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ke Definitiods .

- - b 4 .
Lok The conaiderations which fullow deal with the structura

of a ‘JE‘:‘_’_.;' high 5_,-;-3&5;.' ut.nmat.in diﬁgal c.v:'npdt.'i.rlﬁ syqt.ern' end in particun-

" ! A i

lar with its legical con'brcl. Eefcrre .-o_rg Hnta upetific details, scoa

EENeTal exXplanaiory Temarks ragar&ing the;s& concepts may bo a.m-.-rnpr';a.te.
¥ LY 4 Y r # I’
1 2 Ani aumma.tir: com ;ut.ir'ﬁ, E.rsLer lg a (a=udlly nighly com=

i -

pesite He‘flct, IHL.Gh na.r: currJ out _'i.n_mt.ruc.t.lnnz ko ]:erLu: o L-EI.],.E‘.‘..IJ.EI.t.ll:lnﬁ

'Jf i tunsiqerabke u*'iez ::-f E\'JmFlLI'l'tY = g.g. Lo sulye 8 non- lmﬂar par=
us_L :Li'l'erent:l.a.. Equnt.mn 1n' 2 or 3 1nﬂeperndent T-H‘J.ab;’:?-ﬁ numericaliy.

1 The inat.ruﬂ:,i.am which govern 1!1i.<' operaticn mist be

+ SreeE i 4 AL [ ! { ) - )
flwen tothe device inabsclutely exbauvgtive detail, They inelude all
numerical infnrmtion’whi.ch iE faquired to solve the problem under con-—

sideraticon: Initial and bou:me.u':,r vsl.aes cf ’rhe. -jsflawd.ent variables;
valusgs of fixed parameters [corstmta], tabl» g -'-I." Bl =0 (5 & Jra';'-f'l."-"'$ which
Loy in the staltement of t.h13 praoblem, .me instructions must be given
irn aome Form which the device c.:.m aqnar_-;l E:mnh..-_--: ilnt-u ﬂ-."_.-'.'lt::."_'i of punch-
cards ar on .1.5.].1:-'_;,-1:-3 tape, ma,gneti-t.:a.lly imprassed ;:-.n gtaal bape or Rirs,
pactog raph:.ce.ll impressed on 'mnti-nn. picturs Film, wired into ope or mors,
fixed ap -:x:hang::nble -:-].ugbuards - t.h"ﬁ list being by no meins necaSsir=
ily complete, ALl these prns:u.dnres pequirs the use of some codis, Lo
express the logical and the alpebraical -ie:t‘inill.i-c.:.n D-f the problem undsr

consideration, 88 well a8 the necessary aumerical material (ef, abavel,

Onee these ins¥ructions dry given to the device, It must

be able bo garcy them olb completely and without any pesd for further
intelligent human intervention. At the ond of the required operations

the gevice must record the resylts spain in ong of the [orme roforred 40



above. [He resuits ard numerical dats) they aran specifldd pirt of Lhe
numericsl material produced by the devies ;n the progess off' sanrsting (oul
the dnstrustions pPefurred to abovs,

i.4 It Ts-workh noting, howevir) that fhe dovice wild dn
ganersl producs gassphislly mors mumeriesl faterisl {in order fo rouch
tha results) than the (final) resuits aenticneds Thus only & Frection
gf its numﬂrichi cutpub =111 have Lo be vecorded as indiested In Lotk
:‘.ﬂ.mj.nfi-.r witl andy cirtulate fn Ghs Intepior ol thy devige, apd movs
bu recernded for hunns sensing. This poiat will r&:e;va pleser sonsider=

ution sdbavquenkly, intperticular in

ﬁ. Tha temerks of d.2 on the desired adtomstic functiondng
of thu device must; of course; assume thet it funetions lawltlessly,
MalTunctioning of any dovics has; however; always o finite prebabalicy —
and for = Beuplivated-device and o long sequence nf operations &L may
not Be possible Lo Hesp this probebility necligiblo. Any errfor may
vitiats the entir. outiput 'of the fevice, For the recognition cnd cor-

rectiog of sieh el Punctlons intelXrent, humah fnlervantion will 3n

‘goneril ‘BE nofESEATH.

However S f may bepossible L0 Brold-wven: Lhese phono—
Mmanis e Boieaxtonts The dﬁv}cg miy recopniee the nest froquent mal-
fupeticns automabizal by impthicate Ehedir prizénes ond Tecation Inr sxter-
nally visible =ignn, and then stop, Under oertain condttions it slght

gven eafry oub yhs negessary torruetion sutomitdgslly Snd conptinaed.

Pt B

Ling= -



“requiTes closs seruting, - E¥en bho abowre list of oparations: 4, -, %, &
. S

P 2,0 Uain shbdit—g,j.an BF the system /4 i

i I.n analy zing the funstioning of t.he c:.nt.empl,a,t:,d, ueu-ie,,,
certain cL-sa:LI;Lc:t.ur;r diatinctiens sugeest La‘]cm;stl‘l.’._x frmediately.
2.2 .Flr_at.: Sined theidavice 18 _;-r:.;.'i!'i!.y 5 eomputor, 4
Wwill Have to plirful;ml‘the_ element nry cperationg af arlt&nctics mneat fra=
qﬁently. Thers: &0 l;'n-_id;;’Ltic:n, gublraction, :::ultip.l..lcat-i.cmwm'hd division:
o Xy . It is therefors re:lsmabl-:r that it sheould u:&r!i_:.ain 5;'43-::.1511—.
izad orEans for Just thesg aperationg.
It must be ahgcmd, hewewer, thet while this princig:;l_i:
a5 much is p_rnbn.hl;r sound, the gpeciiic wny in which Lyg-dsideilizad
5 )
is J.:!Dt. b-n:.r-'nd« doubt. Tt miy be cxpended to inelude sueh operaticn &g, (7o
E'H, sgn, 1ol alse —Jlog E'1‘c>g,. In, sin -and thedr iwverses; =ic.  One
mizht also eoasider xt.,strmmn-g Aty Big. omitiing = cand even-X. fpe
might' sisg Rensider more clastie ?.rran.g_r_-mmfs.l Flor some uperations rad-
ieally diff’&"?ﬁi progodursE dre oonceivabie, -:.Ig. LSknge ‘i.".l¢i:é5$i‘|.fe ap-
prizimation méthods or funeticn tabl 5. Thesk mattors will Be gone dntc
in ’ 1 « At Eny ratc algentral arith-
metical part of the gewice will pmﬂ-nbly have to exist, and this c-ill.'_l__ti'—

tutes the [irst speoifie purt: Ci.

=42.3 ~ Sscomds The kegicel control ofithe devies, that is the s
’ . O o
propar geguencing oft ite cperiiions can be most fliciently carried OutL,

by 2 centrals ué:.ﬁt,h;_'-_ nrém. If thotdevies ig-td bo slasticy thit de ag,
riarly as pbssible 211 purpose, then s distinctien must be tade botween!

the sp;a.e:t.l'.'!.c instructdshatgiven for and defining = porticular problam,

and the goneral conbrel-opsana’mbiich sse to it t]'u.t. tﬂﬂ:}c ingtructibos —

w ]
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e o i
g . Tiomatter what they ax;é,q— arg garried out, The [ormey mist te stored
-2 ﬁ:Ln Bons way — 4R existing devices this s doneas igdiested in 1.2 -

the latter ars reproccnbed by delinite operating paris of the devipe,

Bythe tentral contrsl e mean thiz latter function ooly, Aad the orgins

.'4.]1,‘_1:]'1. perl_.'?rm it form the second specifls past: Ch,

ﬁ Third: .l.,n;y devico which is to carry gubt lone and eqan—
pliceted ssguences of a‘;e;'zr_ir.\ns (specifically of l:'nlw-i abipns) mast
Rawe-a considershid mamory. At lesst tae: Cour following phases of ite
operation reguice 4 EEmory:

9 {&). Even in the precess of caprying gits n el s B B
tioh or o division; o ssriss of Imtermcaizte (partlal] results misl ba
t s romemberad, This applies to a lessor axtent owen to odditions =nd sub—

Ernetdons fwhon & fared distt may bove Lo be ecapriled ower sevorzl posi-
1 .

E
Ve titns), aud to s greater cxtent to Wiy 2, 1t Eheagl operatd ons - ArE

= . ) yanted, (G, - .
"&'--‘&f : ¥ | ta (Y "The imatr@etidns which paveril n cenpligsted probe

«. RenL Ay ﬂanﬁtit.yta* cenEiderabls materisl, partieulaciy aw, il the spde
] i1 ig c;rcm‘hmni_ﬂ_-(ﬂhmh Woisodn aost Brr--.ng_en:.-_-nts}. This matorisl must

3 be ra-m.emhr.-rﬂ.d'. :

) ! A el ! In-aany problems: apecifie functlons play on eSS
-;?‘.{'“‘ tish rele. They sre _usu-:ny: given in fera of ® tabla,  Indesd in Bome
o o crfas thisg A5 tha Ja;IEJ_u which Lhey are J;'i*::.-:*;_ by eXpariencd (e tha
ey
;_’L _ ' sauation of stabe of 2 subsbsnce in winy Sydicdyndmics]l problugs), In
f"—"i“ athur cases they msy be Eﬂ'm by afislyticel oxpressions, bub it may
¢ nuweﬂh&teaa be ain[:'ue'rfmﬂ"i!uickﬂ to obtaln thelr values from a Llxod

o8 tahulation, than to E_a{npur.:: fkam snew [an the brsis of the apelyticnl
i, ' -d- '
: .;:-c-.. ;



definiticn) whenever as valte ia required.. It is ususily canvenient te
hava tables of a moderate pumbsr of entries only (L00=200) and to use
ipterpolaticon, Linear and even suadeapic interpolation will nob. be
sufficiznt An most cESes,; So it 35 best to sount on-a standard of cotie
e bigvadratic (om oven Wigher ovder) Interpalation, ofs

Some of the functicns mentiened in the dourse of 2.2
ey to pEndied #n this wais ll",'_,;, .‘215, In, sinanpd their inverses,
posgiply alsa _\,-" s = Even the riciprosal ‘might be treatad in this
manner, thopsby rodusdps. = to X,

{d} For partial differeniial eguaticns the initdal con-
ditiens and the boundary conditions maz -:-Jnsti.':..ui.e an extensive numeriesl
gaterial, witich n!i'u:t.- b pemuegibargd throdghout a gleon problem, |

fe) For partial differential equEtiong of ths hyperbolic
;}r-pa.mhn]iﬁ‘t:;pu, integrsted along & variable £, the (intzemediats) ra-
sults belonging to the cycle L mast be remenbersd for the caleniation of
1I'.-3\:::.?{‘LP. £ db. Thi= materlal s mash of the t¥pe (d), except that it
is notoput dnta the dsvies by human operaters; but proouced (and probatbly
subsequenttiy again reoovod and roplaced 'b;;.‘[.hu carresponding data For
to+ db) by bhidodevige ItEell dn he courst ofits antomatic oprrat bonl

{r) Eor ickal differential equations (@), (e} apply
too, bat they roguire saaller memcry capacitics: F_ur:.h-:r mempry require—
ments 2f the type (d) are reguired in problems which depond on given
constants, Tixed peroperers;ater.

(g} Protclems which zre solvcd by sugcossive approxiina—
ticks (gl part el A fementlal squstisne of b cIliptic t.‘_ﬂ‘:lr.-, freatad

by relaxation petiicds) . raguire 8 memosryoof the Lype {o0): The (intermodiabu)



results of edch Approxametion must 'he-.;"'e.umﬁ'mbf_-rei, while those ol the next
dnpe ure veing computed. "

(b} Sorting problems and-certain statistdcal experi-
m‘.-n‘t.ﬂ-- (for which a vory high speed devies cffers an interesting upp::ﬂl.ﬁ:_‘-
ity) reguire s memory for the materizl which iz being treated.

2.5  To'sum up the third remsrk: TEe device requires s con-
sidorabnle :!:'m:i"‘&'.f White it appearved, that varidhizs parte of this momory
hava to perform functicns which differ somewhst in their natupe and cén-
sidersbly in their purpces, it is:nevertheless teapting tc trest the
entire memory as one =urgﬁn. and to haye {thports ewen®as 1nt-:.rcl"iang-.-ab1e
28 possible fm: Lhe various Tunstions cnume_ruted aboves This point will

be gonsidered in detadl ef. o

.
At any rate the total memery :eonstitutes the third specifie

nart of the dewvice; K.

.9 Thethres specific parts A, G0 together Cand U corra-
epond to the sssociative neurcns in the human nervous a:.rateml+ It pomairns.
te discuss the eguivalents ol the sensory or afferent and thﬂ-m ar’
::ffrll‘:lnt neurons. These are the input and the oubpul opgens of the de-
vice, and we shall now eonsider them LGri :';i'-l'}r. .

in cther words: ‘A1l trapsfers of numerical {or other)
informaition between ;M.pansiﬂ'it'ﬁ' M of the deviee must be effected by
the adehanisms sontainsgd ln t;!l'ﬁﬂ purts,..-" Thepe remaine, however, the
nanessit‘.y of potting the Qrigu!‘&l :idf.irli.‘tary informatien From utaide
inte the device, and z_lg.;u of getting the final informaticon, the rasults,
from the device into-the sutside.

By tha cutside we mezn medie of the typs described in®

o \I



Y/

)

2

1.2: Here information can be produced more or less directly b human
action (typing, punching, photoeraphing Tight icpuleer prodiced Hy keys
of the samé Lype, magnetizing metsl fepe oF wira i some dnslogous manner,
gté. ), it can be statically stored, and Tinslly Zinsed more or lass dic
rectly by hupdd organs.

The devieo must be endowed with the' ability to meintadn
the input and output (sensory and motor) contact with some spacific medium

of thistype (ef. 1.2): That medium will be celled the cutside recording

medium of the device: H. Now we have:

2 Fourth: The deviece sust have crgans to transfer (numors
feal or other) information from R into its speeific parté C and M, Those

grgans form ibs fnput, the fourth ﬁpecific part: TI. It will ba geen,

that it s best to make 21l trunsfers from B thy. T) into I, and never
divectly dnte C {cf. g i
2.8 Fifth: The device must have crgans to transfer (pre—

gumatly only nimerical information) from its specific parts C and W into

H- Thesw srgans form it# pulput, the fifth specific gart: §. It will

‘be sen that it [s again bést to make -31l transfers from M (by 0) into

R, and ncver directly from € (ef. i 1

249 The output information, which goes into K, represents,
of eoupss, the final results of the operation of tha-dewice en the prab-
Len under considaration, These muct be distinguished from the intermed-
fzte results; discussdd a.g. in 2k, (e)=(g), whicH remain inside M. AL

this point an ;,m,pnrt.a.rrt. question arizes: Cuite .-'LP.E:]"T. from its attribute

of ‘more or 1éas dipest Acccssibility to human action snd percepticn R

has alsc Lthe properties of & memery. Indeed, it is the natural medium

==



tPor long tims stersge of a1l 'the infermation obtzined by the automatio

‘device onovarious probilems. Why is it then nogesasry to provide for wi-

other type of memory Within thodevice ¥7 Could not all, oroab lszat =
furigtions of Y - preferably those which involve grest bulks of infarms-
tion - ba taken ovar by R?

Inspiatipn el the typileal [uncticas of H, 2= enumépatzd
in 2.4; (3)-fh); shows thiz: It would be eonwenivnt to hift (&) (the
shart=duratlion aemﬁré required while an arithmetieal operation iz being
earcicd put)ooutside the devies, .2, Troa & into R (Actualiy liajl will
boinsioe thesdevics; but o Bl ravhor tham in M. GF. -the endief Ya.2)
Bl exdating devices, evan the cxisting desk computing machines, use the
equivalent of M at this point. However (b) (logical instructicns) might
be sensed from outskde, T.0. by I from K, and the same goes fop (o)

(function tables) 2nd (&), () (intermediste resilt=). The lotter may

from # when it needs them, . The: sams f8 tric to some éxtent of (d) [fni=

tial eonditions and 'parr:im‘t.erx}_ and passibly aven of (f) (intermadiste

results from s totsl differentdal equation), Ao to (h) {scrting and

statistics}), the situation is somewhat ambigacus: In msny cases the

poesibility of using W secelerstes metiers decisively, but suitable
Blending of the use of W with o lenger range usa af B may be feasible
H.i.ti'll.‘:ut serdous loss of speed and Inmerease the amount of material that
cidn be hapdled considarably,

Indesd, all existing (fully or partially sutomatic)
gomputing devices use K - s a stack of puncheuards or a length of

taletype tap — for all thess purposcs {excepting i[n]l, an pointed out

6



nl;r_o‘:.l'-é}; Meverthaless TRTWEL ADPEAT LAt ru Ly high sSpeed doyics
wakld “be srorrlinitad An its usefylnessy unless it com-r=ly ol
rathoe Shan o, far wlh The parposcs cnumersted-tn 2oh, (n)=rhl);
Witk eohtain MEmit=tions in the edae-of (o) (el Ry, (ef.

Ta

2.0 Eraeaiire o6f  BIaenss il
3.1 The clas-ifieatien of 2.0 buing completed, it 14 now
‘pogaible to teks up tbe Tive speelfic papts dnte which 4l- deviee was
j“__ cmandcte he subdivided, sndoto giscuss thomona oysone. Ssch o discussion
.mia‘l. bring out ihe fwstures required-for:ooeh-on ol (bRest parcd dn it
geld . mgwellss 30 thelrn rebotions to esch dtber. Itomiist slas Hover-
g the spueific procedures o be Used En desiling with numbers oo ot
3 point af vicw of tha gewice, ip earrying out srithmetiral opsrotions,
and: previding far the manoral logicsal comtrol, Al1 questions of Timiog
and of apoed, and af the relative importance of warious tacborsy most
b settled Within the Tramawerpk of thass' considerations. :
5 : Jo2 T ddealiprgeedurs would Lo, to take up the Bl spe—

cifig parts in some definits urder,'w treat sl opniol Lhem skhhustavity
fand go on Lo the poxt one only nfter the oredecsscor ig complotely di5-
pase-rj. of'. Howayer, this seems .hELPd].;.' fensible: Tue degipable [ tusas
of the various parts, ondthe decisions based . on thom; emerge only after
‘3 sorewhat pipragping dizcussion. TL is therelors nweegssry Lo take

up one part 1‘1:'5-1;.’ pass affer an incomplets diseussion to 2 secend part,
PEtUrn after amr squally incomplete discussion of the Lattor with the

copbined raaultawﬂ;_:;th_a first part, sxtend. the diseussion of the first

5 7
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pErt without oyeb eoncluding it, then possibly go on to a third part) etc.
Furthermere, thaae discussions of- spatificooarts will Le mixed with dis=

cugsieng of peperal princzales: af arithneticel peaseduris, of the ales

mEnLS to be uased; eto,

In the course of suern a disoussicon Lhe desired feaaluraes
and tihe arronzeHents which ssem hest suited o gesure Bhep will cnysteils;
graduai Ly 1..|.|1L'.L}. the device and its gontreol assime a fairdy delinits skape.
nscempohasized 'I:Ef."c-r.e, this dpplies 1o the physiesl devied is wWeol oe to
the dArithmetical and dogical srrangemonts which movern its funchicning.

