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High Speed Digital Computers 
An Elementary Survey of Present Developments and Future Trends 

O:-.:r. of Ih(' m.l"! ;nlt:rc~1II1J.:. allli I NI~~ilol~ 11111: uf 
the m" .. ! !>i~njhl ;tnl. uf the I'0~t -\\;Lr It ... hnil.Li 

dCH'I(lplllcn t:. i~ the great cHurl IIM\ is , urrcllily 111;';11/0: 
t''<l lt'lItk>(l, bolh hen' and ahro.trl . un Ill(' dc<;igll, Ion· 
"t rul ILtln, ami imllro\ Cmelll uf high ~pO;'l .. 1 aul,ml.,';' 
digu.d compulLng madlincs. [n a~('oill.lI1«· "JIl, the 
I'TCM:ut 1).1.ttern of supPtlTI for \('lllIlhal CIIll'rl' r i5('S, 
the largest part of Ih(' effort on sudl lum l ll ll l'r<. b ht-'lIIg 
11II..l1l1e(1 II) tht· fetleral g.'\t'rnmcnl. priv;tte industry 
is lUvest iug substantial sums; ;md, $(ll11e\\'II", .uriuu::.I)', 
Ihe uni\'crsitit's of the ('(Junl ry .it, nol appc"r to he loUp­
porl ing .. dth their OlIn resourH'S mOTI! Ihlln a tiny 
fr.II; tion of the work 
M~hani(al aids til com putJ.tioll an' an (lId story , of 

wu rse. But the high speed, autum;lt ic . thF:ital. cum­
puter- when each of these qua1ifym~ adjl't"til"cs is 
1.lken properly into accuunl - is a vcry new Ilt:\"dop­
ment. l Is pr.u.tical fc.llilAl t iun cannot be said to han' 
hrtn achieve,\ eJ.rlier than the wmplt:tiun .. f tht: C"e le­
hr.lled EXI.-\ C in 1'145. Of this madline"e shall ha ve 
more to say latt'r. Let us pause 1I1I" to Ilislinguish from 
other computing devitl'S the type (Jf m:Hhinl' thaI will 
oCcupy our a tten tiHn here. 

Firs t ll f all , we shall deal with IJiXIi" l malhines, This 
excludes a large class of cakul::lling dCV llCS custum· 
arily lumped- under the name of IlIIlllllg 1Tl,llhines.1 An 
analog machille is one wh ich translates ill lo some 
physical (IUallli l) ea<:h of Ihe numLcrs en te rlll~ a com· 
pUlat ion. that is, the physical qu,llItlly is the measu re 
of the number. T he analog machine then manipu­
lates these physical quantities in a(curdan( e with the 
naturc of the lomptltation It I'> clt:sired to L ITTy (IUt. 

1 For 11. UMoCOI!lion 01 an,d olt ("nmpl1l."~ :Iml Ihr;t .u ...,~, s.ee 
o R nartrer. C<JlC oJ.u'"t ltu/' .. ... NflJ " ,.J .l/ ad ........ (l mHl'Sl ty 
"f t nm()l~ I'r~. t ·tI~'n • . (1)41)1. I'h"-Itf.· .... 2. t. alHI 4 

I'ina]]y, tllc I'h~'~i",11 lIU,I 1\tit~ rt'Mlllilll-: fruUl ~u.h 
1II,llIipu l.lt ioll IS mC;I!>url. .. 1 11L,lt i:., turun] I/oiII-. 11110 n 
nunthcr 10 ohlitin tho: flunu:ril,d anSI\t'r for tht' fom· 
plll-lt i"n. :\ slilk· rulc I:> all .tlMlng mJ.rillllt" ~ lIm"er~ 
arc fl·prcM'nted. on the slil\('·rule. hy It'ngtlls wlmh are 
p rop''1 rt iol1.d tn tht' l"l-::lnlilrns uf sUI;h lIumhc~ To 
p.: rfllrlll :1 mu] ul' li" tl JlJII. lilt" ll·ngth .. u\rn'~I .. md1UK tu 
the two f,lllurs afC .Hlch-.l, ,wd the ro:,.ulting t'll.!1 
lengt h correspunds Iu Iho: prUl.hld, hC'ini{ 111 f.ld pru· 
purtional to the 10g,Irlllll\l of the pr(wiu(\ Thi~ Il/l,tI 
leng th is IUTrll.'d i hl~k inl .. a /lumher lJy 1ll(';Lns 'Jf tl1l" 
sc.!lcs pr;.l \ ld,·" lin the rull'. ,Ind thl' l.tI(ulall4ln h 
fin islll .... 1. 

A tliglt:tI m.t(hint ,dsu IlM-:' phy:.icJ.j repn-..cntdt lons 
fo r numl lCrs . "f ( uut-.e hut instcacl (If lI~mg a !'ingll:' 
physical (IUallllly ,IS thc ,,1I1rt' rej)TesentatlulI of Ihl:' 
I1IlIn"cr. anrl th u,. dt'penrllllJ{ up"n a highly ateuralc 
prcl>I.'ntJ.llon, manipuJaItOIi. J.ntl rcproduct lon of tilt.' 
maglil iudl' uf this litngle ph\~h;d quanllly, a dll(iUI 
machine represents h)" ;t l>Cpar.lh: phy:.klll quan t lt}' 
each separalt' digit of J. number. r hio; permits a .... er)" 
mut h greater latiturle in d{$i~n fur Ih~' dif(ltlll machllle , 
10 handll' numher-; of ten ,iLglls, tlU ll.lr t (If a dil(ital 
mach inc IIt:eds tu b .. : built wit h <I prl'1. iSIU II of one part 
in lOla An analog m.lchlnl:', on the other hand , has 
nu I~ttcr o .... ~r-all accu racy than that (onferrC(1 on it b} 
Ihe p recision wilh which it is bUlh 

Analol': m:tchllws !t;t\'e l){'t'll urnugh l to a high 
stngt of perfe( tion and u~fulllt'ss. Beginning 3UoUt 
JIIJI, V:tIlnc\,ar Bu:..h :lml his {Q-.... orkcrs a t ~I.I 'I 
developed the cclehr,lll"d d iifcrt'n lml ilnal)"/.cr. which 
was" me(hanic:d dcvill' in its first ('miKJ(limenl /) UrtnK 
and sincc lhl' \\a r, d cct riqiJ di !Tt'ren l1J.1 .Inal)'/.crs uf 
\';trious (Iesigns ha'oC' 1~1l (:omaruul'"rl, alld SHme of 
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IIW'o(' m.l~hilU:'" _In', urn'llll~ ;I\';\llahle vn thc lumm.' r 
'1.11 IIMrh'l. \rt, .. h,.l1 no\ {Plllt'fll oursdvCl' here, h"".· 
.'\\'t. \\ith :.\1111 rna,hilll:<; We lIhall !ope:!.\.; onl~ of 
,ilr.,I,,! \ oml .uter ... 

[n till. III" shall <;ll('ak only of ulIl"muli( digita l com­
pu\(-r .. rill' 11'J(':lninJ:: of thi~ qualirication is that we shall 
11"\ ,k.d \\ilh Iligil.rl madrint·zo of the sort rcpr~nlt',1 
1,\ Ih" L.mili.lt 3dflin~ mathine. ur the ~l onrot' or 
\l.mh:1Il1 1~1H.· of Ii{'~k l-akul.lwr. Such m;u:hincs M,' 

!l' ry old in 10l1\1'plinn ;lIld in n:ali'~ Lti lJn. (If lourSc.~ 
I h.· titS! pr,l\ tiLL! adding rnal'hinc based un tht: use uf 

l1uml.oc:r Ilht'l'ls Ila<; \It.'\'i~'(t by Ill:I i;;(.' Pa"{'al ill 16·ll . 
. 1 IlMthinc \apahlc uf I11UIl'p1l1:l.ll011 (hy repeated addl­
tinn ,rn:omp.lnil'd hy sui l"hlc !'llIft:;) was dc!'i~ned by 
Le.·lunil!. in 1(Iil ant! buill in 1(1)~. In \ t<ltI Charles 
Thumai'. :l Frenchm:tn . desi~ned the first commercially 
"Ulr("SSful marhine ..... ,tl1 mim,r modirlCali"Il~ and im­
pw\'t'ml'II1!', this mad1inc was 1K'IIlK huilt in Pans 
fllotht up tf) the Sc('ond \Vi)rld War. 

