1

Indeed max }Tl'l is a number which actually requires tie full 86 digitsi
if1 S 4% 42, §=1,4043 L 1 £ 85 9 =0, and By, = 1,
Hence there is a significant digit at each end of the epansion, That

86 digits are always sufficient follows from the fact that the smallest
non-zero increment of 11 is (2-1'3)2 = 2"86. In order to reduce 1| to
proper digital form, a wholesale trimning of digits is necessary. In
view of the standard representation of numbcrs, digits LL~86 must be

disecarded, One way of doing this is described analytically by the

Operation




This corresponds to translating the "point" to a position between the
43d and LAth digits, dropping all fractional digits (by selecting the
greatest integer), and then restoring the point to its original
sosition, SincefM| = N-:a““, it satisfies one of the proper dipital
requirements, also, since ITTI ( ln‘ and ma.x‘ ;T! «la2k2 . .’“—:"S(',
then 1 + 27 ~43 < TT l-2 h3, and 1T certainly falls in “he
proper range., As a matter of fact,

max JT7] = |nax 77| - 21.3] 5=h3

o - s B6yk3] b3

[ZLB ~ 24 pmk3] o3

G P R

u

and -1 + 242 < TT £1-2"", TT is certainly a propor digital

number suitable for encoding,

On the other hand, || has a serious deficiency. Since]ﬁl < I‘TL

—

this operation is biased towards zero; lTT\ is always too small,
If W‘ is assumed to be a random real number lying in the range
0 < \TT\ < 1, then the error is uniformly distributed in the

interval -2~%3 < e % 0, with expected value E(e) = kb 1 east

upper bound of absolute value, 1,u,b. jel - 2_1'3; variance,

2 ™
g (e) = (1/12)2"86. In order to make E(e) = 0, to remove the bias,

and to decrease 1,u,b. \e‘ , it is better

to add 2~ before dropping digits, thus centering the error, The

EDV.C computer is designed to peri‘om t.he round of [ operstion

| ~-43
L .

rul—

!
o

T =[omee a2 e
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This corresponds to translating the "point" to a position between
the 43d and 4Lth digits, adding 1/2 (and forming all carries),
dropping all fractional digits (by selecting the greatest integer),
and then restoring the point to its original position, The error is
now uniformly distributed in the interval -27** < o < &+ 2"“‘,
with expected value E_(e) = 0, max ‘al = 2744 a4 varience

+%(e) = D) 27,

Other methods of rounding-off are possible which eliminate the
bias but increase the variance., In the EDVAC computer, no extra time
is required to add in the 24k required for round—ofi‘; The last time
the partial product passes thru the adding circuits, a fictitious
carry from a non-existent digit in the 2'1‘5 positional walue is
introduced into the circuit in such a way that three numbers are
added simultaneously. The operation is still performed in 43 minor
cycles,

“\‘TIF is clearly of the form Ne243 since {h’ﬂz‘ﬁ * 1/5\15

an integer, by definition, The most difficult restriction required

if a nunber is to bc proper digital has been met, But although

—

=43 ﬂ *
TT, < 1-2 7, the round-off to I may possibly create an

extra digit at the left. Fortma.til{,_thii is not the case, Since b
mex [T |= 1274+ 28, max TI* = (1~ 2R+ 2786 7%y w_‘"?_
=1« 2..&. Even after round-off, MW < max ’?lq, we never can
have a complete string of ones as the result of a multiplication,
It remains to describe completely'i(_'f?ﬁ), the word encoded by

the aomputer., The proper digital number ¥o ba ancoded is

T e 5gh+ﬁ;.
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The resulting word is
s it -1 |7 */\\ T %
Wy = |z T* e (7T,
3, TEEEGEE
I | T is the segnent D(W) containing

FN 3+
characters ¢, =~ ¢4, the digits of ITTI®, which is |'ﬂ‘[ rounded

e

y the
W —

off to 43 binary digits, and si( TT *) is the character ¢
sign of ]—]_%, which is not necessarily the sign of || . If
is zero, it is encoded as a +0 in accordance with the usual conventions,
even tiough || may be in the intervyal -2_“‘ ST o,

The third execute, which may occur no earlier than 43 minor cycles
after the second exscute, replaces ;(31) by ﬁ(ﬂﬁ?), thus storing
the rounded-off product in the memory position identified by the thircd
address in the order, and displacing the original contents of that
position, Finally, the fourth exscute sends ir(z}) to the dispatcher,

constituting the next ordor in the program chain,

5.07 (m, L= ) Exact multiplication

In this opecration, the computer forms the product |ﬂ'l as before,

In this case, however, no round-off occurs a.nd‘l—” is split into 2 proper

digital numbers, The first is \T.r|as previously described in connection

with multiplication with round-off. |\TT| s properly digital and con-
tains the 43 digits of “—rl having tho gregtcz positionel value, The
"point" is in the proper position in ]T” » The other number contains
the digits of \IT—, l having the lesser positional value:

prer= (|- TﬁT)
This is not a proper digital number unless |r¢| = 0; it has the

It is

proper muber of digits, tut the point is in the wrong place,

necessary instcad to use

v 223 | -(Iﬂl-ﬁ) o,
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This must be a proper digital nunber, a fact which can be demonstrated

analytically.
(‘TT\" ﬁk“s = \Ti[z‘*g' - Um 2”] , and since
0 £ x - Y_x] C < T-j"‘r 2 3‘ is in the correct

=43
range, provided that it does not exceed 1 - 2 , Ul already know that

|‘[T! varies only by increments of 2% and hence ,'JT | 2"2 varies only

by increments of g7h3 . UTI[Z“] varies only by increments of

unity since it is an integer, Consequently ’3—(2&3] varies only
S

43

: _ o~ < L3z =42
by increments of 2 ', and hence lies in the range 0 S |TC277|S1 -2

It is thus a proper digital number,
—_ pe——py
It only remains to explain the encoding of || and 7712 and
to decide where they are to bo stored in the memory,
= TN
W7 )= |x1 L) s T ).

This nurber thus taay be encoded as a + 0, even though TT may be

ncgative, i'.'z_._, if 2-.&3( TF < o, N
Krn2) = |zl Ic2?| st 2P).

Again this number may be encoded as a +0, even though TV may be
negative, i.e,, if T "comes out even", and digits 44 through 86 are

all zero,

The first two oxecutes, and the timing of the third, are the same
as for multiplication with round-off. On the third execute, w( TT ) is
transferred to the memory position idemtified by the third address in

the order, displacing the original contents, iseey W(TT ) replaces

(). The third memory position desiguated in the order now contains

the 43 digits of Tr having the greatest positional value, As soon as

this execute occurs, the dispatcher, in effect adds unity to f" ors

precisely it performs the operation N(jk) + 1, producing a new address
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H-l(w(ai) + 1). This new address has the property m(N'l(N(})*l)) -Im(;) -

1 mod 8, since we have effectively added 1 to the minor cycle number,

This address can be immediatcly executed the next minor cycle, even
though T (v 33) * 1)) is not necessarily emual to I (),

that is, the long tanks may be different, On this execute, which follows
the previous execute after a lapse of exactly one minor cycle,

. = eI

W(N"(N(34)+1)) is replaced by W( 77 243), The "next" memory position
after the one where ;(?T“ ) is placed, will receive the 43 digits of 1T
having the lesser positional value, Roughly speaking, the most significant
digits of the product go into the third address, and the least significant
digits go in the next address, These two executes take place in suc-
cession and no time is wasted, If the more significant digits go into
memory position 1023, the least significant go into position O, The
"next" position is defined cyclically.

Four executes have now taken place, with one of the addresses
manufactured by the dispatcher. The fifth execute sends w( J:M to the
dispatcher, constituting the next order in the program chain, Finally,
it should be noted that [ = 3':(?-:(})%2"‘3 (w0 #*1)), so
exact multiplication enables all the digits of T to be recovered.

5.08 (D, 5+) Divide with round—off

This operation involves both problems previously encountergd,

namely, extra digits at the right, and extra digits at the left., Naminally,

we wish to perform the operation:
w(ya) — x(W(4)) = q-

t is well known that q is not a proper digital nusber, For instance

20 + .01 = 10,0 (binary) and g lies outside the range of X, capacity
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has been _exceeded, ‘and digits created at the left, Also

0oL — L1001 = ,0011,,,, (binary) and this segment of four
digits repeats indefinitely. Since the quotient ma}!\:va:x infinite
number of digits, it is not possible to split it into two halves as
was done with the product. Finally, if the divisor, ‘i(i(zl)), is

equal to zero, g does not even exist,

The division algorithm which the computer is designed to perform,
lumps the cases @ 2 1, and q does not exist, into the same categorys
In eithoer of these cases, the computer emits a signal "division capacity
excoeded" to the dispatcher, Since the signal is 1gnorable,ilogical
design decision must be made concerning the word sent to the memory when
capacity is exceeded, Partly for logical reasons and partly for en-
gineering simplicity it has been decided to emit a string of pulovs, as
D(w(g)), when capacity has been exceeded, Let us refer to this case

=43

as Q. This makes |5c'[ (w(Q)) = 1-2 . Vhen we ex-

= max|x
ceeded capacity in addition and sustraction, the fractional part of the

result was reteined, This is not feasible in division, even with round-
off, for three reasons; in the first place, the computer division process

does not readily give the fractional part of Q in case capacity is ex-

ceeded, secondly, the quotient may not even exist, and thirdly, this

information is of dubious value. In acdition-subtraction the fractional

paft gives L4/L5 = 98 of the information, so to speak, but in division

it would give much less, The fractional part is rejected for these reasons,

The selection of max \"f' is reasonable, since it is the largest proper

digital number we have available and hence suitable for indicating an

11 be shown that |q| < max |%|

exceed capacity, Furthermore, it wi
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if capacity is not exceeded, so if division without round-off is

programmed, the fact that capacity has been exceeded can be detected
by suitable programming, if for any reason it is desired to do so,
Finally, a string of pulses is easy to manufacture in the circuits.
When capacity is exceeded, we therefore send a string of ones
to the memory, for the digits, The sign remains to be considercd, Vie
always follow the rule of signs, and the complete details will be given
in the description of "exact division", Speaking loosely, if
[+ 8/t B2 1, or if b= 0, then the result is & (1 - 43y, The
plus sign is selected if a and b have the same signs, the minus sign
is sclected if a and b have opposite signs,.
The maximum value of [qf , if it exists, is (1~ omb3) ja~h3phd g,

Hence !ql , expanded in the binary system is:
(zec |
[9]= Z 2746, ,where S = O1-
i=-42
The possible 43 digits to the left of the "point" have already becn

ruled out, their occurrence indicates capacity has been exceeded,

Attention will now be directed to the useful results where \a|< L

Henceforth, q will be used only when IQl < 1.
(=00

=, i 2 - = o 10

\Q\-‘LZ d; ywhere S = ©
t=f

q is of course still not properly digital, although we have now

eliminated the extra digits at the left, The fact that max \q\gma.x Ix[

Consider two positive proper dig?.t.al numbers
3y 3 n2 0 3 >n2a, Itamn= ||,

will now be established.

