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GEl:r?.JUL cousrn:mR.ATrous nr '2:HE n:.:srmr oF .AH .ALL PtmP~:ill niGrT.AL S'OI·IPUTZR 

0•0 Introduction. 

~he first concoption of a calculating mnchine, capnb1e of oxocuting 
in a con~plctcly autor~atic mannor, a scquonco of ordors proviousl:r gi von t o i t, 
apiJoars to havo bcon duo to Charlos ]abbagè. This nachino uas not com~)lotcl~r 
ro['.lis;xl on nccO'lli"lt of i ts ossontinll~r mochr>.nicnl nl'.turc nncl tho tochno1ot;ic1'-l 
im:9crfcctions of tho ongino:;ring procossos rwr.il...,.blc in 1830, !IoHovor, 
clonpi te this non-ror-.licr>.tion, ]r>.bb·"'.gol s plr-.ns cont"'.in 1'.11 tho loc::;ic.".l c1o::1onts 
roCJ_uil·od for tho construction of such r. computer. 

Littlo 1)roeross w>.s m..,.dc tovrr.rcls tho r>.ctu,~.l construction of :'. 
soncr:".l l)Ul'J)OSC crùcul~.tor until tho l".to 1930ls,IJh:)n tuo :wojccts \·rorc 
ini tir.tod L1 tho U.S • .A. Thoso \-rorc: 

l) Tho A.S. C. C, ,.,_t nt'.rv..,.rd, 
:2) Tho E.~T.I • .A,C. nt Ponnsylv::.nin., 

Tho .A.S .c.c. is ccscl1tir-.ll~r r-. lr'.rgc Hollcri th J:1:",chino \·rith j?rovision 
for mul tiplic:"~.tion .".nel di vidon, ;mel for loc;ic."'.l :~Jrogr."'.::lwint;. kJ :'. I-Iollori th 
t;y:~)O m-~.cl1.ino i t is S."'.tisfr.ctory, but tho progrr".~_ning in co;z0lox r.ncl thc 
oxocution of ordcrs slou. For o::r-.;:~LJ1c, nultiillicr'.tion tn~:os " ti;::o of th.:: 
orc1or of ~ so con~ Thc ;·~cnor~.r is inc1ofini tol~· l...,.rgo but Ycry slou ."'.G H 
ccnsis ts of punchod c.".rds, 

Tho E.N.I.A.C. is tho first Hc:.rking oloctro::ic ::1r,chb.o, but is 
li::.:i t od in ""-ll~ìlic."'.ticn sinco i ts ~Jl'ogr:-.;:r :i:1c; in vory co:·~plic.".toò., r.ncl i ts 
iatcr:l~l f::.st :-.1o::10ry is onl:" 20 :lU.".lbors. ?rnctic-'"'.11~-, tho Sj_)COd of q)cr:'.tis:l 
of tho E.H. I .A.C. in cq_unl t o th.:-.t of i ts })Ul1chccl cr'.rd i:'l~Jut ( •00 c.'"'.rc1s )Or 
ninutc ), sincc 0.11 thc oloctrs!:ic ;)rc-cosscs •"lf tho :·J:".Cl1i:lc -".re co::sidor:·>òly 
fr.stor. 

0.1 Projcctccl nnchincs, 

It vlill be seen fror1 the above òrief survey, that e::istin[:; n':'.chinos 
8.r0 limi ted in alJ:_)J.ice.tion, ci ther 'b~r their nlO'.'l overall Sl)eed ( duo to 
eloctro-mechD.nical olcnonts) , orto thoir limitcè, higc:l spoc6. r.1c:-.1or;:,.- cctpé1.cit;r·· 
As a gonor/'ù principlo, it cnn bo st<'.tcéL that it is usolcJs. to incrcaso t:1o 
n::_Jood of fm10tionnl u:1its boyoncl ono crdor of nn,z;:J.ituè,D :.:'actor thc.n th2.t of 
tho data immt. Thus, for a roL'"~." b-:Jc r.r-·.chinc, a :-mltiplic~tion tino of 
r:mc:1 loss thl'.n 1/lOOth. soc. is ~j'.l;tifiocl sinco ~0U11.òocl t.".:ìc or care'. cl."'.tr'. 
fcccl in slo•i! conpnrcC. vrith this. 

I1achines a t •)resen t und.er cliscussion or construc tion, attenpt t o me8t 
this locical desirn.tum, and are of tuo mé'.in t~r-pes·: 

l) Serial opern.tion m~chines. 
2) PnrP.lJ.el o::~erP..tion nnchines. 

Of the first t~:oe In?.y be mentionccl thc E.:::J. V.A.C. rncl i ts 3ri tiGh 
CO}):r .A. C .?J., rmd of tho soconcl, tho ::.lrincoton CO!:l)utor ::rojoct l'nel our m-m 
n...,.chino. Tho distinction ·ootvmon t:1.o two t~r:Jos is th.".t, in l) tho clieits 
of r-. numbor r.rc rwr'.ill'.blc ono .".t r· timo L1 st:cict SCCJ.ltencc, \vhilst in 2), 
1".11 tho digi ts of r.ny numbor br:;comc '"'.V ...... ib.blc n t thc s.".mo timo. 

(l) 



It follot·rs thnt if tho mininun ronction timo o:::· olcctronic olononts is utilisod 
in both cr'.sos, l) will bo slo1:ror th~n 2) by n fnctor oq_ur.l to tho nunbor of 

r digits in tho nunbor considorod. 
~ Although, n.t first sight, it i.light f'-'!)!OI\r th~.t tho design of typo 2) 
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nn.chinos uould bo tho r.10st conplicn.tod, this is, in f.".ct, not thc cn.so, sinco 
the control needed to execute, for exam)le, multi~lication, is much si~1ler 
than that required in t~1e l). 

0.2 Genoral ·)rinciplos. 

Thc forcgoiùg considor~.tions mako i t a11paront that thoro aro tt·ro. goncral 
nothodo of dosigning a fast cornputing machino. 

l) A largo higl1 SlJOOd momory and a fo1:r distinct and SÌr.!J.Jlo 
arithrnotic units, 

2) A slò1:ror largo ncnory nnd a nu.'"!lbor of idontictl.l n.ri th~1ctic uni ts. 

In thc first c~:~.sc uso is nndo of tho ff'.ct thnt t"-ny cnlculr'.tion CM bo brokon 
UlJ in t o incH vidunl 11rrts each of 1·rhich can be ~~erforr.ed se]_Jarately and in 
sequence; t"lhilst in the second case nan~r parts of a calculation are 
l'erforacd sinul tancously. .AJ;, an oxar.1ple, considor tho calculc.tion of: 

2 
(ay t by + c)/(dy + o). 

A typo l) nachinc v1ould follo"I'T this soqucnco: 

1) o to ~roduct rcgistor. 
2) Forn d.y and add to e in product registcr. 
3) Storo dy ~ e in menory. 
4) Form ~2 and transfòr to multipliòr~ 
5) Form ay2 ?nd loavc in product rogistor. 
6) Form by and add into product rogistor. 
7) Add c into nroduct rcgistor. 
8) Divido contÒnts of product rogistcr by dy + o. 

1:Jhoroas a typc 2) me.chino would porform tho opera tions ( 1-3) and ( 4-7) in tt·ro 
simultancous groups and thcn combino thc r-::sults in 8), or possibly generato 
a~r2 D.nd by simul tancously. Thus thc socond proco -duro r:light offoct a saving 
of tim::; b~r a factor of 2-3, "I'Ihich co1.tld tì.1on be so t ngr.ins t o. Mcnory of 
proportionnto slovmoss. 

It ic cvidont thut multiplo oporations lond to incrensod complcxity, n.nd 
thn t t ho idcr".l mf'-Chino \'lOUld bo of t;)'}JO l). 

0.21 Org.--nisntion. 

A study of tho lJrinciplos unclorlying tho br-.sic cor.rputing soq_uenccs of n 
fct"l ty:picnl probloms, mr,Jcos it ovidont thnt tho mn.chino r.1Ust hr-.:vo tho 
following intorn::ù consti tution: 

l) .A nonory. 
2) A control. 
3) k1 nrithnotic m1it. 