=] I the course ol thiz diseussien the wiswpeinus ol LGk
conderned with thesdetectlon, location, =t under septalp conditisns
dyni earrettion, efvmaliynetidne mist also pecoive stme coRsidaraticn.
Thot ds, atbenticn pUSEBE given o facilifies Tor ehsching errors, ‘W

#will pot be able tu:'ﬂs dryrthing ke foll justide to thi=s Importont sub-

JecEy but we WARL tey toicensider it st leapt cursarily whensver thi

seomes sssenbial fef. L

G Elemenie sy Synehronisn Neuron Arisloly

14

Lal W 'rragi.n tha dizeussinn With sone prporal renenios:
Every digital tcmputine devise santiing certsinerelay
Like glemants, with diserete cquilibria, Suek ia eleaent hid twe & meel
aferinct states in whieli It can eetst fnderinizaly. These @y be perfect
vouidibria, in each of which the clement will remale wlithout sny cutsidc
suppbi't, while appropridts cutside atlmuli will tronsiir St from Goe
a_qnjillihrimn dnto-anather.  Or, altocastively, thepe miy bo two stabes,
one of whiekh is L;n e:quilibrium which uxiats when there 1= nn cutside



sapporty while the othdr dependa far ivs oistomed unsh tha presones &0
art oitEide atimulgss The relay sotion minifests Ttmelf 4n tha cpizaien
bE stimmli Tor Ghe clonent whencver ot haz Mtealll rhgeived o stimulus of
the type drdieated above, The emitted stimull sust be of [the s=ns kind
nf whe reocfvedione, bhat' 38, they mist ke dble to stimulste gther clo-
EGALE, Thera misly nowover, Be.na SRy rodetion hetween tHe pacodwod
and the smitted stimulds chet ey at elapint wh i.-::.‘. ks rassdran s ong

stimadus,, mst b able to epit acrercd &0 the Eame dntehslty: In othor

wordesr Being' B roday ths el omemt mast povoedve Itl ndrpy supply Trhom

another seurce than the lnohaing sfimulus.
In existipp dapital gemputipg doviess varicus mechan-
B

izelior clactricel  dovines hoveibeen uo=d a5 slement st Whoels | which

Eioant positimngy stgd

cangbe Toeked dnts anyans of ten {mr g ) st
whih o meviing fron coe position oo anotber- treansmits sleshrie palscs

thit ‘may oagse other similir whoels to movi; slngle op combined telepraph
relers, Setasted by an -.'Lt.l:ﬂ;'::mqgnnt ind Gpetiknr or closng vlochrie it -

I'sne of these two elonents;-—ind Firpdlly thore cxists the

pUits;  amnibin
pleugible sid tempbing possibility of u=ing vicuum Ltuobes, the grid -‘LQLLB@-’,
an B valve Yo e eathote-rlste elranit In ihe last mentioned dass
thasgrid msy =les be raplaced by deflecking Spgint; 300, e vatuam tabe
by mogathode pop tobe=butsit is likely that for Eome Uinc-te comibhe
srpnter wwnliaplliey ond vartous elsevricel advantages of €he yiciom
tubes proper will sgoep the Ddpst procedurs incthe Torcground.

fioiy poch devica may time dtsell sutonomeusliy, by the
suocessive roucticn times of its elements. Im this ease all stimeld

sy uitimater arisinate in the Input; Alvernatively; ther may havo

el
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:théir timing impressed by 8 Fixed -éiuck, which provides certein stimali
*that Ara necessery {6r 1S funoticnang :-a'g. definite pericdically rEt;.'rrent
moments. Thila plock may be & rotating siis In a mechanizal i“:;' z .“I:i..?:t'-ﬂ,
mechanico—=lectricAl devicas and it may be an electrical n.an:i]__'l.au:rr
{pbssibly cristal sontrolled) dn a purely electrival device. IE ratiance
18 to be nplaced on synphronisma of “several distifict sequences of ppora=
titons perEormad simulisneaisly by the gevice,"tho slock .i.@ﬂ-sso:i Ernlng
i5 covipksy preforabla,  Ha wiXD yse "the tern eloement, oo %'i_n.r_b‘.l&’bhw do-
If:i.nE.i technical sanse, and cull the r"’:'bnuﬂ Encirononss or asynehronsus;

decording to wnethoridbe bleinme 15 dmpressea by 4 glock or aybénomous,

38 desoriped abova, ;
'

Lad It *s.mrth. meatiching, thzt tha neéurons of 't...l:-'i higher
animals ars deiiditely 'éimént.a ir the above ‘senses They have allior-
Mene charsetsr, that is---x.wc statesz Qui :ES&HL,.;:'I.d excited. They Fulfill
tha redudrenants el K.l -,-@_t,'n an Inberesting v&iwt: il :xl:‘lLEd fauron
emdte tnedstondard 51‘.5,3*:1.:1115 alang many lines f(axons). Suach s Lins gon,

noigvar, e connected o two diffsrent wWays to the next Aslran;  Flrst:

5 the akcitation

T en cxfitsbory spnapeist e thot the stimikus sous

of that peuren. Sozemd: odn emhn E}hibit.nv}- =ypapgis, so thalthe stimulus

sbeclubnly provents the excitation-of thet neeren by any stisuluson ny

other Podcitotory) synuipsiss The Wmewrcr-also-hos & defihite reaction

time, between the ruciptisn of a stimslus and the ¢mission oF the stimuld
gaus=d by it the Synuptie delag. 4

Follewing 7. Fitts and . S MscCulicch (M4 legical
galeulys of the ideas igpanent In nervous aetivityt, Bull, Math. Bie-

phesies, VMolih (1943}, pp 115-132) wa ij_;:'x-:r-':-'t.ha more ‘elmplIicated -nspﬂi;a

Lyl L



of neuren functicnine: fThresholds, tempor:l summation, rolative inhibi-
ﬁ’l fidn, ehanscs of Lhe thresheld by altor sTfzpts of stimulaticn besyond

the synapbie delay, JLas Btedss Howsver, conveniento b ronatdve ceoasions

-Bﬂjr nqu:;'-:ns with Ciead bthrasholds 2 sscd 3, that s neurens whith csa be

exoited oaly by (sioaltineops) stimild on 2 op 3 ckeitstory synapses fand

e oA AnhiSitery symaneis), CL.

[

& dE Al Eaan, thit those simplifzod ndcran fugatdions
gAn bR dmrated S telapreph relage ap By veowet Biees. AlthouaE The nerv—
gibg-ayetam i= pramusatl e seynchonndiis {Pon The srmaptie dol seah, cieciss

sxpapble dalsvs gan Ly sobadnad E‘.!;' using syntnrooous setups. ©f.

s It 15 elezir, - thartsa ey hiph - gpecd-computdng forigs
sfoutd Blesld ok saBuamtube elurents,  Mienim tabo sggreratosi Tike
I:{.t.unl.-.‘.r:_;:.?'?’md hl hdien h-hﬂ\_n. .'u.se.rd 'Imd_f.-u:'..l rolinble st pescllon fises

:5 {aynaptic n::.ltl'_q_,-'s:l He Shorl agad gicergsopond (= .'I.l;"'_l.1 sueopds |-ithlasds &
perdormnnes widoh ne cthep dovies pnn pppreximstz.  Incecd: “Furcly
cechonier Lvdovi sos sy he in:-_-z'L teakit uisr-,g ;r:'-:::L el pepatical talsgraph
relil,-:;: pisadior bimds wree ol the ordes ©f 10 millisecords. (= I'J'-E segonds)

a grmurn, Tt Amiarkorsstons th note ERat the wymsptie tdme el Heman
neupdn ie of e Srdoerola sAllizecanda f- '_-U"'-* sonandat.

Lo itige -'.".':"[,E,'LIZICI':EH_i ansomhich Tollow v widll Rosume Si-
cortiaglyy that the device heg veodim tubes.za ulomedts, Wi wWill @loo
try to -:::uu; all watimeves: of nth:ers cf tubes ivvolwed, tining; etc. on
the bagis, that the typss-of tubes uged are the ponvertional and eom-

mercizlly tvailable cnes, That is, thal ne bubga oi-unusual complexity

s with Tundamentadly now fuschding are to be wssd. The possibilitiss

O . L e i
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for the use of nes types of tubss will aotuslily besome gledrer and mera

geilnite =fvor 2 thyorodeh apalysis with tne conventicnsl typos: (o

ek |
]
2 ]
i

sauiwe lont shemeats, od 1 :hns ceenserried sut.
Flioplly bbowilis appess that s dsmchroncas devics hes

s Frg 0 I Dot b TR = tal ) R -5 M (v ¥.

St Emaciplee Eorerning e ApThicai-aal Cpnar Bl

ek

1es

ol Let us pow conaider cartalo Panctions-of the Tirat =pe-

;. n

eitrelpartl the ':%'..L'.‘;l arithnatiesl pirt CA,

Th: elemant in the sanse of k.Y, pe yscuus tube daed
e = ;:urr'- mt wslve opopite, SEian wll-ar-none divice, dr et Tanet ik
approxinsber apsy aooerding boowhothor the eprdd bing la above or colow
sri=eel 3 WA R peasodlinrent erchobs | TE2d Brucehat Ad needs dolinats
motant tals oo ekl ihs slastredes i srderito mslrtzin-sibher stabe; it
thiss sre comblnations: of vaewus tlibes which hive porfict equiliborig:
s.ve~sl stobes in s=ch of which fhe combinibicn can exist indefinitely,
sithont any outsidec supporh, wiile appraprisi= outside stimuli (elsetric
palsas) will transfec 38 from oo egqoilibrius into another: These are

the zo ealled tripeper gireaits) the basis cna having twe aguitibeds -and

conlatnifme tyo Lristics of Gne pentode. Tht trigser eirciits with more
Lhan two E{uil;‘.:lri.la ard ddspreportionately more ipvolved,

; Thus, whaet.herl the tubes arc used as .gatels oT a5 triggers,
the dll-or=-none, tag ssudldibriis arrangemants are the Simplest onea.

Ginee these tube arrangensats are to handle numbers by means of their

AEpits; 91 Is -patural t.?.uae a systen of arithmetic in which theedigits

arpaiso twe wnilued, This euggests the use of the binary system,

=1L~
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Thg analﬁgﬁ al hunén nedrcns, dlscussed in 4.2 = 4.5
are egually a.].l—-n:runn:;ne elemesnts, It will appear that they are guite
useful for all preliminary, erienting: copsiderations on vacuoum tube sys-
tems (ol Yo It is thergfore satisfactory
that hers teeo, the natural eritbmetical sistem to ‘handie 15 the binary
oI

’ E*g. A pensistent use of the binary syatem is 8lso Yikely
to simplify the gperations of muLt;plicatinn and division considerably.
Specifically it does eway with the decimal multiplicatipn table, or with
the altﬂrnative"ﬂeuﬁla procedurs of bullding up the multiples by each
muzltiplier or qﬁo;fent éigih by adﬂit@pns [irst, and then combining
thesn {qncnrding tc pnsltindnl:ﬁa}ucl by & second ‘sequence ‘of adiitions
or subtractions. Jﬁ other warde: Biuuré arithmetfcs has g aioplar ané
mora ane-p;ﬂce logicéi strueture than any sther, particulsriy than the
diecimal una...l ;

1% most be pemeopbeped, of cowrse, that the numsrical
matEria;_ﬁhich is diregtly in humsn use, is Likely to have to be ex-
Fresged in the decimal system.' Hence, tht notations used if K should
be decimal. But it 1= pevertheless proferzhle to use strictly binary
;rﬂcedurus_in Ch, and alac in whatever numerical material may enter inte
the cenbteal contrdd 005 Hepee Woshould store Binary material nﬁly.

. ‘This necess;tateé ineorporating deeimal-binary and
vinary-decimal conversion facilities into I and 0. Since thuse con-
¥ersions require 4 géed deal ?f;ar?tﬁmeticﬁl manipulating, it is most

economical to usé'cm, and hence for sodrdinatlne purposes also §0, in

:nnjuncaiuh uith Tand 0, The use of Ci implies, however, that all

= o
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_ﬂarithn:atic.s usad 4n beth convorsions must be =trictly binary. For
- details eof, g
9.3 it this point there ariscs another questien of prineiple,
In 8ll existing deVices where the element as not 3 wazuum
tubs the reaction time of the element is sufficiently long to make a cer-
tain telescoping of the steps invelved in Bddition, subtractien, and still
moreg in meltiplication and division, desirable, To take a specific case
copsider binary multiplication. & ressonable- precisicn for many differ-
cantial equaticn problemns is given by earrying Bosignificant decimal digits,
%} thet i= bty keeping the relative rounding-off errcrs below 1078, This
2BFreLpEnds o 2727 4n the bdpary system thidt is to carrying 27 signifi-
ednt -bipary digits, Hence a.-.mltiplicatiﬂn conglsts of pairing esach one
af E?_mqlhip].i..-c?.::d digits with each one of 37 multiplier digits, and

:‘Efl forming product digits 0 and 1 ascordingly, and then pesitioning and conm-
bining them. These are essentially 272 = T2U - stens, and the operaticns
of «collecting and combining may @bout double their number. So 1000-1500
steps are essentizlly night.

) It is natursl fo ohserve that in the daocimal spstem s
congiderably smaller number of steps obladns: 82 = bl steps, possitly
doubled, that is sbout 100 steps. Hnweve}, this low pusbes Ia pir-
chssed at the prife-of using a neltiplization table or stherwiss increas-
ing or complicating the cquipment. At this prics the¢ procedure ean be
ghortened by more dipect binsry eridfizes, %oo, which will be copsidercd
presently. For this peascn it seems not necossary to dizcuss the desi-
wal procedurs, separately.

Sl ks pointed out befors, 1000=1500 successive-stops per

[
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midtiplication would mx;fkg aru. ron vasdun tube device inacceptaoly alow,

all such devices, excepting sone ef ‘the latest special relays, have
J."B::.cﬁnn fimes of more thas 10 millisegends, and these newest Teloge (which
may have reaction 'ni.@ea down to 5 millisccends) have not been in use very
long, This would give an extreme minimun of 10=15 seconds ‘per (28 decimel
digi._!.;}. multiplicatdony whersas this time 13 10 seconds Tor fast moderm ©

deskitoqputing d=chines, snd & cseconds for the standard T.BR:M. sultipliers.

-

L (Fer-the significsnce of these dirations, me well as of thoselof possible

voguum tube devices, when sppliad to typiezl problems, of,
The legical procedurc to 3veld these long duraticns,

consists-of telescopines operations, that is of carrying out simultanecusly

o 3
as mony as possible. The complexities of corrying prevent ‘even: such sim=
Elecoperations as additign . or subiraction Yo be garpisd ocut 4t once, En

n |-'-‘I = i i -
division the caledlation of a digit cannot even bepin unless s11 digita
toedts left arealreany kmgwr. Nevertheless considersble simltaneisa-

tiong sre possible: o addition sr subtrictien all pairs of c:-rres.;pcnd—

iingdigits can be ssmbinodieb ence, a1l First ecorry digits ‘eon be applied

- together in the nexl etep, etel In noliipliestion all the parkial gire-

dizcts ‘of tha form fmlti;:li::u_nu‘:; % (multiplisr digit) can be formed and
pusi__'t.i-:.n-aq sinmitenoously—=fn the bipery systoam such a parcisl product

is Zero or thetmlt.iplic-'md, herce this is only o matter of peositioning,
In both sdditicn and meltipliestion the sbove mentionsd agcelerated forss
gf additicn and subtrscticn can be used, A¥es, in multiplication the
partial producks canuwbe summed up quickl}rl By -adding the first palr

topether Bimdtancously with the second pair, the third paipy ete,; then

; Faidinp_ the fir=st p.'Lirf-;,fi;_rg pai‘r suns togethar ui.-.u.:_].t.é.nﬂcu'sl;.r with the

Sk



gagcnd one, the - third ene, etel: and 56 on until all eerms are collectad.
(since 27 & 27, this allaws to collect 27 partial sume - aaéumiﬁg P i
binamy dight multiplier = in 5 addition times, This scheme is dus ié

Hi Mken,) =

Such atcslera:ﬂjn;. telescoping procedures are beinmg
uged in all existing devlces. [The use of the t;h:n:i.mﬂi system, with ar
without further telascepine artifices is alsg of this type, &3 pointed
qun at the end of25.3. It isléutua;ly sémewhat lass erficicﬁt than
purely diadic progedur=s. 'ThHe arguments of 5.1 - 5.2 speak against con-
‘sidoring it here.) Howmever, they save time only at sxactly the rate at
ﬁhich they multiply the necessary equipment, thet is the namber of ele-
méﬂfh in the device: OClearly if a duratiom i= halved ty systemavically

searrying out twe ﬁdditiuns at ance; double adding equipsent will be
required (even assuming that It can be used without disproparticnate
control facilities and fully efficientiy), ete.

Tnis way of pgaining time By increasing equipment is
fully justified in non vacuum tube element devites, whers gaining time
is of the essence, and extensive cngineering expericnece is available
regarding the handling of involved devices containing many elemsnts,

A really sll-purpose automebic digitel computing syste=m constructed along
these lines must, acncfding o all avallable experience, :anain over
10,000 elempnts,

5.5 For A vacuum tube elsment device on the other hand, it
would s=sm that the opposite procedure holds mors promise,

ks pointed out in 402, the reaction tirs of a not tos

complicated vacuum tube device cin be made as short as one microsecornd.

L



Mow af thig rate even the unmanipulat.d dursticn of ‘_--hc miltiplication,
obtained in 5.3 i dcceptable: 1O00-1500 reaction times amount. te 1-1.5
il tiseconds; and this is so much faster bhan any conceivacle mon vacuam
tube device, that- it actyally produces a ssrious problem of koeping the
devige belanced, that iz to-keep tha nocessarily homén supervision beycnd
ity inpit and output ends in step with itz operdtions, (For détails-af
Ly i Al

Reparding: sther apithmetical operaticons this can be
said:  Addition and subtracticn are clearly moech FPaster than maltiplica-
tion. On a bapis-of 37 binary digits (cf. 5.3); and taking carpying into
coneideration; esach should toke ot mpst twice =F steps; Lhat 5 -about
IB=50 steps or reaclicn times. This dmounts to OH=.05 millisacanéh.
Division takes, in this schems whers shorteate and Lelté:aping have
nol. been attespted in multiplying &nd the bimary system is being used,
about the same pumboern: of steps B8s multiplleation. {of.