L3 43

4 where

m2 * andn 2

pax (m/n) =(n-1/n, Since

then m <_n, otherwise m/n > 1. For a given n,
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this increases monotonically with n, max (m/n) = (2b3 =) ./ (2h3 1) =

j=00 i
=42 431 =0 43
{3 =2 )i% 2 -1-5 27, Digitally, max |q|

is a repeating decinal with a44-digit repetend, consisting of 42 ones

followed by a zero; in other words, the dividend "repeats",

. ) i= )
Max lq’ - 1*% 2-1’31 <1—2-k3 = max "#‘

— T

Sy *
The values max |q| andmax |q)  are of mare interest, The first
corresponds to merely dropping all digits after the 43d in the guotient,
the second to adding 2“!‘1', (forming all carries) and then dropping all

———

digits after the 43d, The functions| | and | | are defined exactly

as they were in discussing multiplication, Now then, we merely nced

note that

i-on <
o< 3 WA

——— L3
- < 1/2 and max Iql"E1ax la) 2 ] 3

N im0
_%hg” - 2—&3111{‘_3] .2-1&
i=1

r j_-ao
2 2!,;3 4 z 2'-»'431 .2—1-»3
i=0

& ined_, a4
2‘#3-1-22 43 .2-1‘3
i=1

-

(2 '*3-2) oh3 g . 2"’2;

e Ja| 22e1z]

im0 o 5
EhB_lq.]_/z_z_ 2“31] R
i=1

(2},,3 —l) s 2"'11'3 =X o 2"!#3 = raxr \'i\ &

e ——

max \q\*
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———

—— 3%
Both ]q! and [ql arc properly digital, Since q* has the

more desirable round-off propertics, it is selccted for cncoding as

the most satisfactory single-word representation of q.. This requires
computing 44 quotient digits, or L4 minor cycles of computing time,
since division is done serially, This incrcases the time redt;ire.d

for division to about 25 more than that required for multiplication,
It is belicved that this increase is justified in order to give a
round-off which has the same properties as the multiplication round-off,

—

It romains only to describe -w-(q*), the word encoded by the computer.
— —————e
= i ;
The proper digital number is ¢ = [q/ ‘e e
a—

— b - - * T
The resulting word is w(q*) = \-:E l 1 lq| St (q*).

—

ﬁ{ T l q{ % is the scguent D(W) containing the characters

e
¢l - ¢, 4, the digits of lgl ', whichis |q| rounded off to 43

=
binary digits, and S! (q*) is the charactor ¢, the signof q,

.

If q* is zero, it is encoded as

a + 0, in accordance with the usual conventions,

To rccapitulate, the first execute transfers w(;R) to a computer
short memory tank, and returns it to the memory via the recirculating

system, This number is the dividend, The second execute transfers

‘ﬁ(zﬁ), the divisor, to the same computer short memory tank, and sends

w( ) to the subtracting circuits to be used as the first remainder,
l .

and begins the serial process of division, The division algorithm is

based on the non-restoring principle and requires 1 minar cycle per

digit, or 44 minor cycles in order to give the extra digit for round=-off

purposes, The computer forms enough digits of the quotient
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—

%(w(;A) + %(w(z4)) to pernit the determination of q or to ostablish
the fact that capacity has been excecded, In the latter case the
ngivision capacity exccoded" signal is sent to the dispatcher and
w(Q), corresponding to l-2 43 or -1 + 2—1‘3, is sent to the moemory
in normal operation, The third exscute, which may occur no earlier
than L4 m:.nor cycles after the second exacuto, replaces w( 2&) by
w(Q) or w(q*) It should be noted that there exists a W) =wR).
Finally, the fourfc.h exccute sends ﬁ(h—ﬂ) to the dispatcher, to continue
the program chain,

5,09 (d, 5 ~) Exact division

It has alrcady been pointed out that it is impossible to store all
the digits of q, even using two memory positions, Since the numbers in-
volved are rational, q is at worst a ropeating binary fraction, in the
digital sense, If advantage were taken of the fact that the numbers
are also bounded, it should be possible to determine & bound to the
length of the ropetend, Given sufficient space in the memory, an

exact division algorithm could be devised which would terminate in a

bounded interval of time, provided of courss that the numbers be properly

digital,

A more practical arrangement is possibles Supposc we are attempting

to determine |§\ -~ |‘5\ , where Zand b are properly digital and IE \4 ﬁ:‘;

there is no Qucs‘bion of excceding capacitye Now

H \ +2‘LE where O£E, <\

al =7

-——

in view of the properties of the operator | |, Furthermare

et TR
a[=FI T +2 " (lBl)




She

o set ‘I‘ol' w lo [El , and show that lr,,l is a proper

dgigital number, Since ‘E| \ qoi is theg}:g-oduct of two properly
[ n
dgigital numbers, it is of the form Z 2" ‘Si er

e 6 : 1 (53 |
12 8 , whore N is a non-negative integer, HNow ",;' is properly

digital, hence ,’E] = N2'2"1‘3 wherc Ny is a non-nogative imteger,

N

Consequently _ _ 43 -43 -86
2 l o= N2 s f\' 2
ol= Np-N, 2%,
Therefore, lrol can vary only by increments of 2 L3- Since

Igl . 1, €55 |r '( 1, hence 0 £ [ro\ < 1..2‘1*3’ and
\r | is properly digital., As a matter of fact, weo will very

shortly need the sharper inequality, = Ir J < |b‘ Since

IF;‘ =&, |'1-:| , and O f-_éo'( 1, then \FO} < \"‘EI.

Furthermore, since F';] is properly digital, max .!FO\ e rb‘ '2_L
( |b] 75 O  since capacity has not been exceedod), Now

= Sm— =42 I’:/
=Tl +27 5

and if we perform another division by I-I which will not exceed

capacity, since we have JUSt 3h°“n ld' \
2] =Tsl +27* (m v 26
"l?| +2 |+:_ e

,and €, has all thc properties that éo had, hence by iterating this

process we can get }q[as accurately as we like, If the quantity ' '

—

is stored, along with lq[ , we can get as many digits of l‘ﬂ as

desired, This scheme is the one familiar 0 operators of desk caleu=

lators, The remainder l?{ is transferred from the right hand side

of the accwmlator register to the left hand side of the accumulator

¥
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register; the counter register is copied and cleared, and another
division performed using the original divisor, and the whole process
repeated as many times as necessary to get the desired accuracy,

The exact division process in the EDVAC is designed to pormit

this itcration to be porformed when desired, ’q[ and ’;l 25

stored in the memory together with the proper signs, und these romain

to be considered, Unless qu = 0, we obviously assign the sign of

ato [af . qmust have a sign if [a[# 0, since mf Iq[,

—

If [o[ = 0, we assign a + sign to 'q[ 3 in accordance with our

conventi on,

We prefer, if possible, to choose the sign of T in such a way as
to makc @ = bq * 2-1‘3; ,regardless of the signs involved, providgd
this is possible, o havelaetin s the relation|3):]5 15 +2 " " [F].
If |F] = 0, there is no error in ’E} » since l'!_:| F 0, and
hence ¢ = O, In this case @ =b q and we assign tho + sign to lF‘ .

We now assume @ 3 0, since otherwise Tt-l.f- =0, |F| = o,
o

and we have the spccial case just mentioned, Now assume & > O,

must have ]hﬁl > 0, otherwise capacity would be exceeded, Now ﬁ

must be givon the samo sign as b ) , since otherwise a/b = g

would not havc tho same sign as q. Consequently bg 2 0, and

2= bg + 2_1‘3( I‘fl ). Now assume a < 0, we must a.gain have [b’ 3 % o B

Now § must have the opposite sign tob  ° » Consequently
AL T, _

B < 0 and a=bg~2 2 (|7l ) =% + 2 (=[F])s i thus

sec that, assuming |?."| % 0, if we assign thv" sign of a2 to l!‘l ’

the rclation & = by + 2“2 F is always satisfied,
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As proviously stated, we assign the + sign to J;' i I;.‘

Now the encoding of q and r will be described, Wo are still

assuming that capacity has not b{.en exceeded,
w(P=1="1q1_S19);
w(r = Iz 7] »tr (A ), IF1£ 0
7 (7) = |RTL SO, if ‘fl

The problem of exceeding capacity must now be treated, D((Q)) is
~43

the same as in division with round-off, that is |X%| D(W(Q)) = 1 - 2
This quantity is used in place of both § and Tj thu substitute for ¥
will be referred to as R, ,il D(WR)) = 1 - 2~43, It romains to
scttle the question of signs, The same rule is followed for Q as in
the casc of division with round-off, In the case of R, we sclect the
sign of a, even though it may be a minus zero,

e define 8" (wy, 1,2) = S"(S(wl), S(wz)) as follows:

S(Wl) S(Wﬂ) S"('ﬁl,“z)

No pulse (+) No pulse (+) No pulsc (*g
Pulse (=) No pulse (+) Pulse (=
No pulse (+) Pulse (=) Pulse (=)
Pulse (=) Pulse (=) No pulse (

This is nothing morc nor less than the rule of signs, It is easily
mechanized by counting the minus signs in a one-stage binary counter,
If the number is odd, we emit a pulse, if even, no pulse.