Prn.cticnl considorr.tions, to bo discusscd in 1.01, sho\'r thr'.t tho ucr.1ory r.1Ust 
consist of two pnrts: 

(2). 
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1),".. Tho intorn~'-1, high spcod nc:·.10ry. 
1)b. Thc oxtcrn·"'.1, nnd in<lofinitcly l.".rgo, stor".go ;:,o::1ory either 

on tape or on some faster medium. 

It is essential that the seconda~r memory should be avai1ab1o to the machine 
\ori thout thc intorventiom of thc human operatore 

Tho control is cssontie.lly a moans of dirccting tho cxccution of ordors 
inscrtod into thc machino and must bo capablc of cxorcising a cortain a@ount 
of indopcndont judgmcnt of tho typo: 

11 If X.)- a follo\-r scquonco D( X), but if .X(. o. follw scquoncc E(X) .n 

Hcro X is a nm1bcr rosulting from tho OlJOrf'.tions of thc mr-.chino, and is not 
known, n priori, to thc humnn oporntor. 

Thc nri t~motic uni t r:mst consist of functionr•.l uni ts ndoquntc for thc 
Porforr.nnco of n t 1c.<:.s t tho onorntions + - x • Tho inclusion of n unit for - . ' division is dosirnblc but not ossontinl, sinco itor~'.tivo procossos of r".pid 
convorgoncc f'.ro nvnil!".blo for its progrnr..ming in torns of thc othor opor.".tions; 
n simil:'l.r rom".rk "'pplios \1Ì th cvon grontcr force to tho opor!".tion ...;- 4 

0.3 Tho scn1o cf not~'.tion. 

Up t o this point, no mention has been ma.d.e of the scale of notation in 
\·Thich the numbers, used by the machine, t-rill be represented. l•!achines 
a1ready constructed (0.1) use the standard docimal systom both internally 
and. cxtornally and i t ~trould ap'JCar, in vicvr of thc univorso.l uso of this scale, 
that any now machino s:1ould conform. 

In fact, thc scalo of notation uscd. insid.c thc mnchino is almost 
complotoly dictntcd by thc avfl.ilnblo tYlJCS of monory orgnn, nnd, ns tdll 
npponr from lntor discussions, nll prcscnt tcchniqucs n.rc suito(l only to thc 
binnry, or scnlc of hro, not::.tion. 

The attractiveness of binary scale, fro:·.1 the electronic viewpoint, lies 
in the possibili t3r of using ampli tud.e insensitive elements. Thus the binary 
counter, or • flip-flop r, is reliably OlJer<>.ble "Yrith pulsos of almos t 
arbi trary shapo ( up to diroct curront ) , and. hn.ving a ''fide variation in 
ampli tud.e. 

Apart from the high speed memory, binary notation makes possible thc use 
of magnetic tape or wire as the external slO'\"t memory and, al'though slovr 
compared with electronic speeds, this is considerably faster than punched 
tape or card storago. 

0.4 The input. and out·:mt. 

The use of binary nota tion inside the r.w.chine raises the CJ.ues tion of the 
means of communication to and from the outside uorld. It 'I'TOuld, of course, 
bo possible to mru:e all conversions to and. from bina~J scalo before and aftor 
tho prosontation of a prob1om to thc machine, so that no spocinl provision 
\'TOuld. havo to bo built into tho .lattor. This uould bo CJ.uito ju:.>tifinblc if 
the total out~mt nnd input \oras very small compared vrith the data generated by 
the machine in the course of its operations, and nover communicated to tho 
outsido world. In a largo class of probloms, hovtovcr, a vcry considorablc 
amount of initial data has to bo insortcd ( o.g. matrix olomonts, nnd boundary 
vnlucs in tho solution of pnrtia1 difforcntir~ cquntions ), and this suggosts 
thc dcsirnbility of providing spcci~l convorsion fncilitics. 

(3)., 
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T\'ro mothods of convorsion r.ro inL.1odir'.toly suggostocl: 

l) A special ad hoc machine or unit. 
2) The lJrogramrning, by the ra~.chine, of its O\m conversions. 

The first alternative can be ruled out on the grounds of cost and complexity, 
but an examination of the second shows it to be porfoctly feasiblo and 
satisfnctor<J in a high specd machino. This is bocauso, at some stF.go in the 
preparation of E'. l)roblem, the human operator must \'Trite (i.e. type ) the 
data on to a physical medium, this OJleration is the limi ting factor of 
th.e primary input speed and, so long as tho m;~.chine can malte i ts own 
conversions in a loss timo than that takon by tho typist, no additional 
spooding up is nocosso.ry. It \'rill bo sho\'rn 1 in n lntor soction of this 
roport, th~t this spood critorion is roalisnblo. 

(4) 
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1.0 Tho momory. 

It \'las indicated in the introduction, and may novr be stated as a general 
principle, that once the form of the high speed mcmory has beon dccidcd, 
most of tho othor co~)ononts of an cloctronic computer bocomc somi-invariant. 
'VTo shall roviow, in this soction, tho various possiblo momorios und indicate 
our final choico. Only binary momorios will be discussod, sinco no othor 
t~~o is in n sufficiontly ndvo.nccd stato of dovolopmont to justify its 
considorntion. ' 

1.01 Dcsirntn. 

In arder of ir.rportance, a high speed memory must be capable of: 

l) Receiving digital information at speeds of the order of 
100 K.O ./sec. 

2) Emitting data at the above specd. 
3) Retaining its information for eloctronically long periods 

( i8o. of tho ordor of l socond.) 
4) Having r>.ny pv.rticu1o.r numbor orasod and rop1acod at similo.rly 

high spcod. 

Theoretical1y it should have infinite capacity in both directions, i.e. 
be capable of holding an infinite number of numbers each having an infinity 
of digitso In practice, neither of these desirata is rea1isable, and a 
compromise has to be mado" Exarnination shows that, to solvo rnuny intorosting 
problorns, a co.pacity of frorn 103 to 104 numbors is roquirod. The number of 
digits in each number is a more speculative matter. In problems which 
involve the inversion of a matrix the governing factor of the final accuracy 
is the tota1 nurnber of multip1ications and divisions involved, and in even 
rnoderately largo procedures tho rounding off orrors rnay amount to 106-108. 
Thus, in arder to onsuro an accuracy of 1/100 % in tho final answcr, nuwbors 
of total procision 1012 rnust bo usod; · in binary notation this monns 2~~;;~.a 
or approximél.tcly 40 binnry digi ts. 

1.10 Macroscopic elernents. 

The considerations of 1..01 enab1e an immediate disposal to be made of 
any idea of using rnacroscopic binary elements for the memory. ~1us, to 
enable 103- 104 binary numbers of 40 digits to be stored, 2.40.103-104 
or 105 - 106 half clcrnents would bo rcquirod, which is quito impr~cticnblo. 

1.20 Scl\l1 v.s.·switching rnothods. 

Having rejected the idea of usin~ macroscopic elements 1 there still 
rernains the discrimination betwcen two possible methods of using microscepic 
memo.ry elements. Suppose for convenicnce, that 'l'lO considor a singlo digit 
nt of any number n, and suppose tho mcmory olomonts for this digit of oach 
of N2 nurnbcrs to oc arran~cd on a squaro lattico : 

11 21 -------- N l 
n~ 

l~ 
(5) 



Thcn any number can be picked out in t~ro general vrays: 

time for 

l) A sensitive organ cru1 scan the array 
/ --·---···' ···~··· .. __ ' 

l ' l -----~----1 \ 
r-------~------ ì 
--------?-----1 A' 
-----n1 ~--- t Back track of se nn • 
.--------~----·.. l t ______ _, ____ l~ ~/ 

as sho1rm 1 and the presence or absence of a digi t a t position 
n1 can be sonscd by s~ri tching on thc organ \'lhcn i t is ovor 
position n1• This mothod moru1s that an avorngo timo of s/2 
is roquircd to senso nny digit, s boing tho timo of scnn for tho 
whole array • 

2) A S\Ii tching sys te m c an be arranged so that o n an arder from the 
control the vertical and hori zontal ro\'1 of the array are put 
into connection via the common element n1j (i.e. n1 ). The 

this operation is indopcndont of tho particular o1omcnt solcctod.· 

It would appoar that mcthod 2) is intrinsically fastor thnn 1), but in 
P.ny caso, tho preciso mochMism to bo usod in n. givon monory, dcponds on tho 
chnrn.ctor of its storngo c1cmonts. 