\ \ 'e ,.,hall !lot C\'ell i Olllc rn uurseh-es hen' with the 
f.lmili.lr l,unchefl·..:anl m:hhines manuf:", ture.1 b~ the 
In\('rnallonlll Bu~inl"'!> ;\blhines Coml'J.I1Y. Thest· ma­
.11II1t·S ,.,Iem fn)m Ill!' Ilor].. of li ';-rman Hollerit h. :111 
empluyre of the l' S. Ccni'us Hureau . who in 1&89 wn­
,ciwd the ide:1 ,,! U"lIlK. for entering numbers into a 
m,1I hll1t' :Iud for tl'ading out the results, holes punched 
in;\ • anI. .\ si milar ~(heme had lung been uSt.-d for con­
tr<Jllin~ the wC3\'in,lt: of complica lN\ fabrics on the 
J ... quard Inom, :llId its application to computing 
rna.lwll's had bt~'1\ prop.\SCd 1\\0 ~enerations earlier 
by ('harks Ha!JI,.I~e, of ..... hom we !l..1.y more later. 

n .... k ..:al, ubllltS al1fl 111;\1 mac\lInes are exc\uded 
from die prt ....... ·n l diS(ussion because !'uch a machine 
r .... riortns only one eleme ntary computation al a time, 
.Intl mll"t I.e iu~truc t t'd anew before it can perform 
.• uotlll'r. TI1;It i!l. we I'an enter un :I dt:s]" m3chin{' tht· 
1"" f.1t tur., entering a multiplicalion. ,llId then rely 
un the m:llhine \0 la rry Oll t the operation and dIsplay 
,,, It.. Ihe pr ... !ud lIut. before another mulliplicalion­
"r mdCl'd any other operation- is performed, we must 
uUf"'Ch'I'!\ inform tht' machine whal numbers enter the 
!It'\\" t<,mplll:\t ion. allll \\hirh IlperalllJ!l i~ to he per­
fo rmed '111 the">C nUm lJ{'r!> 

In an alll"matil m.1t Inne. ,m the other hand, sulli­
.Ielll IIlSl rm lIou" art· ~I\'ell Iht' IIl.1chine at the he~in­
IIl11g. :tllflthc m:u hme has !oouthlienl ulpa"il itie~ wlthlll 
II'-t'lf. \IJ pcrmll th(' \\ holl' of a tflmplk:llcd :.cquen. e vf 
JII.lnipuiall,,"S (II! many 1Iumht'r .. "I ht' l'X'riormed h~ 
Ihe ma, hi,lt' ..... ilhoul hu man Inlen·('nli!.n. 1111 •• · tilt' 

!ool ,lt:llal 10 st.lrt haS 1 ... ·\·11 gi\'e1l. Thus ,In :tlll.lmati, 
m.1I 1IIIll' i .. 1~1"l(ally dllTcrl'nl frllm a dc<:k •. d. u\:Jwr, 1\ 

I~ more tWilrly .1 ml'1 hanil.l·1\ slmui.lnum I.f tlte ,,1\1.1., 
\ "mplcl(; hunlotll (ompllh'r pi \I .. ,!t-.. k rn:1I hllle 1)111" 
1.ll1le" of fu nfli,m" f,.r rt'f,'n'm{' , ,1m. 11·( .rk ShlTt '111 

• h,r 3 h,s"",, ',,1 i' ("' ''UIJI "Ith.· ,it-\"t,I"I'Ill.nl "I o!"~k '-"lUpUlnll: 
",~,h,nr~ . .... , .• ho: iul •• I. '(·!tI. ulal1111o: ",:\,1"",,,,"' In • h., f ... 
" ... I,,/'(J14 Hn/,' .... "oi 

whit-II the course !If tile ('omputatll)ll i~ sketched 01 
and inlermedla[ I' r'·"ul ..... ran he re("mlrtl The idea I 
such an automatk ma\.hine is more than a century 0 
Charles Babbage, who was Lucasia n Profl'S'I(Jr of ;\l a,1 
malics at Cambridge. conceived such a dcvice-l 
Analytical Engine- and began to build it (on Bril, 
gO\'etnmenl money) III \KJ:;} T he Anal)'li("1I1 Engi 
was never complett'!!. 1,\Tgel)' because the m/.'\:hani{ 
engillct'ring of lJabh.1.gt"s da~ was not t'qual to the la 
of rcalizing his lomplicated designs. but its plan w 
astonishingly modem in terms of the ideas willch sl 
rule the automatic computer field tOOay . 

One more qualifier is left. We shall speak here 
high spud aUlomatic digital computers. Earlier th, 
the EN IAC, at least t ..... o Iypes of autom.,tic digit 
com puters ..... ere designed and built. Professor lIo ..... a 
Aiken. of Han'ard, huilt ..... i[h the help of the ID 
Company his ">V-railed Mark I ma('hinc ..... hilh wa.s, 
electrkally con lrolled. medlt1nically opt'ratcd, aut 
malic computer that was hailed as "Bahl.JaRc·~ tlrt'a 
\"I)me Irue.'" Aboul the s.1.me timc, at Bell Telephlll 
LahorJ.tories. a machine was uuill II'hith qualiflt"f'! as. 
,lII tomal ic di~ital compu ter accnnltng to the I'f(,'< 

t!e!inition!> . . allt! used electromt'Chanical relays as (' I 

mentary computing lind storage elements.' !tilth Ihe­
marh ines ..... ere of limited SIlC"\.-u because of tlwir .1 
pendence on mechanical elt·ments whose motiun I< 
necess.·lfily slow in comparison ..... ith Ihe atlitln~ 

elt't.trical ci rcuits, In the E:-; I:\C.' on the other han 
the operations within the ma{"hine arc c(mdul ted. 
lirely in t('rms of Ihe cLn'ul:ition Ihrough de.lflrallu, 
of elect rical pulses. J[;encratcd 011 a base rale uf !0O,'· 
per seconci, and in lenns of Ihe n'gistr,ltiun flf I 
effec ts of such pulsc.'s by mean'\ of electmnic "Ilill-l\" 
cir("uits which ca n resl sl.lbl)' in l'ithl'r of I ..... Oiit.lltul1., 
stales, yet he transferrC'f1 from une slate III tht· olt 

11\ a fra rllOIi of a mil ro~(und by a ]lulse of the ."rn 
sIgn, 

Thc time rt'quirt."(l in the E:-: IAC toalld tf\~elhl'r! 
numhers. e;1\ h of ten decimal digits. L~ .!t~l mtn" .... 
()nds- 100 mi lliun lhs of a SC{UIII!. In terms (,f Ihe lill 
required by rnalhines now under lun .. tru(tllm. tlli~ 

long. addition tinws of ahOUl 10 mi.to!'-C'("< III.i .... 
l,mUl10n in modern dc~igTl". Ihl!. ill term'- {Of the "IJot 
tiun uf madlllll''' h.l\"i,,~ mt·. 1I.llIi •. d t·I ,·lIlcnh , II\I~ 

\Ny £.151 illl!f"Cd 
In the remark .. 10 fu\l'I\\, thell ..... hcll('v{·r lhe 1\. 

"1ll, .. ltiIiC" is IISt,d, II I<illl>e \lnt!er .. \not! to rl'fl'r t 
high spet,·d llUtmllll[if lIL).;II.!1 lOll1 l'uling I1M.JIIUt· J 

U~ I ltl" turn lu ..... "I1I· gt'ller:d I oll .... ider.1[ j"l1 .... "n IIII' ,,\ 
all dl"Si~\I "f ~lIdl III;\\hin(·". 

' II l' U,,\.I.;,Io:" H.'M.,~~·. (,i1(/,I .,/.,.~ 1-" .... '"" "'I~'!I 
1~""I"n . t&NI 

, I ..... ,1, '!' 0" If ,.: ",d ( "' .. PUI,II,,' ~ I ... I~·, II, , \ Ii 1.11 , .. ,. 
"'r~tly I' rf'~~. C,ml,tldli". 1'1-1(". \,,,1 J 

' i'> II \\ iIlH"'II~. fI .. 1I 1",1, I{."""I ZS. ~ IJ 11'11 7 . 
' II II (;"I.I .... lin .. u"'l \ t;',I.I~un ... \tlllh 1.,1,),· •. iI· \ 

t·'''''I'UI;I.\''>n.2,'I7 ( I'I~fl ., II. I{ IIMU,,', '."UII IS.' _at \. 
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GENERAL REMARK S ON MACHINE DESIGN 

Whilc any gin'n machine mU<;l he desigllc'd as a 
whnic.lI is uhcn useful III di<;lingui .. h as separate \·:tri­
ous parts of the machine whit'h 11<I.\'e various functioos. 
The m(lrc important "f ~uch l'.lrts arc: 

First. the fIr/lhmrlil IlII il . This cleviee perf\lrms the 
intiil'idual arithmct k a l npcrati(llis as rCCjuir('fi by the 
$(hedu1l' of the \om\lu t;l tion Io('ing conductl'<l. It is a 
,"ery c!(I .... · ('Ie<tronk p.lrdllel to the familiar desk com­
puting m.llhine 

"';CClllld, the ill lit' or high ~' p((d manor)' ul/il. Thi<;. 
IllHCh b prr.:sently the least satisfactory part of ma­
rhines ill l' .\is tentc fir undcr rlesign, is a device for 
rc~i~ttring manller<; lIJ a permanent way-either tht 
nU1111x·r .. entering the pmhlcm or intermediate resuhs­
and ktt'ping tlwm :tC( t .... ~ihle for use lin demand as the 
computation prOI.<.·i·t!S \lIy number in the memory 
must be a\'ailahle 011 .t"J11;lrul in a ver\, few micro~­
onds. The ml'mory i~ ortlm:mly so arra~ged that it can 
also store mdrrs. whirh are in"tructil.lns to tht: machine 
tha t govl'rn the (OlIIrsc of the computat ion . 

Third , the (O/lIml Illlil . This pan of the machine is in 
cha rge of the whole operat ion. Il keeps tr.lCk of the 
r:alcu lation. determines which individual operation 
should be l .... rf"rm .. '\11I·\I. and cau50eS its ex«ulion. 

fina lly .. In "'1'10 !' .pllf Iwil . This is necessary to 
I.nahle the maChint· !I . communica te with its human 
masters. T hrough tll1S unit, the machine is ~upl'lied 
ini tially with the .tata a nd instructions entering the 
IIrohlcm . through this unil , the machine can als.o read 
, .. 11 intcrnwdiale or !inal results. Often, the input­
"1I111I/t unit i~ ttscd to j)rov,dc a large·cap.ocity low sllC(,([ 
~ 1"r. ').:I' (on magllt· l1. ..... i re nr runchcd t)l'le) for num ­
Il\: r", .l1ld ot<!l-r<; . 'III,,, oute r memory supplement~ tilt' 
innt' r memory , sinl,.(· till' latter is scldnm as capadn\l~ 
_IS unt: II\Juld dl"iite . 