In both types of division,

(@)= 5 aanlzl) S(F(E)FA)
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The sign affixed to max [¥| is in accordance with the rule of signs,

w(R) is selected as follows
W Q)_ 538 (rnaxfr |) ( A ))

we choose the sign of the dividend, even if it be a minus zero, Both
of these sign conventions are chosen sinply because they are the results
which the sign circuits happen to give, It is bolieved that the sign
choice can afford to be arbitrary, since capacity has boen excooded,

and the digits arc ussloss as representing any correct numrical values,

Wle have already noted in thc discussion of division with round-off,
) = = - -h2
that there exists w (q°) = W (Q). Howewer, since max |9l =1-277,

~L3
»

-1
and [x [ (WQ) =1-2 W (Q) uniguely detormines Q when exact

division if performed. W(R) has the same property, e have already
b')

'T

shown that max ,—Fl = !EI - 2-“3, and max lEl - ‘xl =1- 2_

hence max I?| = 1~ 2—1"2 which is less than 'E] e (w(R)) =1 "?- —'

Excced capacity can be determined from cither the guotiont or the re- F
mainder result, in exact division,
The results of the analysis will now be collected, In thoe first f

place, the first two exccutes arc exactly the same as in division with

round-off, Now assume that Q (exceed capacity) docs not occur. Since

—

£ *
we are computing }qf rather than |q| , only 43 minor cycles are

required to obtain la| 3 one cyele per digit, The third exccute,

Which rcplaces W(3A) by W(Q), occurs one minor cycle earlier than din

division with round-off, During the minor cycle following this

. } t once,
exacute, the EDVAC, a serial computer, is doing three things a

: o - : » a
First, it is transferring W(q) to P(3H)- Second, it is preparing

" s £ r
now berth for W(F). Just as in exact multiplication, the dispatche

;
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in effect adds unity to 33, more exactly it forms the now address
WL ;_;(3}{) + 1), which is chocked for long tank selection and ime
mediately exccuted, The third process is the preparation of W(T),
The computer uses non-restoring division, and the remainder memory
roy contain|[B|-|F|| = [E] -[F| » instcad of |7 It
this is the case then the subtracter forms .
=|1B1-IF1-{Bl]=Fl; (ence 5] >171).

This restores the remainder, requiring 1 minor cycle, but this is

L51-171|-1B]

done concurrcntly with the above two operations,

The fourth execute, which follows thc third after a lapse of
exactly one minor cycle, thus replaces Tv(N-l(NJI) + 1)) by W(¥), The
romainder is stored in the memory position "next aftor” tho quotient.
If the quotient goes into position 1023, the remainder goes into
position O, the "noxt" position is used in the cyclic senso,

Finally, tho fifth execute sends W(ja) to the dispatcher, determining
thc next order, The above is varied if capacity is excceded, As soon
s the computer detects the exceed capacity, which may occur before the
usual 43 minor cycles have elapsed (44 for division with round-off),
the computer emits the "excced capacity signal", This may be used to
modify the subsequent events, by setting certain controls, but if this
is not done the third and fourth executes occur as soon as possible after
the signal is rceuived, and the computer replaces 7(31) by W(Q) and
IrnR) + 1)) by wR).

510 (u,(,i-.) W.rg
The EDVAC is so organized that the three spools of magnetic wire

: ) ut and
SCrVe 25 an auxiliary low-speed memory and not mercly an inp

;-
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output device. A true input device, which ENTAC has, can only scrve

to scnd propared information to the machine in unlimited amount s
while thc machine is running, and a tre output only roccives in-
formation from the machine in similarly unlimited amounts. The
machine can only rcad in matcrial which the operator has in some
menner prepared sufficiontly far in advance to keep the reservois
from becoming cxhaustcd; information which has bcon emittod at tho
output iney be, and usually is, complstely forgotten by the machine

and in this case cannot be rccallod unless the output data is manually

transferred to the input rescrvoir,

In the EDVAC, all of the data which the machine rcocords on the
wires can bc made automatically available to the machine by suitable
programming. Since the wires are of finite, but large, capacity,

data cannot bc insorted into or reccived from the machime in indefinite

amounts unless the machine is stopped and the wires axchanged for

diffcrent ones, In view of the 50,000 word'ecapacity, per wirc spool, k

——

it is beliovod that this is a small price to pay for the really groat

advantage of providing a true momory of large capacity.
Since the wirc transport is a mechanical device, the timo re-
quired to reach an arbitrary position on a wire will ?JG enormously

greater than the access time of the high-spced memory, The programmer

will thus wish to rofor to the wire memory as infrcquently as possible,

and in particular to avoid referring to remote positions, The wire

order is conscquently arranged to trensfer data in blocks of arbitrary
for the high-spoed memory, and to

i i i
always read the positions on the wire immediatoly adjacent to the magnetie
‘ in the propeor position, it must be

sizo, from ong word up to a2 full load

réading heads, If the wire is not

¥
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transported to the desired location, without reading or recording,

In this case the block of arbitrary size refers to the distance,

mecasurcd in word . positions, that tha wire moves, Sincc we must be

able to transport the wire in cither direction, it is also conveniont

to bc able to read and record on the wirc in ecither dircction, which

is possible in most cases,
The above conclusions indicate that a complete wire ordor mu:.t

contain a comprehensive pattorn of information, In addition to in-

dicating tho positions in tho high-spced memory which arc affocted
(normally indicated by addresses) it must also choose one of thrae
wires, onc of tho two dircetions forward and backward, and the number
of positions to be moved,

So far, littlc has been said about the high-specd memory positions
involved, We wish to reservc the fowrth address (E) to specify the
location of the next order in the program chain, This lcaves three
addresses, so at most three high-spced memory positions can be in-
dicat\:dl. If we used thesc addresses dircetly to specify the momory
positions to bo filled, or whose contents arc to be rccorded on the
wirce, wie would bo restricted to considering at most 3 positions., We
have alroady noted that we wish to transfer information in blocks of
arbitrery size from 1 to 1024 words, If we arc willing to fill the
memory positions in a standard pattorn, say in sequence, then we

nced only spceify tho sterting point in the sequence, and the size of
the block to be transferred. Since the numerical equivalent of an
addross ranges from O to 1023, an address is almost oxactly the proper
modium for expressing the size of tho block, and another address can be

used to spocify the starting point in the scguence of momory positions
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involved, altcrnatively, we can consider the two addresscs as
specifying the inif:ial and terminal points of the scquonce of memory
positions involved, If the wire is to be transported without reading
or recording, this will still specify the amount of translation, but
we disconneet the transfer channcls, The amount of wire to be moved,
and the high-specd memory positions involved are now spccifiad.. t
still rcmains to sclect the wire, ete, Bofore this is discussed, a
general mothed of subdividing an order-type will be analyzed,

In soction 2, the partition of a word into 5 scgments by the
dispatcher was cxplained:

e U S
W= A LA A LA T,

The discussion of the visuel order requirod considering the least
significant octonary (octal) digit in 32. This, in offect, con-
stitutcs a still finer dissection of the word, In the wire order
and extract order, this subdivision of a word is carried out in a

morc comprchensive way. The following functions of addressos are

introduced:
) ( 1o(j-1)+8 fu\.-r)+93 (] -f‘ﬁu) \
)"'(Cm( ) 5) Cio(j-)+6) Cral =047 LJ:{)2‘34
( E) (Cfo(I :'!-rZ) fo(;—fJ*3,<f¢1(J--)+4) f
( ) Colj-)FF J

Therefare,  — I g Er - ; 3
erefore j./] B 211 ﬂ ff_. 5 J:I,?_’:;‘ﬁ

This corrcsponds to broaking up thc address into thraoe octonary (octal)

S0

A

.!

digits and onc binary digit, Blocks of one end three charactors are

given a nurical significance, one which proscrves the interpretation
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of the characters as zoros (no pulsc) and ones (pulsc):

1_-}(‘.():6" where (; = 0,1 : for any 1 such that |1 < ( <4 4

E}-.{C‘,(H \ ‘>T¢j2 cuf J)hbcrc‘C -'o 1 for any i such
that < (4 42, |
The valucs of 9, will be donoted by 1, 0, (binary digits). Th
valucs of 1)3 will be denoted by 7, 6, 5, L, 3, 2, 1, 0 (octona y

(octal) digits). Conscguently
-“)'(f") = ler Q 3
7N Tt O: ye k<Z
(k.r&_\}:?sréu...oJ L,-—k_::_

The numerical interprotation of an address, is of cowrsc, oxpressible
in torms of tho numcrical c¢xpressions of its btinary and octonary

oct digits: ~

o e u(el; A+ L8 GAGAY; =123t
The first torm is oither O or 512, the sceond term has any valuce from
0 to 511, As proviously montioned, the loast significant octonary
(octal) digit in an address identifics a minor cycle, and the other
digits identify o long tank,

In thc orders proviously deseribed, with tho oxecption of "visual,"
an addross (Jﬁ) is oither tsed to sulzct a memory position, or else it
iz ignored completely, In the visual order, the loust significant
octonary (octal) cigit of the tnird address, . _?_:f.(rs ;) , was
uscd to seloct o scope (or no scope at all). In the wirc order, all

of the digits of the sccond address except one, zad in the extract order

L I T o ceify the
211 of tho digits of the sccond address are used to further specifly ©

order,
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This scheme pormits greater floxibili

Ly in coding; if we are

willing to reduce the numbur of indcpendent nemory-position variables, we
permit the order-typc to specify a larger number of altematives, Each
addruss which we give up gives up 4o 1024 varients on tho order-typc,

In this way, the sixteen possiblc order-types can be cxtonded where
desirable .,

The wire order uscs this scheme bocause we have elroady seen that
the usc of threc addrcsses in the ordinary way is not feasible, and
bocanse additional spocification of sudivisions of the ordor-type is
inperstive, Ve only have one address available for this troatment,

but thet is morc then sufficicnt, The octonary (octal) digit at

tho extreme right sclects the wire (or awxiliary input):

(" 1 mod 4, sulects wire 13

Z) 7. 7= AR : 2 mod 4, sclects wire 2;
- .3(OIL(1 /U

J~ l 3mod 4, sclects wire 3;

0 mod 4, selects auxiliary input,

The next octonary (octal) digit, |_ﬂ_ (2:) is not uscd at allj the
dispat cher is complotely indifferent to these three pulses, The first
octonary (octal) digit, has the following significance, provided

1)_3("?(_1) -¢“ ¢ mod 4, i.0,, if wo have selected a wire,

{0 mod 4, translate (TR), —\
- od L, memory to wire (ih)
’i!z ﬁ( J ): i 4 ’ L{ To be explaincd
SIS Sy 2 mod 4, wire to memory (Vi) subsequently.