1.21 Oombinatoria1 momory • 

.An attractive idea, maldng use of the possib1e arr.-'ngements of objects 
on a lattice 1 is the follo\-ring: 

M ooooooooooooooòo 
H-l ooooooooouOJOOOO 

000 000 

000 000 

etc. 
2 000 000 

l 0000000000000000 

12---- N 

Suppose that r~.u objects are arranged 
possible ways of selecting N objocts 1 

N bo 10 thon any docimal numbor up to 
of tho abovc typo. 

in n colÙmns of H. Then the number of 
one from each column, is MN. If wc lct 
10lq can bo rcprcsontod by a _so1oction 

Envisago next an arrangement \-Ihereby, \'lhenever a selection is made, a 
record is provided in the form of an essentially hro dimensional 11picture", 
and that each such picture representing a l in storod in a 11 stack 11 • Hhon 
i t is desired to road out thc data from such a stack a11 that is noccssary 
is to proj,oct through it some physicnl ontity (o.t; •. light) from tho snmo 
p~. t ~ern as the array of tho number 'l'lhose presence• ( as a l ) is to be sensed. 
Then if the exact countel'J.Jart of the physical enti ty pattern is found in the 
stack an extornal rosponse is emittod. 

( 6) 
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The physical nature of each picture must be·such that: 

l) I t emi ts an irnpulse \vhen all i ts impressions are stimulated. 
2) I t cmits no impulse if only :;art of i ts impressions are s timulatcd. 
$) I t emi ts no imr>ulse if a.ny part other the.n an ir.rgrossion is 

sti:nulatcd. 

Al though such ~. scherno uould be difficul t t o reali so ui th lJroscnt 
fncilitics, it should bo bourno in mind for futuro dovolopnontw 

1.30 Thermal memories. 

no extensive clevelopment of thermal t~rpe memorics llas bccn mado. It is 
ovidont, ho\rovor, that tho thormal rctcntivit;;r of various :J<"l.torials, such as 
chalk, could form tho basi.s of a momory. Host rnochanisms of this tYJ?O aro 
rathor slo\'r as thoy dopond on conduction procossos so that, 'IL"lloss some 
indica t or of 10\·1 thermal ca11aci ty 111ere used, the memory vroulc1 be too slo\•r for 
electronic use. An additional disadvantago lies in tho fact that no rapid, 
and at the same time loce.l, cooling process is .s.vailablo for orasing dato.. 

1.40 Qptical mcmory. 

The most obvious application of optical rnethods to the dèvelopment of a 
memory organ \muld be the use of sound. track from cinematograph film. This 
1rrould t>;ive a serial t;ype memory of comparatively 10'1·1 speed and, in vio\tr of the 
fact that a dovclopmont procoss has to bo intorposcd botwoon rocording and 
roading off data, and also that once oxposcd film is no longcr usnblo for 
tho rocordin of no111 datn, no gron.t invcstigation hns boon cP.rl'iod out. 

One point is worthy of mention in connection. \·lÌ th pho'liographic mernories 
far binary numbers. The normal photographic process is capable of giving 
half tones, i.e. of giving more information than that required for a purely 
binary memory. For scale of two black and \·thi te \•Jould suffice, and i t is 
possiblo that some IJhotographic p1·ocoss might bo found, in v1hich cxposuro to 
light of n gl von \'laVolcngth produccd a blnd::oning \Thich could bo rc.~.d in some 
rogion of tho spoctrum to \Thich tho film \ras insonsi tivo. This \·!ould obviato 
tho nocossity of n scpnrn.to dovolopmont procoss. 

To car~J the process to its logical conclusion, a filmic medium might 
be found such that exposure to light of frequency n1 changed it from a 
transparent state s1 to a blackened state s2 , 1:rhereas e:::posuro to light of 
a difforent frocluoncy n2 produccd tho rcvcrso transformP.tion. 

Al tornati voly,. the med·ium might have the property that, under the action 
of light, the reversible reaction s 1~ s2 took place, such that s1 \vas the 
oquilibrium for zero intcnsity and s2 that f6r high intonsity.. If thc stato 
s2 could bo rotainod e.t zero intonsity by some quonching procoss, tho conditions 
for. uso as a binary momory •.rould oxist •. 

1.41 Korr cffoct as sclcctor mochnnism.· 

In arder for a tHo dimensionai memory of photogre.phic type to have ad.equate 
speed, and at the same time not have the complication of eloctronic scan;1ing 
\ofith its attendant vacuum, it is necossary to havo samo ldnd of s\titching 
selcction of the typo onvisagod in 1.·20. 

(7) 
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Ghost 
rogions . 

Suppose tl'lO sets of parallel wires G1 and G2 , mutually perpendicular in 
direction, to be im:nersed in a bath of liquid hav~ng the Korr electro-optical 
property that, in an eloctrostatic fiold, tho plano of polarisation of 
transmi ttod light is rotatod. If, \'ti th no fiold appliod, two polaro:i.d shoots 
nro nrrnngod for oxtinction, thon, on t\'JO ndjacont "liros in onch grid boing 
oloctrifiod, thc systom uill trnnsrait light in two brmds uhoso intorsoction 
will bo of roughly doublc tho intonsity of oithor. This system could be 
useò. t o sensi ti se the binar~r medium and, by placing a photocell behind the 
mec1ium, could also be used to read off the de.ta. The responso of Korr colls 
is of tho ordor of 109 cyclos/ soc. 

Some uso might also bo ma.do of tho fact that, in solid media, tho Korr 
cffcct porsists far some timo.( up to 30 sccs.) aftcr tho romoval of tho 
fiold. This could bo mado thc basis of a momory in i ts o~:m right. 

1.50 Acoustic memory ( Serial). 

:E'rom the essentially dynamic nature of sound phenomena, it follows that 
the basic acoustic memory \JOuld be of the serie.l type. Considerable 
development has becn carriod out on suiPable systoms for uso in conjunction 
111ith tho E.D.V.A.C. and A.C.E. . 

Tho principio of oporation is tho follo''ing, a sot of eloctrical 
impulses, representing the digit pattern of the number to be remembered, is 
applied, via suitable electronic apparatus E, to a quartz crystal Ql • 

Output. 

The resulting vibrations are transmitted through a column of liquid L, (usunlly 
mercury ) , and R.re picked up by another crys tal Q.3 • Qe fecds back into E so 
that the ptùse pattern is presorved. 

( 8) 



Thc number can bo read out serially• and ci thor orasod from thc mcmory 
or rotainod as dosircd. · 

Typcs of dclay n t prcscnt workirtg hnvo n cnpP.ci ty of tho ordor. of 
; r\ 1000 binnry digi tst nnd n cycling timo of nbout 1/1000 sec. 

1.51 Acoustic mcmorr ( Pnrr'.l1c1 ). 

:By :>.rrrmging, Sf'.i;. 40 t do1r-.ys in pr-.rF'.llol, and p1acing one of the digits 
of each number in each line, it 1.rrould be possib1e to use the system described 
in 1.50 for a paralle1 operation machine.. The disadvantagc is, hm.,rovor, that 
tho avorago timo roquirod far tho location of Dny numbcr is 1/2000 soc., 
\!hich is s1o,:r comparcd ~tri th othor dovicos t o bo doscribod lator. In add.i tion 
tho control, rcquircd to produce synchronistn bet\Jeen the various lines, \·rould 
be complicated. 

1.60 E1ectrica1 memo~J• 

A pure1y electrica1 binary memory. is the follot'ling. 

Puncturo. 