When a mathemat ica l prohlt'm is to he prescntt't\ III 
sudl ;t 1I!a chin~. it must he progn,mmed. thaI is. 
broken ,h'lI'n int " t ht' ind iv idual steps to be pt'r!ormet! 
sU\'\'l'ssivdy '1'1 ·, numhers entl' ri ng Ih,' prnhlclll must 
IIC supplied ,Iud ,, ' ntu~ 1 the ,mlers. ,n instructions 10 
tht' 11);1< him' for h;llldlin~ those numt"'r" The inpul 
Ulllt n·.I, I .. ltll' prugr:un of numbers dl1ll \Inlets into 
the nlt'm"r~ Wilt of thl' machine at lilt' heginnillf{, ;llld 
th\' Ilurk t1wrt ·. IfI,·r prucceds en tirdy within Iht' 
m.llhin~ . 

A tYJlLl .,1 .,· kl IHI).:ht be tr.lns\..lteci: "T ake tIlt' IHlm· 
IK' r in :;turnl III Illl"IHllry 1,,("lt llm 1100 :Ind IllUitlply It 
IIY Ih~ IHlml"' r ~ tort..'tl 111 memory locatioll lOlh P ut 
th,' I'wdUll ill nWlllllry locatiun 12.H (erasing wlwt 
.. lanJ~ there IIIIW ) and then go to rnt:mory location 1161 
f(,r the IWXI order." Orders a re expressed in a cude 
\Ihidl give!> thelll the appcaraJl('e of numbers, so far 
.1'" the mat.hine IS t:oncerned. This has 11\0 advantages: 
"a t.h mcmory lotalltlll ('an Sli/re either:\ numher or an 
•• nkr . rndilTt· renll~ ..... IHI anlhmclirallll>('r:tlltJIlS can be 
l>t.rfllrtlwd 1>11 the l':>4:ut!onuml)i.·rs whi l h ar~ •• nlcn,. 
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thus chanli:inK one nrlier into another I'ohell this i~ n' 
lJuirt·c.\ as the compllLltioll J!rn~re5S('s . 

The example of .In order just RIven t..;dls fur ;t multi ' 
phcation. Simila r of(l~rs li:0\,ern addition, subtranlOn 
multiplication. and sometimes l'ertain other anthml·ticai 
operat ions Another tnJC of order, who'IC U~ ~n':Ith 
cxtend" the scope of the machine, is the so-('all, .. 1 
"(,mailionai l rtJ,ujt" order. I'his pro\'id('s the Ill .U:hlUl· 
with a sort of judgment, and enables the further ,'uurs<' 
of a computation to hc tlClt'rmincd b\' Ihe re~trlh I .. 
rlatt', WIthout the explit:il inter\,t'llti'~n of .1 IIIUII.11I 

operator . .'\ typ ical conrtitLllllal transfer urdl'r uUi/:hl 
say : "Comp,1.re the result III the I;lst manipul:ttlull \11th 
the number stored in memory Irx;ation ICHR. If Jt I~ 

\argc~ than that numocr, or equal to it, go tel mCm,lf\ 
locatlOTI lli~ for the next order. oth('fwi5{·. I{u t:. 
memory location Il i(1 fur the neJ(t "rder" SUl'h ,I,· 
cisions are a prominent feature vf the umtrol of .1 'Olll 
pticated calculation hy a human CVn1j1 uter uSinK nlll 
vention:tl methods. 

Numbers are repre!ientcd within the mat.hme In 
groups of non-linear e\emcnts eat'h of which hd~ I ..... :' 
Slable slates: on o r off. For electTUIl\(' machines I)f th,· 
pr!!Sent day . the non-linear clements arc ordinarrl\' tin-
5< ... cal\ed "llil,-f1oP" circuits r!eriv ...... 1 from Ihe ~Ulll 
\'Ibra lor invented in \911) by E"cle~ and J ordan 1 1'1\1> 

tuhcs are so coupit'd. in a thp- Ilop (·in-uit. Ih:lt 1\ hell \Jlle 
lube is c()ndun inK, t ilt' ~Tld of Ihc other tube is III;\Sl~1 
far beyond cllt·"ff Ii a s ij{rl,t1ls received III such a scn~' 
as to !';wing posItive the li:nd of the nil-tifT tul/C. thcll 
the current ill this tullt,' rr-.es and .It Ihc :"'lllle IUlIe tIlt' 
grrd of the other tube is driven neg:lllve. In a fr,1I ti,u , 
of a rn icrosccorul, this action c uhnl1l,llc;; In .1 ~t;rlll, · 

sit uation in wh idl th~ tul)(' that W.I" formerl\' I ut ,,11 
I~ carryin~ full current. while Ihe i/:ritf " f the t'ulll' tll.l l 
W. IS formC'rly condultlllg is bm!'.t'11 i.lr lot.·v,!lHI,ul ·"tT 
Thu~ the system h.ls tllO tlistinKuishah1c ~1..Lb1c ~t.lt'·~ 
and can by a pulse he transferred from une of tht~ 
states to tht' other. 

The tl lp-Ilop is !lOl the only tlel'iu," willi It re,tlllI'" 
pmctil ally thi .. r~quLrcmcllt of ha\' ing t .... " stahk .. tatl~ 
which we may (a\l 011 or otT \\'e shall <.e~ l.t1n ti l'l l 

Ihere arc o~hcr. ll l1(.1 sometimt·s sHnpkr alill ,JlI'.qlCf . 
ways 01 aduevllI,II( tht~ end. 1 I!<I~L'd. II IS in till'" ,1'f,·,tIWl 

Ihal we. tan e.~llCll much of the short-tt'rrn pf"l-:rt ........ III 
compullllg-m:tchUle desi~n to lie 

Since numbers an' r~l're~nl~d bv .1 l>u ,.xe~:.;ilm lit 
dements I\hich arc either on or olT, It l>Cems \l.thtral tv 
eJ(jlress num\)crs, fo r Ihe purposcs of the mallUlle, 11\ 

tNm~ of Ihe number syslem \.lased on 2, (1llll1'f than ill 
the fa mIliar dcdm:l1 system hased (m 10. In the 1!1l1;lfI 

syste',ll - the ba~·l ~ystern - each digit (If ,I nurnLt:, 
has either the valuc () I) r I , ;Inc! thc digIts apIK',Hlng in 
neighboring plat·es with refl'rencc to the biliary Ili'l tnt 

(analogous to Ihe dcnmal point III t he ila-.t.·· \tI S\'stt'rn 

differ in value by a faclllr 1. rather Illan hya f.l:tur 10 

\\ II. t :.:c1t'$lIll tl t \\ }Ufl !arr . I{;"JIO' I{n"," I . U.l l l'Jt'l 
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I~ they do in the decimal system. Each number is then 
rcprc<>('ntCi-1 most economically, by a scri(~S of on-ofT 
t,lcmcnls, onc for each digit of the numher. The rcprt'­
.;entation of decimal numlX;'rs in terms of oil-off cle­
ments is somewhat lc!i..<; economical, since it requi res 
the U<;C. til rcpn:scil l cadi digit, of a collection of nn-ofT 
clt'menls so arrangefl tha t the cflilection has ten dis­
tinguishable stahle slales. These ten states arc then 
u:.t.'(! (0 rcprc:.ellt the values, from () to Y, wh it-h the 
,hgit t.:an aSSume. 

:\.1051 of the machines prescntly under cr)l1struo.:tion 
usc the binary system fo r internal purposes; this 
Iwn:ssitalcS a transfurmation of numocrs from decimal 
representation 10 bina ry represclltation at the start 
:1Il.j the end of (';Hh calculation, but the machine itself 
can lll:rfunn this transformation, and the time required 
fur t IllS conversion is small in comparison to the timt' 
needed for the int{'rnal manipula tions of numbers by 
a lIl:lchinl' during the solu tion of a problem. 

T here is !1ne other argument for the use of the binary 
«\'stem. Binarv arithmetic is the arithme tic of logic, 
U'I a universe \~' ht'Te a proposition is ei ther true (one) or 
f.lbe Vero) . The machine can , tllf'n, if it uses the 
binan' fcpresentatiun of nunlbcrs, couduct its logical 
111II.: ra·l1on.; in the same formal terms as are used fo r its 
;Irithmctical manipulations. 

Let us IlUW pause for a moment to di5(uSS what is 
"aHed "halance" in the design of a compu ting machine. 
Th is term refers to the si mple iuea that the most efli­
ll(;n t operat ion will be achieved when the times re­
quired 10 perform the va rious operat ions conduc ted 
bv the machines a re rela ted 10 one another in a reasoll­
:title way, To take an absurd example, Ihe requircmenl 
that the machine be able to perform whole sequences of 
tom,mtations automatically arises from its internal 
Spt.'t'<l. There would be no sense in perform ing an addi · 
liol1 in. 200 microse<:onds (as the E~JAC docs) Qr in 
UI mit rtIsc<onds (as some of the new machines will do), 
if a slow, moving human opera lor had , a t each stage, 
tu t"IIY off the result and then to en ter the next two 
nUOl llCrs tQ be su mmed. 