3 mod 4, read fifth address (R54).
1 1\‘5 (uﬁ-\ = O mod 4, the dispstcher is not interested in , L
at 211, Pinally, tho binary diit determincs whethor the wires are to

run forward or baclward,
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L, fo, run wire forward;

A (BLA))

A word of cxplanation concerning the awdliary input is required,

( 1, run wirc backward,

The auxiliary input consists of a sct of L4 doublo-throw switches on

the control pancl. The switches thus cffectively constitute a word of

L4 charactors, Whonever the awdliary input is seloctod by the wirc order,
the word sct up on those switches will be read into all the high-epced
momory positions designated by the rest of the order, It is not possible
to sct those switches during the reading because this is accomplished

at thc spced of one minor cycle per word, Ordinarily these switches

will be used to scnd only single words to tho high-speed nemory,
primarily for tcsting and meintenance, If it werc not for this apparatus
it would be impossiblc to deposit cven a single word in thc high-spoed

memory without going through the inscriber routine of preparing tzpos

and wires, loading wircs inte the recader-rocorder, and so forth, Since

the auxiliary input can be regarded as a wire of unlimited longth, con-
taining idontiecal words in cvery position, forward and backward have no
Particular significance; if you like, they produce idontical rosults,
Furthcrmore, the auxiliary input only scnds data to the memory; it
canot reccive anything from it whatever, Certain methods of over-
coming this rostriction arc currcntly under investigatien,

"Trenslatc" (TR), refors to the procoss of moving the wire without
Fuading or recording, "mcmory to wire" (MW) dosignatcs the process of
transferring the words of the k-lenguage (44 characters) to the wire,
The mcnory data is roturncd to the memory position from which it came,
and any data appearing on the wire is erased just before tho raecording

hcad roaches the wire, in accordance with the convention, "Wire to

‘
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memory” ('8f) designates the inverse transfer of words of the k=language
from the wire to the memory; data on the wirc is not crased but the

old memory contents affceted arc destroyed, In W, attempts to read
words of the K-language (54 characters) will halt tho machine and give
an indication of an error in the reader-recorder, In fact ; any word
conteining morc or lcss than 44 characters will do likewise,

"Read fifth address" (R54) rcfers to the procoss of reading words
of the K.language from the wire to the memory, without erasing the
wirc, but displacing previous memory contunts, The inverse operation
is impossitle, as already described in scetion 2, whoro the roasons

vhy this cannot be done in the reverse direction arc also oxplained,

an order which is coded to RSA backwards will halt the machine and
indicatc this particular cause, The reader-recordor error will also
be cmitted if R5A is attempted even in the forward dircction on words

not of the K-language, Any word containing more or less than 54

characters will do likewise,
"Forward" means to move the wirc in the same direction for as many
positions as nceded to satisfy the rest of the order, snd "backwards"

tho opposite direction, A fow examples will be given of the significance

of differont kinds of 2-):; the preferred coding is givon first in cach
casc;
1003

366_5 Translate wire 3 backwards,

—

Uz
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_1_3:02 ) Read fifth addresses from wire 3 backwards
177 ) (will halt machine), s
02 ) transfor data from wire 2 to memory forwards
063 ) |
0101 ) transfer data from momory to wire 1 forwards
0565 ) |
0000 % trensfor data from auxiliary input to Bomory .
1370

The mothod of sclocting the lacmory positions involyed noods

clax ification, In all save R5A, the first memory position uscd
is P(;A), the position designated by the first addross, The dis-
patcher thon compares 1}: with 3:. If they arc the samo, that concludes
the wire order, If they arc not the same, the dispatcher froms a new
l;’ which is N™L(N( 1A)+1), This is the same operetion cmployed in
exact multiplication to got the next addross;’ looscly spoaking, 1 is
tcdded to the original address. The next memory position affocted
will be P(N™ l(N(lJ:'l'l). The dispatcher after "exocuting" this addross,
then comparcs N_l(Nlﬁ)-rl) with 33. If they are the samo that concludes
the wire order, If not, then, ete,, ete,, until finally for some
0<p < 1023, N—l(N(1:)+p) = 3]’-1. Such a p always oxists, B:’ano wo
certainly hawe exhaustod every possible address when p = 1023, ptl
momory positions have been affccted since the word is transferred bofore
the comparison, Clearly 1 € p + 1 < 1024 and hence 1: and 3'-: permit
U sequentially to fill a block of the nemery of any dosired size, The
Wre also has moved p + 1 positionsy in translate (TR), no momory
Positions are affected whatever,

The simplest way to express all this is to say thet K indicates

the fipst high spccd momory position involved, and 3A the last one,
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togethor with all between, "following around the clock" through

1023 if nccossary, If J.I = :;f*- originally, 1 word is transforrod;
if N(l}-.\»"l - N(:.,d:); 102 words arc transforred, If the awd liary
input is uscd, all words will be identieal,

Read fifth address operatos somewhat differently. As soon as
K, - K {subgcquontly denoted by 5:) has been assomblod in the o o-
cossing dolay, it is sont to _t.hc di spatcher whore it displacoes l’:
l.I: has no significancc in R54, As soon as I{J.l - KSL has boon aa;o:qblod,
the dispatcher causecs it to bo scnt to the memory position P(sa":). 5;
is now comparcd with 31"1-. If thoy are the samo this onds the order,
If not, a now word is road, & now 5: sent to the dispatcher, ete,, ote,
It must bc noted, that comtrary to K, W, and TR, thcre is no existenco
thcorem showing that this operation will over ceaso, oxcept by running
out of wire, Conscquently the programmer must use carc to seo that 3-8-
ectually corresponds to some 53': in the block of K-language words being
read, namcly, the last onc dosired, E‘t, as usual, indicates the location
o_f the noxt order to bs execcuted,
5.1 (B, 3 = ) Extract

In tho wire order, 2-}.' was used to subdivide thc ordoer type, primarily

because it was highly desirablc to do so, but partly bocausc no other
practical usc for 2: could bc found, Ia the extract order, an cxtromely
versatile operation is obtained at the cost of giving up an addross,
Normally, in the computing operstions, both indepondont variablos aro
returncd unchanged to the mnmory; In the extract order, the rosult is
returncd to the same place from whence came onc of the words used to

determing the result, This word does not in gemoral survive unaltorod,
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If it must be preserved, a duplicate of it must bc transforred ¢l8G=
where before the operation takes Placc, Sines in most cases in which
this order is uscd, the preservation of the word is not desired, it is
folt thet this is a smnll priee to pay for the great flexdbility of tho
order.,

Speaking broadly, "extracth Permits shifting the characters in a
word any arbitrary amount to tho right or loft, and alse enabloa aclacted

scgments of words (rcplaceca) to bo replaced by the ¢orresponding portions
of others (rcplacers), In goneral, therefore, the roplaceg will finally

consist in part of its original characters, and in part of characters
sclected from tho replacer, The complete oporation onables both shifting
end replacement operations to be performed in succossion using only one
order, The shifted word is used as tho replacer, but since zoro shift is

permitted, replacement without shifting is possiblc; since the ontire wor?

may be chosen as a sogment to be replaced, in this case the rosult cone

tains only characters of the replacer, and nonc of tho roplacee, The

result in this casc may be said to consist of a shift only, since all

the characters of the rcsult arc derived from the shiftod word,

Tho subdivisions of the order-type must specify the amount of the
shift, dircction of shift, and thc scgmnts to bo roplaced, There are
8 possible choices of sogmonts, which have beon sclected in accordance
¥ith intorpretations of words by the computer and the dispatcher as a
result of the following considerations,

Considering tho numerical interprctation of words, one of the
Most important attributes of shifting is the fact that it corresponds
to miltiplying or dividing by powors of 2, Although it is possible to

%alve by multiplying by 1/2 and to double by dividing by 1/2, or to

;
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double by iteration of addition, thfcse are time consuming and complex
methods of doing & simple operation,

If a floating "binery" point is to he programmed, or scale ad just-
ments noed to be made, it will be desirable to perform the shift more
repidly. The most useful scgments of a number will be the sign only,
the digits only, and the cntire nuaber (to permit puro shifts without
rcplacement), This gives throe cases, If the ordor intorpretaticn of
o word is cons’idcrcd, the most important scgments arc the addresscs
(jﬂ), It will be convenicnt to roplace addresscs in ordors by correspon-
ing or different eddresses in other orders, This givus four more casos,
or a total of seven,

Up to this point, the word "shift" has been frocly used without
any explanatiom of precisely what is involved. Tho numerical inter—
pretation of words gives the cue herc, Since words hawe o fixed
length, a left shift roquires creation of new charactors at the right,.

o loss of old characters at the left, and converscly for a right shift,
4 cyclic shift could, of course, bec adopted which inserted the characters

pushoed out gt onc cnd into the gep oponed at the othor, This is complotely

Preposterous as a numerical interpretation, which requires that all the new
digits bo z:ros; It follows that the characters moved out will have to

be given up cntircly, If the shifts arc interpreted as multiplication

and division by powers of 1/2, thon in the formor case we have a round-

of? of the typc symbolized byﬁ s that is,_tho cxcess digits arc dis-
¢2rded without adding in thc appropriste 1/2, and in the caso of

division, we rctain only the fractional part of the quoticnt without

8y exccod capacity signsl. If thesc possibilitics arc significant,
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they must be considered in the progremming, or the slower multiplication
and division orders usecd,

Numerical considerations require that the sign character (CL-') bo
trcated differently from the digits, The minus sign is ropresented by
a pulso, and so is a digit 1; if the sign character is shifted to the
left, it will appear as a digit; if the shift is to the right, it wil)
disappcar cnbircly, On the other hand, if we refusc to shift tic sign
2t all, we give up the possibility of moving an arbitrary digit into
the sign position, which mey be useful for spocial purposcs, sirnce it
permits scnsing of individual digits via the comparc ordor.. The only
solution to this dilomma is to provide two versions of the shift s one
to bo associated particulerly with a purc shift for numerical intore
pretetions of words, In this casc the sign is not shifted, and any
other character is prohibited from occupying its position., In all
other replacements, with one exception, we throw the sign avey entirely,
and allow its position to be ocecupied by any other character, This is
no hardship as far as the order interpretation of a word is concerned,
since the main purposc of shifting in this casc will bo to move addresscs
into the dosired replecement position, e.nd. OM is part of the order~type
designation rather than part of an address, Furthormorc, an operation

which is of considerablc importance im the numerical interpretation of
words is that of obtaining thc absolute value of a number, This can be
accomplished either by throwing away the sign entirecly, by roplacing the
dgits of a number known to bc positive by the digits of the number whose
absolute value is desired, or by roplacing the sign of tho numbor whose
absolutc value is desired by the sign of a number known to be pos Atan®s

The first casc is the simplest since only onc number nceds to be con=

*
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It will bo noted that with only these two elternatives
there is no possibility of moving‘ the sign nhatc*mr.. We cither don't
move it or throw it away ent?r?ly. The replacomont codo alss suffors
from a lack of generality, e.g,, suppose we wish to »otain all the
characters of a word save an arbitrary one, and replace taet by an
arbitrary character in another word, This is 2 Losic cporchion which
is not casy to visualizo porforming with the roplacencas sogmonts
elrcady sclected, corresponding to addresscs, completc sebs of diglts,
ete.