Tuo paral1e1 grids of parallel ':Tires t in dircctions ar right angles t are 
separated by a "mediumlt \"thich is normally an insulP.tor. When a uire of tho 
up:oer grid is attached to a source of high potential, and a mcmbor of tho 
lo\·JCr grid is enrthod, the modium broaks doun at tho point of closost np1)roach. 
At any subsoquont timo thc fnct of broclcl.ot-m crm bo rcru:l off, for a pnrticulr>r 
pf'.ir of wircs, b~· earthing all vrires in the up:per grid <Gave that vrhich is· to 
be sensed and t o trhich a posi ti ve potential is applied, and ap_1:>lying the 
output, via the lo\'rcr Nire, to the grid of a vnlvo. 

Al1 tho digi ts of any numbor cM bo rocordod nlong P. rm·r lino of tho grid nnd 
sonscd simul tl".noously by n numbor of vr.lvos• 
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1.61 The medium. 

One suggestion for a sui table medium vrould be ordinary or waxed paper. 
Once a hole \'letS produced the carbonaccous products of combustion in the track 
"'10'\.Ùd have a materially lo\'rer rosistancc than thc ordinary pa~;or. Thc 
disadvantRgo of this systom lios in tho fact thnt dnta cruu1ot bo ornscd, 
howcvcr, sincè the cost \'tould be l0\'1, and very large memories cauld be set 
up, this fault might not be prohibitive. 

Another mothod vrorud be t o use some med.ium, as in cloctralytic condensors, 
,,rhich broaks da\"m semi-pormanontly an tho pa:::sago of cur1·ont in ono dircction, 
but is a good insulator in tho rovorsc situation. If such a medium could 
be repaired rapidly by conduction processes all the requirements Hould be met. 

A gasoous medium, of neon typc, is anathcr possibility. Thus if tho two 
grids woro hold at a potcntial, just ovor that roquircd for stoady dischargo, 
but \'roll bolo\-r that rcquircd for striking, an impulso an any pnir of uircs 
vrould produco a conducting track nnd ini tinto a continuous dischnrgo. Such 
nn nrrrmgcmont \'lo'\.Ùd be fast nnd cnsily clcn.rcd. 

1.70 ~~gnotic momory. 

!n the field of magnetic media far binc!).ry memory, the first place ·is due 
te wire and tape. Originally designed for sound recording, the methad is 
particularly appropriate for the input and output af a calculating machino. 

Tests have shown tha.t data can be placed · on tape or vrire \·Ti th a p?.cking 
of bet~Jeen 50 and 100 digits per inch, and can be read off at 50 ta 100 K.cfsec. 
Extensive dovelapmont has bcon carricd out at Princcton, and the mothod of 
intograting this typo af momory 'l'lith a high spoca innor clcctronic mcmory, 
and 'l'li th punchod tapo datn. input, hns bcon uorkcd aut. 

l. 71 lviagnetic memory for parallel operation. 

The magnetic tape or wire is fundamentally a serial memory of medium 
speed. There are scveral mcthodn, ho\.,revor, of making a high spood, parallol 
opcration momory on a magnctic bDsis. One of the best ideas is ta record the 
data ( in the form of magnetic pulses normal to the surface ) on a cylinder 
capable of rotation at high speed ( > 1000 revs./soc.). 3y having a numbor 
of pick up hoads in each af the digi tal channols, and sui tnblo s\.,ri t:!fing 
arrangomonts, data could bo rocordod nnd road off nt batter thnn 10 soc. 
por completo numbor. This rate compares favourably. 'Itri th current ideas an 
electronic memory (see 1.80 ), and completely outclasses delay line memorios 
of equivalent comploxity. 

1.72 Pormancnco. 

It is worthy of remark that the n?..gnetic tape or \'lire provides, not anly 
a high speed memary, but alsa the only mcmory ( possibly oxcepting photographic) 
\-rhich is permancnt if dosirod. Tapos aro in oxistonco \1hich, although mad.c 
in tho oarly 1900's , aro still in goad condition • 

.Anotber feature is volumetric efficiency. Magnetic \fire affordo the least 
space cansuming, knawn, way of storing data. 

1.80 Electronic memory. 

It is not proposed to give a detailed description af the various types 
af electronic mcmory which have been proposod, bocause tho dovolopmont of such 
dovicos is possiblc only in tho typo af laboratory possosscd by valve 
manufacturing organisations. 
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In a.ddition tho Soloctron, uhich appoars to bo tho most promising m.Jmory 
tubo, is still in courso of dovolopmont, and sovcral important fcaturcs, such 
a.s thc moans of intorna.l rurrplificr-.tion, nrc ns yot undccidod. 

~ 1·. Several memory tubes based on the iconoscope have been considered, these 

l, <t 
l 

are of the scan type and·depend on tho possibility of dotocting tho prosoncc 
of olcctric chargc on a dioloctric by moans of thc influonoo of its ficld 
on an electron bcam. A disadvantage of this type of memory seems to lie in 
the creep of the charge over the face of the dielectric, this is unimportant 
in television ap:plications but is a completQ contraindication for a. calcule.ting 
machine. 

As explained in earlier sections of this report, an adeq_ue.te binary 
memory should have two states of equilibrium. In the Selectron these aro tho 
statos of cha.rgo of small dieloctric clomonts. An electron bcam can bo diroctcd 
to 8ny point of an array of such olomonts by mcans of a switching dcvico. 
According to the electrical str'.te of the particular element at the point of 
direction, an impulsa is emitted by the valve. Tho switching of the electron 
boam to the particular lattico point is achieved by moans of t\'10 grids of ,;riros, 
similar to thoso proviously doscribod but so \·rirod that any particular binary 
digit makcs two, and only two, tèdjnccnt Hiros in onch grid positive. Tho 
arr~ngomcnts nro such thnt only in thc squnro so definod cnn the electron 
bonm ponotr."'.to thc lr-.ttico. On such penetration occurting, an external 
signal is emitted ~ccording to the state of the dielectric behind the 
conducting :portion of the grid. It is hoped that tho spood of this type of 
memory 1t1ill be such that any digit can be located in 10-30 microscconds. 
Tho capaci ty of cach tubo 1t1ill bo 212 or 4096 di~i ts, and 40 tubos s1tri tchod 
in parallol, will givo tho full 40 digit binarJ numbor. 

1.90 General conclusions. 

It is no\"r possible to ma.ke a statement as to the desirable features of 
the memory, and of tho kind of organisation envisaged. The general concept 
of memory should embrace tho input-output organs, since thoso will, of 
nocossity, involvc tho making of a pcrmanont record. 

1.91 Input-output. 

The natural medium for the insertion of data is some form of typewriter, 
and the decision has to be made a.s to the medium on \{hich i t is to record. 
It is not impossible that the instrument might inscribe directly on the high 
speed memory, but this has the disadva.ntage that the input data me.y be 
greater.in volume than the capacity of this organ. The organisation 
envisagod for the input is therofore the follO\'rinG: 

l) Type data on teletype tape. 
2) Transcribe from teletype tape to me.gnetic \'Tire. 
3) Read off frorn magnetic \'lire into high speed memory as requirod. 

This schema has thc adva.ntago that the data on maGJlOtic uiro \'till bo nvailP.blc, 
at modoratoly high spocd, to tho high spocd momory, nnd cnn bo tnkcn up by 
thc lnttcr upon ordcr from thc control, vrhorcns thc tclct;ypo tn.po is 1 by 
compnrison, vory slou. Attrnctivc for-.turos of thc tclctype ns n monns of 
prim"'.ry input nrc, hmrcvor, 

l) That it is univereal, and in consequence the problem setter need 
not be in tho immediate noighbourhood of tho machinc. 

2) That it affords opportunitics of checldng input data by comparing 
indopendontly typod tapos. 
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1.92 The intermediate memorr. 

S ince the high speed memories available in the near future \'rill be of 
limi ted cé.'.paci ty, i t is evidently necossary to havo some form of intormodia.toly 
fast mcmory \·Thich is capablc of storing vory largo 'lu.a.nti tios of data. in a. 
reasonable volume. 

It seems clea.r from the above discussions. that the na.gnetic \'lire forma 
the solution to this problen. 