] Sauare popbing f8-usual by and dn this scheme too, not
egsenkially longer thap dividing.

Hab #cceloratinr these arithmetical cperations does there—
fora not seem necessary - at least not until we have become thoeroughly
and practically familiar with fhe use of very hlgh Speed devices of
this kind, and also properly understood &nd started to exploit ‘the
en;ir-ly new possibilities for numerical treatment of complicated prob-
lems which ther open up. Furthermore it seems guostionzble whether the
mephéd of accelaratlon by telescoping processes at the price af multi-
piying the nuaher of altments regquired would in this E-Lu&iian achieva

its purpose at ally The mors complieated the vasiun tube equipment——

=Ey=



that is, the greater the number of elemente ragquired--the widsr the tol-
erances must ke, Conscquantiy any: increasa in this -:ij.rx_-::..i_r_-n will sleo

necessitate working with longer reaction timss than the sbove mentioped

ene of one ﬁicrﬁaeccnd. The preciss guantitative effscts of this Tastor
are hard te estimate din a goreral way--but they ar= cortdinly mach mvr;

Lmportant for vacuum tube elementa than for mechanical n} fmr telegraph

relay ongs,

Thus it seems worbh'while to' consider the following
viewpoint: The duyiee should be =g simple as possible, that 1s, contain
ag feg ElEmEﬂts_as.;ﬂssibla. Thig can be achieved by never perlorming
t¥p operations sipultanesusly, if this weould cavse & signifieant incrﬂasa”_
in the runber of ) elemcnts raquirsd:  Thoe result will be that the device
will work more. reljably-and the vocuum.tubes cmn oc driven to shorter
regction vimes Lthan otherwise.

5.7 The point to which the application of this prineiple
can te profitably pushed will, of course, depend en the zctual physical
chara.ctarlsltics of thne ayatlable vacuum tube elements, It may be, that
the optimum is not ot 2 100 application of this principle and that some
compramise will be found to be optimal, ‘However, this will always de-
pend on the momentary stite.of the vacium tuba technigque;, elearly the
fEster the tubes are which will funetion reliably in this situation, ﬁﬂe
atronger the cose ls for dncompromising application of this principle;,
It would seam that already with Lhé Eresent teennicnl pcssit%litiea the |
optimum i3 racher nearly ai this uncompromising solution.

It is also worth esphasizing that up to now all think-

ing sbout high speed digital computing devices has tended in the oppesite

=20



direction: Towards accelepstion by telescoping processes at the price

of miltiplying the number of elements required. It would therefore ssem
to be more instruetive to try to think out as completely as posaible

the oppeaite viewpoint: That one of absclutely refraining from the pro-
cedure mentionsd abowve, thit isof carrying out comsistently the principle
formulated in S.6.

We will therefere proceed in this directiocn.

£.0 E-elaments
$.:1  The consideraticns efl 5.0 have defined the main prinei-
plas for tha treatmﬂnt of CiA. We continue now.on this basis; with asome-
what more specific and Lﬂchninal detail.

In crder to do this it iz neceszary to use soms schematic
plcture for 'ha funetioning of the standerd slement of the devies: Tn-
deed, the decis=ions regarding the arithmetical apd the leopieal control
procadures of the device, as well as its obher functions, can only be
made on the bigls of some assupptions about the fun tzoping 6 the ele-
ment 5.

The ddeal drocedirs would be to treat the elements as
whal they are lntended to-bes as vacuuﬁltuhef. However, this weuld n
necessitate.a detajlad fnalgais ol specifie readic enginesring guesticns
gt this early stoge of the discussiap, whern too aany alternatives: are
still open, ta be treated P;l exhaustively and in detail. Also, the
nuEarous a}}urnatiya3y1ﬁ§ihilities {or arranging arithmetical proce-
dures,; logical cnutgu;f etc., would superposc on the sgually |r1un.:3r<;u.z:tlI
pusa_i_bj_T_i'Li_-_}s [‘:rj_;t.hu choice of types and sizes of wacuum Lupes and- other

circult elements from the point of wisw of prectical performance, ote.
A1 Lhiu wuulu prudanu an involyaed and opagus s;ruatiun in which tha
o



prelininary oricntation whieh =¢ aro now sttempling would be hardly pogsible,

In order fo-dvoid this we will base our consideraticons
o & hypotheticals elament, which Funetiens ¢osentially like a wacuum
fube=-—a, g, 1ike & triede with &n =ppropriate a=ssceisted HLC-cipeuit-=
but which ¢an be discussed &5 an isolated entity, withaut poihg into
detailed padis [reausncy ele-:t-rma,_:nf-.tlﬂ consideratisns. Va re-empha-
sigé:! This simplification i= only temporssy, enly a transient stand-
point, Lo make the present prelidnary diseussion pessible. After the
zongiusions of the prelimigary diseussien the slements will hawe to be
reconsiderad in tfsir trae 'électrumaa;:;ét ie natups: IﬁL'.‘L at that bLime the
decigions of the prolimibary discussion will be -availdole, and the
porresponding sltern.t ives Gefordingly sliminatad.

6.2 Y Tha analogs of "Haman neurons, disgassed dn 4. 2-4.3 and
apain refbrred to at thelend of 5/1, &oem tr-:l*- provids elements of just
‘the kind postulated at theend af’ sl We p'rr':]".w.*s:,- Lo wae then accard-
Ingly Tor tho purposc deserdibed thepe: as thecopstituent elencats of
the devies, For the dordtion of the prelimlnary dldcussion, e must
] ther:for: give a precise accouft of the propert Lus which we postulate
for thest elemonts,

The slement whith we will diseuss, to be called an
E~elapmnt, .will bis popresented o b & cirele @, whiech rageives the
gxcitatory and innibitory Stimuld, and crits its own Stimull slomg 4 iine
attached fo it: O—, This axis may brinch: U-=i, 0%, The smission
along it "Fallaws the ariginal stimelation by a =Eymaptic delay, which we
can assume to be 8 fixed time, the same for all E-eloments, to ba dencted
by t. W& propese te oeglect:the other delays (due to--conduction of the



stimuli along the lines) aside of t. We will mark the pressnce of the
delay t by an arrow cn the line: O=3%—, O3=—{ This will also serve
to identify the origin and the direction af ths line, y

6.3 At this point the following cbservation is necessary. _
In the human narvous aystem 't.lhe conduction times along the lines [axons)
can ba longer than the synaptic delays, hence our above procedure of
neglecting them aside of t would be unsound, In the actually intended
¥acuum tube interpretation, however, this procedure is justified: G ds
to be about a microseccnd, an electromagnetic impulse travels in this
I.J'.E.E.I 300 meters, and as the lines are likely to be short compared to this,
the conduction times may indeed be neglected. (It would take an ultra
high frequency device-—t = 1078 sacands or less--—to vitiate this argu-
ment. )

Another point of essential divergence batwesn the
human nervous system and our intended application consists in our nse
of a #ell defined dispersicnless synaptic delay t, common to all E-ele-
ments. (The emphasis i3 on the exelusicon of a dispersion. We will
agtually use E-elements with a synaptic delay 2t, cf. ]
We propose to use the delays t as absslute units of time which can be
relied upon té synehronize the Tunetions of various parts of the device,
Tha advantages of zuch an arrangement are immediately plausible, specific
technical reasons will appear in
In ordep to achiswe this; it is neeessary to conceive

the device as Eynchronous in the sense of L.l. The gentral clock is
" best thought of adanElectrical oscillater, which emits in svery period

ta aﬁnrt, stendard pulse of 2 length t' of abeut 1/5%¢ - 1/2t. The

=23=
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stimili emitted nominally by an B-elemint -are actuslly pulsca-of the

elock, for which the pulst acts 3z 3 gole, Thers is clearly a wide

toleranee [or the perdod during which

FIGLIEE 1

the gate must be-lept openy to pass Jak 1oe AL

the-clock-palse without distortlon.

BE. Figure X  Thus tho openang o

the gate can be controlled by -any

electric delay device with a mean i |
l rLOl w PULSE i

delay time v, btut considerdble per- = i
missibie dispersicn, WNevertheless |= = & - T e RRMER. LiMIfE:
1! FaR. 7HE oRFEM |

the effectivi symaptie delay will e
EXTE FERME |
1

Lowith the full precision of the

cloow s end the stimulus s conpletely —

Fenewed and synchrontzed-alfter each step. For 4 more detailen descrip-

Lign an Terms of sacoum tubesy Bl -
Bals Lat us now reburn to bhe description ol the E—elementss

An Beelepent ireesives the stimuli of its antwocederts
itross excitatory symapiess  ——l=e_ or inhilbitory simapses: —0O——
As-pointed oub inod.2d; we-will eonsider S=-elements with threshelds 1, 23
1, that A5, which get excited by thess minimum minbers ofsimiltanceous

axeitatory stimoii,. ALL dnkibitory Stimold, on the other rand, will be

Hasimad to be sbsolutes E=eplamonta’ with the abeve thresholds will b-
denet od by l'!',@,!:j], razpeEctively.

Sinoe we hava a strict synohfenism of oCinllil arniving
oty at timee wWhich ape intafer multiples of 4, we may dizpggard pheno-
mesd of tiring, fTacilitationg vle. wu o0lso disregard rolative dphibiticn

s e
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“temporal summetion of stimili, ehinges of ‘threshold, chenges synapses,
ebce In all this we are following the procedure of W. Fithe dnd i, J.
HagCulloch (ef. Log: cit, La).: We will also use E-elememts with double
synaptic delay 2t: 03 and mixed types: ﬂ—-i-—-:-ft L

The regscn for our gsing thesSe variants is, that they
give a preater flexibility in putting together simple structures; and
they can all be realized by wacuum tube eireuits of the Same complexity.

It shtuld ‘be obzervad, Lhat the aathars guoted' above

{ hawe shown, that most of these elememts can be built up from each gthers

! .
Thus O-+3- is elearly equivalent to 0503, and in the case of {.i"—h- at

least :@ 4 18 egquivalent to the FIGURE &2 '

network, of ‘Fipure 2; HoWewrer, It

would seem to be aisleading in our

application, to represint these

Tunctions as if they required 2 or J E-elements, since their complexity
in & vacuum tube realization iz not essentially greater than that of the
gimpleat: E—olement: 2=, of. .

We ecnciude By observing that in planning networks of
E-elements, all backtracks of stimli aleng the connecting Lines must
be aveided, Specifically: Thu. exeitatory and the inhibitory synapses
and the epission points—that is the thres sconsctions on :E}-}'—  a
will be treated as one-way valves for stimuli---from lsfi to right in the
above pletura, Bul everpihere elas the lines and their cnmwctims}’;
will be :.Hsumd.t.n pass stimuli in'all directions. For the delays —
either assumption cap be mads; this last pofnt dees not happen te matter

in ouF networks.

oy



é:_z Comparison of some-typical E-element networks with their

" Mvacuum tube realizations indicates, that it takes usially 1-2 vaeyum ktobes

for sach E—slement. In nqmﬁlitaLBd petwopka, with meny stimulating lines
for each E-element; this number may become somewhat hicher. On the

Average, hoWwaver, countlng £ vacuum tubes per E-element would seem to

be-a reasenable estimste, This should tehe care of amplification end

pulso-shaping requirements too, bub of course not of the power supplr.

For some of the details, eof. s

7.0 Lirouits for the arithmetical operatiocns +, X

el For the device——-dnd in particular fogr CA---3 Teal nun-
ber is a sequence of binary digits, We saw in 5.3, that a standard of 27
binary digit numbera corresponds to Lhe E:\':'li‘l‘-'\:[ﬁ-i.l."n af cérryine 8 silgni-
F Figant decimal digits, and is therefore satisfactory for many problems.
We Are not yet prepared to make A decision on this peint (cf. however,
Y, but we will assume for the time beirg, that the
standard mimber has about’ 30 digits,

_ When an: arithmetical operation is o be performed on such
pumbers, they mist be present in scme form in the dewice, and more partic=
uldarly in CAs iﬁach (binary) digit. is shviously representable by a atim-
wltis at ‘a certain point and bime in the device, or more precisely, the
walue 1 for that digit can be represented by the presence and the valua
0 by the Absence of that stimulus. HNow the question arises, how the
23 (blnary) digits of & real number are tc be reprasented topether. They
eould be represented simulliumausly by 30 Tpossible) stimuli at 30 differ-

el positions 1/ Ch, orall 30 digits of one number could be réepresinted

2

i U



by (pogsitle] stimiadd ot the sEme point; ooourring durdnge

prrimdets g BiEe.

Frllowing the primciple af 5.G-—-tn

in venporal sucoedgsion rebher Bhan da (i

——=we phopes the latter alemat Fue, ‘Hence g pudbsr

Ling; which smits duoing A0 soppessive perinds

gt Ets 20 (biparyk digits:
i I the Fal Towing discussions

whrks pf E=sldpenls; Lgopecform vacious Tusetlons, Thess dred

placa miltinis

dscerEaive

s ) capaeial Suslapasilio:
15 T EEresentedii e

st caonesoand-

wes Wil graw wariogs oeb-=

&lne be used o defing bloek =gmbals, hat 1=, after exhiblbing ths

structare sl gopariicUlar metuorks 2 block Ll e

Whder will Pepresont i% 1y gil ita forther applicaticne———Jineinding thoss

where it entess s 4 gonstrioent into-a Rishen order netyark

Blogi: symbol, A Blodk symbod “shows dll dnpnk

pEtwers, it net therr internal connecltiomns;

4

The Input

EARIE

LG

spel st pae Adnes aliits

Tines w1 e

events

MRk P——"; &0
abbreviated namo
E=glementsin It

L

Thi 4wg addenlis come dn on theinpat Linessat, el
eiigrtedWith & delay2 5

sFalnst the addend Impdtd oosthe

ot Llne ‘B,

poge which will appesr in &.2)

SRrTY

{The detted extrs

fppat Wne ¢ e Tor & special pur=

it Eu Parmed: by (" . The £

e outpul 1906 ——a . A loek symbol-carriss the
ol dhe notuerk (or @ta function), and the
sg-an dndex'bobhe mame. Bf. e.p. Bipare 30 belmy,
Wi procasd bop desertbe an adder natworks

ol bhe sum=Is

HET R T

The

N



Ty corresponding digits of the two zddends Ln;rther with the procesding
capry-digit (delay 7!) exeite each ore of O (left}), @, @, and an out-
pot-stimulus (that i & sum digit 1) results anly when O is excited with-
aut @L, or when @ is expited——th=t is when tha number of 1's smang the
three digits mentioned 15 'odd. The carry stimulus (that is a caecry digis 1)
resuits, as pointed out above, only when G':I 15 exeited-—that iz when there
are at least two 1l's among the: three digits meptioned, ” ALl this consti-
tutes clearly-a correct procedure of Binary addition,
In the abave we have made oo provisions for handling the
;.s._r,g af & nupksr, aor for the positieninis of ita binary peint [the analop
oF the decindl peint). Theis concepts will Se taken up 1o .
but before copsidering Lhem we will Eurr-y ol -1Iprr_-11:.inar1.* dizcussion
of the multiplive and: Lhe divider,
Faly h multiplier petwork differs guallitatively from the sdder
i t.nia respect: In Aaddition every digit ef each addend iz uaed only cheoey
inmultiplication each digit of the multiplicand is used as many times as
there are dipits In the multiplier. Hempe the principle of 5.8, (et
also the end of 7.1} raguires, that both Tacters be resembered by the
wultiplier networs for & (relatively) considerable time: Since each
number pas 30 digits, the diurstion of the multipliestion requires remem-—
bering for at lesst 392 = 500 periods T . In other words: It is no
Torger paseible, a5 in the adder, té feed din the twe factors enitwe in-
put linesa, and to extract in econtinnous eperation the product on the
outpat line——the multiplier needs a.memory f(ct. 2.4, (a)).
' - In discussing this memory we need npot bring in H-=this
~ds @ relatively snzll mesory capacity required for immediate use in CA,
el
e i s Yoo canstieieg iR Bh.
. 2a-
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gt Tne E-elements can be usec as memory devices: An element
which stimalates itsedd O_;“t;‘?, will hold & stimolus indefinitely.
Pruvided with two input lines ra, es for recelving and for clearing
{forgetting) thiz stimilus, and with an outpot line os to signElize the

precence of the stimilus (durine the time interval over which it is

Femembered), it becomes the FICURE 4

"

natwork of Figure 4.

rs .
It &howld j):)—l—— o5 —-I =] 'n'h..al
4 STIOLE s __ﬂ_,.f 31 [

be noted that this my |'

COorresponds to tha actual wvacuum tube Lrigeer circults mentioned at the

beginning of 5.1, It is worth mentioning t]u!.[ my |eonbaing ons E-ele-

mant, while the simplest tripgger circuits contadn vne or two wicuum tubes

fer. loe. cit.), in apreement with tie éstimates of &.5,

Ansther cbservation is that iy remembers only one
stimulus, that is ona binary -1:'|.'git. If k=-fold momory capacity is wantad,
then k blocks | my _]are required, L eyelical arrancoment of k Gosle-

ek L:O—'?—-O":-— - -;‘I’Oﬂ » THEs cycle ean e provided with

inpats and ocutputs in varicus says, which ein be arranged s that when-

ever i-pew stimulus {or rather the fact ;:uf its presepce or abscoce, that
is-a binary digit) is received for remembering—-say at the left end of
aU.Lhe_ c;rr:le——th;; old stimilus which should take 1ts place--caming from the
right end of the cycle--i=s Fl'utt:ul:nil’(.i;:ﬂly cleared., Instead of going into

thesa details, however, we pre[‘er to kcep the eyele a:-pm'-O—\, o.\. }O_s,__
- L

and provide it with such terminal FIGUHRE &

equipment (at both ends, possibly ket oy 1 - —-—I~
e -_r__ﬁ@--—ﬂ}w-w_«f*

connecting “them) as may be reduired:

E-._mr-f;rﬂs

e

in each ‘particular case, This simple line 1s shown again in Figure 5,

-2



Terminal equipment; which will normolly cyelefthe cubput os at )" ie (ks

right =nd baek into the impat g2t it= left end; B4t gpon stimalation ai

5 suppress felsar) this setirning of the:ofitpit os Al canroct Lastesd

the Input with the line ra, FIELFE & ‘

is shown in Figure 6, T 2 ¥ [

: |

A g SR |

with the ferminal eguipment < G £ & === 95
i A :

af Firure 5., is @ perfact

IR P o e M e Ll
memory organ, but without it, dn the ferm of Figure 5y, it ds simply =

deley orpan. Indesd; Its sole function-2s te retadm any stimalus Lor
# pericds 1 apd then refsit 4%, and te be able to do this for suscessive
stimuli without any interference between Thems