In ordor to simplily this opcration, we provids 2 now kind of
sogment suitable for roplaccment, The previous oncs havo £ll bomn
constrnt sets of characters in the replacce, thoe word which is changed
by having diffcront charactors inserted in it, The new roplacoment
scgment will consist of a single character, ItS location is dotormined
by the position of tho sign of tho shiftcd word, and in this case the
sign is actually shifted, Two birds arc killed with one stonc, In
fact, any charactor of ony word can replece any character of any other
word using two extract orders. If the replacer character is a].r?ady
the sign, tho problom is trivial, and only onc order is rcquired. It
not, the replacor word has the desired character shifted into the sign
position and this is then used to replace the sign of eny arbitrary

word, This rcduces tho situstion to the trivial case. This now ro=

Plocomont segmont gives a totel of cight possible casos which cogyouicntly

s s oot X & = s part
torresponds to an octonary (octal) digit. o'{:}- (zh) is choscn as tho par

of the ordor which specifies this information.
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The rcf_ults_ of the analysis will now be prosentod more formally:
V (Oﬂ{l A)) 24 s Teplace ,Rﬂ;) by 1:’: of shifted F(]:I);
verbally, replace charccters 1-10 inclusive of the word in the
momory position spocified by the third address of the extract
order by the characters 1-10 inclusive of the result of shifting .

the word in the memory position specified by the first address in

the extract order,

7)3( _t"l(?_/% )) =f-2_ ,Taplace aﬁ[i:(gﬁ)) by ,h of shifted i(ll');
’ § yreplace 3@{9‘;(37-\))133" 34 of shiftod w(qh);
& roplece 4 A(w(, A)) by o of shitted WD),
The above can be collected as one casc:
Vlz. (oﬁu/zfz\)) ’j y replace Ja(w(;z\))br j‘T of shifted F(l;);
=1, 2, 3, L.
The first four cases are intonded to be used primarily for orders.
W 2( /-\)) yroplace S(() by S of shifted W(yh);
verbally, roplace n (sign charactor) of, ote., ete,
ﬂg(oﬁ(} A)): g, replace D(i(:;s) by D of shifted 'i(]?.);
verbally, replace €1~ 3 (digits) of cte, ete.
" 3(0 (h)_( ]—.\) -— , Teplace 1(3.;) by shifted w(,4)
J X (0 ( )_( A )) O roplace vhatover charactor (if any) in W(h)
corrcsponds to S('u(lu))

aftor the shift has oceurrcd, by S(l_l[la)l-

6, 7 arc intended to bo used primarily with numbors; 5 with a zoro
shift gives a convenicnt method of obtaining sbsolute valus, and O
and the other versions of 5 permit gonerslized operations whore signs

®nd digits requirc interchanging.

‘-
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The noturc of the shift depends on the replacemont code, In
cnses I——-g, inclusive, the sign of ;(]::s), tho roplecer, is discarded
entircly, and o digit (character) moy be shifted inte its position,
in casu"?_, the sign is retained and the digits (othor charactcrs)
prohibited from occupying its position; in casec 3, only tho sign of
,}(1;) is rotained, but it may be shifted into any posivion whatoyne,

The subdivision of the order-type by using 2.-. to select tho amount
and diroction of shift has not boen specificd, Tho first binary digit
of 2: is nat}.rell;' scloctod for the direetion, since only two alternativos

are possible,
. o /—'Q, sclocts o left shift (divide by (1/2)%;
Y (8, AY) 4 . =
L,, 1, sclocts 2 right shift (multiply by (1/2) .
It must be borne in mind in numoricsl intorpretations that wo are
shifting the digits end not the bincry point. In a fixed binary point
computor, the point is alweys considered, from the machine's oyo point
of view, to bc immediately in front of ¢, tho most significant digit.
Scale factors arc port of the programming, 2
The amount of shift can be specificd by gﬁ (2:‘:;) end, Jn' (2-':‘)’
tho first and second octonary (octal) digits, rcspectively, of the
second address, Tais gives 64 possibilities (0-63) which arc more than
adequate; o shift of 4/ or more accomplishos tho semo thing, dostruction
of all charactors (or at loast all digits, in replacomont code 7). It
1s nost convonient in designing the circuits to pormit shifts only up
to anq including w; If a greater shift is called for in the coding

the circuit will porform a shift which is 16 less than codod, Wo note

*0--0.

thet zoro shift gives tho seme result, whether left or right;

¥
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The numerical interpretation of the two octal (octonary) digits

concerned is: |

=i O L

K, =) %(AGAST | 0sN, <63.
f:{

Tho amount of shift, imt, is

(N G0thgsaT;
M 16,48 SN = 63.

&
Ordimarily, the order will be restricted to NE"".!,‘?, since larger valuos

Amt

produce rcsults which are alrcady included in tho case N < 47. The
existing formal symbolism gives complicated results when applied to the
result of a shift, so the following description is informal,
For replacement codes 1 ..'E; a right shift produces o word which

appears as _

0000,..0%,, JXXX,
whore the number of zcros on the loft is equal to tho mmount of the
shift, Amt-. If imt = O, then thc word appears as

XXX ... X0,
since tho sign is doloted, The X's indicate character of the rcplacer
ﬂl::)' For o left shift, thc word appoars as

XXX .00 X0 ... 000,
Vhore the number of zoros on the right is onc morc than the amount of
tho shift, since the sign is delcted, If imt =0, wo got the same
result as in the left shift,

XXX o4s X0,

For replaccment code ;; a right shift produces a word which

eppoars o8 i
' 000 ,,. OXXXXS,
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where S is the sign of f'(lﬂ)- For 2 loft shift, the word appears as
XX, 0o X0 44,0008,

In both cases the number of zeros corresponds to the amount of the ahift;.
For rcplacement code O, a right shift produces a complete blank, unless
amt = O, in which case the word appcars as,

000,,.08.

A left shift produpfsg !

000,,,050,,.0,

wherc the number of zeros on the right is equal to the amount of the
shift, Vhen the replaccment occurs, the character in the replacce
corrcsponding to S, is replaced by S, If the shift is to tho right,
and amt> O, no character will be roplaced whatever, and the replacee

survives intact,

Some examplos will be explained to clerify the discussion, using
informal symbols,

R SRR i T e
L2544 A E,

1h 3 L
Suppose we have the cbove order, where E roprosents the order-type

extract, On tho first executc, the i(l.‘:) is sent to the recirculating
Systen whore its sign is deleted, it then passes into tho shifting and
procossing dolay, over the channel merked XP in figure 1, The digits

127 sclect the amount and direction of shift in the shifting delay,

The shifted word then is stored in a computor short tank, travelling
over the channcl marked SYJ; Onc minor cycle later, and subseq}ﬂnth
thoreafter, it is availsble in the recirculating systom viz ZE, ihen
3Z is executed, tho digit 4 sclects characters 31-40 of the shifted
Word, and 1-30; 414l of 71(31) and the result irmcdiately replaces

-

w 7). Since 31-40 of ﬂs—a) corresponds to h:(;(:;-)), wo have roplaced
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; : detimy|
the fourth address of.%: . Sincc the shift is 24 (= 20, vinary notation) >
to the right (1), the sccond address of W(3a) wes shifted into the fourth
address position, The not rosult of the order is to loave W( n) unchanged,
Tk hﬂ of w(sn) nov cquals 2‘* of w( n), the fourth address of the roplacee
has been replaced by the second address of the roplacer, Shifts of zero,
lo, 20, 3, (0O, 12, 2, 36) will gonorally be used with the first four

replaceront codes, The following tablek shows how to roeplace on cddress

in the replacoe by any desired addross in the roeplacer:

Replacee
! |
ll& 211 3‘& Lj;
1 1 0 1121 23| 1 %
0
F 0 ;i 102|113 2 204
0
. 021 | 9 T2 | 1003 11
B |3 i 0
o &
@
2 e ST A -
E 1 0 361 0 22 | 01| L oo
e
Some cxamples of the othor replaccment codes follew,
- /'“‘\ = <L ’—\
% db E.
14 p ! 225 3 L

This replaces the sign of -‘;'(3::): s(‘-“'(g‘:))-’ by the 26th Cdrartimiimats

character of ﬁ(l:)'

—— F R S e

—_ — = e

nl.l E
ln. .l_ 005 3&; L’ £ W of
W1l delete the sign of 3(3:): S(W(Bn)): as will any sccond addross

the type 0XX5,

¥
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3n h“ E' e,

will replacc the "digits" of ]-'El (;l‘(sj;)), £464 D(ﬁ( _.), by
SRR — o

0 -20 |- = :

the digits of |27 |% Gl fuea D( 15| =L x| W )5

the multiplication is performed with the | | round-off, Thc result has

L 26

the "sign" of W(Bu), i.c., S(W'(_',n)), in other words the operstion re-
pleces 5(3:;) by
D( x|

S _
At ] ) s,

—~ -
1 3 253 3;. 4‘. E, |
will rultiply l: by 2-20, preserving the originnl sign, The formal
representation is sinil:zrl to the above, except that 5(5(3._.)) should
b: exchrng:d for S(*.?(lf.)). Note thet in this case a minus zcre may
result,
1+ 0O 010 3."? “ B
replaces the 43d dizit (43 = 44 = OL) of w( ‘.) by the sign of W ..)
(ercepi' 1820)

(informel notati on). uny sccond address of thc typo 1 m fails to
change w( 3.) ot oll, and nothing is accomplished cxeept to dircct the
dispatcher to P(h:) for its next order,

ifter the roplacoe hes roceived its new charactors (if any) and
imediately roturns to the momory, the l ast cxocute scnds z'.; to the
dispetehor to eontinue the program chain,