Facilities will be provided in the control for the high specd oonory 
to rcfill itsolf fron tho wiro as rcquircd 1. a.nd servo ncchanisns will effect 
such transfers without the intervention of the opera.tor. In addition, the 
high speed. memory \'till transfer intermedia te resul ts no t a. t once requirod, 
and final results of a cornputation to tho wire, ready for tra.nscription into 
notation comprohonsiblc to tho human mind. 

1.93 Tho high spocd mcmo;y. 

The decision as to the form of high speed memory best suited to the 
machine seems lir.1ited to a. choice between tho two tY}1es: 

l) Tho Seloctron. 
2) Some modif1ca.tion of tho parallol grid 8\'ri tching dovico. 

If it is availablo at a roasona.blo prico, tho Soloctron is thc most sa.tisfa.ctory 
solution, but since the design of the rest of the machine is the same for 
either alternative one of tho othor altornatives could bo substituted. 

1.94 The oemory for ordors. 

up to this point the memory has been regarded essentially as a device 
(r for storing and emitting numbers. To make use of the high speeds attainable 
1 "Ti th tho ma.chino it is necessary to have a control capable of d.irecting 

operations at the same rate. Thus orders have to be stored in a deviCe 
oper~ble at the same speeds as the high speed numerical memory. 

It is an obvious development to expross oa.ch posciblo unit ordor in tho 
form of a binnry numorical codo, and thon to uso thc momory, alrondy dosc~ibcd, 
to stol'o i t. Since the number of possibly useful orders is limited ( ~ 2 ) 
a simple code will suffice, and i ts exact formulation ~rill be d1scussed in 3• 
A less obvious choice lies betwoon separato momorios for ordors and numorical 
data, or a s1nglo momory. The solution becomes clear, however, when it is 
considered that a general purpose machine may be called upon to solve problems 
of t\'10 distinct typos! 

l) In which a small number of orders sufficol for the solutioh~ and 
a largo quantity of numerical dnta is usod. 

2) In \·rhich a vory largo a.nd com:_)licatod sot of ordors oporntos on 
a small sot of numcr1c~l d~tn. 

It followà that the samo memory should be used for numerlcal data and !or orders, 
and that the control should select its order fron this array, 
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2.00 Th~ aritbmetic unit • 

.A:3 stnted in ( 0.21 ) the arithmetic unit must b.e eapa.ble o:fl performing 
the operations of adcUtion, subtraction and multiplicatlon. $ome justification 
is need(;)d for the inclusion of multiplication as a fundamental oper<:1.tion as 
it could be !'rogra.nrned as n serios of udditions. i·iost problpms, howcvor, \d'l.J 
involvo r.lD.Ily mul til)licutions n.nd, sinco tho proccss of cod~ probloms \dll 
be sin.rplificd nnd tho tir.1c of comput:'.tion r.::ducod if r.nùtiplicn.tion crm bo 
regarded as a basic operation, i t wi11 be •,rorth 'l'rhile maldng the ari thnietic 
unit a litt1e more comn1ex to achieve this. 

The case for inclUding a special dividing unit is less cloar as a good 
i tcrativc process exists. It \"ill be sho\m la.tcr, ho'l'lcvor, that slight 
modifications to the multiplying unit will enable division to be pcrformed in 
the same time as r.lultip1ication and if the circuits are sufficiently ~im~le 
the addition may be justified. 

Square roots are less easi1y obtained and, as thc opcration is of rathcr 
infrequcnt occurronco in normal Hork, i t 'l'rill probably b.J batter to uso an 
itorativo procoss and programmo it cçtch timo.{ Sco .hm·r.:Jvor 2.72 ). 

2.10 Thc binnry point. 

It is necessary here to decide on the mea.ns of 1ocating t.~~ bi:r,tary point. 
Two m~thods are possible: 

l) Using the floating binary point. 
2) Using scale factors. 

In the first method all numbcrs are oxprosscd as 1'binals" ( i.o. bine.ry numbcrs 
loss than uni ty ) , and thc position of the bine.ry point is indic~:tted by àn 
associated characte.ristic. Thus 10110-111 Hould a_ppear as .10110111 , 101. 

liumbers inscrtcd as binals in tho sccond mothod havc no charactoristic, 
and tho uso of S'Ili tablo scalo factors is roliod Ui10n to kc.:;u tho rosul ts 
'l'rithin bounds. This ldl1, of ooursc, incrcnsc thc timo ncodcd far coding 
yroblems, but even so this method is preferable for the folloving rqasons. 
Firstly, the introduction of the floating biM.ry point requires complication 
of thc arithmetic unit .to dea1 \dth thc charactoristics in addition etc., and 
socondly a considorr..blo portion of thc rnomory cnpaci ty \tould bo ticd up in 
rocording thoso numbcrs. Thus if n si~1ificant figurcs are rcquirod, log2n 
lJlaccs may be needed to accomodate the char<'.cteristic in the \'rorst 
possible c~se, and this space nlUst be left free tno~1 its full use may be ~re. 

Far the above rce.so~1s it is proposed to use tho scale factor method, and 
in tho follo'I'Ting discussion only binals will be considcred. 

2.20 Uogative nurobors. 

~lese will be represented by their complernents and prefixed by l to 
indicate their negativo nEJ.turc. Thus -.0110101 ~'lill f1Pl)Q_ar as 1.1001011. · 
.Al though this \'lill reduce thc morno~.r ca-paci ty to 39 digi ~s, i t Hill bo soon 
t o l)roducc considcrablo simpli:fication in th:J mochanism rcguirod for ari thm:. .. tical· 
Ol)Cr?~tions • 

:·(13) 
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2.30 .Addition. 

The chief corrrponent of the arithmetic unit is a device \·rhich wil1 store 
a bina1, add to it a second bina1 and store the result, this uill be called 
the accumulator. In addition to this, hro bruù:o of flip-f1ops vrill be rcquirod 
\olhich are capablo of storing binals indcfinite1y, thcso lfl'il1 be callcd tho 
arithmotic rcgistcrs. At lcast ono of tho arithmotic rogistors, anò. a1so thc 
accumulntor, must hrwc thc proporty of being ab1e to shift their contents 
to the 1eft and right by as many p1aces as may be desired. 

2.31 Dynnmic and Gtatic accumulators. 

At this point a disti ne tion ous ·c be drD.I:m be tvmon the t\ro possible t~rpes 

of accUJ11ulator, static and dynnmic. lvhon a binnl is addcd to :mothor bina1 
containcd in tho nccumuln.tor provision must bo m~.do for cn.rl"J ovor from 
ono pln.co to thc noxt highor n.nd, ns cnch cn.rry mr..y i tso1f cl".uso n cr-,rry ovcr, 
thoso must bo dono in soquoncc. In the ~trorst possib1e case a carry may be 
propagated along the who1e 39 places andt if t is tho time for one carry, 39t 
munt be a1lovted betv1een oach successivo addì tion •• This assumos that all cani;cc 
are bcing complotcd at oach stago, as is tho cn.so vrith thc stl:'.tic n.ccumul.".tor. 

In the dynamic accumulatort hovrever, as an addition is performed any 
carries are stored in a set of f1ip-flops. ~n1en the first addition is 
cornpleted/these flip-flops are cleared into the noxt up:·lOr digi t placo. Tho 
rosul t may bo t o produco furthcr carrics and thcsc are again storcd in thc 
carry flip-flops. The next number is now added, and it can be shmm that the 
carries which i t vrill produce can never coincide ~'lith those A.1ready stored in 
the car~J flip-flops. There is thus no chance of a carry bcing lost in the 
proccss. This procoss is ro11Catcd for tho \·tholc scrios of add.itions and,at 
the conclusion of the series. the clearing process is repeated 39 times. 

At first sight i t might appear that the dynv.mic accu1m.1la.tor was preferab1e, 
especia1ly 'Vlhen a largo numbcr of ad.(litions are involvod as in mu.ltiplication. 
In practicc tho spccd of oporntion is 1imitcd by thc possib1o frcquoncy of thc· 
cn.rry pulscs; ·morcovcrt as ,.,ill nppear t'lhen the proceedure for di vision is 
considered, the rapid automa tic methÒcl for the latter can on1y be used "ri th 
a static accumu1ator •. 