At a more sophisticated level, we must <(Insider the 
halance of operating times within the machine. T his re­
quires a ca re(ul weighing of the relative times required 
for :\C<:ess to the high speed memory, for addition, for 
transfer of a nu mber from one place to a nother in the 
machine, and for the repealL'd operat ions involved in 
multiplication and division. To a certain extent, de­
(isions on the balance of in ternal opera ting times ..... ill 
be made on the basis of the type of problem for ..... hich 
the machine will mainly be used j thus, for examplt', a 
machine whose main task was to be addition or com­
parison of numbers would desirably ha~e a different 
internal balance of operating limes from that appro­
priate to a machine inlended fo r proce5SC..-s involving 
many multiplications. Uut the balance of a general ­
purpose computing machine can a lso be specified, and 
attention to this design consideration is important. 
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It has al ready been stated that numbers a re ortb­
- narily expn.'Ssed in the machine in terms of their binar~ 

represen tation. T here are two quite different ways of 
ha ndling such numbers, both of which are in usc in 
machines now building. One is called the serial metlll .... 1. 
the other the paral1('1 methQ(P In serial opcrat ifln, .• 
numbr r is transmitted from one place 10 another in tht' 
mach ine a single digi t at a time, until the enlire numht" 
i ~ spelled out. In parallel operation, ~ach digit of 1I 

numl./Cr is transmitted on its own separate line, anJ ,dl 
the digits of a given number are sent simul lancouo,lv 

As usual, each of these schemes has its adv:tnt"J.:t·~ 
and its disadvantag('s. T he parallel representation l~ 
inherently faster, since the entire numher is I ransm it ted 
at once, while in the serial scheme a numher is St.'nt Ollt 
digil at a time. On the ot her hand, the amount 01 
equipment needed in a parallel machine is gn':lter than 
Ihat required for a serial mach inc, since in the forml'f 
as ma ny lines are needed for transmitting a ginl l 
number as there are digits in the numher, while in 
St:: rial operat ion all digits a re scn t successiwly down a 
single line:. In a serial machine, e:«at.:l timing IS usuall~ 
quite sign if Kant, since, lor t.'xamp1c, the sUClcssivt"" 
digits of a number are distinguished from one another· 
by their time of occurrence. In a para1!el mal'hine, 1111 

the other ha nd, timing is unimportan t , since Ihe plat"t"" 
of a (ligit in a number is distinguished compll' lt-ly \)~ 
the place al which it occurs in the machine. It I!> "~,, 

carl)' to sa)' which of these schemes is the better ahSt,· 
lu td)" or the lICtter uIII'!cr certa in circumstances. rht.'y 
seem today to be competitors of approximately equ;tl 
promise, and on ly further work and further dt'wlop 
ment can determine which is the bclter. 

T he detailed design of the inner, high spet.'(I, Jilemon 
has a substantial inlluenct' on Iht' dlOil"e I)f ~'rial .. , 
parallel operation for a ma,hint'. T ht' requirCIllt"llh 011 

the inne r memory are wry simple but very challellJ.:illj.! 
It must be able to store al least hundreds, and prt'ft"f 
ably thousa.nds, of sepa rate numbers or orders, !Inri I .. 
do this in such a way thai each is permanent and m:l\ 
be left stored for long rx:riods without error, while ill 
the same time it is accessible for transmission and u ..... 
within a vcr)' few million ths of a St:cond . 

T he earliest machines. sut:h as the E\"L\ C, u,>t .. d fv, 
a n inner memory banks of t1ip ... llu]I (' itl IIII S, su that ;II 
least one pai r of triodes was recj uirt.'fl w s totl' c.tt l 
digit of each number in the inner memory . nll"; i-; .,Ut j 

an exl ravagant scheme that not very many llull1li\.·'· 
could Lc so stored; the E~ lAC has in its inner memOf 
a capaci ty of only 20 numhers or orders. 

It was dear thai greater cap .. ,ciIY of the inner merlllU ', 
is needed for achieving proper b:1.lance in a genem l 
purpose computing machine This problem has (>I."cupi('", 
machin(' designers for some time, ;Ind it still IXTIl]ll ' 
them. The th ree types of inner memory in uS(' an 
ti rst. a rapidl}' rotating magnetic drulll Qn \\hidl tl , 

'J) R. lIar lrl!<' ( rdn~n("~ 1, s,.cl,on ' '\ ' 
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li:lt"i of numl)(,T<; lall I~ ~lorM'l a!l patterns of male" 
tl/~'ltlnn, o;crun.!, a tILl"" (Containing mercury or other 
luid dUI-'>!1 .... hien thr signals representillF: tligi ls of 
HllJ,.rr ... (-an he sc.'nt .• , pulses of sound. anf! third, 
,0( !T, .... la\!( <;("hemt'S III ..... hich the djgit~ of numhc~ 
Tl' .. II/rt'(\ a .. pallt'rn~ "I ,harge on the face of an 
, .. uLtI"T 
It 1<; .... utlh 11<1111 mit thdl Ihe magnctk drum and the 

,mt rieL,,\! hne are nu-t hode; of li:mami( slonl.l(c In the 
.. " .... Iha l Ihe numlll!r ... 'i"TNt circulate ('onlinuously 
urlng ",,,raitt', .... 11,1(0 Iht" ek('trostalic 5('hemc is one of 
', ,11( .. loraJl;t' It hno; thert"iure o;omclm,cs httn \aId that 
he (IYllami('" <;toT,llte mC"lho(j" an~ best <;ulted to a 
0,1( hint (If <:.erial tYJlr, .... hile the ~tatic slora~e filS 
",'0:.' a machine of para II", d~lltn . T his is only partly 
rue /1. dynamic storaRe method produc6 one d igit 
• her nnntlwr, to he sun', hut a multiplica tion of th(' 
11111'1 used for (1\'l1am;, .. t"rage (magnet ic clrumll, mer· 
ury rlclay tuh('s) penntl~ ('aeh digit of a given number 
,I' nrdrr 10 be enler('d ,)11 a St:p.uale memory unit, !.\O 

hat the .... hole numlter ran he availahlc at once, as " 
,"U'II Ix- in ;l par:dlcl machine On the other ha nel, 
.Ialir methods of storage are not immt"lhatcly S\IItable 
fll r USt' 111 a fo('riai machine, hut can hr u'Oe<l if tli(' rligltll 
,f a numher art' rt"ad off from tht' o,t •• I I(" storage one ah('T 
lOulhtr 

1.('1 us nnw turn to a coosi!\rratlon of the capabilities, 
\1<;(''1, and limitatlon'i of compulmg machint:S cUTTrntly 
unrier df''Iign or con'i tructinn 

CAPABILITIES. US I'.:S, AN D LIMITATIONS 
OF MACHINES 

The nalur(' nf tht ordrr" prC"oCnleri 10 a marhine hu 
,"rearl" been m('nt illTlrd What .... e must uoderstand al 
this j~ncture l'i that Iht numher of orders a machint' 
c ln appreciate and acl upon- Ite; vocabulary - is "'Idt 
1010 II ny its dr"'lgner. An analysis of tht" nl~'ratifln ... IIf 
,Hithme lic rhsdoscs tha t the ol'eratinn~ "f :1.I1"lIum, 
'iulot r'l tlion, multiplicat ion, and division ,I I ~ · ""lIned 
III terms of the t"lementary operati"u> "ill and 
" !lweI." Hut the formalism nece.«saty lu! ' ~ reduc tion 
1'1 !;() complirale<i that it is more !;emill, f. · In instruct 
thc m3l;hine in terms of the four convcnt l"l!.t l operat ion ... 
of arithmetic than it is to reduce (in programming ' 
t'~'ery arithm('ti~31 operation to its hUt, terms as e'( · 
pte'i.'ie<! by th(' opera lion!> "jilin" and nW't:t." 11 0 .... f~r 
(an wr prnlit,lilly go tn IhlS di reclittll " f comp!., att"ll 
aflthmetit'al operation) I ~ II ..... onh .... Itll .. for e,t.tmplc, 
10 Inl>lruct the machin(' hOJW 10 take ""111..ff' root;,! 

'1 he ESIAC is so instructed. On .. " " "Ie Ortler, the 
.. _ ~ lAC ..... ilI tak.e the square rool "I a dOoI~natL-d num . 
11('1 But the opC'Tatu)I\ of e'((rallm" a !.quare wut I!> 
('\\,tf"Ssible in It'lnl!> of Ihe four drOlcntary opera lions 
"I 'rLthmetic, :lIld thu'> a madullI' ... hlch does not un 
.1,,'<;lanll a one· .... "rd in'llrU(tlon to take a squan' t,",1 

ne \'rrthelcs.~ nlr.lct such a tOOl if II is pro\ Ioini 
!I. sequen('(' of nrrlers oc .. ignl'1 t to producc !iU' h a 
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r,",u1l, by manipuL1.tions ..... hich the machine doco; 
undcrstand. 

Thu~ is not a triVial point. To increase the vocabuLu\ 
,I .. mach ine to increase the number of slIlgl(' orders 
.. hM'h It understands- greatly complicatC5 Ihc d~ign 
" I the machine To llimplify the machine by redu('ing 
tla vocahulary greatly mmplicatC5 the husinc<>.~ of 
I.ro'lt ramming a problf'm for lhe machine_ lIere, tl.lO, a 
I .. LanLe must 1)(' struck: bet .... ·een machine complf'xit\ 
.. otl p rogram complexity . 