This concludes the discussion of the cleven order-types:

| L - Exact multiplication
: | D 5+  Divido with round-off
*-’-»'-_?__,_Ludd | & 5 -  Exnct division
*o | Subtract d_2 - Hire
Comparc E 3-  Extract

Multiglx with round-off!
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The unuscd order-typcs are 6"‘: 6—, g—, §+, ;—. If the dispatcher
roceives ony of thesc, the machine 3411 -1t and give tho indication
"unused orders", . completc blank has signifieance to the conputer (zoro)
but not to thc dispatcher, The EDV.C will not run cutomaticolly on empty
tonks; it will not even stort with an empty dispatcher, It thus beconies
nocessary, oftor initisl clear, to insert en order which is not o come

plete blenk into the dispatcher to start up the problen,

5.2 Spced of Operation,

The time required to perform an operation, where the EDVaC is
running continuously is defined 2s follows: It is the time elopsing from
the instont the order under considerstion just sterts to leave the menory
to the instant the next order just starts to loave the nemory.  This

time, for 211 the order-types, excopt H and i/, con be preeisely defined

® o function of 1u, giy ghy 4k, T, and exhibitoed by o sob of tabuleted :

values, In what follows, however, the j:will be assumods
(1) to be optimally distributed, giving minimum tire;
(2) randomly distributed, giving avcrage tinos . |
(3) distributed in the worst possiblc way, giving maxirum time,

Since H involves a cessation of contimious operation the definition does

ot apply; suffice it to say thot the dispatcher will sond the halt signal

to the alam circuit within 500 psec aftcr roceiving the order, The wire

°rder involves asynchronous operation and doos not give unique valucs of
*Peeds The prosont design of the wire drives will pormit 2 word to be
*%d fron or rocorded on the wire in about 35 milliscconds,

In the following table, the number of minor cycles is B‘i‘_"'ren i

Prenthescs, and the first nusber is the time in microseconds.

¥



Timo rogquired

|: Order-Type Minimum _avorage Maximp |
O 192 (L) 696 (14,5 | 3200 (25)
[ H Not sppliceble
[N 92 | ew () 5% () |

i 2208 (46) 2880 (¢0) 3552 (70)

m, D, d, 2256 (47) 2928 (61) 3600 (v'5)

W About 35 millisoconds per wire position moved |

The ENI.C adds in 200 mpsce, and multiplies in 2800 psce; division
is much slower, The EDVAC, with more flexibility and much less equip~
ment, has cabout the same operating speed as the ENL.C,

5.3 Controls :
Figure 3 (drawing 104-7AD-1) shows the main control pancl,
&t the extreme top we have a bank of 10 ncons; tho initial address
rogister, This is provided to cnable the machine to bc shut down in
the middle of a problom without losing any rosults. The initial addross
rogister storcs the loecation of the next order. Immodistcly beneath the
initial address register is the ncon light rogistor, which is a hank of
4k ncons capablo of holding & complete word and intondod to bo used to
read the contents of the machine visually when desired, Bolow the two
Tegistors is the oscilloscopo, which can be connectod to any nemory
Position in tho EDV.C, including computer short tanks, dispatcher momory
ad shifting and processing delay, Immediately bonoath tho scopo ad an

both sidos arc its controls (indicator sclectors).
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The next two rows contzin the mest important operating controls
and buttons. The mode of operation sidtch deterninos whether the
mechine is to oporato continuously or stop after performing single
operations or parts of oncrations, and the meriory bank switch permits,
in an .urgency, i OPeration of the machine whon only half of the
memory is functioning. The "start" button turns on the power and
produces an initial clear, the "stop" button turns off all power

and the "D,C, off" button turns off everything bub the tube heaters,

thus decrecasing tho probability of tube failurcs, These tro ell power
controls and heve only on cbvious indirect comnection with the computing
operetions, The "elear® button restercs the EDVAC to the initial state,
21l memory positions empty, including the dispatcher, end all flip-flops
resct oxcept those where this is not ossontinl, The "halt" button causos
the EDV.C to finish any order in process, rctain the order in the dis- l

pebeher nemory, and weit for furthcr instructions, The "initiate"

bubton permits the dispatcher to procecd with the computation by
obt ining its now order, cither from informetion contained in L4 of

the ordor it contains (or possik 1y 3“ in comperc) or in casc the

o

machine is bcing started fronm sceratch, from the special ordor s*.-d.t.chus.
These two altornatives are the normal and special modes of operation
tndicotod on the node of operation switch. The "read out” button is

ied for shutting down the EDVAC without losing any data, & row of

Pilot, lights, just ebhove the opcrating buttons, indicatos the stotus
°f the mochine, whother it is running or halted, power on and off, and
%ther information of a similar nature, .

Tho next two rows comprise the awxiliary input, previously doseribed
 the suetion an the wire ordor, and the cxcoss rmgnitude option switehos.

B
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There is one switeh for addition ang subtraction,

and one for division,
The setting of these switches determines what happens if capacity is

excceded, 4 pilot lamp, mﬁeh above each switch, indiecates
that capacity has been exceeded,

The switches which control the manual order generators are
located beneath all the other controls, The set marked "iddress M
is uscd to program break points without inserting a halt order into
tho program, and its use is controlled by the mode of operation
switch, The set marked "uddress B" is associated with the excess
magnitude option switches._ Finally, the special order switches,
located in the bottom rows, are used primarily for insorting the first
order into the dispatcher when the EDViC is in the elcared state,
5.31 Mode of Operation,

This switch has two indexes on the dial, ™normal" and "special”,
and five indications on the panel:

(1) To completion,

(2) To address i,

(3) One order,

(4) One axecute,
(5) One cycde,
It is physically impossible to set the speeial index to tho first two
indications, which refor to continuous operation, Only the bounded
fodes of operation are possible on "special", ALl five indications
¢ accessible to the normal index,
"To completion® indicates that it is desired to run until a programeod

by = t
b1t enters the dispetcher, at which tine a gong rings and a pilot light
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comes on. "To address ." indicates that it is desired to run until

an order is gallod for which is stored in the memory position identified
by address a. The address is set in on the address A switches. This
arrangenent permits break points to be inserted into a program without
using any halt orders, and using the halt order as a unique indication
of the completion of the problem, The broak points can be established
cven after the problem is on the machine, When address 4 is reacned,
the EDV..C halts and gives an indication on a neon lamp, If it is de-
sired to continue, it is only necessary to depress the initiate button,
The above aro the unbounded or continuous modes of operation,

The bounded or step-by-step modes always require the EDVAC to halt as
soon as the current order is completed, or even before, "One order"
requires the EDVAC to halt as soon as the curront order is completed;
"One exccute" requires it to halt as soon as onc execute has occurred
(or a reading of the special order switches into the dispatcher or

one wirc position has been moved). "One cycle" is the semc as one
cxecute, excopt in multiplication and division, In these cases, as
soon as the arithmetical operations start, the machino hg.lts as soon

as one partial product or one quotient digit is computed, Excopt for
"onc order" these modes arc intended for' testing, and are somowhat
analogous to "one add time".on the ENL.C,

The normal mode of operation permits the dispe.tclnr' to obtain its
next order in the usucl way, as described in section 5.1 The special
mode of operation interferes with this, by insisting that the dispatcher
obtein its next order from the spocial order switches, These switches
permit any arbitrary order to be sct up, Since nothing useful would be
accomplished by performing an identical order ad infinitum, continuous
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or unbounded modes are not permitted on special, The orders are

jdentical to thc regular programmed orders, axcept that it is not
possible to sct up any unused order-types on the switchos,
. 5,32 Excess magnitude opticns.
In connection with the orders i, S, and D, d, the possibility of
an exceed capacity s;lgnal was mentioned, Ordinarily this indicates an
| error :m programing, If this is the case, both switches arc set to
| "halt", If the signal reaches the dispatcher the EDVAC halts, and
a pilot light over the switch comes on, If for special rcasons, it
is desired to ignore tho signal entirely, the switches are set to
| "normal”, If it is desired to automatically tako account of the
occurrcnce of the signal, two more options arc provided "special"
and "address B", If thce switch is set at "special" tho dispatcher
will read the order set on the switches instead o.f its regular next
order, and the machine continues without stopping, If the switch is
set at "address B", the dispatcher will read the order stored in the
menory position designated by address B, and continue wil.t.hom stopping.
One option can be choson for i,S, and the other for D,d.
5.33 Memory bank switch. ' ‘
Three positions arc provided, Normal (IR), "I-1", and 'R-O",
The high~specd momory is divided into two halves, one located at
the left end of the EDViC, and one ot the right, Each of the duplicate

computers has its short memory tanks mounted in onfa of the tomperaturc
4ll of the momory

stabilized cases which contains half of thc memory.
positions sclected when v (B(JI)) = 1 arc in the loft casc, (hence I-1),

and all of thc memory positions selected when v, (B( J"‘” = 0 are in
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the right casc, hence R-0, In other words, the first, binary, digit
of the address chooses betucen tho right and left naory hanka; Ia
the cvent of failure of tempereturc stabilization in one czac, the
switch can be set to indicate the half still !orld.ng; The dispatcher
will then ignorc the first digit of every address and refer nll exccutes
to the memory which is unimpaired. Spocial programming will usually

be required, but only one rather then two distinet m-ograma... Onc of

the duplicate computers will be out. of service, so all checking of
duplicate rosults is discontinued,

5.3, Recad out,

The read out button is used to shut down the machine without

losing the place in tho problem, Uhen the button is depressed, the
current order is comploted, and then a set of latching rolays is une
latched, Thc address of the next order to be performed is sont from

the dispatcher to the latching relays which then latch and retain the
information until another read out occurs, The occurronce of o pro-
grommed halt or an excced capacity is similorly stored, i soon as

this is accomplished, cnough information is cvailable to restart the
problen if the nemory can be refilled with an exact duplicate of its
current condition, In order to do this, tho control sonds a wire order
to the dispatcher, which whon executed reads the entire contents of the
high-speed memory to wire 3, moving in the forward diroction, This

order is then carricd out, and the ontents of the ncuory is permanently
rocorded, AlL power is shut off afier this is ascomplished, The latch-
ing relay indications are read on lamps which will go oul, but whon the ;
power is turncd on, will read the siatus of the latchod rolays corroctly.
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6, Examplc of operation
Figure <} (drawing 104~3ID-;) is a block diagrem of one-half of
tho double computer, loss the unduplicated part which comtains the

checking circuits., Most of the cquipment used in multiplication and
division has been removed in order to avoid confusion, The operation
of (algebraic) addition which is basic to the computer will be decxribeod
briefly, with reference to the diagram, Symbols in varanthosis, such as
(D1) refer to the "map coordinates" at the top aad loft of the d'r'e.wlng;