Bccnuse of tho abovo considor<'.tions, i t hns boon dccidcd t o h;wc r. 
st~".tic typc nccumul~tor, n docision which hns bccn strongthonod by tho 
progross \'thich hr>.s boon mr>.dc tou . ..,.rds tho ror>.lisntion of such r. uni t hrwing 
nn o~ùition spocd of batter thn.n l microsocond• 

2.40 Subtrn.ction. 

T\·ro possible methods \'li11 be described for subtraction• the first using 
complcments,and the socond using invortcd carrics-over. 

2.41 Subtraction by co~1cmcnts. 

In this mothod subtraction is porformod by thc addition of tho cot~1omont. 
For cxamplo suppose that wc \\!Ìsh to subtract .01101 fron .. 11010. Thc 
conplcnont of tho first nunbor, .10011, is addcd to thc socond n~~bor giving 
1.011010 Thc roquircd answor is now 1.,01101-1: .01101. The mechanism required 
is thercforo some dovice which wi11 tako thc comp1cmcnt of tho numbor to be 
subtractod by changing all Qfs to l and all lls to O and adding l into thc last 
digi t. '!1he complcmont is no\·r fcd into tho accumu1ator, addition takos placo 
and tho final·rosult is obtainod nftcr orasing thc cr.rry-ovcr boyond thc 
binnry pointo 
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2.42 Tho invcrtod carry ovor. 

Thc socond mcthod dopcnds on tho fact that binary subtraction can bo 
porfomcd in oxactly tho samo 'ilHY ns addi tion m:copt thnt Cl".rrios-ovor no'l'r 
tnkc plr..co \'Then the accumula. t or flip-flops ch .. tmge from O t o l ins tead of from 
l to o. ~To carry over beyond the binary point occurs in this method and the 
result is therefore obtaincd directly. 

The dociding factor in this mattor uill probabl~r bo tho tcchnical 
difficultios cncountorcd in thc circuits. 

2.50 I.Iultiplication. 

Nultiplication is cssontially a scrics of rcpoatod ad.ditions with 
suit~blc shift of position. ~hus 1 suppose th~t wc wish to rnultiply 10110 by 
101. Thc multiplicand is fcd into thc accurnulntor. It is thon fod in n 
socond timo but nou shifibod t\'ro pl~cos to thc 1oft, and the res'tiù. t recorded is 
the re'l.uired product!' Some addi tional uni ts \·Till bo nccdcd ho re bcyond thoso 
considorod alroady. 

First, a mochanism is noodcd to produce tho shift~ This could bo 
incorporatcd into thc accumulator so that, '"hon multiplying, it could bo SIJt 
to shift once automatica.lly at cach stago. .Altorn?.tivcly thc nrithmotic 
rogistcr contnining thc multiplicand could pcrform tho shift, 

It is nlso nccossnry to senso tho digits of tho rnultiplior in turn r..nd 
to instruct tho nrithmotic rogistor to fccd tho nultiplic~a..· into thc 
nccumulntor if tho digit is lo This could bo dono by nn nrithmctic rogistor 
vrith shifting fncilitios, so that the rnultiplicand is shifted one place to the 
right at each stage, and the last digit sensed each timo. 

Thus, as well as tho accumulator, t1rro registors aro nccdcd, at loast ono 
· of "rhich must .havo shifting fncilitios. .Anothor rcfincmont could bo introduccd 
by making thc shift mochnnisms movc an extra place \'Ti thout pauning uhen a zero 
occurs in the mu1 tiplicancl. This \'lould reduce the timo req_uircd for · 
multiplication on tho averago by ono half. 

2.51 Negative numbcrs. 

~r.aon i t is dosircd. to porform mul tiplications wi th ci thcr or both thc 
mul tiplicr a.nd mul tiplicand no~.ti ve, i t is nccossnry to nd.opt n somc'l'rhat moro 
cor:1plic ntcd procedure which is ·aotnilcd in tho follo\Jing tnblo •. 

l) 

2) 

3) 

Multitlicr ncgntivc.The numbers seen by the arithmetic unit are 
thus 1-x), and y, (l-x) being in n shifting rogister. Tho 
product (1-x)y ièe. Y-XY is formod and addod into tho accumulator; 
at tho last stagc tho corrqJlomont of y, i.o. 1-y is addcd in. Tho 
accurnulator thuz contains 1-xyf · 
I-tultiplicand negativo. Tho numbors aro now·:{ and (1-y), and, in tho 
norl!k"1.1 1:1cy tho nccunulntor \'rould rocoivo x-xy. An thc digits of x 
bccomo n.vniliblc nt thc cxtromo right of the shifting registor 
their complements are taken and fed into the extrome left position 
of the accumulator~ At tho end of tho oporation thc accumulator . 
thus contains l-xy~l/~9 and tho addition of a. unit tò thc oxtrcmo 
right posi tion of thc accumula tar produccs tho corree t rcsult 1-xy. 
I~ultiplier and multiplicand negative., Here the accumulator receives 
1-X-Y-t- xy. It is thus necessary to porform both tho abovo procosson 
l) Blld 2), giving l+xy, a.nd then to add in unity to corroct tho 
sign. 
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2.52 .Extended accuracy. 

It is proposcd to havo moans \'Jhcroby whcn tho partial products aro shiftod 
in tho accumulator, tho torminnl digit, \'Thich would othc:t"\·liso bo lost, is fcd 
into tho loft-h;md sido of tho nri thmotic rogistor. Since the latter clears 
itself during the calculation1 the final stato of the uni t is ono in 'l'rhich the 
product is stored \·Jith its first 39 digits in tho accùmulator and its last 39 
digits in tho ragistor. 

2.60 Division • 

.AJ!, mcntionod boforo thoro aro t'iro possiblo mothods for division, tho 
itorativo and tho dircct. 

2.61 The iterative method •. 

The reciproca! x of a n~ber b can be calculated by repoated application 
of the formula Xn 2xn-l -bxn-1 • This procoss roquiroo t\.;o multiplications 
and ono subtraction at oach stago and cnn thorcforc bo porformcd 11ith thc units 
alroady postulntcd. It cnn bo r:hmm thnt, if e is the errar in x11 then tho error 
in xn 1 is be2; as we shall be dealinc only 'I'Tith binal numbers, this procoss 
'l'lill be qui to rapidly convorgont. Evon so i t \·Till bo ncccnsary t o mako a t laas t 
3 itorationo and tho timo rcquirod \·rill thus bo about 6 multii>lication tioos. 

2.62 The diroct method, 

This method is essentially tha.t of long division; that is, the denominator 
io ouccossively subtracted from tho numorator trhich is ohiftod ono :placo to tho 
ri~1t at cach stagc. l or O io rccordod as quotiont according as tho rcsult of 
subtraction t-m.s ponitivo or negativo. The numerator 'I'Till therefore be placed 
in the accumulator and the denominator in one arithmetic registor. Tho quotiont 
'l'lill appoar in a socond ari thmctic rogistor • Tho accumulator mu.st bo modifiod, 
howovor, so that 'I'Jhon a subtraction producos a nogntivc rosult this rosult is 
rojoctod nnd tho originRl numbors nro rostorcd to tho r'.ccumlùntor. This is 
oxnctly tho procoss of long division cxccpt thnt tho humn.n oporn.tor vrould 
probnbly not nctu .. "'..lly porform thc subtrnction in order to see \oJhether i t 'l'rora 
possible. 

Provision must thoreforo bo mado in thc accumulator for storing tho numbors 
of tho remainder t·Jhich aro boing oporatocl on until tho subtraction has takon 
placo. Then, if tho rosult is positivo, thoso uill bo rojoctod and tho rosult 
of the oubtraction pla.ccd in tho accumulator. If i t is nogntivo, hovrcuor, it 
uill bo rojoctod, nnd tho originnl digi ts rotninod in tho nccULm.ln.tor. 