In fact, Wf' met'! hrrf' one of the major difT('tcllu·s of 
philosophy ..... hirh has SO far ou·urren in Ihe de .. ign of 
ma('h me:s, It can t~ iIIustralerl hy not it in~ Ihat Iht' 
I·t. rva rd ~tark I madline is provided ..... llh a hUIlt-1ll 
t. t.k of four.place logarithms, sn Ihal II has th(' caJ';t­
t/lillY to take the logarilhm of a numhcr h~ IUllk1ll1t It 
UI' III this lahle, The de1iigners of other Illill hinC'S h,1\ \ • 
A~rted tha i , since reference In :t 'abl(' nf fun! 1\1/11 

va lues is one uf Ihe leaSI t'flident demt"ntnry upt'ralloll~ 
pC'r!ormed by a machine, it is better and faSH'r In IM\!' 
tht' machine n .. kulate fur ilS('tf any f"ncll,m v.dul''' 
nN"Ocd, using the inrinitf' St:rie:s expressing tht· fUnni,m 
11If' ineffiliency of labular refefen(;e anscs II('I ,\U"C' 

t!'h!' r function values are slored in the IIlner memlln 
I ... hll h i'l alrearly too !lmall for proper halante III mn .. t 
Iltl, IIt.\IlOns, and then'fure OUlth, not tv bt' u<;c(1 up fur 
fun, I'"n tables), or tlse fun('tion values are "'tnn<1 in ,111 

OUI t' ( memon . whf're t UIl .. t1l!lOg them tales a \"rr~ I"nti: 
timt'.m titt' nITI'II,,·ly ral' ,d lime-scale of Iht' maclillic 
1 tI .. sloragt" of tnt" form IIi a funcli,m m:lke .. far ... mall .. r 
IOl,d demands on memory s~oe, and the cnmpul;ltlflll 
of nttde<1 values of Ihe functIOn IS, in general. far 
faster Ihan is consultation of the outer merrrOT\' tn hnt! 
'iueh v:liues Thus. il\ Ihis lattcr phil<le;oph\". iaJ,k'i IIf 
funnions are an ana('hronism t''(isti"g locl.I\' (lnh' lit' 
caultt' nut everyone Inlerested 10 periormil;/ot t;tl, ul,l 
\Lon e; y(' 1 ha .. ;lITe"'''' to a hiJl:h e;f~l'd automatll dl.l!;lt.ll 
('ompuling ma{'hmr 

Of ('nurS(.·, the user "f a macillnt' oftrn mt·1.-'I~ 1I ~ilU.1 
tion in wh idl h~ must perform repealed takul.llinll" III 
the 'l.1.me kind If this calluL'IllIln i", not flue CtllllpTI'-I'd 
In t he v()( allUla r:, I)f thc machine, il mu ... t ht· PI'II­
gram01~l fur th(' ma('hint' in le('ms of Ihe elemrtlto1n­
'lpcratiolls which Me encllmp.1.55elt III Ihat vocahular\ 
Once this is rlnllt' . then the prOftram "hlLh rt' ... ul,,> fan 
II(' preservl'd and uo;ed a~ain and aJl:ain. ThaI i,. ;11\ 

exlcnd('(i 1'lmputllll<lII will ordinaril\' l(>n~l~t flf .1 

ma'jor wutinl' and a numll('r of suh .. ro\~lLne~. Ihc laUI'! 
htlllg of 511' h II natllrl' Ihat the)' can be u .... '(t, if n('(I·" 
..ary , o\'('r and ov('r afl:alll as the main ,'om l,ul,ltllll\ 
progrel\"'t'''' If, fo r rxample, the machll\t' IS 1lfJ! Ik~lJ.:nf'11 
t" undt'(~I;Hld 30 instruction dircclinJ:: II III t.lkr the 
"'Iua((' r01l1 of a numher. then the sqll.lrrTtlut opt'ra 
II"n \3n hc.. programmeci in terms of tht' fnur bd .. 1\ 

"IIl'r,ltlons uf aTlthntt'tic If th.tI 1'T4)J1:ram 15 .... \\I·'\. " 
loUl !Jc used o\'('r and over again "ht'lIc\cr Ihl' rnaj"r 
computation demands thai a square rOt'lt IJ{' 1"l"1\ \"\ 
mac hint' i~ uscd for ('~tf'ndetl periods. Ihe numhct III 
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-11.1 '''\It.·r(lIlIIl1I·~ "hll 11 ,n,' 11I1I1t up .,nd I.lt'd " .... 1\\ 

I," 1'"luf," 1I"t' \\1111 .. · ,-\II'lI'kd ,1111111 I~ n", too muth 

I,' ,-" .... , I Ih.ll pr"J.:r.lIl1mit,J.: will tlwn'hy lx' Kfcatly' 

""'I.llt"~ I 
It ",,' "',lilt' mll'fl' .. 1 '" ,,,I11IMn' ,\ hi~h sp~'{,11 aUI" 

IH.,II< ,II!,!!\,.' ."lnl'ulillJ,: llI,t, hUll' 10 th" human hrdin, 
,I" ",, Ii ".IlII','Ti .... !!' ... h.LI," "il,'n 1 .. -,-11 ma,I,' in tilt" 

, •. , .. ,' '\1111 .• ,"nI' ... ri .... 'n IlIU'" lit.' \I'r~ ,.,r"full, I1M.II-
I flInt "h,,1 \\" 1.11<'" 111"', It,,- II"nIT." I1t'f\"'lh !oy .. t.'m 
,.1 lI1unal .. , 111< h,.lilll/: 1111'11. , •• 111111'" ... ·01 "f md'\LUU,d 
'Olurun" liT ne'n." ,,-II .. "Ill! h .HI' "U-</T"IT "",i,es lik,' 
till" 11111"1101' 11",\\'\<'r, nMn" 1,'nlT.II Ilt:T\"(IIL" .. )"tem 
'I., ... I,"u 1I11,1I .... 'n<l milli'>I\ .. \IL h l'J.'n\('II\", "hil(' till' mo:.t 
,"IlII"iel,,'d ,,,mIHI1\'r ~o LH 11I1i1t h.I" only .. !tout ten 
Iii. '1I~,'lh I IIII~ £.1' I, ,r ,'f a O1lllioll \\ hLt h 0;.('1 I<H<L te~ I um 
l"ltlll L: 1l1,llhllH'';' (nml I,raln~ I~ mtl~t InLllC,rl;lnl For 
,,11" thitlL:. II \,c'rml!~ IIII' l,r;I;1I t" II\'ffur11l 1I!i "P('ToI 

'''"~ wllh .1 q·n "m"l,kr.llok r.·'[Ul1d.IIII_', "II Ih,l\ .1 

I,ll lilT.· It1 ., ... in)!:\,' d~·t1I'·1I1 uf ;1 ~1IIL:\t· ('h;lin "f lIt"Uroll .. 
I" w.t lI11pOfl;WI 111 lnlll~ 01 III~' ft· ... 1111 

l'n '''1'ul ,1;\\ ma. hili,· ... "u tilt" oilin h,.nd "I~rall' III 

" IItIlL.Ln \t.Lt' I Ill' 1ll,u111I11' 1,\; ,-. .... , kl' "m'uroll"''' th.Lt 
II IIIU ... 1 11'0(' each ,I ... Ii II tInt' infa!lihk 1'111'" puts a 
1.1111.1 ... 1;. pn'Hlium 4111 rdi .. hihlY III a nmlpu t ing mao 
.111111' \ '4111 '\l·U1ll.1II11 1\;\ ... t.,;limated thai. If II nMillinl' 
"\ Ih.' l'r("'('111 "'IlII,lt'\II\' ;111/1 ,It""ign i ... lit" III lomm;1 
,'IP,r .. more In'quI'nll\ Ih.HI Ollt' I ... ·T four hnur .... on lh{' 
.1 I ,·T.IIo:'· 111\'11 II ... mdlnolual \>;tTt .. mll"'\ hoi\(' SUlh :1 
,1'11.11 ,,111\ Ih .• 1 "nl' (,lIhm' I",l'ur" pt.'r milILlLn n,,!l11I1I 
dl'/Il"III.,n "11I.· T,III"n ... T hi<; i" sullie Ihuus-Ind umes 
l,dleT n'h .• I"III\ thilll ha<; "'" f,IT 1","('11 ",hll'n'11 III 1,111 
,,'uli,m.II h·kph"nt· pr;"-lIte. "hl'rl' ont" f.ulure IIlL-Iin.. 
"" Iht. ;I\t'r;j~l·. per Ih,)\I .... 1I1I1 milhon {Jpl'r.lti"n~. One 
(II I Iw n!\.In~" en', I qUt',,(ilU1S al)Olul ("omilulllllo: mat hilll'" 
I~ \,I)I'lllI'r ~\I!h a r{'Ii;t'll'il~ Ian he ;uhit\'l'd, 

nl1~ QUl .... Ot11l h.i!!! ;t11"ther sillI.'. We must a"k "hdhcr 
.. Ill II .1 relialll\il\ nCl'd~ 111 1)(' achieved. Art there nut 
1111'lh(KI .. 0(, h .. '1. kin/-: II hidl \;Ln, al every junctuu'. pw­
It'll ,I rna, Ili"t· from thl" unsequcm;{'s of errort 