This being so, and remerbering thit esch E-elemont

represents {one or two) vasuum tubes, it would seem wastaful to use &k -

2l waegum tubes to achieswe pething more than 8 dalay kt. Thers exist
delay devices which r_-an‘ dosthis [in our present situstion t is-about a
microzecond and k15 abeut 30} mare simply. We do'met discuss them hers)
but merely observe that there are several possiple arrﬂ.z‘q;-:J!L{.-:‘!tﬂ fei

1Z.5). ‘Acoordingly, wWe replice the block -:-i‘ Pigure 5 by & oW

blﬂck| dl (k) |, which is to'represent shchia device, < It containsg

ng E-elemant; and will dtaeld be! trested as & new alement, e

We ebserve; L@ is [ dl (k) "te & Thanar delay cir=
cuit, stimuli can backtrack through it (ef. the cnd ol tiul ), To prevent
this; Lt suffices to probect fEs ends by E-.e;lemnnt:-, that iz to-aehievd
the :[':i.r_:“- and thelast § deday by --O—)— ——or- Lo use it dn Boma

combination idke Fipure 6, where the E-elemante of the dssociated network

30
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AT T

provide this protection.
G Wie oam pow descripe A multiplisr network.
Bipary multiplivabicn copsists of this: For each disital
poesition din the aultipiler {Eoing from 1=t to right b, the muitiplicand
oo mnlaken | Byrent pe sl e o The piahiy snds theas ol 1S e s ae ninto addes]
to the sum ol maridiald - relucta alrandy formed, acsarding o whsther the
sl trriber diEi s under ronsideratisn 201 aplily
Lo uarly-tie il tapliar must - rentadin A sutliary

network, which will er will ned pasc the mdltiplicand dnts’ tha adden,

atnnridi ng o whether bhe nultipiier pleit in)  uestiponoi= 1 op (. This

Gan. ve achiewad in two stepss First, o netwark Is peqguived, whish wEkl

amit stimnly during & cerbain dntemeni oof -7 perieds (the inEerralidin
anden the aultiplseand 35 wmpted) | provided that-a certain inpet (cor-
necled Lo the orpan which centeins the mygltipd Tor) was stimiloted et a
certain sariier momont | shen the preperimuftiprisr digit is ematted).
geh & netwerk Wil b odildd 3 giscriziastor. Seeond, & valve 15 re-
quirsd whieh will pass = stlmulus only it it 15 alac stimdiatd onia
second Snpet It oposscssug,, These Lwo bloons fosether Salve cor problan
The discriminater nusl e properly: conbnollied; fts oubtpub cenpaoted: fo

Lhe aeeond Input- ol the walee, andcothe moltislicand povted through the
valwe Iotd the adder.. Ths FITURE 7

nikts exmpls

5 —— T} g = v

Frpare F. The mein stim- Z IIL} @ :
5

dlus is pazsed from 3& to

—_— —

Gy the secaond lnput centors 3t 5,

Sy



# diseriminator FilGyRE §
is shown o Figure 8. A stimilus
1 g%
at the input * defifes the mo— |
4 f
ment an which the stimulus, which {T /i\xj LI
. L) Sel o [N
determines whether the ldter i 3
i T
eRIssian yat oe Y shall take plsce ¥ il i
] [

If these fwo sbipuls

et Bl mist Jhel phoeived qt dheinpats. solineide,
the laft ':Zd:l is exeived.. Cenalaering its fecdback; 3t will censdn excited

art1l it secesede Lo stimulating the

pridile @ . The middle E'.J iz con=

ek ed to @ i such asranner that it ean be exeited by the: left @

only al, a moment atowhich fis.

is

sEimuald ak @

- : = 5
gether with ,_'9 expites the ropht- @y The

stays gquisscent

Beyond ‘thisy untdl the Beginnihg of tha

(:EJ iz isolated Frqr'ﬁhe Lao- other (:‘-" y aml the
— =

ntail

was not stimulated—tbhat Is

e

apd ol

is stimaiated:

% the besinnif

thas seaingiee

2 sbamalboat

TYESEE FEql

but at whode predecessor

g of B sequenoe. of

The nladle Lf;! then quknches the LTl @ and to-
middle G:l mow becomes and

T
iy and
-

shge.  Heace tha left

reby-is rezdy te reglisteér

the &, t stimuli Cof the noxt sequeics,  On the pther hand the faed-

pacs of the right iﬁ. Pscayeh, that 3t will stay excited for the duration

of Lhis (is] sequence, Anfd dmit stimeli 8t os. Thope d2 closrly 4 delay
-

2t betwoen the Snput

ar (i) and the l'_pd»[h'[a at 5.

Now: the E’ [
multiplisr netwars can.be Fv—':—i_ A1 i r—‘o—r___:;*—wmj:_f_‘r
put. Lopether: Figurg 9. e _IL
e Emlein) Yeand el peplates [—)_ _{fm__ﬂ "I_"’_ -?f?]
Sirough | 4l 1 [ the ’_L T TR
multipiier through |dl Ii Lﬂ_[; e ST = el




and, the sum af pertial praducts (whickh bBigins with the value © and 1s

graduad Iy built up to the complet= prodact]) tRrough | J A ITT 1 The

two inputs s B reccive thoe timine stimuls- required by the discriminaton

{they corvespond to £5 15 in Figgsc 83

L

il Thecasakyedyd of o araiosn dhe Eiilneisg aagaitfal feaa=

Bereziot bhe multiniibe: &) Tke rEal eorhpn i Gl TS

0% 5 R P PR 1 4T3 | il LR RS tarim af EMeapiser sompls,. - fF kLl glh=s
Fave Lo contais ] a7 I == A7 T _ T
The k' (delay Lengths) of tha| arf fo| a1t |,

e tho hess
debvris Tunctions &f wrnchesabeat] -ny Fach tima whan tha adder Functlons

pthat is inoeach dnterval i = {10 bhe peltinlicand ans che parcidl pro-
gact: sum (That 3e bho Sitpake of _I:-__ (el 3 FET | ) matetn b
brought togsthers in slbch @ mEnner, ©oih Uil Dormesr & advansed byt
(Fovisd By one positibn tollle risht) felatively o the fatter; in comn-
partson with thelr procedihns encounters

Also, 4T the two factors have 30 digits sach, the product

al EJ

apd | di IIJ joandta oo L ahcbhe Y orper muestcorrespend CLe abetl Lwe:

ks bl digits. Henoe il [T | should have about twiee the ko &f

4

gycles in the Tatter: (The 4iming atimuli-ontt will be besi regulated
h phase =ith| 4l Ll i.) Or the cthar hand;y 1t 38 adrmsshle toimake
provisions for roudding: Tf= predict off to'the standipd pimber dipits,

1 riear 0. (g} The petworks rﬂ-‘ll:.ir-:-i

and thereby Reegp the & ol

g get the moltiplicsnd and the multiplier into | 4l I 1 and | 4 T

4

. {from other parts of the deviee), apd to el the product out,

{d] The getworks resmed bochandle the sizps-and the binarcy point
posltions of Lhe Cdetora, Bhay are sbviously dependent upon the wey in
whieh these dtfributes drc tb be dedlt with Brithmctically (el the and

.-.-JB_
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of 7.3and L

Al these pointe wrll b= gzalt with subsequontly, The
gliestions connected with (d)-—arithmetical trestment ar d3=nl and Plonry
point—mist be talsn up Lirst, since the faraer le poodsd for stbterebion,
aud hesice For division foo, and the 1siter i= inphrtant Jor toth st

plication and divielion

i) Gzrduite Foe thie aribimeiscad oaeraticos ==
Bl URtill som 5 muphep-xowss-a seguenee of fabout 300 binargy

figttay mith no defrmation: of =icn opivinary poiat, Ve must now obiyniate

Sconventicns for the treatdent of tisse foncent,

The extipame Lert dlet willche referved o 'Sha sign;,

&0 that its values 0,1 exel Skona. b, S Peemesrdively, 01 tha

Binary point is between the diBital posiilops 1 and &40 [From | the Left ],
then the positicnsl valve of “the sipn digit is 7L dence without the

sign convention the number i would lie in the intepvai 0% x < 27

.
ahd with the sign convention Yhe subinteral 0L » & 2 « i unafleeted
And ‘garresponds tiol fon negstive mambers, while dhe bnterral i b e -?r.
carrespends toonegative runbers. Yo Let the Istter X 1'-.-;..:*z=. R T L
x¥, ‘sa that the resalnling flgits ol x Gre scgentizlly the complene=nte to

the digits of —x'. Mo preciselys 2” ~/—(—%')y= —2% that is

e . Tog—t‘-”é e T

In other words: The disitsl sequences which we use
reprasant, without-the mipn-convention, the intérval i | "; X < }"‘I 4
e T e Al e

second interval ls porralatsd to the First one by subtracting T

e



recessRry—that 15 their cofrespondencs iam medule 3%, x

Sinee addltian and subtraetdon lesve relatisns module 25

graffecterd. wWe caf Ighars thove arrips

and sublraciions, Thesame lo beue far the s an el fRedtEiniry palnk:

his Ez-moved CEpm Lo 2t thenogach-oaepees fe
bod laddition and sebirastien cbudve this rodotiss 1 ST s

thees things ira, Bf

eolrEa T bhe fialcEe of 4 w3 e e AW 8 R
pEdirms ,,]
yhaE welinte 1 ngh addiany e Ehe addata S o slyre

&l i, andlat il e pore=sh houskk A7 3 B R T T

game way. The multiplication procedure o 7.1, nowever, will i el

pesenstdered, cand the sose esation apr S TR L
B get upe
e Wi ot sst upa m L e i Wee gapy dse the - adder

pues ATed) Ter this purpoge, 3L oy o Tl oy Ty = e i P R 0 i e g
Gho riepative,. Actording Lo the =hoyvs Yhi= meags that thic addend x ©s
rephaaad: b B ¥.. Thet Loy eaph <Isif ol i is cenlaced by fte coiiple-
ment; and o umit ol TN cufiee SIE mleitsbipoatiden e then added. b
this Addeprcap  Mdat Az well A2 S extra Addennds

ThaEs East operdtiion eopiBetenmed el sut o - wh Sl bne
the extre Ihput ooof the ailier (ef, Fagure 3. )80 that Lfab,  THfs tikes
auLaméLi:dlly gare ol all earpies shich ga)r be-daused oo fh atra
addition.

The gonplemeptatilon nof each disilocab be dons by|&

valwe which does the oppositerod tnet ol Fupuwrs Ti When etimmlated at

%y it passes Che complensnt: of the pain stimelas frem is-tooos:s Pleure Ll

Tatdnnal Burean ol Stondooes
Divigion 12

Data Frovessing Systend



Now tihe subteackor networds. 15 T

Lot on Elgare 11, The suo- PR
: b i .'5-—-{_\ 0% 2 | Ver |—
trehend srel bne mindond sone .

in ancthedinmee Inesss a, cEnd: | =

the gifferenoe g emitfed with a

delay 3k apainst the inpils on

Wt e r Ao A
The output Tine 4% Tha bws i I
.

inpubs tly tMipecaive Lheonecessary tlmeng & talis whehemn s ki

period of gustracfion; 4" ot jte-Tiret £ {oorraspopdine Soidin oxEes

e
a
=
7

right Jagital positisng ef

Eg Mextowe P u

HEpse fsthe mit Tel e netsoral T,

STl stioeEs, SN DRy S R S e

positilon in che mquesiont (golng from:i=f

subtracted from the pariind remsindar |

Dk it ch Fas - been ghified - Teflb-by ane ||
tian, EBf theresualtiee diffsndnon 10 pat magative (that fe) i s
Extreme deltoiplt Us D) then the nuet quollent digivids 5, Spd fhe next
partial remaicder’ [theiope o e Leed Por the Toblovine phatsast
before the shift' left referred to above) ff the diflersste =/ reEnstnie
{rEat das o tts eipeme Tt dielt i L) then the fest guotisnt olait
ig b, amd the n-uJ;‘L ;:l:sr‘..i'i.L pemainder (inothe sdne sepseas abors ] s
the preceding partigl femdinder, bul 4o d6s ahlfved pozitien,

Tha slterpetivalin cuivision i thetefors corparsile 1o

that ons in eultiplicatlon {=f, T with this nobtable dlfPersaee: In

maltiplication it was a matter of pascloe or not pissing an addend:

3
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© ceuceessive partial

i

the multiplicand, in division the guestion i= whiech of tec nintends Lo

pass:
the diviasor.
plicetion.

ate tigan that soe of Figure B.

shimuli - from is to os if Ghere was d-stimalus at

-
.

Abco, we nted 8 discriminetor which ig Somewnat more

musti el -Z:I:'I.f;.' PSS

& AT

the mament

a-seguence of

d=fin

By the stimsdaticnoal G, bal i must adternatively pase thak Segusioe

from is Lo anobher output os'

mant in question, Lonparlson

al Figure B. with Figure 1J.
shows, that the latter posges-
lgsired praperties.

The deloy-betwesn: is dnd o3

B 65f iz now 3t.

Jaw the divider wetwork can be put togsthen:

if

thers was no stimulus at s

st the —o=

the Bhifted] preceding partia] remalreler, of thais gquantits mine
Hence wa now need two valves dhere we peeded ocoe in muliic

iabgr-

el

8= ey

T i o e R

3

T

_.' f

The divisor cir=

culutes through

FlaWURE /3

dl T :, while

the dividend is

orlginally in

! d1 IIT ;, but

15 replaced, 25
the division pra-

grfessesz, by the

remelnders:  The valwe | ¥ij |J'-.-euw-=x Ehe diyisor negabivety
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i-j&dder. The twa: valves immediately under it select the partisl re-
k] i !

'i_i_,J

)

mainder (cf. below) and send it from thelr common cutput line on cre hand

unchansed ipte | 4l I and ‘gn the other hand “into the adder, [rom wWhern

the sum {actually the difference) goes intol dl IIL ] v P nimdae st

be such as to produce the required one pesition shift left. ‘Thus L_l_ {;1
arnd contein the two numbers From among which the nsxv partisl
remainder 35 to -be selected. This selectiecn is-done by the 1iscriminitor
Which governs the two valves controlling the (second addend) input
of’ the zdder (ef. sbove). The sign digit of the resultling sim controls
the discriminator, the timing stimulis at t© mast goineide with its
appearanca (extreme left digit of the sum). 4 must Pe stimulsted during
the poricd -in which the twooaddends (actualiy mimuend and subtrahend)

are o enter the adder {a.dvanr:n:! oy 'j‘.]l. L must receive the extra stim—
ulus reguired in subtEacticn (4" in Figure 11.) eoinciding with the ex-
treme pight digit ef the differcnee, The auotient i3 assembled in

dr 1Y |ll for each one of its digits the necessary stimulus is awvail-

gble 31 the second cutput of the diserimimator (osf i Figure 10.) it

dk TY Lhrough the lowest valwe| vy |, timed by a

sbimalus at LI

da pagsed into

2.4 The analysis of 3.3 avoided the same exsential features
of the divider; which 7.7 snitted for the multiplier, and winich were
epumerated in 7.81

(g) The timing network which controls the inputs t, t°

th, tm,

b) The k (delay lengt fthe| a1 1 |- rIlL'I.
{b) The k {(delay lemgiths} o Bl _i i L h §
The details differ from those in 7.8, (o), but the problem is closely

parallel.
=38



pe) TP petwsrkrs pegclired focpen-the dividend ang the

diulEEr dnta | 41 ITY jamd | dl.T 1y and to zet Ahe quotient oul of
| i
i 'l:] .
{d}' The retwerds raquipel Lo psndles sizna anl Binssy

polnt posiitions.

A5 in the gasze ¢l puitipliestion ai; Lheee pok

te dealt #ith subseqasntiy.

.0 The Hinary paisy

Ty
9.1 Am pointed out abt the end of 8.1; the sizn convention
s 2.1 as well -as the binary point convention which nas nol Yet'been

determined, have'ne influencs on addition and subtrasticn, but thelir

'j'-“;. relationship to rnulr.llpl.icn.iiun and division is e?:semia.l. and regquires
. cansideration. |

It 15 clear from the delinivions of multiplication and
nf division, as given 8t the begimning of '}"I..'? and of B.3 respectively,

that thoy apely oaly when all munbers invelved sreonon-negdtive. That

I Nj‘luﬂ the extredn Teft digie fof multiplicand and mdEiplize ar
dividend and diviser) is 0. Letas thzrefcors assune this for tholprosent
{this subject will be t.a.ketl'l up again in Yo Arndegairiacy the rola
al the bimary point in smliiplicatiom apd fivision.

o), Ghe produch af e 4 dipit

P |

Had Ag ainted oub dinm 7.3,
numters has 63 digit=s, apd since the product shoulfd be = gumber with the
same standard namber of signifidnnt digits as its factors, this necessi-

tatos omi%ting 30 disits frem the profuct,

IT the binacy point is hetvssn the digital pogivienE
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1800 Girentt fomilhapr:

trmidaal operation V™. Cbther-operations

. A-sgoidre rostepronetwark 2dn beohmilt s that Sk JdiTTers
101 g k haky 1 that a1t diffl

wery tiorle Trem the divider. The deseriptlion which follows iz prelim-

inary in the same sense as those of the multiplier and the divider net-
Binmey Eguare: peoting consigtas of thiss: Foroesch digital

pesEnivn fd thelsauire root (pobng Dredl Teft toorisht), e sguire root 2

(82 Fe=i ) ng to P00 santnion] s avedibesfing o a4, shd thEstBaseT e

oS« 4 el L S 8 LY o A IR 15 5 0 sl e 1 o OO et LI O T I 1 O

Bt e beam AhlTiEd Left birteoiposit o L= AR A T ES
ke Tanged r= sfnaustedy, holers this aihe oipth mm. = Lha

e B R B LR Y e e the bl pariapl menH TRl
fo bl gl Der it Sdteaderg quotien Lty malape- bl clouble

i nostrstinn., TltEe

i (2.1 solferred to abnve) I8 the difi:
GiTT r tioeids negative (Lhatids, af Gte extrees Lef dimit Is 1) then

Bhn mixk spuare oot dipit Lol ond the nopt partidl remsieder (Gnothe

Tisis procedire i abyvicuslyvary similar T it -one
gead in divdision (el 8.3), with the Following differencesy First: Ths

shiifts (of the partis) remajnder) are repladod By dutabile cfes

(with pcssibly additions of mew digits 0). Sceond: The gusatity dhiv

Lz -being subtranted 35 nat cne given at-the start (the dl'ull’.lt‘.':hl], bt
ome that I= determingd by the result obtained so far; zasl 4f & ds the

snuate-rogt up 'to bhe position under esngiderabion.