The machine must thus be able to sense uhethor the subtraction has 
produced a positive or a negative rcsult. This can bo dono vory simply by 
considcring tho carry-ovor boyond tho bina~J point. ~nus, if tho complomont 
mothod of subtraction is usod, the car~J over v1ill bo l or O accordint; as tho 
rosul t of tho subtraction 'l'laS posi ti ve or nega ti vo. If l toJas ce..rried aver the 
machine mu~t therefore retain tho ~csult of subtraction in the accumulator, 
record l in tho quotiont rogistor, and shift tho accumulator ono placo. If no 
carr.r ovor occurs, tho rosult of tho subtraction must bo rcjoctod, thc ori5inal 
numbor rostorcd to tho accumulator \'li th ono shift, ;:.nd thc quotiont rogiotor 
shiftod but no digit rocordod. 

If tho rovcrscd cnrr.r ovor mcthod of subtr<'l.ction is usod, this procosn 
\'lill be invcrtcd ns 1 \'dll bo cnrriod ovor for n mogntivc rosul t n.nd O for n 
positivo. 
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In practice, no great elaboration of the original accumulator io reQuirod 
to do this, and the procens takes oxactly the samo time as multiplication. 
I·Iorcovcr,. thc coding of a problom is much simplifiod if i t is no t nocossary t o 
progrrunmc division. It sooms, thcrcforo, tha.t tho diroct mothod. is to bo 
prcforrcd. 

It should be obsorvcd that thc static typo accumulator is ncccssa.ry for 
thin proccss ns nll cnrrics-ovcr must be con~lotcd. nitcr cnch subtr~ction. 

2.70 Extraction of the square root. 

~ with division, there exists a good iterative process for the extraction 
of the square root. For completonoss both this and. tho 'diroct mothod will bo 
co:nsià.3rod briofly, though, as pointod out in 2.0, tho oporation cf sQuaro­
rooting occurs compa.rativoly infroQucntly and it ~•Y not bo oconomical to 
previde a spccia.l unit for thc purposc •. 

2.71 The iterative method. 

Thc general formula -
Xn::: Xn-1 ( P + l - b~-1) /p 

1/n gives an iterative process for determining the reciproca.l of b -. Taking p::-2 
this givos tho formula-

Pour itorations would probably bo noodod to obtain tho dosirod accuracy, 
and thc procoss would thoroforo tako 4 timcs tho timo roquirod for ono division. 
1-!ultiplication by 1/2 is trivial, sinco this moarl~r consists in shifting ono 
placo to tho right.' 

If an autom.:ttic divider woro not nv:'.iliblo i t \'rould bo batter to uoo tho 
forrnulr'.,-

for l/b1 / 2 nnd thon to multiply tho rosult by b ns no divisions aro involvod in 
this procoss. 

2.72 The direct method.. 

This is exactly the elementary method used for extracting square roots,but 
carried out in binary scalo. 

It is sinilar to long division but tho divisor is no\'r variablo, and tho 
accw:mlator must bo mndo to shift tvro placcs nt onch stngc inr.torul of ono. 

It is necessary. at each stage to take the number from the quotient registor, 
add in l two placos to the rit~t of its last digit and subtract tho numbor so 
formod from tho' contcnts of tho accumulator. 

This procoss roquiros tho samo timo as Qivision or multiplication, but tho 
tho dcciding factor uill, ngnin, bo thc tochnical difficultics introduccd. 

In cortain problcms of X-rny crystnllogr<'.phy ui th Fourior synthoscs, 
ho\V'CVor, thc inclusion of such n uni t 'l'tould neri t sorious considorntion, no 
frcquon t uso tJould bo mndo of i t. 
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3.00 Tho control. 
' 

Up to this point mcchr'.nisr:1s, by moc.ns of '~<lhich cr•.lculn.tions cnn bo porfornod, 
hn.vo boon doacribod 1:/i thout nny roforcnco to tho modo of thoir diroction, nnd i t 
h . .,_s boon tt'.ci tly nssunod thr• .. t such n control c:m bo conccivod. !Ll this soction 
tho precise organisation of this control '~<rill be laid doun, and the types of 

· order \1hich i t rnust be capable of oxecuting discussed •. 

3.10 Synchronous versus asynchronous ?Pcration. 

~ihoroas dolay lino typc machinos must, of nocessi ty, '1'/0rl:: on tho basis of 
strict timing of oporations, this rostriction doos not apply to a pe..rallol 
opcre .. tion mn.chino of tho l::ind considorod in this report. It is thcroforo uorth 
discur1ning tho rnorits, or othor\·dsc, of nn intornnl timing cyclo. 

The method of operation of such a timing IJeche.nism is as follot1s. Suppose 
that a mul ti11lication l~equires a t ime of (m) micr·o-seconds, thon if n pulso 
frotl some central "clocklf ini tiatos tho multiplication a t timo ( t 0 ) a pulso 
from tho samo clock at tino( t 0 + m) can ini tiato tho next oporntion in tho 
computing noquoncc \d th tho nssurnnco that tho prcvious oport'.tion 'l'rill bo 
conploto •. 

The alternative method is to have the multiplier signal the co~'letion of 
i ts operation by emi tting a pulso vhich ad.vancos thc contro! to tho noxt 
opora.tion • .Both methods havo cortain ad.ve.ntagos • Thc mcthod. of clock 
synchronis.ation porrnHs a cnlculation to bo followod through stop-by-stop if 
thc oporntion of tho m..·u~hinc is suapoct, by tho simplc expedient of h[1.ving thc 
oporator inscrt tho clocl:: pulscs mnnut',lly. On the other ha.nd, if any unit io 
nalfunctioning so that its cyclc of operation is not conpleted in the standard 
timo, the synchronising pulse m~ ord.er thc commoncemont cf tho noxt oporation 
too oarly. 

On tho wholc, it sooms bcst to combino both mothods and arrango that thc 
clock pulso, and. thc 011oration completo 11ulsc, nrc both roquircd to ini tiato thc 
noxt opera tion. This afford.s t\n internai check on tho functionir.g of thc 
nnchinc, so thnt in tho ovcnt of tho t'111o 1mlscs not occ,.lring l-lithin n cortrdn 
short timo of cn.ch othcr, thc opcrntion 6ould. bo nutomnticnlly stoppod r•J.ld 
n visiblc ind.icn.tion givon •. 

3.20 Specification of orders. 

I t 'l'las implied. in 1. 94 t ha t ord.ers '1'/0uld be s tored. in the memory in binary 
coded form, and the moans of d.oing this \dll not'l be consid.orod. 

In tho first placo it is ovidont that, in gonoral, an ord.or \·rill consist 
of tuo parts 

l) Truce a numbor from tho momory. 
2) Operato on it. 

The first 11art involvcs the specification of the posHion of. the number 
in the high speed memory. If, as is l)rojectcd., this mcmory has a capaci ty of 
about 212 nu:nbero, it follo\'ls that 12 binary d.igits of thc ordor raust bo uaod. 
t o locate· any particular numbor •. 

Tho numbor of possiblo oporations 111hich thc ·mnchino. can oxocuto is rno~o 
spcculntivo;. it ap;,cnrs corta~n, hmtcvor, tlw.t it uill be loss than 64 (2 ), 
nnd. probP .. bly loss thn.n 32 (2 ). :L'hus 6 moro binnry d.igits vill suffico to 
spcci:fy tho 021orntion.. Thc totr-~ numbor of d.igi ts roquirod fo:r n oonplcto 
ord.cr io thus 18. 
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Now, sincc 40 digit binary numbcrs are thc normnl unit contonts of tho 
nor:JOry, i t \-1111 be ponsib1c to storo tvro ordorn sidc by sidc in tho noi.1ory. 

3.30 The contro1 register. 

The para11e1 storage of orders in the memory, doscribcd abovo, mal::os it 
nocossary to havc t\'10 storago rogistors in tho control; thoso uill ·oo dosignatod 
cr1 and Cr2 rospoctivoly and tho ordors storcd in thon '1'1ill bo oxocutcd in 
scq_uonco. 

3,40 Tho control countor. 

]eforo porforning a ca1culation in tho nachinc, tho oporator \1il1 dra.\-1 up 
an ordorcù. tab1o of thc unH oporations in the computing seCJ.uence and 1:rill sot 
these into the memory. The machine \'l'ill thus fo1lmv, as far as the contro1 is 
concornod, an ordorcd soq_uonco of ovonts. 