I Ill' ;lnSII\'r IS 11L;lt th{'fC art" , CI,ludl' Shannon, III 

111 .. important p;tl't'T on thl' ".\I.tlhem;lli\al thelln' IIf 
'OI11I11UI1II;\lilll1." h,l ~ p<.linled the ";1\ lo:t 1II\'lhl)(1 o( 
,hnklll),t "hi(h '<In rorr{,(1 automalll'ally Ille ernlr<; 
Ihat I1M\ II(' 10IInmilled b\' iI compul{'r.I ~ The :.I.'heme 
inv"lv,~i .. Imh i" tiUl' I~ Jlammi l1~. rC<lulres, \0 'IIC 
~urc . 111,1\ hlher numlJer" heside th" ...... , inl'fll\'CfI in the 
IllInpulalwll he h,uull l'fl ,111,1 Irano;mitt('1l. hut ensurfi; 
that (.lilllre .. 111 thl' m;lril1ne \\111 lIut afil'1.t Ihe re;.ulto; 
"f ;1 luml'lI l.llIol1 In dTf'l.t. the 110;(' cof Mlrh a !'-Cheme 
tnlr(,ldUt~ n·dlllldalh~· for Ihe <;';lke o ( reliahililY. and 
Ihus 1IlU\{'" tht· lclj;!II;t! "I ..... i/-:n OIf ,omputing malhllle ... 

lL "It.p IW;\TI'r tltt" IU~Ll,11 IIc<;iL:n IJf Ihe hr .. in The ad· 
\;llltaL:I' of lIamn\llIIo:'" nl('lhod IS that il pTfJ"ides a 
PTl'Sl' ri llllOn fur Introcl u~in~ Ih~ nec<k'1l r('flund:lmy In 

• \\arTC''''' \1 ll'ull<lch. 1.1... ELl1/, h."i. "'Il ( 1I,I-tII" 
.. ( I 'ihannvlI arlll \\.orfl·n \\n' .... flit 1/,I/Ir" .. "lil.u TI., ••• ,. 

,,( (",,,,11114 ''''''/;'''' II'nlt,·nl"· IIf 111on"l~ l·r .... ~. t·tI~n~. 1'14'1" 
s«tinn 17, I' 411 

Iht' nl()'<t e<"onnmiral,md dTKlenl Ila\'. il~' ,111 II(' I'T", .... I 
hy ~h.lIln()lI"" o,;ommul1t(at ion the'Jf\' 

Pm\},lbly 0111' vf thl' most promising lilrl'1.tlll'h ,,{ It 
\'c\upmellt now \io;ible is this mailer flf t'\',II!mjl; In 

1"kr,lhic rlo(luiremel1lS for reliabililY by <;uH.tI ... ly ~11LI""" 
nW.,l1" .. f rhClkinfl; Varillus rather slInpl(' mmdt,", 

".hl.I1\\ .... ("f dlCi kmg ha\'e been prop"'>{'rl in tll(' I'·l~t 
fOlr 1'\,lm\,k. to IlUt the sam~ proj,lem "'lIllllh,tnl"U .. h 
"11 Iwlt iwll'lX'n<iellt machilll"S, .Ind II ,en I" lumpal' 
IllI'results hu t the chKk ing methOtIIIll'nlruttt'l\ .Ih,,\t' 
I ... the 1'1(";1 to hale 01 sound thl'Qrtli.·al t.;t!;h. 

I.e' t us rdurn 10 ou r comparison 11<':1"('('11 l'ul1lllllltnlo: 
milch Illes ,\ml Iht' hrilln, The individu;1l .m·.,tT ek 
rnent~ of ;1 compuling ma\hine operate ai,out .1 Ih"u 
.;,and I1m(''' Lisier than do the neurons I)f th,' lI'nlr,1I 
n('T\"IIU<; system rhio; (onslltute .. Ihe prilllip.li "\II"'" 
(on ly o( cllmplltinlot machin('s til hr'lins; in ,dn1tl~t ('Hn 

(.III('r f\' ''1Il'lI Ihe IOtL1I\Ulill~ nl,L(hines \\hith \11' 11'''' 

Ian I,uild IIrt' Inr"ml,ar .. II\Y ,nfl'rior II. Ihl' !It'rl''II' 
sy .. II·fl\S whl. Ii \1'(' alll){' .... "l·~s 

We h.II\· ,lIrc,ltly notilell the L:re.lll~ s"I"'o"r 1'.1ll 

pk~ll\ of Ihe Ilr,IIII, \\'aTn:n .\It(·ulloOlh .• 1 J'n'lt .. ~"r, 
psydll,ltry at the CLlllege "f .\te.lil'im· OJf IlIl' l'1l1\! r •• t­
IIf "'1I1I)i~, h,l!. obserH'!\ thaI the \'lInplt"<L1~ ,,( II, 
\.:'\1 \t·. the mllSt wmpliratcll m;ullint' ~\'t Imill I' 

.IlK .ul Ih,1I IIf till' nerqlu" "'yslem I,f lilt· 1\.IIII"rlll 
In lermll of o;llal'C :ll1d 1)<.11\('r. then' 's nil ("flmp,lfl"'!, 

,"our hrain I~ contained ill your ~kul1. .1Ilt! II .ti~""I>;lto·~ 
1("'>5 11t.1Il .... enlv-li\·(> watts t·\tn ,,1t('11 it ~ III (u 

;ldl\'I\\ T ht' I·.'\ I\C. a millilln tlllll'S Ic .. <; ,nml'h 
ratCi\. fills ;t br~e room and uS("'> 120 kiln""oltl~ ,,' 
power. rwenty kil(l ..... atts m ore are m"e(\t'\\ In run Ih. 
hluwrr5 111m h keep it cool. 

rtl{' Jl;rcal Ilisp .. nt y hetlH~n a m.l\hllll· .ll1d " I'f 1 

must l..c takcll 1I1\fJ al't:iJunl it\ prep.trilllo: .l I'wl>kTll j, 

:;.olutlun 1)11 ;\ 11l.1.I1;lIe. In the lIord" of 1 ... \,1\ 1.,,\t,1.1 
the daughter of Ihe poet By ron (she \1,1'1 ~1'(',lkull: 
Uahba~l"s Analylical Enginc): " The 11I;1\h1l11' 1.111 

only whal we know how 10 order it tn p{'rf"TlII II 
(;U1 ol)(·y m .. tructmllS exactly, bUI II I11I1 .. t h.I\{· I' 
Sl rultioHs nr II "ill t'1I/-;:LgC in all ,lh!>lITtlil\" I t 1 
me,IIlS that evcry po.;,~ihll· (>\·cnlu;ltit\· of ;1 l"""pli, .111' 1 
la\rul:ition must Ill' \·i ... uah,.(·,1 hy lite IIUII1:111 t"ml'"I,· 
"hen he \lrtlgram ... Ihl' \Irul,\em for Ihe m,1I hlill', ,.1 

t';\lh sUfh eventualily mu,,1 h(' provi'\I'f1 for illlo'flII' 

l'~"li~it in<;trm l ion~, 
Proft""SM 11 .l rtree Lillo; IIIIS "L.lkmg Ill(- malh"" 

eye \'i(',, " of a tompul:tlion, and h(' fitt'll an 111"1.11111 
hi ... 0\\1\ tdlur(' III rtn 0;0': Ill" had f.lik'fll,) fllr(' ... ·'· 111I 
Ihc 'lrj;!ument in a In.tI "iululilln mif{ht h,'(IIIlII' l,tCI',l. 
~111(~ h~ r('quiTCfI tlll;\11\- :\ po",itll't, <IT~um"nl I .. I ' 
ahsenl'c of (')(plilit in",'rUlllIIIIS lin Ihl'" IKIIIII II'" 11' 
I hin~ "did il~ I)(-<;t. and this \\,1" ",,11111'llIlIu,: 'lUll 
M'lIo;llJI~ a(cording to it') O;lructure ;111(\ Iht· hlllllo d 
.,tr\lt I iuns "hlch hml hl>('U /o!i\ en \I) it. IIul qUilt· ,[111"1\ 

{rum the corrN'l small ('xtr;LpoLllllln flf Ih" ..... III~II" . 

" " I' Il:I hh:lj!~ "C'ftrl'm ... 1, I' "" 
'!) I< lhorl ..... Irrf ..... n~r I ~lIlln; 'I. I' o,! 
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l"lll> \\ hI' h ,I huma!} < <ll11l'ulUT .... uule! make liS a matter 
,r , "IIP"t' •. 

til 10 this p'linl we have Cmphi(siuJ, and perhaps 
,\ (,rt'n1pha:-;ill'd, the \I"l(r('(' In which a t'omput ing ma­
hint' 1:< dqK"nciclll upon it!' dNailt'd design and on Ihe 
,rd,'h II Tell'III'" TIll' 'mpn ...... ion has pmbabk neen 

-!in'n Ih:1\ the~ d,'h'rnlJllt' !;'nlmoly t he (Jperalioll (,f the 
m,l\hirw All thi .. , .. qUIll' Iru(', under nrdinan {"in'um­
,lanll'S. but 1 h('n' IS an,,1 h,'T W;I.\' of using .1 marhine 
II hi. h is "")Tlhy "f T\'mMJ.. 