-.LS"



‘BHe Tirst difference ds s rebher Sinple matter of tialns:
requiring ac eéssentiasl adaditional equipment. The sesond dilferapéa-in
volyes & change in therconnsctian, but zl=o np egiapment. It 35 troe,
Thit| 28 +1 sust be formed fromia, but this 152 gertisuiapiy 8imple oper—

st ion in the birary sysbem: 2acis Poemed by s shHift Lelt, and since

2a+1 ls required for = subtraction, the finzl +1 can be 1aken inte ac-

count Sy omipiing taig usual correcticn of Lhe extrene right dipgit Inosube-
traction (el 8.7, 1t is the stimplus en-t" in Figere 1. which iz to be

omrthied ).

Now ELOUTFE 5

EhE Squayre rogter

rietwork can be pul

topether: tEure. 15,

The similarity with

the divider network i R et |
of Fipure 13 13 | I_{m_], =il = ‘ _.[ v

|
striking, It will i1l ][ iy I
be noted that | 41 1 I Tt

is not needed. 'The .
it ]

radicand is origipally in |["d1 LIT 1, but 1= repkaced, =8 Ghe sguare

rooting propresses; by theosucoessive partial remainders. The valve

]

= rr:{m‘..-:s the square rFoet 2 (xs formed upito Ehet positicn) negatively
fats the adder—the timine must be sueh' as te prodoce & shift left, Ehbrae:
by replacing a by 2a, and ihe absence of the extra correcting pulse fer

subtraction (L9 i5 Fipires 1l and 13, ef, the discussion above) replacés

it by Pae 1. The twe walves i immediately under Il select the partial

e



remalncsr bebi balkow] and senf it t-om thelr copmom ouEpet Line onose

hamd eachanged dnto J di=lTde | e nis thes other hand-dnto the adder, From

P

wheretne sum [actunlly the difference) goés into ,: AVSTED o SThe tinins

must be such as to-produde the reguired dooble position shilft leaft, Thus

| BT R T r L _J'::cmain the twe numbers Trom ameng which the
L i E

pext partial cemginder ¥s to be gelested. This selestizn s done By the
Hiseriminator E:' which governs the two valyves controlling the (second
addend) input of the adder [(cF. the discussion of Figure 12°in 8.3). The
sigﬂ dipit of the resulting sum contrels the dizeriminater, the taming
shimuius At LmEst coineide with fhssappesranes {extrame left, dipit of
tha sum) LY must be atimalsted dorine the perdicd during which the two
atddends (actueally minoend and subtraheni}'arﬁ tp anter the adder {advanced
by At). The squsre root iz assembled in [:Ei:?ﬁm h, e eackh cne of  iks
Hipits the necessary stimulus i= available at the second autpat of the
diserisirater (! in Figure 18], 1t s passed .'Lnt.-:.‘I d1-TW 'i:hr'mlg_h
the lowest Talve [:Ezit, fimed by e stimalus-at oM.

0.2 The tnngluding remarks of 3.4 Soncerning the divider
apply ¢e=zentiall y unchanged Lo the squire rogter,

The ruiles nf 9.3 coneerning the sises ol numbers enter—
img dntu various operations are sasily extended 1o cover SQUATE FoOLLNES
Tha raaieand must bBe won fegative and the spusrs roob which do produced
will ‘Be nmon negative, Henee squars fostinp must only be performed if
the radicand s between O apd Y, and the squares root. wiil alse lie be=
twedn 9 and 1.

The other remarka in 9.3 ang Y.L apply to sqUae roos—
INE o0,

10:3 The nctworks which can add; supbracs, multiply, divide

—EB=



and sSguare root paving been des-m;ibed, it 19 oow-possiole to deelde Kow
they are-to be inteprated in Coy and which speratiens 4 should be able
Lo performs

The: Tiroh:guestion 13y whether il Iscnecesszsry arworth
while to inmelide-all the operations enumedated shovep #, =X, 5, -fl

Little npeed be5ail about +, = @ These operaticrs aro
su fondamental and so {reguent, B the networks whish executs thesn ard
so-simpie {ef. Figures 3 and 11}, thav it is eleuar that chey should be
nckidad,

With x the nesd for discussien bepins; and at this stage
sieertsin point of principle ey be brought out: Prima facie ¥t would
geemt Justilied to provide [or & medtiplier, simce the operation X is
wory impartant , End the gultiplier of Figurd Y--while not nearly as
simple &5 the adder of Figtre 3-——is atill very simple coppared with: the
complexity of tha entice device. Also, dt contains an adder and there-
Fere permits to carcy out 4, —on the same equipdent =5 x, and it Kas
been made very simple by Following the principle formolated in 5.3 - 5.7,

. There are pevertheless possible doubtg dbout the strin-=
gench of Lheswe considerailons,  Jndeed multiplication (and =imilacly
divistion 4nd Squire rooting) con be reduced io addition f(or Subtraction
g hilving=—the latter being merely a shift to the cight. in the bipery
system) by using {preferably base &) loparitha znd antilogzrithm tables.
How function tables will have to be incorporated into the ‘complete devize
anyhow, and logarithe-—antilapiritbn tables are amonp themost freguently
wsed gnes—wWhy not use them then to eliminato x (and ::,,\n'"il a5 special
aperations? The answer is, that no Tunction table can be detailed enough
to be gsed without interpolation (this would wider the conditions contens

s
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plated, reguire 3297 307 eatriesl), and dnterpelation reguires multi-
plieation! it l.s true that one might Use 8 lower precision multipliea—
tion in interpoiating, and gsin a higher precision’ cne by this procedure--
and this could be elaborated te a camplete system of multiplication by
sugtessive approximations. GSimple estimates show, however, thet such a
procedure 185 actually more- laborious than the ordinary arithmetical eone
for multiplication,  Barring such procedures, one can thersfore state,
ghat function tables pan e wsed for simplifying arithmetical (or any
other) operaticns only &fter the operdation x hes been talen care of, not -
befor=) This, then, would sesm to Justify the inelusion of x among the
gpepations of .C.ﬂ., ¥
_ Finally we some to A '.a.r'."_iJ’. Thesge ‘could now certainly
be handied by function tables: Hoth = and o with logarithm — antilegarith
opes; = also wi..th reciprévs_\l tables {and x).  There are alse well xnowng |

fast tonvergant iterative processes:; For the reclprocsl uw - &u - au® -

(2 = au) u {twe op=rations X por shage, this converges to %J, for the
Square root 0 - 2 u - 2au” = (2 - (2au) u) 4 (three eperaticns x per
ﬁtar_.'-':,l this convergss to %,' hence it mzst be multiplied by 23 at
the =nd, to give v al.

Hewest, r-,' all thise processes reguirs mere or less in=
wolved logical controlz and they replace + and o by nsot ineensiderable
numbers of operations x. Mow cur discussicns of x, +, \r""al.':ow, that " each
one of t-hESE upera.;c-i:rns lasts, with 39 I:ni*ar:,r} digit numbers (e, T.1),
order of jll:lz t, hence it is wizteful in bime 'Lu. replace %+, ‘-'fb}' even

4 moderste pumber of x. Besides the saving in eguipment is net very

significant: The divider of Figure 13 excesds the multiplier of Figure §

i



by akeve S0% in equipment, and 1t econtains 4t 25 a part so thet duplica-
'?!'.’.--:vn: are evoldable. (Cf ¥ The sauars pooter is almost iden-
tical with the divider, as Fipure 15 and its discussion show.

Irdeed Ehe jJustification of using trich methods for =,
1.#, all of which amount %o peplacing them by several x, mxists only in
deviges where X has been considerably abbreviated. Az mentioned ip 5.3 -
5.k the Hiraticn of ¥ and al=zn of + cap be reduced fo 4 much smaller num—

,

ber of t than what we conteppl=te. As peintad cut 1oc. cit,, this ipwvolves

telegcoping and simultaneising operabions, and indreasing the ne-c:es::ar'j.r
J eguipment very censiderably. We saw, that such [u‘cccdurels are indicated
in devices with clements which do not have E.hu. speeds and Lhe poosibiiities
gfiaeunm tabes,y  In sich denzes the further circumstance may bz impdr=
tant, Ghat x can be more efficiennly abbreviated than+ (ef, 5.4], and A
) it oAy bherefore: ke worth while to resort to ;.hr: ibove manticned |I:lr-:||:|3|:£l-_1rl_:;.
which replace -, ."’-L‘::.r several x.. In-a vacuun t*.;l.?:-.- device bazed on tha
principles of 5,3 — 5.7, however; %, +,+@re all of the sams order of
duration and somplication and the direct arithmetical appreach teo all-of
them therefore scoms to bhe |ustified, -Jn praference to r.h-..ltr'icx methads
discussed wbowe.

Thus 511 operabiens 4, - %, +, o would seem to deserve
inclusion-as such in -CA; mere or lass in the form of thc networks ol Figurcs
¥, 115085013, 15, rememboring that &l]l these networks should sectually be
mergod Liba sne; whieh pobsisis essentially of the elements of the divider,
Fipure 13, The whole or appropriste parts. of this petwork can then be se—

Leoted by the dction of .Eui_t ably dispeszed controlling E-elements, whizh act

25 ¥alwves on the pecessary conpections, bg make It cerry out the purticular

che ameng the cperatlons, < ; —y % 5+ which is-desired. (G .

For additional remarks on specifiec operations and general logiesl cootrel, cis
-AB- i



0.4  The pext guestion =, what further ocperations {besides
ty =5 ¥, Fa ) would be ineluded ia GAT

y s5- pointed oub in the Iirst part of 1003 onee x is svail-

able moy other function-can-be aobiained from funciion tables with interpe—
Iation. {F’Dr. the details of.= Jo Hemee it would seem that beyond x
tand # , — whigh came befors it), no farther operations need be includeéd
Af Sach in 0. Aftually 25 4T Wers peverthelsss ineluded, and bhe cipsst
erithmetical approzch was used [or thom—=biat here we had the exeuse that
the arithmetical procedures imvolved kod 2bout the sams duraticn sz those
pf %, and pcequired an increase of only about 0% Incequipment.

5' Further opepations; which one-might consider; will hardiy
neet these specifications. Thus the cube root differs in its arithmeticsd
hrsitment- essantially from the sgqusea root, @5 thewlafter fequirss the
bntermedinta operation 22+ 1 jcf._lf.l}, vhick 18 very sinple, peErticilanly

-;n the pinary system while the former requires: at the same pelnts thel in- .
barmadiate operation Hac 4 Ja 1l o 33 fa+1) <41, whinh iz mueh more com-
plioated, sinecs 1t involves: s maltiplisction.. Other desirable operations-—
1ike Ahe logapithen, the tripenometric: functions, and bLheir invepses-—ollew

"_] hirdly amy properly arithmcticn] treatment. In these coses bthe direct

spproach involves the ude of thelr power serica, for which® the generad
Yopichl controd fzeilitivs of the davies must pe adeguate, oOn the other
hand the bse of functicn tacles and ipterpoletion; as sugpesbed Zbove Is In
most pazes more effective then the direct power soriet approach.

Thesze considorations mike the dsclusion of Turther zlgebraic-
dl-groanalytical operations in O unncecasiary. Thera are however gome guits
ement =iy operations, which duservE te bo dnciuded for-kopicnl or orpginizi-
tional ressons. Ihoorder to disouss. these it i nocessary to conslders the

[Fgunbtinning &f Ga sfméwhat mipre-closely, althoush we ard net yebresdy Lodo

full Justiee ts the viewpolnts brought gop in 7.8 sod adothe epd of 10034
=f3=-



Fl+C Organizntion af A Cohplene LIzt of opecations

1kl A3 poinked out ot the end of 10.2 024 will be op=

gnnfoed essentially as oodivider, with suiftable controls to modify its
sction For  the requirements of the ctner.opercatieons. {15 will, of
ghurde; oloo contain sontrals: e Lhe DUrDoRes epumeveatad in TE.) This
igndliss that it will ino-peneral deal with two real number variables,

- — =L

¥nish Fo into the oenory Srgans rai l: s JEEL It

| Bf the divider

aetwork of Figure $8. (These sheuld coincide with the il_ffl_..l_] ;

41 I1| ef thie wulzdplier; Filrurs 9. "The squdre rocher, Fifure 15
nevds no rjil T ., but it makes the Same’ use ol tj{;‘-fi_j v e

= —t

sdder BRt subtrackor wers not conlected on Figures 2, il. to such mems
ory orenns, but they will Fave tc be when the ofpssidfatien of C& la

compiated.] So de mmetit fmk ef0A s Aevinge tuwo dooubtorgtins, ;_d% _Ij

T - He
nnd (AL TT omnl ofSoures ane ouEpUE oFfen. | [The latter has ook

bepy eorrelates With the adder and suhtrocter, ©of. abhowe. For the mil-

P\, ofer the divider sod sgusre Tooker it is

tiplidte vt i3

iul _Iq:l « These trings too will hpws o be sdiusted in the final oe=

ganinenional Ona)  Letust denote theao tan bnpotEgool GR ooy aycandd

JHly
apd- the Euxgun i) ﬂca [each of them with 1%s m-tached EEmory orrmnﬁ,

schimmtically Shoun aon Fipure 15
fTom ke | Pl EKE 1€

following compioy: of

reblema nust: bz con-

sidereds Ad mentioned

—

tefore, perticularlsr in

=8, 8N extensive mEmoTy

M Fforms kn eafentinl SAFt of the deviee. Sinoe CA d9-the mniln ipternnl



operating untt of the dewices (L ateres, GO sdaialeters, sond I, 0 main-
thin the connections with the vutzide, cf. the aaslysles in i, the
conntetions. for transfers betveen: Mo snd CA- nre wery 1ra_t~::r‘.-.'tnf-- Huw' mpd
thi8y ounnections to he'ur;aﬂi::.d'?

-

It i3, clearly necessiry L0 be able te trensfer {rim

aiy port of ot DR, ivae b Tog, Ja., ol conyordely frory O, L.o0 From

O te any pirt oFOM; " Direet connectiing  hetyean yarlina poris o

en!
do therefore not seem Yo be necedsaryt TE 15 nlwagi .': gathble L. traodsler
from.cna, part o f M 4o the obher vin BAs  10f., huwever, i
Thess cunsiderations give rise o tws guesti-na: First: T3 it poe-
gxgary t: cupnect sach part of M with bith ::.': '-.n-'!'J::,_ or ounotnis bE
aimplifivd? Secimds  Huw are: the sronsfers fromoone papt-of-Hoto an
D other purt of B to bo handled, where Gh 18 only & through stotiont
- The T4rst questiun énn be nnswsred in the lieht T the
principle of/06s= ti plhce multiple events ip 4 Teopornl 3uUcnoBRLON
rather thon in [(sinmltsncousz) spacidl jw.t:t_ﬂ..siti fi= This nmeind that
twe rewl numbers whick go froam M Lnto Lo ramd Jony will nnve to g
there fn: ten successiye atepa,: Thia being sa, it la just na well toipnute
exch penl mmmber firvet-dnto T 20 and to move it on (within Ck) from
lon 48 Jon When the next pre-l mugber tomes (Lrom M) inte T... e
restutes
Every reai mapber coming from M. into 04 iz routed into
Lems =t the some: time the renl sumber previensly in Iy, 1s moved on to
Feny Al the renl number previcusly ls J., is mecesscrlly Eleared, i._lu.-
forpesken. It shoald be noved, thet 1., pnd I 2an be nssumed to Eone

|:.': trin memory grgans of the type discussed 4n 76. (CF. Flpurs &, thors,

)



ef. nlug the various rlT_:i in the a, /. ,@netucrks in Pigures 3, 13.,
15. ) La whieh the reprl aumbers: they hold nre cireninting. Congequently
the connecticne of I::'J. mnd J. in CA ure those indiented in Figurs 17.:
Phe 1ines — - - ecaduct wien n real sumber [from Mlenters Ch, the lines

— ponduct ot All cther times, Tue emnections of Lo, and J_ with

_— ity
the vpernting parts | Fig iy wE x
} ) | I e i
Uf CA are suppuied ! T - |
I [ 2 Y o - i
to branch out from ) Sy | = l
T e e i Jr_'._ F e Al
Snai ot vl e E
twc Eerminnla | i o Nt 1 z A S oo
t‘he - it g | fl ”':_E‘. = _.?-T - 1
— « Tawe cutpul [ !
i e
. " -
um cunneate wlith i

the cutaide [relmtively to CA, d.m. with M) by the line —.=+=, wuhich
pundyens when o result lenves G4 [trr 2Tk The circulnting cenneetions
aof. um nd- its eonnectiona with the cpeeating paprta of CA areonct ashown,
nur the E=clepents shich zontrcl the commections shewn (nor, of ecurde;
the cpepating ports of Chl. |[Fer 'the eonplete descriptlion of Choals
ol

.5 Widh the Relp of Fipurea 16, 17 the secund quéstion is

alop ensily anawered., For s franafer from ond part =T M to another part

of M, ypeing througk Ch, the portivn of the route inside CA 4s clearly

Lo

notrensfer from L., oo d. to s Bencting the real numbers in ['EL‘

JCH by-xy ¥, thim mmogataste “eombindag™ x, o tooeither-x-or ¥, asince
the Preanit"™ Lf Any cperantion periormed by Ch [Fkew ] -, x, Foig=]

is supyused to appenr At O, . 7T4ls operition lo trivial end o spooial
ciae Bafe of Gddgticn: I & {or ¥)oie wanted Lt swific-a to get gero

in the plece of ¥ (er x} — dews d0to 1-:::. {uir Jcmj = md then apply. the

ST




cpernticn 4= Opn the othep hand, huwiver, it svgma profaenble o dntre-
duge these wperttivns nd fadchs, “First; "Gething gofy fntg Icu e .'.l'r.,_'lH
{8 g neconsdrily tine cinguming.. Secomd: ITh" direct tranafer from

: . A Gl:m, whish these cpératicns require s snafily effocted

by & smsll partisf the GA n?h-;'rk piginlized mh the beplnning of 1l.l.
Third: He propose f& dntriduee Bith cpepaticons fEer To. as Wallias oy
Jap by Becnuse §% will sppenr :th-'_t gnch con play = seprrote uaeful rnls in
the imternal cduinistrstion of CA lofs Below].