3.41 tron-singular oporations. 

:By this is moant a prograr.uno of oporations uhich aro comp1oto1y prodictab1c 
by tho oporator boforo any rnnchino opcrations h~wo takcn p1ncc, [U1d \·rhich, in 
consoq_uonco, roq_uiro thc oxcrciso of no independent jud.gement by tho machino. 

For such seq_uences it is su.fficient to havo a contro1 countor to ,.rhich 
uni ty is a.ddcd a t tho conc1usion of oach machino oporation, and \·rhich thoroupon 
initiatos tho noxt ordor of tho soq_uonco. 

3.42 Singular o·.')oration. 

This type of operation is typified by the functioning of the machine 
during an iterative cyc1o. Thus, o.t some stago in a calculation, the machino 
may bo roq_uirod to fol1o'l'r a soq_uoncc of tho typo -

unti1 thc critorion-
xn+l-= f( x11,xn-1otc.) 

Xn+-1- Xn (o 

is satisfiod and thon to prococd on th~ main computing scquonco. 
This nocessi tates the exist$!nco of an order 'l'rhich returns the control 

counter to a provious oetting •. 

3.50 The decader - code~ •. 

Sinco thc nm.mbor 1ocation part of any ordor givos a rcproscntation 1rrhich 
is immodiat1y into11igib1o to tho momory, no furthor troatmont of it is roq_uircd. 
This, ho'1'1ovor, io not truo of tho oporationa1 part; .horo a binary numbor is to 
actUt-'l.to sovornl componant pnrts of thc llk'\chino. It follous thnt n dccoding 
tr·.blo is roq_uirod Hhich ostnb1ishos n uniquo output for [>JJ.Y binnry input. In 
addi tion, since the number of functional uni ts is small, several orders '\:lill . 
often havc certain functions in cow.1on, so that e. coding table is requirod, 
\'Jhich gi ves single inlJuts to oach functional uni t, oach capablo of cnorgisation 
b~r tho sovora1 ordors having tho particular function in common. 

Such docoding and coding tablos aro alrondy in cxistonco; thoy hnvo bocn 
uscd in tho ro1r..y mt'..Chino of tho prcsont nuthors, ::md,. in modificd form, in 
tho .E.U. I • .A.O •. 
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DECOD:ER 

ONE t~Iro:l OllLY LIV~. 

CODER 

T .,.,~to !~'!DIO Am:1[) :BY li s, LIVE ~ !.n.;!AJ .. AJ. 

Th d it ~ be ~ocn th~t thc ,.., o gonornl l::.y-out is shmm in tho dingrt'..m, nn C· "' d 
r:~."..n~onont ronlly corosponds to n tr.blc whosçf)utput is ·"'.l1Y proa.ssigno 

ct~on of i ts input concidorod ..... s r.rgumcnt. 

3.6Q ~ha orqers, 

It is worth v1hile detailinA~ a possible type of basic arder sot from vrhich 
all oporations could bo progr~ed, m1d thon oxamining dosirablo modifica.tions 
of it. 

3 • 61 ~asic arder sot. 

Althou~ì addition and subtraction might bo progrnMmod from logicnlly 
simplcr oporations, i t sooms justifiod to rcgard thcm ns basic opJrt'.tions. 

Thus,bn.sic oporf'.tions will bo-

l) Clol'.r .".ccumulgtor. 
2) Set memory to emit absolute values. 
3) Add number from position (m) in memory into accumulator. 
4) Subtract number from position (m) in momory into accunulator. 
5) Cloar arithmotic and transfer numbor from (n) into it. 
6) Shift nunbor in arithnotic rogistor ono placo to right, 
7) Shift nu..""Jbor in D.ri thr.1o t i c rogis t·or ono placo t o 1oft. 
8) Trnnsfor ri@1t hand digit of nunbor in accuroulator to left 

hand digital position in arithmetic register and shift 
number in accumulator one placa to right, 

. This sat of basic ari thmetical orders has to be SUfJ11lementod by 
d~scrimination ordors to mru'a possiblo multiplication nnd division; thoso aro 
of tho tyPo -

9) 

10) 

11) 

If R.H. digit in nrithnotic rocistor is l ndd nunbcr fron 
(n) into r-.ccunulntor. 
If nur.1bor in nccur.mlr.tor (.O [•.dd nunbor fron posi tion (n) 
into i t :md shift nW1bcrs in r.cctL-:ru.ll".tor ".nd ."'.ri thnotic 
rogistor ono plnco to 1oft. 
If number in accumulator) O mal::e a.H. digit in arithnctic 
register l and shift contents of accun1ulator and arithoetic 
registor one placo to 1oft • 
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lrow sinco nultiplication and division Hill tako, on tho basis of thcso 
ordcrs, tincs of approxinatoly 40tn and 80tn rcspoctivo1y,( tn tino of sclcction 
and o:cocution of arder storcd in nenory) i.o. 1200 ... 2400 nicro ... soconds, and it 
appears perfoctly :f'caoible to conotruct a nultiplier und divider \'lhosc cyclo of 
operation will be about 100 micro-seconds, it seems justified to include these 
operations among the basic set. This decision produces a considerablo 
modification of thc arder soquonco givon abovo. · 

In &ldition, it socms justifiod to combino arder l) \·lith ord.ors 2) 13), a.nd 
4), to givo nov1 ord.ors, dcopite the increasc in thc total numbcr of ordcrs 
thoroby producod. 

3e62 Contractod notation. 

At this point i t is usoful to introduco the follo\>ring contractcd notationt-

l-! 1tMemory, 
A: .AccULlulator. 
B.: Ari thmetic register. 
C t- Control. 
T~ l,t1.gnetic tape. 

For clearing any compon~t, its symbol \'lÌll be prefixed by c. In the caso 
of partial transfcrs from accumulator to memory( rcquircd in ueo of tabulatcd 
functions etc. ) thc symbolo ~ and .Ar •:rill bo usod for tho 1oft e.nd right halvos 
rospoctivo1y. 8imilarly, to indicato tho 1oft nn~ right halvcs of an arder in 
tho momory the c~rmbo1s H1 o..nd Hr v1ill bo uscd. For cc;mdi tional tro..nafors of tho 
control to ordcrs not in soquoncc thc synbol Cc vril1 be uscd • 

.ApE'.rt from thio tho noto.tion is soli' o:::plMI".tory. Thus -

ncnns - 11 Md tho nunbor in thc nonory (locntion n undorstood) te tho clon.rod 
A.ccu.·':lUlntor." 

3.70 Extended arder sot. 

The set of orders suggested for tl1e machine may now be formulatcd. 

l) +H -.cA. 
2) -M~c.J.. 
3) IHI ... c.A.. 
4) -tW.c.A. 
5) -. .. H~A. 
6) -1-1~ .A. 
7) II-H~A. 
8) ... 'Ml~.A. 
9) l1I ~cR. 

10) R.o9 c.A. 
11) H liCR ~cA.~ Clear accumulator, tnultiply H by R and placo L.R. 

39 digits of answer in A and R.H. 39 digits in n. 
12) A+l-i-\cR. • Clear rogiotor1 divido A b~r lvi, loavo q_uotiont in 

R and remainder in .A. 
13) 0-4Hp 
14) c ,l•t • 
15) OC4 fi1. · 'F If nwnbcr in. A) O shift control te I-!1• 
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16) 
17) 

( i 
18) 
19) [' 20) l 

21) 

22) 
23) 
24) 
25) 

r: 

Cc-t ~Xr·· 
A -\H. 
~-l Hl •· 
~ -.I·Ir• 

Sr ~ Shift contents of A ono place to right but loavo 
L.H. digits unaltered. 

s If contonts of A are A(O),A(l),--!(39) and of Rare 
R(O) ,R(l) ,-... R(39), replace these by A( O) ,A(2)-A(39).0 ... 
and R(l)w-R(39),A{l). . 

~ Initiàte operation of machine. 
:. Transfer contents of input tape to l'I• 
: Transfer contents of H to output tapo. 
: Signal complotion of ~poration. 
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