I rd{,T II'l the !.I'-lallt,1! " ~Itlntc C . rlo" tyPt' (,I f (Olll· 
I,ul alll,n II TIm; oWIII .. oI rt'pla\l~ thl' ('xact analysis of 
I ('olllplicale,] pTolol{,rll "illl .1 sort of slatisli,al (''<peri· 
n1('ntalion. ThaI ;<:., Il1ldn properly chosen s.lfeguards 
10 l'n .. urc randlllllll('sS, ~Illllions of the prohlem at hand 
He .;enITt'r! f,lr 1lI,IIlY ~1 ... ,.'iall'aS('s, alld the r('Sults art' 
t'~amil1l'd I .. (kl,'mlin(' Ih,' rrlall\',' pr"habilny IIf \'ad­
"U" ,,,'{'r-all 'II' tln,'IHC" 

lhl" will 11<..' t It'art'r 111 I.'rm ... "f a ~J"'O\.·I illt- l' ~ aml'l(' , 
I'll(' :\ 1"111(' (,;\do Ie, hlll(IUf' 1\;1<; 11t't'1l applied 10 tht, 

I,ruhl.'m of lll'Ulrittl ,llffusi ' m III " ",alll'rilll-( ;.n,1 ;11.­

'<lrlllllioi: mnlmrn :-':ellln'n~ (If ,I kn,t\\n t'nl'r/o:~' IIISlriIJu­
lion ttll un ~udl a rlIelilllnl m a 1)(,,111\ of kll(l\\ll in-
1,'n"lIy, (,I \0 \111 dcplh hol\ I "'h,11 "ill I ... · Ih(' neulron 
.lem'lIY an,1 \,,1, ... 11\ ,h"lnlltlll'OII' .\ 1 e.ldl t·u\.mlrller 
\,111, a JHII I, 11"', , l1\'ulr"11 h;I .... 1 LI·rta1l1 Ch.IIlC(· " f lo.·ill/{ 
',I]I\ureli. "~I IO\'II'/{ ,·1.."II,., lh !i\<ll lcred in ',nt' dirt" lion 

"t anuth .. f. "r "\ IX'ing Illcl;t;,li<ally St;tllt're.] \\llh "11 
t'rJ.:Y 10,>:> uf t.,4)IllC :llllilUIlI "f .,Iher. The prubaltihlw ... 01 
,til Iht,i'ot ... ·\'t'n'" vary \\llh tl1l' ,'nef/n' of 111(' in, loI,'1l1 
!It'ulron alii! ,.r,· diff('r/'nl (',r dlff"ft'r\l largel nu,lel 
f for Ih.' ah!'>qr],t'r ma~ and 11"\1;111) wil! ,")Jl Will moTt' 
I \t;1 II ,OIW nUl le,l r ! \ 1"- 1{, 11wr 1 h.1I1 <;c.'k inK ;tn an,l h Ii· 

.,d ~"tllrl'm for 1111~ \' 'tld,'\ I'roh!Clll, l 'hm lJ Ita .. 

j"l1"",·,! tltt· <I('L.III-.1 '\ " f 111.111\ mdl\ •• Il1.t1 ""U 
II 'II~ tltfOlu"h lit, ,lb!\ ... rl~l. ,II t·, •• !, I'U, "Uliler "111,.1 
IHI! ICII~ ,klt'rrnl!1lllg Ih.· "lIh,mw I" , ... jlllg Ih, ,. f IJI 

,11.·. I I. t 111' ,J" t' l ... ill J: ... uit,d,l~ I .. , .. I, , -"1 ,r, ~hlt t ' Iii.· 

l'f",.;\I,rhl~ ~lrUo 111ft ,IPIIP'I,n,.I , to "\t'lil ,.on-

,,'rll'·'! \\"III'n till'" h,.s h""lI .I,me I.. 1II.tr\\ Ill' 
111\1'lu,lllIt,ulr"II .... lht· ~L.'II~tit" "f lilt ,11II ,..ha\\t,r 
l.r,'-\lIll,lJ,ly ,1!1prIMlh",: Ih.11 \\'hllh It .. , .t r(,sult fr"m 
,I full-dre .. ~ .1I1;\1~lllal ... "tllll"lI <lllht·I,, ·,IoI,·m 

\ hij!;!! "'Jot·t'd mal 1\\11,' I~ .telmiral .l\ , .. I,tJ'lcd III .ll'ph-
1111 ... Illt,th,,,t. jOlr Ih ~I ... "t'd t'II,lb!t-s \I I" Oll\alll 1l .. 1:1 

Ibll';tl1y "I~IIHI,.'III \"llIrn,· "f result ' ,11 a tI'; .. ,,,n,lt.ly 

... h"rl Imll' """ ·l·\·.·r, If a til ... lillie i ... I" 01" Ihi~ . II 1111'''1 
Ill' IIISlru, 1".1 how Ip ,,;11111,[., ThiS I"", "rn l'h ... llt'd 1>.'" 
l'r\l\"ldil\~ 1" Ihc nt;t,hUlt'. al c;,,1! "\' "lfI' where 
gamhling I:> requtn'{I, .1 random 11111\11 .. ' '" h,,'>I' <:il.(' 

dl'll'rrnllle<; I ht· r(· ... lIlt "f Ihe play I II fa. I ...... hem.·" l',i,,1 
f"r tIlt' ).:,·nl·r.,II"n 11\ ,lnalYllral Prolt''i..<;t:S :llld Ihen' 

r"f,' by awl "1111111 Ihe m,lthilll' II<;(-If 'If "l1scud" 
'11I1"m" nUIlIIt,:r ... "hll h ha\"c all Ihc nl'leS:-J. ry I'rnp" 1 

I-lam '>''''1"'''''''' lIn l_tfICC ..... ;1k 1111C1I~1 \ ·"I.ul.q ",Jol 
• 1,,, ., I[M,·.lrd t-,,,,,,,,;II ' ''t'l'h'",I~', 1'14'1) 

'\ U M E 11. APRIL. IOSO 

Ut's o f ralldomnc~s , IJ I I Ldlmerh hilS prupC)..ct:i .1 
ltarticularly eleJ.:3nl and ll~ful scheme of Ihis sort 
T he pseudor.lndom l1umi}{'rs prot.lurt.'t.i at:corcling \() 
t ""hmer's presniplion arc "asy In F!;cn('ratc in a mal·hine. 
KIlt'1 meel al1 of the "tandard lests fnr Tandnmncss. Aftf'r 
"Ill' has made ,;ulh \t'~t .... 11 ('"'UTII'S ;1" a dl~IHlrt shock In 
t1l\d Ihal all Ih.· .... numbl'r<: art' tlh'i<;ihlt, by Ii 

i'hNe .In.- Jl:l .. ~1 Ill1lil',llillns Ih~t IIIl' :\101111' (',Irlo, 

mel hod 1Ila~ I)\.' nile tlf tht· 'K'SI \Iays fur ",,1\"I1I}!; l'arll,tI 
dllTercn !ia! equalillns on a madlinl' Cerl.llllh il" pll"".'r 
.utd scope seem desl ill~1 !(I,ICrow 

~'UTURE TRE N D S IN CO M PUT I NG MACH I NE~ 

I herc ;I(C three important queSllllns \Ihuh 1'lIhnn 

Ih,. iUlure of compulillJ.: m,hhinery which ] ~huul.1 Ilk,. 
t., ,hsrilS,<:. The nn;1 is: " W ho i'l1ikcl~ III I .. ' ....... ' .. " t.ITJo:r 
hllo(h <;PCt·t\ n.mpuling m:1I hinc~ in tlt(' futur('~" ~un1t' 

worker" in Iltt' compulinji\:-rnal hint· licit! '\t-('111 quilt, 
pessimistic :Ihout Ihl' ullimalt' "idl' ;t\·.dlal'llil\ of ... uth 
m;l.hinc~. on the grounds that Ihc} art' Illml'li, ,tlI'I!. 
C:<I>!'I1Si\'c , and dinindt ttl \"CI'P ill ordl'r nH~ i".1 IHllllt 
"I '11'W wilh whlth I 1'llIin'ly ,h-';lgr.'I' I (ulI~ .·xl ... ·'1 
1It,II a compctt'HI hip:h spec1] .-"mpUI ,',. I,dl wr\' .... ,," 

I ... fI·ganlc.1 a .. an iml .. ,rlal1l :wd ille\'ilahle P,ITI of tiu-
n· .... ·.'r' h equipment of ;illY uni\'l'rsilY hll\inp: ~'\'I'II till 
m,,"" 1I1011c~t re!l('.lrrh prt'lt'nli'ms, 

I' '''', tht' cotnpulinJ.: 111,11 hlllc is lit 1)(' \,,,·\,\·11 1101 :1 ... 
l>el li ll. 111 th.· ';llrw'r~ tlf lh(' brJ.:e ;tslrtlnum ilal Ide 
SC"!f(' . Ilhlrh I'" ,. 1,lea"'l"r 111I1 "plional huury for ,\ 
ulll\l"rsiIY, hUI r"lher ;tS Itt'lng in Ihe lalt'gtJT\' .. f thl' 
el l" If,muclc;!r l\arli('1e arn'leral"r, Ilhilh i .. " IlI'll'"sit\ 
fur ,11\\' university .k~iring In rulu\'i1h' nllltlcrn nl1lll'M 
phy~" S It IS :l Inlh: surprising thlll so fcw \JlwriclII 
ulli\'t'r,I\II'~ ha\.· .11(1'1,1<,<1 Ihis vicw; in f,lIl. ,,"ly lilt' 
l'nl\'Cr"ll~ IIf 111111"1" I" I'rl''-t'nlly huildilll{ ;. III:" hllit· 
Oil il!'> o"n fun,b for It .. "wn purpll"t'''' 