Wo inbroduce secordingly twp ey uperariones foand Of,
corrdsponding tv dircet tranafera from Tey OF Jeg 10 Opn,

Thegs twi operatiuns have these further uses; (It will
be gien (af. | tEnt the ‘ntput of C& (from O} con be fed buck
dipeekly dntu tne input ol GF (%5 Too, Ehia moves the codtuntgef 1
Ents T bnd Elents Tag, ©F Lle1a)s Mow assume thot Too, Jo, sontain
the reol nusbers x, ¥, and that | cr § 49 =palied,dn conjuneiion with

thie feedbnck.. Then hhe ftniedto of 1. 7. are replaced By x, £ ©F

ci
¥; Eao Ties from the pelnt of wies of any cther % varicble cperaticos
oy = Wy iwes isy, wey, O £ ] the warinbles 2, ¥ I:.".'-re baen runlneed
by Ey xeEcy o we How the 1&1:1.5‘;- % nn fmpurtant mendpulsaticn 05 Lhe
unsymuetric .perditicns [x=y, }:— I, ond the forcer {9 infurtent for the
syrmctric perntioda (xey, xfl since it lends to doubling nnd agusring.
Hoth manipulntions nre frequont encuph in crdinasry olgebrn, tu Justify
s direch troateat by r.:i.a'.ns::f the peratiing i, Js

11.3 A further nccessary cperntl n is connected with the need
tu be mhle %o senss the sign of n nunber, «r the order relotlon between
twe nqumbers, and to C]‘.EE;E agccrdingly I:i-ﬁ',uc-en two [sultnbly siven)
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ternstive courges of setiine It will nppene IH. that tho abklity
%o chipaa-the EXvst vr the-metunmd Gne of o iven nonars o, ¥ i
depénd) 0td upon ‘such Ensltermotise; e qulme sdegunte doomeaiate bhe
6l ige. bevreom bny b AasEn Al ternarive © WI%&E Gf setied (02
ey pE nylye, e r'.t'r_l:!‘_rm opEtation whtch cap d. thisy Given fiur '3;1:'---

i 3
Berasn, ¥. T V1% "}an!" Al Tabe WThiE Scnaed the order wsloticn
hetwesn 3, ¥ If e ook 3 =0, It senses the 51*,::: o |

T this £l tho operttion e four Lt 13 L E S,

Wy ken GTooAhe St Poreodf hes throo eardeblanc g u, v MWk the
aoliome L the Dhvnetwork okosenont dhe boeclanipgp-cf 11.1,; which wes
essntielly that one of sho dividuryshed prom for tus virinbles: coly,
o dhisde cnuedlly drae Por the disgussicn of she dngets of Ghida 1lal.
Hepece four (or three| warictles are t nhmye . Copsrguentlyitds neecds
zary Tu brenk cur tpERaElom upint  tw ovnrdinhle Gpurttiong = wmd thcn
we fieht sw el diy UBER oibn the pord peneesl L foor Takhor than thred
vihriablesh fopm.

It fa-plaasible Yo bejdn with & {partizl) operntion
whleh mercely dociden whether : ¥ or % und pemembers this, but with-
put teking any aetion yets This de best ucne by fsrming x = ¥,.and
then remegbering dts sipn dipiv only,-i.e. ity oirst digit [fros the
Yere)s (Br# @1  Phiz @ipit 180 fop x =y = 8, Lies 2 =y, And it is
1 forx = ydo, L. ®eye) Thus this {pertlal] operaticn is edsentially
in vhe nature of & aubtraciicn, nnd 1t can gherefore prescnt no addi-
ticanl dliifcultdos’ in s CA wnich can subfract. How 1E scems bast to
arrange: thimgs 8o, thot cnee this spesmtien has b -n performed, €A will

glmply walt wuntll Twe new pumbers o, ¥ have been mpoved into I.., e

pEhus clearing £, oudc= £f u, v sre wiestuny laq. Jeq» Teapoctively,

| e



&

then v must be fed in firstosad ;u gegond)| nndhhap tTapsfer (Witheut
=ny further imstrostione) woor woinkobos (dues poelorm 4 or §] necord=
fng to wheth.r the slgn dleit pefurred to aboss wis Qar L.

We introdace aecordingly such =n coerakion: 'L-I It7%a

mest convenlent to arsanpettbiogs so, gt Rlter ¥, ¥ Hoveotoypivd

I

s Jpue SoMEutraction L3 ordered and provisions mde thet the result

-3 Elh.v.u.l'll.rl.!r.l' in fR0 .. Thed x, ¥ must he displocdd Frem Tog, J':::L
o g T n:n;c] e Orderad. & Will sense whethor the number in {2 oo :-,-
ap i lives ot voor xeyly Slesr 1t from Lups nnd Mform™fpoocraingly
e A O The gjmmt{.,:i procefiver s need, by the we ;;-, {+), i 15 31,113-

tll:.!-.c"l:i_n: It might be sddition tr 4 A7 j+ Accordifgly the numher in
Qs which !;ra‘l":dcz the criterinm for' s @ill agt be & E; Ijr. but ;ﬁ---}"
R o Tote g Wil Torw or v noeerding €. whather the mulﬁpii-
eating of the divisicn, =ed the former might indeed be sometines usefil.

Plr-detnila - F these cpepstiins of.
11,4 Eembining the einelusicne of 10.%, 104, 11.2, 1.3 »
el o A 1 O L o S o R 1 L
A T T L S T P
To thuae twe morfe will hnve 0 he rdded, becsuss (I fhi necessIity of ‘chns
Vorting ndmbera batwesn the Finary nnd the desimn] aysiomg, co inoi-
enked st the r.:-nﬂ fnds Thed wio océd o decingl = %0 = Digary cooaversion
nd o blnary = f0 = di r:i:u.i‘ cunvereions .
" db, bds

P lu't..:'rssl wnich carry Jub these twi cperntions wWill bo discussed
in . y

Thiz semeludes fof the oomant the discassion  £ON.

Wo huve sauraTated thoe tin cparaticns whish §% pust Be ®whle to v rform.
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The guesti.na Uf %B., the gonernl conkrel problems o 11.1, wnd $ls

(Bpecifle. netwurks for db, bd still romedn ot be glgpiscd of. Buk it
iz better to return tt these niter yarious ther chapsetepistics of
the-dovisa bmve bean dicided spone e pustoone therefcre thelr discus-

sion and turn pow toe o cther poarke o f the duvioe.

12.0 Cepacity of the mem ry M. Cinernl prinsiples

1252 Wa comddder mext the third spreirTic parts the mencry M

Menopy deviges were disenssed ' in 75 , T6, sinee they aro

recdedong parks of thaox, +f , networss o 74, T fur x, 83. for o,

10.2 Turyvr) nad hence of CA itaclf {df. the be; fmning of 11.1 . In ull

thege choey the deviecs censidered had o Begue ntinl or delny chrpscter,
whick wes in moat casoa dade gycilcoal by suithble ferminal (rphnd.
Hore precigcly: »

The blocks 1y | and [Tl (ki in Fo0, MG are

n

eszeptinlly delaya,whick b 1d « sticulus thet snters there Input for oa

time Kt, And then cmit §t. Conscquuntly they can be c¢onverted into
cyrolical memories, <hich hold a atisulus Sndefinltely, and make it
evailable st the Gutput af nll tixgs which differ Lrod vach 'other by ‘.‘
nultiplea uf kKt. It suflicen for thid purpese tuo fecd the output back

e

Inte the inpat: - (3% Yper 3 I_J;_- i‘}_,_ =" . 3Since the perigd

kt cuntains k fundorental periods £, the E,E-pu‘.i't,_',’ of sach E memory device
As koatjenlis The cbowe schomes Iack the proper input, clevring and

gutyut-facllitles, hut those A¥e shiwn on Pigare 6é It should- ba noted

el

thrt 1In Pi.ElJ..'ll"i_' B+ the oycle sround 1k gt d throueh one mors E-ele-
menty smd therefore the perlcd of this divice La setuslly Fk+1} f5and

ifa cupecity correspindingly o+ 1 ssinull. (The :ik__-l o1 Fliupe: B
[~ & c:q'u.raar, be repluced Ty s I_El_ﬂ_ﬂ;:l_: o &l% Toa
- % : =58
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Now 440 i5 by nil mesns necessary, thet medcry Ye CFothis
Ii::,-'-:,litrl.]. (o7 deiny) type. WE pust thi‘refore before woking = deciaion
concerning M, discuss other pns'si‘l.}la types and the sdvantoges opd dis-
ad.'l'“l]'lt"'.tt-'E of _th}! oyclicn]l typh 4n BumpRrison with theép.
l‘:._‘-__'-_:‘!; \ PrecEdL.:ng this discusgich, howovaer, Wwe magst cunsldier
“Hhe capneity which ve desire im M. o did slrendy sentisnenbove this

cuncept of egpacity for Mor s papt.of B:  In i the nunber of ok irall
whieh this trean ean ripember, oF twre precizely, the number oF cgensivns
fer which it enn Pemember «hexher of modt m stinnla3d was present. The

uredence or nbscnde of « atimulus (et & flven Lccasicn, Le€¢ onoa glven

line in n given ]II.'..II'_'IE]'I..ti can be used 1. cxpress the value 1 or O frrn

binary digit 1_.ir. n piven gesitivnl. dence the capsoity of = nepory fo

the numbep of binary digits (the walues . f) hich it enn retnin, In

cther wordss

o

Pha 1&'&:&:&-’1'@1 undt of meecry i= (the ability to
retain t.‘;af.- vl uﬁlf'imc E.innr:,r dlplts.

Wi ean mow - cxpress the Moost” of variuus types af din=-
fematiin dn 'l.'-he-se bes.ry units, .

: It s Wmsider £irst the monury capreity requlrzed to:
atLTE & at'-,m;-.rﬂ lrenl] number. ﬁi-.lnﬁic-’*.r-ﬂ_in Tl we shill Tix the
alze .f "such - numberp D._t; ﬁ-l:l: bin..a.ry digite (1t lendt _fl.--r migt uzes, cf.

I This keeps the rel=tive rounding=cft errors beluw 2-1'::',
which corresponds t-_.{lﬂ:?'_ Ao to carryine Y sifnificant decimsl dipits.
Thus n standard nocber cerréspends fo 30 neacry units. To this'must be

ndded one uni® for e sien [efs the end of 42.] snd it is ndvisnble

$r ndd o Forther unft dn lieu of a syfibel which chnrncterdses it ne a

R e T



nunber, (e distinguish 4% frow snovrder, ofs o 1s " In this
whiy we arrive o &2 = 29 units per nunber. .

The fact That o npunber requires O3 neaory walte, mikes
it odvisnble to subdivide the entire meiry in this way; FPirst, b=
vi.-_uglj;r, intd unite; secoind ink. Eriups £ 38 imdta, %o be eilled

pinup eyelea, |[Por the or}or eyoles cf- !
B —— .

_ Ench stanmdnrd (renl) number %cecrdingly o couplos precisaly Lne afncr

gyele. Tt siuplifies che .pganizatiion .f the entire m&nyr.y, wnd wari=
= E;;r_tc!hr. niziticn problens o f the device nlong wifh 1.1_; 1f afl uther
ctnafnnts of the vemory are aleo mede to Fl3 dntd this subdivisitn {hto
min.r cpelas.
i . Reenlling the classitiensicn e} = Li‘t: of 24, fer the !
presusptivg cuntents of the memcry .!l-. We nuta:: f.:" f', "-cf:.olrdling'.tﬂ pur
present ideas belongs to CA Amgd not to M i.it ia I!mnﬂ.l.E:d by fm
to ]:dm s Cfe Ghe beginning of ].]I,.l:l {L] - Ii[:‘li. and probabily (h)
nlso, consist of standnrd n:mh-tr;. (v} n:;n the éther namd zonsists of
the aperation inst_rut'tj.nng .':J-.mlr-. jovern the functioning of the device,
o be ecalled gtandnrd ordjr-s. I will therefore be neceasnry to l'ur-_-_-
omulate the stapdard orders in sueh & r.m:;J..r;E.r, i‘.h.ﬁ.'l: gunch one gheuld nlsao

ocoupy previsely ene minsr cycle, riga 22 units. This will be done in
L]

i .
L]

1243 e nre mw inn position to eastimnte t-h-:t. sapncity re-
quirenents of ench Hemory tipe [a) - 1]1]' of :"‘.'.4-

Ad {n]i Need pot by discusscdéeince It Is taken gare

‘af in Ch (df. above). Actunlly, since it h‘:q::u;ix_as [sE9E] e fal TV

ench of which must hold ezgentinlly a etandard ﬁmnh'd:..' iie. 300 unite

~5E-



{oithr acsl ) “deviatlong, of. |y this eorfesponds to -
120 uiits. Gaooe this is ni;t‘l. ing M, Bl ufg“niz'ltic:a into mimor
cyodes doss not npply herdy but we nete thet - 320 wdte cerreapond -
o = 4 monor Syeless Of courde asmglothor pn.r';:-a of i ETENencry
arenng oo, wsudlly with capreifige ©f cne or o few unitg: Ee.gs the
diserininitors of Flgurcs B« nnd 12, The acmpletc. CA actunlly
dontning /[ more i___,,:_‘,f_:j‘utﬁrmz,, eorrespunding to = / units, 1.6 = o
ainue eyelea (el Y

A [B): The eapucity Tequired for this purpose onn
enly be catimnted miter the form of nll stnndopd oTders brd been'déd

* ‘gided upen, end seversl typical problems have ' Leen furmwdoted - Tpet

up '= in thot tFrni:miugy. This «111 be dune Ih 'S .

I wlnfif't.hen nppear, that r.hellc-ipc.c'it;' riguirsnanta of b} are smmil
coopured t< thesa of E::’!E‘ of fel = (hl, prrtiealerly to these of [el.
: Ad ':cii: #s inddcufed lues eibs, we count on functicn
frblea of 1OC-2 T ontricss N function t=bls is prioafily « ewitch-
fng probleo, 5.I1'ui the m1tﬁm1_ .I'I.mbll.'l':? ot 'xlt.urn".tiu'ee'f‘-.;- n switching
Ay8ton are the puwera o f.:'é.,' B o ¢f “Hince 188 = L e
suitnlhh: nuber of entrles, Thus the relative precisicn «bBinined

-d.ir_uﬂ:.r fur the yariskle 48 E‘-?. Sinee A relative preciaiun . of E‘E‘D—
ilil dt..-.i_n_'ed l'-.r:-‘ the rcsuﬁ, ani L.'r’-_"]n 3 a.E‘:‘, lg Tis @ E:m, the in-
terpilatl. n,&rror wast be fLEYh Lrder, l.2. the Interpilatico Bi=
guidrntlic. (One might gu ;iLIETr.‘!'I highor order interpolntion, and
henpce Pewer ent;jas i.L;- the functiin tedles Howewer, it <11l oappear
that, the copucity regquivepents of lel nre even for 1E8 ‘intrica small

cempared & ¢ to thoes of (els] With bigusdrstic imterpolnticn flve
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tnble velues mre needsd for each Interpelation: Two abovg cnd teo
belew the ruunded off whrieblae.  ‘Hepee 128 entries nllow rdtunlly the
use ©f 174 anly, and thesscorreapond ti 1E2Y intervy 18, l.ev a relo-
tive preclslon 1zl fLr the vbri-.hlel. Howayer bvon ]I.-'.‘E-:5 i, cpdth
Ity a frcter -éjlh_ '

: Thus i function Feble.oonststa o 128 pumbers, laee.
At regquived n l:'L",','FTi tyref 188 miner oyeless The furdiliny mnthumati-
gal problena nerdly cver TEquire obre then five functlon tables [(Very
"i'!'“":" thatsueh), 1.ce 8 ctpaclty cf 640 miner eycles sgen ty ba n 4
gala papestionte o the eopaclty requived for [e].

4d {d}: These enpacities are clesvly less then.cr
at most cc:mpg.u'b_.lf to those required by (e)s Indeed the initinl
values are the 2ame thing as the intemedinte weloss of (F), except

trat thﬂ_-;l bekom: to the first walue of %. . And in n partinl differ-

o eatial egumtion 'ifith o+ 1 varinbles, say xj | === , in Bt the

intemsadiste walues of n glven © = to bo discussed under lel - as
iwell sg thaelir'.i'tiu.l volues or the totallty of all boundsry values
for all t correspond all T.ﬁ:ue to nedimensional manifolds (in the n+
1 - dimensionnl ‘specel ﬂf.ll === ox and i henee! they afs 1ikely
to iu.'rol_\rr: all about the suoe 'nuutrer of datn.

Another fnportant pelnt 1s, that the fnitial waluce
and the boundary velue® ure usually given - purtly or wholly - by n
formuls = or by & noderate numbor of formuloe. T.o., unlike *Ithﬁ
1n:mrr1ed.1me yolues of (e}, they nesd not be rememborcd as individunl.
numbers.

Adolely Fur on prrtisl differential eguation with

two weriubles, say yx and &, the number of intermsdizts wvlues for A

~b0-
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given t is d-tarmined by the nomber of x - Iattice pointo.used dn the
geleulrtions  This is kapdly ever more than 150, and 4%-3i8 anlisvely
thnt more thon & mumerical guankitles should be sssceistad with ecch
paints

Iy typieal hydrodynamienl problems, shere x im o
Lagraap={lan Iabel - coopdinnte, 502100 poiuts are uwsuRlly = Light
eatianta, 'snd 2 num?:rs npe pequired nt sich point: &4 _osition - co-
ordi nate ;nd n v&@lpcity. Heburning to the higher estimete of 150 peints
mud & numbers otosach poins gives P50 nuobers, 1.8« 4t reguires o

eapocity of 750 miacr cyclesy’ Pherefore 1,000 minpor-cyeles saen fo

‘'bg A& anfe overestimnte of the cepiclty reyoired for () in two wari-§

able fd it w] provlena.
3 4
For n partisl differsntisl equntion with three vari-
nbles, =ny X, y oomd €, thevgatiommie 13 harder to make. In hydros

dynenienl broblens, ‘nt lgwst, i@portint progrias could be pnde with

e’y 30 or 4L X0 or sicilap numhors uflg, ¥ = Iattics polntas = 3oy

1,000 pointa. Interproting x, ¥ =wenin in iﬁ:rhngu[un Inbels anowa),
thet at laust & nmuebers nre n.aenud 4t enchk peint: Two position co- 2
ardin-tes and twe velocity cinpincants.  We 'tl'lke b nimbkrs per point
to allow for pogsible uther mua ng;dr-.:ﬂg,rnhmic'sfqu.lmut-ies- This gives
6,000 numbors, feeo it wequires o i rH'.;r uf ey CED. bnur eyeles 1';::1
f{e] in kydrodynembes] shree vapiohle [x, yond t] pr;hleps-

It will be soen (ef. i, Thet a meuory

gapacity of &0L0 mdnor eycles = Toes uf = 200, 0LE unite-- im atlll

cenweniently feosible but that essentinlly higher r.r-p-mli'iuﬂ would

“belincrenaing iy difficult tqu'm:rul Fron 200,000 units produce somes

-Gl



whntof =n anbalanee = -Dees they onke Mbigmer then the cthapoperts
LT the device pat tipethers IJ scema therelore unwise To g further;
npd fE try to trant for werishlie (i, ¥, % and t) prohlecis.