The input to the computor is the hexogon symbol. LN(CJJ‘ lkxagons
indicate romote connections to other components or perhaps to other
places cn the sene drawing, The symbol aSC indicates that the con-
nection is energized when ecither of those orders is being performod,
and siudlarly for SC, -C denotes a connection which is encrgized
whon C is not boing performed, (In the propositional calculus we _
would use AvSvC, SvC, ~ C; "and" is not symbolized by juxtaposition,
The operations are mutually exclusive),

The computer performs algebraic addition by noting the signs of
the numbers involved, and whether they are to bo added or subtracted,
and then performs the appropriate arithmetic (signless) operation in
the adder-subtractor, If arithmetic subtraction occurs, a comploment
fay result, This information is needed to deternine the sign of the
result, and is fod to an output sign circuit, The digits arc then
decoﬂplemcnted before the sign is attached,

The rules are tabulated as follows:
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N ey o
(first word) {nsnond 4 = I‘E‘-tion Minus Signs
b (2) - - sdd 0
. = * Subtragt 1
a.(+) * 4 St s .
a (+) - 4 i .
sC_(~) + " _Sublzoct >
SC (=) ~ H s .
SC (=) - A? " 5
4 86 () ’ - - Subtract : 3

It will be noted thet if the number of minus signs is cven, the
arithmotic operation is add, if odd, subtract, The one stage binory
counter located at (DO) performs the eount, When exccute 2 occurs,
if Sor C is the order, a pulse is fed to the cowiter via Xl, ol
3, X4s X4 is shut off cxcept on .SC sinco the counter is used in a
difforcnt wey in nultiplication and division, The counter cowts the
sign in the first colurn of the table, lhen the first word, R'(J?J,
®PPears ot LiN, ite sign is detocted by a timing pulse Py, ot X2, and
Sent to the counter via 4oy, 45, X4y, Vhen the sccond H?I‘d: .i(zv-‘-‘):

“Ppears ot LN, its sign is detccted by the sonc circuit, The countor

1s initially cleared to zero by RF, before each operation, so if the
nmber of signs is odd, it cnergizes the output LSG, (L subtract gate)

®d oven.LiG (L add gate), This constitutos the input sign cireuit,

or 2rithretie operation sclector,

The digits of the first word, W(;a) ore selected by DP (digit
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pulses) =t X3(Cl) and sent to the computer short tank via a7 (a timing
delay), Blb, Cl, (gote X6 is closed ot this time) d10, &tc.., to the
short memory system (B2), This has Just been cloared by flip-flop

G2 and memorizes the di‘gits of the first word by means of the re-
genoration loop X20, d8, When the second vord, ?:(2:.) appears at

LN, snother execcute has oceurred, and the regeneration loop closes

at X20, thus clearing the tank, The gate X14(42) opens however and
the digits of tho fi‘rst word are sent to the adder-subtractor via

X12 (43) and @6 (F1), Remote connections 1, 2, 3 are enorgized while
the first, sccond ond third rddresses, rospectively, are being checked,
Irmediately aftor the oxecutc oceurs, the next in the sequence becomes
cnergized, The exccutc counter has already advenced to 2, when the

first word appcars at INH, and hns rlready advenced to 3, when the

sceond word appenrs at LN, The second word Just arriving has its
digits sclccted by DP at X3(Cl) and replaces the first word in the

pemory tank, By this tine however, gate X6(C3) is open and the digits

T

of the sccond word reach the cdder-subtracter via d5(El), Both sots of

§ - . m
digits now appesr in sunchronism ot the adder-subtracter input, The
tdder-subbracter ig a rclotivoly simple circuit conteining 16 tubes,

¥hich perforns il + S serially if its add gates are enorgized or cither

“5 (111 2 8) or 2% - M+ 5 (12 H< S) vhen tho subtract gates are
“Mergized; Il and S ore non-negative numbers, The latter two casus can
b distinmuished by the fact that a pulse (1) turns up sbnormally late,
®orresponding to the string of 9's preduced at the left by a desk cal-
Calatop,

The enalysis of the sign of the answer will be subdivided into

¥
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the two cases, arithmctic agq and arithmetie subtract; in the

circuit these are distinguisheq by whether LAG or LSG {g emrgizod.

Casc 1 ~ ..rithmctic add (L.;G!

Thoe following is a table which shows how the sign of the result

is determined:

Sign of augend Sign of addenq
Order or minuend or subtrahend Sign of
(first word) (second word) Rosult
4 (+) + + +
J‘.s ("' ) - - —
SC (=) + - B

In this case the sign of thc result is determined in advance and no
further informtion is nceded, The sign of the first word, and only
the first, passes through X23(D3) into another binary counter, the
output sign counter (D4, Only the sign of the first nushor gots
through beeemse of the 2 on gate X23, and the other input to X24 from
Lla and x34 (E3) is closed because ISG is not onergizod, Triangles
With lincs perpendicular to the basc, continuing tho input leads, rep-
fesent or gates, otherwise an and gate, This counter is initially
cleared to zoro prior to cach operation by RF, If this counter 1.: on
1, thon the answep is negative, and if on O the answer is positive,
This is 2ccomplished by "countlng" the minus sign of thoe first number
(plus 3¢ N0 pulse; minus, a pulse),

Cose 2 ~ irithmetic subtract (Lsc)
The table shows how the sign of the result is debc:mined:
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i |
ot | Sttt | St s | i |
(first word (sccond word) |u2 s M< 3
s (+) - + y y
a (+) * - * -
SC (“‘) * + + =
S¢ (=) ~ : o - g

In this ease the sign of the result is not detormined in advance,
However, if we count the sign of the first word only as was done

in czse 1, then we get the corrcet result if # > S, and the ine
correct result if H< 8§, If M < 8, a "hoproyt propagatos to the
left in the adder-subtracter, which is detected at X3),, since ISG is

now energized: M and S are non-negative numbers, A pulse thon appears

ab the output sign countor which reversss it., The sign of the result |
C2n now be rond ot this counter in the seme woy as in case 1,
The sign hoving been determincd, the digits remain to be con-

sidered,

Case 1 — arithmotic add (L4G) I

In this coee, the digits do not reguire any complementing but

e . . . - > . » o
" oy have o corry to the left, indicating M+ 52 13 M and S are

fot-ncgative numbers, This carry is detected at X35, where it scts
flip-flop G10 (F3). Flip-flop GIO emits the axcoced capacity signal
(LmsCE) to the dispatcher, and pormits a pulse P, to be emitted at
%36, This occurs nearly o minor cyele later than the occurrence of

the original carry, but the digits psss through the short memory

System (Fy) meenwhilo, so P, and the extra carry arrive at the half-

B
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adder G9(F6) similtancously, The half-sdder is o circuit which
emits a pulse if m@dmﬁpﬁﬂﬂammmmiu two
inputs, othcrwise not, It consoquently edds single pairs of digita
but cannot propagate a carry, The PM and the extre carry thus cancel
out ot the half-adder and the suporfluous digit is olimirnted, The
digits bogin to appear at La(G9) via F8, 420, Xs7, D12a, €12, one
minor cycle after the second number starts to entor at w; Tho connection
to LiT(F9) is to a checking circuit which is comparing the digits formed
in the other half of the double computer, The digits also retumn to
the adder via d22, X39, €76, ad X11, as long as X39(G4) permits them
to pess through, Nothing is prosent at the other addor input, so the
digits pass through unaltered, This loop serves as a momory until the
dispatcher is ready for the digits, As soon as that ocours X39 closos
beccause 3 is deenergized and the momory rogeneration loop clears,

a is always encrgized on ASC, The process of cancelling the earry and
producing excced eapacity signal is not parfomf:d on comparc, sinco
~C is deenergized on comparc and X35(F3) closos,

2286 2 - Arithmetic subtract

In this casc, no excced capacity can possibly occur, sinco
mx  )i-S| < max (M,8) < 1, Ontho othor hand, tho result of
the adder-subtractor must be decomplemented if M < S; M and S are
non-negative numbors; This cvent is detected at X34, where it sots
flip-flop MJJ.(EBJ; This permits clock pulscs to pass through X33(Es)
28 soon as L10 is sct; This occurs immediately aftor the first ] digit
(pulac.) reaches dlB. Clock pulses now reach G9 simultancously with the
digits of the complemont, The loast significant unit (the first, reading
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from right to left) and all geros to the right of (earlicr than)

it, are unchanged, but oll digits to the loft of (lator than) i,
arc changod from O to 1 and vico vepsa, This givos a 2's complomont
ot the output of G9, The digits now haveo the propor valuo and are
frce to locve or recirculate as in ease 1;

Flip-flop N10(F4) scrves as a zero dotoetor.. If no 1's arc
present, then N1O fails to be sot, and the sign (minus) cannot get
through X59 (F9). This rquires all zeres to have plus aign, Tho
sign comcs from the countor via X29(D4) which is read by & pulse
at "sign time" every minor cyele, The sign is comperod with the
othor helf of the double computcr via LSC.. LB(F9) i3 a switching
voltege which cancels the output when the EDVAC has ono momory tank
out of scrvice,

Figure 5 (drawing 104-10LB-1) is a collection of standard symbols
used in EDV.C block diagrams, A ring counter has as many stable states
as it has stages, being so constructed that one and only one stage can
be "set", the others are always "reset", A counting pulse causes the
next higher stage to become set, "Hisher" is interpreted cyelically,
In a binary counter, each stage can set or reset independently of the
ctiers; it has :2n stable states, where n is the number of stages,
Crystal combinations are circuits containing N34 germanium diodes,
Wose outputs become positive (negative) if one or more (all) of the

inputs are positive (negative).
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7. Alds to Maintenance

Small and compact as the EDVAC is, compared to the ENIAC, its
approximately 3000 vacuum tube circuits Present a fairly complex
maintenance problem. It is therefore dealrable to include in the desig:
as many aids to maintenance as are consistent with the requirement for
compactness and simplicity. On the other hand, an unduly elaborats
checking eystem introduces its own maintenance problem, and if carried
too far, becomes difficult for the operator and maintenance man to
interpret.

In the EDVAC, therefore, the following aidas to maintenance have

been included:
A. Provision for examination of words in various parts of the
machine by means of indicators on the Centrol panel .
B. Provision, by means of the "Mode of Operation” switch on the

Control panel, for short period operation for various conven-

ient intervals, in addition to the normal modes of operation.