Of nmf'ot·. the wide a .... :l1bl!llir~ and II", j!;l'I1I'r.1I .1\ 

n·p,.uIII' Ilf hi~h "peed ... ,mpulil1,IC m.l(hines Will h.­
~really f"rwarded 11\ UIIl'rt/\"t·lI\l'lIl;' ill rdi.llllllt\ :" .. j 
T!'dUI I hillS ill I"~l. ~U( It Ik\,l'I"l'nwnt:.. l'JrI he 1"111" I"d 

I" ;1 ri:-;(' I n lin Ill(' • "n 111l1ie. 1.1t'\"'·!"IJnll·nt .. III \ '1\111" 'llent­
.,,"llh,' IIllprO\I·I\I<·rtl III the 1"l-(u :1I d""lgn "f m.Hlrille'" 

l.d l\~ 1l0Yl. Jsk " ' I"w J,Hg.·, hm, i.1 .. t. ,u,,]ltu"" "1111 
1'II,;tll'd should .• l.H/o:C. high ~llCl·tl, jo(l'I!I'r,lI-l'lIrp'N' 
""npuling m.11 hUll' he?" II <:ce1\l~ UllliJ...c1y I h"t m" 
,hint'~ morl' involved th;tn the ]'_.\ I \C I' ill 1'\"I'r 1>(' 
lluill. ~l ore rt'celll ma{'hinc dcsi/o:lI <: arc m .. n· "'ll1lli\lt'u~ 
in It'rms of speed of ujJc.'ratinn, ill tt'tln ... "f I Ill' ... i"l' <If 
inner mt'mury, and in terms or Ihe.gcner.,ll •• mp • .'ICII"· 
II i Ih.· mal hine In spi tt, uf Ihis, such n.',,- 111;11 hil1"~ 
haw \t'\ler lUlx:s than lht' E!\' IAC, they lISC Ihe ... -
lul,.., 'h.,rtler,:.o 10 speak. I lhmk that Iht' arh\l('r tu Ihe­
'l11<'~1I' III I1f \1 here to ora w the linc in • 1t'''ll;nillg a J.:clleral­
]tllrl' ....... 1I11l1puling madlillC is ~I en\in'!Y 11~ .un 

• I , [ I i.rhm"I . "" mp',s.um "n I":HKt xul.· 1),,,:;1:1.1 ('al("uI31m .. 
\I ,uhil\t·n'. 113",3r<11 nt'-ersil~ tSepl,'mllC"l, 1'14"· 

"I. :-; I(ut"n"ur. !-.)mp"sium un l..af\l:C ,Sc:tI~ IJ'K;11I1 ( '~I,ul ~' 
lUll ;\h.dl;ncr>. Harvard l·ni ... ·rsjl)' Is.,JlIt'n,I~·t, 11l~'/, 
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,uit-r.IIl,'h;l I,r rchal,ih l ~. T hat I", .1 lar~(' j.«(·ncral­
l'u rp,,~, ma\hinl' lIu~ht ttl b •. ' as luX ,HId ('olllplila ted 
and , IImpetcn! a~ it Ian 1M' made, ",uhjc( t tv thl' hmlta­
d"n th.1I It mU~1 not commit an ('rrur I)ftener t han once 
"\I'ry fe', lU'lIr~ T her. , i:- 110 o lher "'l lo;nitiuiII l linHtalion 
lin the tu\,til'lnlpinilY IIf the cI('vin' , fur the ma. hines 
" hi, II ;\rl' 110\\ 111 1h' .. i~!1 Of ulII~trlh 111m lite -.ul1 qUilt': 

imulcllU,ttc 1",k.11 \I llh m.ln~ l'n,l.lt·rn~ .... hi . II " I' ,hlmhl 
Ilk,' 1" pill \" Iltelli . 

O Ut' ... illl\,k l'~a llli'I.· I" U>ll I .Ullt'd III ,I relll,H\" of 
II.intl .. ·. '11I"Il-dlo lilt' h\ ]'r"fc,,-".ur .\ lken. 11.IIITe!: s:ud 
111.1 \ tht· L,,,\,-.. \ ,' .llIjlU11IIf.: 111.1,111111: .1\·ada"lt, wda)" b 

~lill1t~o .. 10\1 h,' a f:Il' luT "f \ 1"* to ~!lh· t· the prohl(' 1ll of 
Ihe \\,1\,' \'qll.lllOll for tl1(: ,o)lper atom Simllarh-, l ilt· 
I"-·"p lt· .dl" arc ,lcsigl1llllo( I iLl' ,I ir t ra llil. luntru] pl'llI 
lor lilt' ,oulllr~ ,Ht· I'TOI' .... mg 10 PUI cumpu lers III kl '~ 

1.)\.1[ 1"11 .. "'I 111(' ,.I n' .• ~ .. "I I hl' ' !lun IT~ . I" h.lndk tll\' 
I'n,l ,k'lIl~ LII\·oht·.! in .IIT [T.tll1(: ,unIT"I . P ,dll11lt1ar\ 
'· .. III11.lh· ... o f tilt' Sto])t.· .. f 1]le:.c.·l'wl>ll·l11 !> lmH' ilult" III'11 
Ih.tl l'TC"I.·III'1lay mal hlll l'!> "ill 1)(' sc\'cr('l~ I •• W" I .. 
11e.11 l'\'I'11 \\ llh Iht· \'"llIlIl l' of air IT.I I11I .. lIia l " ~i~I'" 
10<l;IY· 

\\'l' 11.1111. Ihereforc. I" m.l]..c I "mIIUllll!; 11\.11 hll1C~ .1" 
I.lrl-\t· alld .1'" 11I1l1\>li('.III·,J ,' ~ l\t· 1,111, fU T tilt, 111\1 .. 1 .1111-

hllhlU" Il1.Uhllll· I\hkh "\' 1,111 fl"dlt.C Ivtl.IY l'> 1O\J"e T 
Ie ........ in Ilw f.HI· Ilf 1'f<,] ,h-lIh th.11 'oIi' 1.111 TI.',ul lly I"'-.e, 

hut lIul :-1.'1 :-1I1 'e 
'1'111 ... bTlIl Io(" u ... 1<1 my li nal Ijul'slwn: " II"" 1.1lI a 

'I>"' l' lI t1l1J:; "l.\clli"l· I ... • madl' mun' rcl i.dlle, "" Ih.l\ Ih 

,,,mpl" lil\ , an bl.' t1Ilrea<o(~1 .... lIh"U I illln:.I'ollig Ilw 
1 hanle IIf I:ulu rt'?" ~I uth "I tIll' an~"I'T 10 tlll ~ qUl'S!lOI! 
II ill dc]ocnd tm lIlt: furl h e r Ilc\'l'I,'pml'n I .llId I he rl:t 1)< IT.I­
tilm ul Ihe thl'tkill lo( ~11t'1I11:S wlmh h. II'I· alre.I,I ~ IOCl'lI 
rl'iI'rll'tllo Ilu\lc\·l·r. Ihe II],I'IIIU ....... II ~ to lIl,fl·.ISt· tIlt' 
lIICT' ,til n·lmhillty of "fl·senl ·day m"ll,hil\e!> i,. Itl I,,,,,~ 
1'11\ ard as ,oll1l ll" !e ;IS I)O~<;i l ,Ie .I n ,·IIIll III.1 t ion f Tt)m ~UI h 
madlint'S o f \';u UU In III 111.· ... tntl dc, I TOmeI ha nil ,t! Tl'b ~·s. 

T hl,'X' I"" ~'IIll\pUlI l'lIls arc 1>11:"1.'1111, Ihl' Ill.ljllr :;oune", 

no 

v f fa ilure in e)' lsllllg matllllll'S, partly be~au5~: Ih('\ .ITt' 

So numerous, and pa rl ly ix.'lauSl!' tl1l'Y Ilca r IIlIt \lllh 
cOllllnucd ust'. W e need ('omputlng elemenls Ih,11 r.1II 
I!("rform the same non-lineaT fun c tions a~ Iho">l' Ill' 11\,1' 
ach ieve " ith lubes or Tel.\ys. but demenl s .... hi, II nTl' 
r.IT less prone to depr«ial1un in USf'. 

T he vacuum luhe also h.ls the disalh'an la ,l::" Ih,11 II 
Tt'qu l re~ l" r,l::e nlllOlU1ls uf sland b y 1J<J\lI'T ~1~Cllll,,, h 
has rClIlar~~'d 111;11. if a machine buill .. n prcc",'111 !,nn ' 
n"II'" \teTC lu It,n·l··as many ncu rOIl~:t.'!> I.h)('!> [hi' Ior.ltII. 
11 ""ul<l u"qulrc:l skYSl r.lper to hou!.>l: II, Ihl'I~IIIt'r "f 
:--: i.I~.tt'1 IU Jigh ll h l ul1\, .... and Ihe full tllI.1 "f \\,llI·t 0\'1'/ 

the F.tll~ 10 kt't:l' II cool ' 1 lll'rc aTC 110\1 d~I1tlt- ~l'\I'r.d 

\lc\'t'],IIHll ~'III S .\llll.h IlrtlllI i:-c I" "IIIIIIe·lt· \l llh II" 
1 .1{Il\Ull l uhe lo r Ihis anti IIlher I'UT'j"I.'itS I IT,I ..... ·1111 
,umlul.l"r (Ie\'i~(,s III Ihe II IK' o f the Ir.III"I~ltJr .... ·t·1Il I" 
It. l le gn:.tI "rom ....... Seulild. 1lI:lF: IIClil IIClhe .. like 111\1 .... · 
r"I"'T!e,1 by t Ill' Il. trl .tr, 1 g roup ill Ihe Se"l ernlll'r ~\rn 
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