It skould ‘be noted thet Lwo variusle (x and ) probe
loms ‘include all Tinesr or circular symmitric pland af soherdodl sim-
metric spacial trinsient nroblens, zisc certaln peneral plane o
eylinder: symmetrin spuelzl stationdry preclsms (they most be hyper-
Bolic, e p. muparsopic; t i3 renlaced Broywl. Three variable problems
(2, und t) inelude 51l sgucial transienl problems, .{,‘m_r.-'arlng Lhis
e ration with the well knewn situation of flaid l:;yn-l::mita,__.l.li‘-.;'jliﬂit‘ :
#te, , shows how imnartant eagh one of these succoscive stapes is:
Cosplete fracdon with two variable problems; -::xLE:‘lsri‘_\."l to. Tour wiriable
neoblems, us woodnolcated, the possibilibties of Lhe practicsl: size
fora draw the patural lipdd [op the dedics eontemplated at present!
Batwenn the sscond ans the thded slbternat ives, IE will h!g.r_ geen that
congiderataion: of ‘duration mlase bhe lindl dn the sane place (ofy :e

wd [Ejy  The deméry casaelties required by & total
diffopentlal emiction-with Leavarizbies - i0e, 1o tha lower eatisete
of (e},

b (gli as peinted sut in (g) im 2h., these sroblens
e very Eiidler to trose ol (4], except that the variable't now dis-
dnpeeErs,. Henge the lower =stimabe of (e (1,000 |.‘.‘.inﬂ‘.|' cycles) applies
when & system of [t nosn :jjl onp-vapdeile Funetions [of x) is being
aouEit By sussersive soorecivution ar-polosatbon methods, while the
Eipher estinute of (e U6 00 miner eyeios) doolies when a gystem af

(e meat 6] twsovarlatle fopetions (of < y) ds being aought. ‘lany
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f:rui:}:ams maf this Lype, h:.me-'l.rer, deal with one function only - this
cuts Lhe above psticates t-onsi-ic:‘abl}- fto 2.0 or 1,000 minor cyclasi.
Probleps in which enly & -system-of individual congtants is belng agught
by successive approxinutions require clearly smalier camacities: They
compare to the sreceding problems 1ike (f) to (&),

ad [h): Thess prsblems are so manifsld, that 1€ is
difficudt to plan for them systematically st this stage,

In serting nroblesms. any devige not hased Creely
regrutable record elemants (like punchoards) has certain handieaps
[ bae 1, besides this subject can onl;r be adeguately 'I..r_t.lg'!.‘.ud
aiter an analysis of the relatipon of i wnd of K has been made (ef. 29
and J. % should be nobed, howswer, that the standard puncheard
hig place [or 800 décimal dipital, I.e, = % F=CGigit decinal numbers,
tHot is = 7 aupbers dn m.u.r presiit senge, boe, - 9 moner cyeles. Henoe
the &,000 minor cicles considered in {e) covresncnd to o serting cApa-
ety of = 70D fuily used cards,  Lpn tha monh sortving _r.nrnble:ias tihe: B
columne ot the eards a far from fully used - this nay increase the
equivalent sorting capacity of pup -:ie-;_".l::e. proport ionately abowve TO0.,
This menns, bthat the-deviee has amon .r|e,;v,.]_j.p:i'L*.lall but certaindly not
Trnressive sorbing capacity. b is probably only worth using oh sorting
probless ol mofe than usual mafhematdcal cooplexity.

I statistical experiments the mepery reguirepents are
usueliy snall: -Bach individoal _::lr:a'h::em is ugsuslly of mnderl'at-e O
plexity, sach indlvidual nroblem ig fndependent {_nr ahly dependent by
a- Few data) foom insf-wacucﬂasarg; and all that necd be_ remembared

through the entire sequetecs of individual problems are the mumbers aof
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how many nroblems successively solved had thelr results in each ome of
a moderate number of given distinct claéaes.

12.4 The sstimates of 12.3 can be sumnurized as follows;
The neads af (d) = (h) are alternative, 1.2, they sannot occur.in the
same probiem. The hishest cstimate reached hero was one of £,000 minor
gycles, but alreadir 1,000 mipar cycles hould permit ta troat many im=
prrtant probleme. (&) need not be considered inod, (b)) and (o) B
eumul.tive, i.e. thor may acd to (d) - (k) in the same problem. 1,000
minor cycles for eachy 17w, 2,000 topetler, suom to be & sufu-UYtr—
estimate. If the hipher walue: 6,30 is ussd in (d). = {h}; these 2,000
may be added for [(b) = (e}, If the lowsr valus 1,000-°i3 used in (d) =
{h), it solms reasonable Lo eut the (Bf = (o) capacity to 1,000 ted
{This wmoumtsto asgpming fewor function tables dod somewheb Less
eomplicatied "act .ups". Aotually even thuse estimates &re. pencrous,
it ). Thus iﬂt;l.capﬂcitiua Gf 8,000 or 2,000 minor eycles
obtain.

It. will ne scen thet it is desirable to have = copa-
city of minow cycles which is.8 poweriof Lwo fef. Jv This
madts the cholecs of 8,800 or 2,000 monor cyelds of & gonvenient approxi-
mata sige:  They lie wery neéur To powers af. twe, wa cofisider tccord-

ingly these ten tatnl menory cioacities: 5!196 = 243 op 2ol e

2lb units. For the

Elnor :yqlﬁy, io8, 262,273 = Qlﬂ gr 65,536 =

mirnoses-of the digsouesions which follow we will usec the first higher

uatimate,
This result deserves te B notud. I shows in & most sirik-

ing wiy where the.resl o fRioulty, the midn boiclenoek-af an sutonatie
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yery high smiad conputing dovice Tiest b this Thansry, Compsrad ta
the rolitive shipiicity of CAY[ef, the beginning of 11,1 ‘and A
and Lo the simplicityr of C0 apd of ite "codue® (ef, And i
M i8 | somewhat impréssive: The rencirenopts formalated Im 13,7, ohich
were congiderable bubt bino means phantastie, nescssitate s meaory U
with a capacity of about a.guarter rdlliioniunits! Clearly the
practicality of © devies as iz gontemplatoed hers depénds nost critic--.].]}'.'_
an-the possibility S i ldl ng auch wndy end on the audstion of how
simple such an d cwn be made 0 be,

12,5 How can 6n @ of & cepecity of - 218 - o 250,000 units
Be hui-lt'.".

The necessityr of ihtroducing del_y clerentl of very
grest effiniency, fs indicated in 755, ".'-'I.".n,j and 12,1, broones now
obtriouss  dne lesleqont, as shown on Figura 4, hus o unit mE=Ory ; "
éapaﬁit;,r: hienky ey dj.r.'l.-ct.. :311;11'..-:';.0:1 of i‘_hz problan of «:-cmst.mctinn‘ﬂ
with the help of E-eloments would require as meny E-clozcnts =8 the
desired r;&p:i.:l:i_t:.r 4}';' Ho= .ind.',.s-.'d, begngas af the nacestity of swibtche
ing -'4.|I1d gnting about 1I'-;:.-ur times mere {cif Y. This is menis
Fastly imprécticsl for the desirved canacity &f - 254,00 - &r, for
than .'|:.t.t.'erl, for the Lower alternative in 12',.5', af — 500D

We therefore return to the discussien of the cyclieal
o dalsy memory, which was mué]".-_-d wpon in 12.T. Lan other type will J
be comsidersd in 138Y

Deliyrs [d_l k)l cembe builh with preat capacities
Iy Without using iy Bsclrments & &ll, This wag fwntionsd in 76,

together with the I,\t‘.u'.ut. thit cven linesr cleckric chreuits of this bype

L
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wxisat, Indepd, the contemplated o of about one ﬁcrasemm requires
a4 tircuit passhend of 3 =55 megiyeles (remenber Figure 1. ' ) and
thtn the eonipmint recgricved far deleys of 1'=-F nicrossconds - il.e.
w1, I=——TA= sippic and cheap;, amd thot for delays upite 30°=35
mifroseoonda < 1.a, k=30 =as, 35 - 15 ureildble end ot undsly ex-
pensive of-eoppiicntcd, Boyord thiz oarder of ko howsyer; the linear
slectrip cirodit cporoash becone s dnnrackical,

IMis medns that the daluys —ie— 5.;‘_ s35— whizh
aoour in all t-networks of Figires 3. - ].5.. can be easily mode with

Yinesr circuits. aslso, that the various (91 | of CA [cf, Figures 9,

13, 15, -=nd the bepinning of I171{, which should hove -l wvalues.- K5
ol e owbkdeh fonkve moderate nomber will Beonecded {f.lf': Cad in 24l
ean . be reasantbly nads with linesr r:ir:;-.litas; For il itself, howover,
the sizugtion iz dilierent.

W must be gade umoel |"E organs, af 4 tobul
ehpErity ~ 250,000, Tr thu=e were linsar circuits, of maximum einda-
efty - 30 (ef, above), then = B,B0C such organs would te rosuired,
ahdch-ix clesply Smpractieal. Thisiis slsc-true for the lower
st of 1205 capdoity - BE 000, sinee evan then = 2,000 such
argsns woulc e e cessary,

Low it i@ sosgible to buiid  dl lorgans which have
an =locbrebes! fnout end cubput, But mot & linesr slectrical eirenit in
betwoen, with k vElues up: to ﬁE'..'f.'I‘I-'ll ‘Lh:*_is'.}*.d.l Thair: o tars 15 such,
thit a = 4 stoge .'in;:-lij':'.;::'_-LL'r}r. 1= neededs at: the pubput, which, apart
from its amilifyine character, als serves to reshuipe and.resynchronize

the-autrut peles. I.5. the lush stape pates bhs-coleck pulse [ef 63,]

bt~



= wEings s mon Mincsr oplel of e vacoun tubs characteriztie winich poes
seroat the cutelfy while 21) sther stogos UfTdele spddnsey ' mmpliffestion,
using 1inesr prirks of %acuus tube shavictapistics, Thus ezch wne of
these EE—LJ regquires = 0 vecuun bubes ot dks sutput, it slstresuircs

=i E-plerwnts for anilehing and gabine (ef) J.. This gives

probebly 16 o fewer wnenun tubas: per grgang Theé-nnture of

these dl arpais—ia sweh, that s fownundred-af ther can basbail
tnd dincornoriod Inbo anyg davice wmithout oncuedifficulEics ~caltheuph
they will then ceptsiniy constitute the prester oart of the device
(el ik
[low e <k copooity of '250, 00 can Be achiewed with such

dl devices, snch one heving & eepecity 1,000 = 2,000, by using
250 =108 sf'them. Suchopumbers are still menzpeable {ef, abovel)y and
they peguirs ohouh B dmes more, e 305000 = 1250 saonum: ks,
THES g0 edanldersbls Wit perfldetly pricticul number off tibes < -ine
durd probsolr considernbly Lower 'thin the upper linit of prectidaliti

The fssf that they cceur in fdenbicsl proups ol 30-ig akse very =Ho=

yantageous, L For details of. 3Tt wil] Bedsgen LRt tho
]
=
gthier parts of the device ofiwhkich LA md! €6 are2lectriczlly the
nast complicstad, pemuirs fozether o 1000 yioudm tubes, (CFL )

Thug the vicuwsn tube resuiroments of the device sre coptrolloed esssn-
Eialha bkl BHd bR aple B thooRderiol 2000 S5 000 ok Toe
e, above, ) THig'confives the esnclusdien sf L2 ‘thittha decigiva
part of tie dovies, detirsining Bere thin anyr other part des feasi-

bilAty, diman=tons and cest, s the fenory,

b=



Wi s mow dagids nipnuyscciitutvly whit theleepecity

of eLagh

31,
emmia ok

grgin ahondd Be = withia the lizndts which were found io

Be pr coicil. A combinntion g féW yary squple svlewpoints- Londs to

=ik decision, 5
L3ob Wefsan dboye thet sach |4l - orgen pequires shoat

1o ssocietod vicuus tukes, essentisdly Indecendenkly of 'its lenpth,

Wk rerzr Long EL_' might reaguire one nore staps of emplificaticn, -'Il.*-'.
Elovspgun tubzs, ) Thas the number of .j-;_]g:_l_ organs, @d not the

totel cipEcity doterminos the nupbor of whcuum tubsds in M, This weuld

JustElir using L= Taw q':; orgens gs nassible, i.e, of a5 bigh

indiviti 1 caplclty €8 possible, "How it would probzbly be feasible g

- ) s 5 =
dgguleg ¢ dl | s af the type considered with sapicitics ecnaiderably

hisher thon the fow thousund fentisnad mhove. Thiro are, howevar,
ether copzidorations whick et s 1Imit to incressss of "ﬂ-T. .

Ln the fieat plaeey the-congidiorations at the ond.-of

inatienied R r s gelssbimetmast b frtie=

A - | | . DT |
Taan BY T [ nbmg s --E-}, g0 thats waich-stirulus ceiarping{rom. | dl

ey Eite hh porrest clock oulse For-the patpot, Fors. cagelty (6
1 'L"I: . 1t

L., aidelariiet, ks is releilye orecizion 5k =2, - whieh 18 popfeetdy
Teasible for bhe deviee in guesticn whon k- 3,000, bue beeomgs in-
crcedingly uncorbadn whono k- ipcresses boyond 18,000, Hewewer; Lhis

gL |

argucat -bs limited by the considerction thak as the individusl [ i)

capreily fnereanses, corregnoncingly fdwir sueh orpams. are needed, wnd
therefore é1ch one ein be madé with correaposnringly mord j.ttuntthﬁ 8 |

precisinom.
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Hext, there is another more sharply limiting consider-

atdon.. If each | dl ' | has the -.:apar.:.t;, iy RHEE

250,000 or by will
k

ba-nesled, En ig—,:c-—-—::: amplifying .mlwh:.nr_, and gating vacuum tube ag-

Eregates are necesgary. Without going yet inte: the details of these

eircuits, the individual rer ']and its maspoiated ciredits can be shown

remdtieally in Fipore 18, =
schemdatl ¥ in i P URE i

Nots, that Figure 6. zhowed

T I .
the block 56 in detail but == _ffif —{{ﬁ__]-—-—’]zf; 1—-

the bloca A mot at all.

F\'. AMPLIFICE T I e

T o i = L will

The actual arrangement wWill § UL EWI Teaing £ BRTIRG
differ from Figure 6. in

some detalils, even reszpding &G, cf. s Simce | Al iiﬁ Lo be

used 45 A memory its eutpuat must be fed brek—dircctly or indirectly--

inte its input. In an sgeregats of .~.:a.n\-..-|J i | !arf:ana——nhicl-.- M isigeing

to Be-—we hawve a choice to feed each : d1 ]|':'-1:J'.' inte itsekl, or to hawve

longer eyeles of | dl  ['=: Figure 1t la) and (o}, respectively,

— ———.

ENTigiRE sy

G Il RER e R W R
S e Wi ey | W e e v
| L;—f;}" i —i

e I B e L

—_—

It sheald be noted, that (b) shows a oyela which has & capacibty that

i !

iz a‘miltiple of the individual! d1 'rfs capacity—-i.e. this is 3 way
to produce & cycle which is fres of the ind_:'l.v-.lu.‘auaj.| . dl j's l:a.p'-.ci't.:.r

limitatdons. This is, af course, dua to the reforming ol the atimuli

~b5=-



A tfaﬂrairng this aggregate at each station fA. The informatien contained
in the aggragste can be observed from the outside at every station 5G,
and it is-also here thet it can be intercepted, cleared, and replaced 1
by othar infermation from the cutside. (Faor details ef, )
Both statements apply egually to both schemss (2} and (b) of Figurs, LY.
Thus the entire ageregates has its ingpibs, cutputs, as well as its
switching and gating controls at the stations S6--4t is here that all
outside gennections for all these purposes mist be made,

2l To omit an 56 on the scheme (a) would be unreasanable:

It H.DI.L'L.I:I mike the corresponding d1  complete ipaccessible and use-

legz. In the schame (b}, cn the other hapd, all 5CG but one eotild be

oeatted (prowvided that all A are left in place): The ageregate would
3till have at least one input and cutpat that can be switched and gated
and it would therefore romajin organiealiy connected with the other p:l.rt.::i
of the devize-—the cutsids in the scpse usad sboys,

Ve sawm in the last part of 1205, that each A =nd €ach

| &G reguired gbout the sare number of yhfuun tubes (4}, hence the omissicon

of an 5G represents 8 506 saving on the sssociated equipment atb that
Juneticon.

Now the number of S0 stations reguired can be estimalaed.
(It 1= hetter te think in terms of scheme (b)) of Figare 19 dn genernl, and
to turn to (a) only if all SG are Jmosn to be present, Cf, above.] Inde.d:
Let esgh dl have a capacity Kk, nd 1et there be an SC after every 1
of them. ,. Then the aggregete bekween any, two SO has the capacity k' = kl.
{One can also use scheme (b)) with sprregates of 1 dl 15 each and one

30 gaeh.) Hence é,‘?_f'k,,;?_ﬂ'_i 53'e are nesded altegether, and Lhe switching

'._}.l
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250,000
It

menary unit pnsses 4 position SG cnly 8t the end of each k't pericd.

problem of i 15 & way anc. 00 the ather hand every individual
T.e, it bhecemes ageessible to the-other parts ol the-device anly Lhen,
Henee if the informaticn contained im it iz required in any ether part

af

the device; it betomes necesssry to walt for it--this weiting time

Being at most k'L, ardl averzging & kb, .
This mesna that obtAining an item of information from

¥ comsumes an average time } k't. This is, of course, not s time ra-
quirement per memery unit: ©Onee the first unit has been obtsined in

= yhia way 211 those which follew after it (s2y one ofmore minor oycles)
copsune enly their natural dueatisn, €. On the other nznd this variable
waiting time (meaximum k'G, awverage 3 k't), must be replaced in most
puses by o Cixed waiting time k', ‘since it iz usually necesssry to

- return to the point in the précess st which the information was desired,
efter having obfiined that information——and this amounts altopether 1o
a precise peried k't. (For debails ef., ). Finally,
thiz wait k't 4 abeent, 3Ff the part of M inowhich the desired informatisn

¥ - conteined foliows inmedidtely upon the peint nt which that information
ie wanted =nd the process coptinues from there, We ean therefers say:

The avernps time of trensfer from 2 generol position in M 15 KL,

Hepee the valye of k' ymist be obtaiped from-the geperal
prineiples of badaneing the time reguirements of the waricus gperations of
the devies. The censidarations whieh cowern thie particular cose are gimple:

In the process of performing the ecaleulaticns of mithe-
matical problem o nusber in & will be required in the other parts af the
device in order to use it in some arithmeticnl operations. It is excep-

™ tiopal if all these epersticns are linear, f.s. +, -, normally ®, and

#fl=



possibly = «."-; will glso ec.n:ur. It slml.;li be Hoted that substituting
& nusber U inte 3 funetion I siven by & function table; sc as to form
T{u), usually irvolves interpolation—i.s. one x if the interpolaticn

is linear, which 1= usually ml‘._suffiﬂiunt., and two ta four x's if it

is quadratic to biguadratic, which is normal. (Cf. =.g« {2) in 12.3.)