For example, computation of one quotient digit or one partial
product summation, or the transfer of a single word,

C. An abnormal halt indicator on the Control,

D. Indicator lamps on the Dispatcher panel, vhich are actuated by:
(a) Error detecting circults in the Dispatcher,
(b) An error detecting circuit in the Reader-Recorder.

(c) Exceed capacity circuits in the Computer.

(d) Error detecting circuits in the Computer.

E. Necon lamps on all flip-flops.
By means of switches on the Control panel, it is possible for the
operator to observe the word in any position in any of the long tanks,

in any of the short tanks, or in the dispatcher memory. As this informa-
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tion 1s recurrent, it may be displayed on either the oscilloscops or

the neon lamp register. The in and out memory buses also may be
examined, but only by muans of the heon lamp register, since this im-
formation is transient, Cacilloscope swoeps are provided for examination
of the entire contents of a long tank, or of a single vord. The sweep
may be expanded for detailed examination of a part of a vord.

The "Mode of Operation" switch on the Timer panel permits operation
for 1 order, 1 execute or 1 cycle. Operation may be in accordance vith
the programmed routine, or in accordance with a special order, In this
manner, any desired operation may be observed in ateps short enough to
permit localizing of a source of malfunction.

An example may help to indicate how the various aides to maintenance
are used.

Let us suppose that the EDVAC 1s cperating with the Mode of Operation
switch set at "Normal to addrese A". Suppose nov that an audible signal
is given out, and the operator observes that the light over the "Halt"
button is on. This will indicate that one or more of the following
events have occurred:

A. A halt has been programmed by means of an order on the input

wire,

B. Address "A" has been reached in the computation.

C. A coding error has been detected.

D. A malfunction has been detected.

The operator should first look at the "Abnormal halt" indicator
on the Control panel. If thia light is off, the opurator should set
the indicator selector awitch to "Control." If the last four digits
read 1100, event A has occurred. If the fourth address agrecs vith

address "A", event B has occurred. In either case, the operator will
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proceed in accordance with the Problem instructions,

However, 1f the "Abnormal halt" nson irdicator is on, either
ovent C and/or event D has cccurred, and the cperator showld loek at a
group of six halt-type neons en the contrel panel, If the "Wire code
error’ neon or the "Unusable Order” neon is on, a coding error has been
detected, These errers can be Studied by means of the oscilloacope,
and corrected by means of the manual centrols, The "Wiry code wrror”
neon indicates that the order "Resd Sth address backward", which cannot
be vxocuted, has been programmed. The "Unusable Ordvr" neon signifivs
that a type of operation, other than the eleven (A, 8, C, E, otc,) fer
which the machine is designed, has busn Programmed ,

If the "Reader-Rucorder halt" neon 1s on, it indicates either that
pulsvs have been vrroncously recorded in the spacus on the wire, or
that the wrong number of digits per word has been recorded.

If the "Pulses in Blanks” neon is on, it indicates that a mal-
function has eccurred, intreducing unwanted pulsss in the dlanks in
words in the "In" or "Gut" memery buses.

If either the "Bxceed Capacity Halt" or "Computer Errer" neon is
on, 1t 1s necessary to refor to flip-flop lamps on the Computer panel,

In the Computer, algebraic operations are carried on in parallel
in two identical units., C(peration of these units is compared by mwans
of half adders and flip-flops at five peints:

A. The adder loops.

B. The quotiunt loops (including the quotient round-off circuits),

The sum, difference, result and quotient sign circuits.

C. The remainder sign circuits.

D. The shuttle tanks.
The half adders are arranged to set the flip-flops if any differ-

tvo algebralc
®Nc¢ is found Between words at correspending peints in the
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units. This arrangefient will also dutuct unvanted puloes
in either unit,

in the blanks

If the arithmetic capacity is cxceedod, reforence must be made to
"Add-Subtract Capacity Excceded” and "Divide Capacity Exceeded" flip-
flcp neens in the Algebraic Units. These indicate coding errors, vhich
may dbe corrected by the operator.

The flip-flop neons enable these Procedures to be extended to the
determinaticn of the particular circuits in which wrrors are arising,
80 that detalled checking may be limited to a small aumber of components,

Te facilitate maintenance, the memory amplifier and gatu unite are
in the ferm of ruadily replaceable plug-in units, as noted in an
earlier section of this report. The flip-flops also are small plug-in
units,

Cablnets have Ween designed to give convenient access to tubes
and othor circuit componunts, &nd a marking system will facilitate

repid locatien ef partioular circuit cemponenta.
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8.

Indiceted Improvements.

8.1 Design Policy.

As work under contract W36-034-CRD-7593 progressed, it
became necessary from time to time to freeze legical planning
end design characteristics in order that the preject should
recult in the completion of an EDVAC rather than merely the
establishment of the specifications and techniques always
representative of the current state ef the art. Certain design
cheracteoristics which will be contained in the completed equip-
ment will be representative of the state of the art two yoars age,
certain characteristics will be representative of the state onu
year ago and certain others representative of the current state.
As so often happens in development projectas of this nature,
the freezing ef design has occurred later than had been antici-
pated, partly because warly design decisions were unsound and
partly bocause it is never possible to prevent research-mindod
personncl from continuing to incorporate desirable Improvements
resulting in a bettur instrument but accempanied by o later
completion date. It is estimatod that a delay of approximately
ono your has becn incurred on these accounts. On the other hand,

the instrument will be a full-scalu device of performanco and

capicity far boyond that envisioned in the preliminary ruport or

in the contruct and its supplemsnts. The equipment will in many

weys be ropresentative of the current state ef digital computer
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art. There are a numbor of fuatur.s,however, ruflecting carly
design decislens which, if redusigned, weuld sdmit of considursble
{mprovement; there are els¢ cortain features not included in the
vquipment, having to do with logic and scopu, which would add
substantially to its uoufulnuss. The Moore School recommends

that scrious theught be given to such modifications in connuetion

with the planning for additional EDVAC type equipmunts. Specifi-
cally, thesu featurve are sot forth in the following paragraphs ;

8.2 Ruecommended Improvemonte in Design.

The input-output equipment ias designed to use magnetic
wirc. The rvader-recordsr unit of the EDVAC proper contains o
wirc handling equipment designed to use magnetic clutches in the
survonechanisme. The uquipment external to the EDVAC (the
inscriber and outscriber) being developed by the Bureau of
Standards consists primarily of medified telutyps vquipment.
This cquipment prupares two paper tupes, the first of which s
used te check the second in o verifier. Thue second tape in turn
Proporos thy magnetic wire for insertion into the reader-recorder
unit of th. EDVAC. At the time decisions were made to build
vquiprent «long the lince indicated above, thu desired warly

d2t6 of complution wss the dominant factor. It was bolioved

thot modification of teletype equipment and the use of wire

rather than negnetic tape would represent the most satiafnctory

solution consistent with minimum development time. In retrespect,
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this dwcision seums to have been unwiss, It 4s recommended that
any new EDVAC equipment use a multiple channel tape as the input-
output medium rather than wire. It 1is recommendsed that suitable
inscriber and outscriber equipment be custom degligned for the
purpese without prejudice on account of efforts to use available
squipments. Elimination of intermediate tapes can, with proper
design, cffoct a great simplification at no sacrifice in
provisions for checking accuracy. It is rocommended that the
wirc handling equipment in the reader-recorder unit use servo
gyctems not containing clutches so as to eliminate the objuction-
nbly high maintenance attendant to the use of clutches.

It is bulieved that by the use of RF linke and RF flip-flops,
squivalent performmnce could bu obtained with substantially
ginplified oquipment. It is expected that thoro would be &
saving in tubes, a decrease in the number of D.C. levels required
and a decrease in the power requirensnts.

It is recommunded thot higher repetition rates than one negu-
cycle be considerod. It is rucognized that in ordur to obtain
acceptadble rise times nt higher frequencies it 15 necessary to
increase the power delivered to the eslectronic components with
attendant operatien at Ligh.r porovsisged of normal ratings and

resultant increasqs in casualty rate. Since dependabdility is of
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peramount importance, substantial increases in repotition rate
are considered undesirable but an incresss to two megacyclea

is certainly feasible. Three megacycles are considered marginal ,
but with careful design may prove to be practicable.

8.3 Functionzl Improvements which Merit Consideration.

The following fentures are considered of sufficient
utility thot their incorporation in contenplated nev EDVACS should
b considered.

() Provision of ceded decimal to binary and binary to
coded decimel converters as part of the input-output systen to
Spced operatien by removing the necessity for performing these
relatively slow operations within the EDVAC proper and to
elininnte special coding. It seems that this could bv done

nost expoiitiously by means of relays incorpomted in the
Inscriber and Outscriber.

(b) Provision of both relative and absolute nurbering
8ystens in both tope and high speed nenory.

(c) Provision of additionnl rending and recording mechanisns
which would permit unlimited input or ocutput of data without
dtopping the equipment.

(1) Provision of additional "Order Typeo" to give greater
flexibility and to facilitate coding.

(¢) Provision of on nccurmlator to permit rapid Sigmae or

Pi operations.
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(f) Addition of mgnetic drum intermediate speed

renory Iin order that external memory need not be as slow as

rnegnetic tape would demand.

8.4 Special Purpose Features

There are two functions not necessary to a general
purpose EDVAC and therefore not included in 8.3 which are
rogarded as highly desirable for special purpose machines.
It is recermended that consideration be given to
() Provision of facilities for sorting of an
alphabetical nature and for printing out of alphabetical
characters.

(b) Provision of a randonm number generator for use
in statistical probleums.

8.5 Coded Deciral Versus Binary Computer.

No report on EDVAC would be complete without reopening
the highly controversial point a&s to whether the reduction in
equipnent effected by the use of a binary computer reprssents

real economy. There is no doubt that trouble shooting within

the binary part of the EDVAC and progremming of problums for
solution on the EDVAC will demand a knowledge of the Binary system.
Furtier, thoe extent to which thia moy cause loss of time In
consultation with potential users not familier with binary
arithmetic is not known. No experience exiats for evalunting

difficulties which may arise on this account since no binary

naohine has been built. It is believed the binary EDVAC will be a

reasonably satisfactory instrument but meintonance and progran-
the only meens for obtaining a categoric

ning experience is probably

arswer to the question.
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