& survey of sewveral problems, which are typical for various branches of
computing mathematics, shows that an average of twe x [innlud.m;; e f'-i}
per number obtained from M is certainly not too hiph., (For examples

{5 } Hence every numbsr obtained from U is msed for two
multiplication Limez or longer, therefore Lhe wafiting time required for
atitaindng it is oot harmful as lobg as it {ea fl:act.inh af two multipli-
cation times.

A multiplication time is of the order af 30° times t
fefs 5.05 Tl andil3:2, for —, xf':cf'. 5.5) say 1,000 t. Hence our
condition is that k't oust be = fr.'ﬂ:t-icﬁ' af E‘D}‘,.".I t. Thus k'——1,003
slens reasonable., HNow 3 fmwiﬁ;h E—1,000 15 per‘.f‘v:ﬂ.ctl.:.r feasible
I:_ci'. the second part of 12.5), hence k - k';—l,OEiU. 1=11s 5 logical
ghelce. In other words: Each I_dl_'i has a capacity k--1,000 and has
an 5G associated with 1%, as showh on Fiédr'eé ]:E,, 19,

This ehoice implies that the number of [_d.i.- 1'5 re-
fuired ig-—— @EQE - 250 -and the nunber of Vecuum %ul-:ea'in their asso-
cizted cirguits is about 10 Y more {ef. the end of 12.5.], di.se—
2,500,

12,7 The factorization of the capacity-—250G0K0 into-—=
250 !i]._:J organs of 2 capacity=-1,000 each can also be interpreted in

this manner: The mémory expacity 250,000 prezents primd facie a 250, 000-—



way ewitehing problem, in order Lo make @ll parts of this memory immed-

intely agcessible Lo the other organs of the deviee. In this form the

tazk is unmanégeablo for E-clemepts. (.. vacuum tubas, cf. however 12,2).

The above [actorization replaces this by & 250 «way switching problem,

and repiaoces for the remaining factor 1,000 the (immedizte, 1.8, sym-

chronous) switehing by & temporsl sucesssion—i.e, by a wait of 1000 £, .
Thia is an impopbant general principle: 4 © = h.ls: -

way switching problem can be raplaced by a kh— way switching problem

and. an tl;-atep temporal succession - d,e. & walt of m: e had ¢ -

<50, 000 and ehose k — 1,000, n - 250, The aize cof '::" was determined Oy

'
the desire toc keep h down witheut letting the waiting time k% grow

. be:.Eund one muliiplication time. This gave k - 1,000, and proved to be

compatible «ith the physical pasaibilit.ies of a dl §}of capapity k.
It will be seen, that it ig convenient to have k, h;
anel Bemoe also o, powers-of twos The ebove values for these guaptities

¥

Are near such powers, and accordingly we choose:

Total eapacity of M ' & = aba ik o o
Gapacity of a,:_- d_i_J organ: k = 1,824 = '-E'LD.
Number of | dl ] croans in u: ; b o= 256 = S

The two [irsh capacities-are stited in memory units,
In terms ol minor creles ol .= 25 memory units gdchi™

Total capacity of 4 in minor eycles: & 3E = 5,192 = 22,

Capacity of e'.-___ﬂ_z_‘:organ in miner gycles: k/iZ = 12 = 25.

12.8 The discussionsup to this point wers based entirely en
the assumption of & delay memory, It is therefore important to note that
this peed nol be the only peacticable solution for ihE"me}nnr'j.r'praﬁlan =
indeed, that there exists an entirely different approach which may even

i SrE
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appear prima facle to be more natural.

The solution to which we alliude must be sought-along
the Yines of the iconpscope. This device in its developed form remembesrs
the state-of — LOD x 500 = 200,000 separate points; indeed 1t remembers
for sach int more than one alterative, As it is well known, it re=
mambers whether each point has bean il}_umin;tcf_i ar not, but it can dis—
tinguish more than tws states: Basides 1ight and no 13ght 4% can alsc
racopnize—~at each point-—saveral intermediate "l-e,?rre-zs of $11luninatien.
Ihese memdrdies are placed on it by a light beam, and subseguently sensed
by ap electron beam, but it is easy to see that zmall changes would make
it possible bo do the placing of the memories by an electron beam also.

Thus a single iconoscope his a memery capaelty of the
same order as our desideratum for the entire M (=250,000}, and all
mamory units are simultanscusly accessible for input and outpuat, The
sitiation is wory auch like the one deseribed at the begioning of 1<.5.,
and there characterigzed as impracticable with wacuum tube-like E-elements.
The: lconoscope comes nevertheless elose to achieving this: It sgnrﬁs
200,000 mantry unlts by means of one dielsctrie plate; The plate acts
in this sase like 200,000 independent memory units—indeed 2 condenser
iz & perfectly adequate memory unit, since it can hold a charge if it
i= roperly switched and gated (mnd it is at. this peint that vacuum tubes
are usually regidired). The 250,000-way =witching and gating iz done {aot
by about twise 250,000 vacuam tubss, which WDIJFL;J bBe the obvious solution,
but) by a single electron beam--the switching aection praper Being the
steering (deflecting) this beam so 85 te hit the desired point pa the

plate, ! .
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fevertheless, the lconoscobe in its present form is ok
{mmediately asable as & memory in ourosense, The-remarks which follow
bring out some of the main wiewpolrbts which widl govern the use aof
agqipment of Lhis type for our purposesc

[2) The ¢harge deposited at.a "poiot" of bthe Icono-
sgope plate, or rather in one of ths elomeptary areds, influepces Lhe
palghborine drexs and theiwr gharze: . Heonrce thedefinition of an elersn-
tary ares is =u'_;tua._LL;,.- Aot gquite skarp., This ds within certain limits
tolerable in the present use of :he Igonosgope, which dls the preduction
of the visual impression of 4 certain ifmage. It wewld, howewer, be
pnLirely unaczeptable 10 conpection with a use 28 8 WEXNCTY, &S We are
contemplating 1t, sinee:this-reéguires: perfectly distinet and: independent
ropistration and storape of digital or logical syobols. It will preb-
ably prove possible to overcome thiz difficulty alter an adeguate devel-
opmant—pbut this developrent may be not inconsidarablie and it may neeses-
gitate veducing the nmunber of elementary arezs {i.e. the memory capacity]
cansaderably below 250,000, I this happens, & correspondingly greater
number ol modified jecnosgope will be requared in Y.

(B) 1f the iconuscops were bteo be used with LOO & 500 =
200,000 slementary areas (of. acove}, then the n2cessary switching, thak
1z the gteering ol the elertron hean would Bave to be dope with very |
congiderable precision: Since 500 elementary intervals must be distin-

guished in both directions of linear doflection, A mimimum relative

pracision of -%— * ;]ﬁ = 1% will be niocesEary in egeh linear direction.

Tids: 1s a considerable precision; which is rarely and only with greab

diffienlties achiewved in “slectricel analegy" devicas, amt hence 4 most

i e



inppporiune requiregent Tor cur digitsl dewviee. A more reasenable, bul
gtiYl far from triviel, lipear precision ofy say, «5% would eut thb
memory- capecity to 10,000 (since 100 x 100 = 10,000, —é_ x ﬁ = e

There are weys to circumvent such difficult¥es, ab least
in part, but they ‘cannot bs discussed here.

(e} Ons main wirtie of the izonoscope memory is that
1t permits rélI;:id switehing to any desired part of the memery. It j=
entirely free of the oetroped tempporal sequenss in which adjacent memory
units sperge Lrom al delay memory.. Now whils this iz an Lmportant advan-
tage in somg respect, the zdotematie temporal seguence iz actually desirable
in others, Indeed, when there is no such automatie temperal seguence it
is necessary to stale in the logical instructions which govarn the prob-
lem precisely at which location in the memory any particular item of
information that is wanted is te be found. However, it wounld be unbear-
ably wasteful if this statement had to be made separately for sach unit
of memory. Thus the digits of a number, or more gemerally all units of
4 mipnor eycle should follsw each Ssther automatically. Further, it is
ysually gonvenient that the minor cycles &pressing the successive stepa
in a.sequ&n:e of logieal instractions should Folleow each ociber automat-
Lcally. ‘Thus it is:probably bost boqhsve 8 standard™senuence ol the son—
stituent memory units Bs. the basis of switching, which tHe eleetron beam

follews automatically, unless it receives & special instruction. sSueh

‘3 spacial inetruction may then beyable to interrupt this basiec seguence,

and to switch the electron beam tel & differvept desired memory unit fiiies

v

point on the iconoscops plate).
This basic temperal sequence on the lconoscope plate
gorresponds, of course, to the usual method of austomatie seqt;&ntial scan-

aing with the evlectron besm——i,m, to a familiar part of the standard
LE ] .
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icengscaps. egquipmsnt, Only; the tbove mentioned exceptlonal velwwary
miitznes o other points renuire pew equipment.

Toosum upy It §s ol the presende nfa basis temporak
sequence of ‘mempry- units which eonstitutes o weakness of a delay memory
as ooppared tooan iognoscope memary, bul rather tie inability of the
former to. bresk away from thisz zeguence in expeptional cazes (without
paying the price of A wailing bime, and ol the aiditional equipmant
requirsd to keep ihis waiting time within acoepteble Limta, el the
YTust: part of 126 &nd the sordelusicns of 12.7). An iguroscops memory
should therefore conserwe the DAsic temporal sesuence by providing the
genal equipment Cpr-astomatie sequential seanning with the electron
boam, but it should ab the same time pe able of a rapted switehing (de-
fileptdng] of the elaetron besm to any desired peint under special in-
BEruchtion:

. ETpap s |

(dy tha delay organ| di :mnt.ains infermation in the
form of trahsient waves, and nzeds 3 f=edback in order to become a (cy-
glical} memory. The iccnoscops on fhe other hand holds fnformation in
A gtatie form {eharees on g dieleetele plate), and s & memoly BEC BEs
Tts reliahle storing abdlite iz, howaver; not-mnldnited in €ine=—it i5

Aomatier of s¢coids: or minutee, That forther measures doss bhis neces -

sitated

TEoshouwld Be goted thet W5 main funetion is to ators
information whieh 15 reguired while a problem is beang Solwed, sinpetit
is then that there ic & ‘need fop the rapld mecessinllity, which the

main advantses of W over outside storige (l.ec.over i, of. 2.%). Longer

range storEge-—eqgLool oerbain funetion tables Qike lalﬂg,- gl oT

=77~



eruations of etate) orf of standard logicsl Anstmictions (1ike interpoka-
tinn eoles) betweon problitn, o of Tinal resulfs yntil they sre prinked--
should be definite r-affeotiod outside (Zoae in By e again 2.9 =nf 1.
nenee Aosheald gnly be ased Lop the dueration of onesoproblen aml copsitdens
Lhe -axpectod hish mraol of tHe devics This owd Ll in oy cfses nok e
horge drolght bos sfifeet ke reltablolty of ¥ Inlcgemd neobledn; howWever:

it will be- too looe (&1 Y, =0l then special measdires becoge

NEC=554ry «

i

f The cbyistis soluticn 35 this: Let [t ba d time of
pulfabile storsge in the lcencscope. (Since Wt ds probably asecond to
A5 mirutes, therefore © — ons microsecond gives W - "_L'JEr - J.D" Far M,
10" this situstion sill hardly sver arisze, ] Then fwo écc;r-.-.‘.»;me es shoald
b usen dnstesd of oney so that one sheuld slways be eopby while the
obher is in use, and after ¥ perieds t the latter sholld transfer 1hs
infommation to the Cormer and then clear,. ote. I0 Y con=isis of &
graatap munber of lporoseoprs, say Ko this selieme of penewsl raguires

T

gid 1otand notoh loempagepes. Tadeed, let doy Lyiser; I, 5= thess

Teonoseopes, Let (L o plven moment Ip be enpty, and Ty —==y Ti gy Iz 9,

3
st henli {ranofer Db Salsrmna-

—=, Ly A use, &t e=— =T
tion tp I and then wlaar R e =T s S Y S e
tanss over Lthe vole of I.. Hemos 39 we Berin with I., then this process
goes thrgngh @ conphete eyele Ly, Tai=o—y L and bBaek to T dnkel
steps of duration T_J. fomaehTon: oi tetal durariag N, Thus all Ty
I35 ——» Iy are sal isfactorily vonewsds & pope detniled pilan-of Theae
arranpgaments would have to be based ona Easwladge of the precise orders

of magnitude of N and k. Ve nesd not do this here, Weoonly wish £o

g s i
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ria? emphesige thic-painzy ALl these eorslieraticons bring = dymoanMeal and
seyelical eloment oo the msa ef il detriosieal b stabtie Au0noseoTiEa—
L IerFesiumi e Crsatahsnsin aentnns? sanowhet compaTanle tocthe | mEhmer
1a which o dalsy (eyelicel memosi Sresl s the cEiple memsryaniie.
Frair ) = H W e cptdd e CPRIEE vepe pibdhib]
that -3n ths ard the Toonosedns memery w1l Gebye sapaTins 9 bbe delay
mErorys Hewever this may vequlre sare Pucfhen dewlopnent o sevarsl
respastscand - Tor wartaus peasons Lhe sctaal wse el the iceniscopa mem—
sl ot tbe agsrodicalbe it larent o LhEEIGE B0 fe i nasmen et sas

prseIpht et daral thitiks, Tedoed, ufte o hews a

ehnd-derl AN eoninen. CEorEheEEsT

v tocontinus
cliE ImalyETe o tle camas ol & delsyememory adthough vhe Imporiance ol

the dsonosenpe memar de fuliy eealized,

AR B RN 9 115 oo o ¥ g

L3l e returtn to the dizcussion of oodelay momory bisedioh

= theapalyeis-end the eanclusions off Lden nndilse T It is best tp star

oy considering Figure-10 &pajis, andsnhe Gbernal s ariak bt arhihite:

W vknow From L2y T thot e mast Ehink On terss el 255 < =—divigd AL
of capagity l.m - 'r'_'l.:l ehghs For swlial o itowill not benecessaTi
disrids whilehief fhe twp alf=rmatives Fletrs 19 (2] andofB) (ar <btch
cosbination of both) wiil ks timedl,  (For the decision of
Consequently.we can peplzes Fipues 19 by ke almpler Figams 14,

Thie (Haxt Taskodes: thansuo diseuse the Hapmingl Srpans

hoEnd 52, R¥s Al =tape amplifier, abnot etieh motecwes safdodn 13

xfb,I The Fanetion af A 15 selely to sestore the polse efEpeine frao | dl |

:"Jfl:l_, =
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to the shape and intensity with which it ‘originslly sptered I -.1.L_||
Henee it should really be considered 8 part of! “di l1'.:-r-.:-|:uz~, and there
is no'oceesion to analize it dn terms off E-slements. 80, on the obher
hand, T5 3 switehing amd gating organ and we should baild it up from
E-elements, e therelore proceed to do this,

1328 Ths perpese of &G 15 this: AL those-moments [i.e.
periods 7 ) when otler parta of the devige {i,e. 005 CA ‘and perhaps I, O]
are to send informaticn into the IIHIEL !tc whick this 53 is sttached, ar
when they are to receive snformetion Trom it, SG must establish ine
pecéssary connedtions——at such moments we say that SCas on. AL those

moments when neither of these things iy required, 55 hwist route the

1 -
ontpat of dts ) dl .! back dnto the dnput of dts (or its other) i dl ! :

accordine to the apprexipate siternative of Fipure 19 at such moments

we zay that 56 dg-offs In order to achisve Lhis it is clearly necessary

to take two lines from € {and I,0) to this 5G: One to carry thei i

putput to G, and ops to bring the [_:LL input frem .. Since 8t any
given time (i.=, period = ) oply one 5G will be called upon for thess
connsctions with €, i.e..be on {remember the principle of 5.600 thers
need only be one such: pair of comnecting lines; which will do for all
256/ 56's,  We denote these two lines by L, and Ly, rospectively. Mow
thie scheme of Fipure 18 ean Vi made more detailed, 25 shoen in Figure 200

As indieated , 4 15 the Tine connecting the outputs of

all 8G's to Q, and | ot el = i o |

! A e e
Li L= the line cob- | i
nectice C ta'the | gl =] S i i
= & ¢ i ?—‘—‘ P - E Jl —'! S t—

| R P G R bt 3

fnputs of -all S56's. - R et A
When SG 1z offy its| flg TRy

mf
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connections o, 1 with L, L are interrupted, its cutpub goes 1o a,
this being permenently comnected to the input ¢ of the proper| di :,
according to Figure 19.; (&) or (b). When:'5G is on, its cosncotions
with a sre interrupted, its output soes through e to L, and &0 te
while the pulsss coming from C ovar L; go into i whith is now connected
with a, so0 that these stimuli gel now to a and from there to the pro-
per_@input (ef. above), The line s garries the stimuli which

put 5C on eop effi—claarly esch SG must have its individusl cenneceticn

5 (while L., L; are common,)

13,3 Befare we consider the E-network of 56, one more point
migt be discussed, We allowed for oniy ong state when SG is on, whereas
thers are actually two: First, when 50 ft..rwarde information from M to
G, second, when SC forwards information from € toM. In the first case
the output of S5G should be rcuted into L.+ and also intc s, while no Ls
connection is wanted. In the sacend ease L; should be connected to a
{and hence to the proper input by the cerresponding permanent
connection ef &). This informaticn takes away the place ef the infor-
mation already in K, which weoild have normally gone there {i.e, the
gutput of 50 which would have gone to a if 86 had remained oEf Y, hence
the outpat of SG should go nowhere, i.e2. no LD connection is wanted,
{This is the process of clearing, For thia treatment of clearing
el )} Teomum upy Our sipgle arrangement for the on state
differs {rom what is needed in either of these two ecases. First gase:

should be connected to the output of 5G, and not to Ly- Eecond case:

B B

should lead fowhere; not to L.

Both maladju=tments are easily corrected. In the first

cage it suffices to coppect L neb.only to the organ of © which is to
81—~
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recewe its information, but alss to Ly=-in this manner the eutput af
5G g=ts to 8 via Lg, the eonnection of L, with I..i. and Lig « In the Sﬁﬁﬁhd
Case it suffices ta cennect Lo to nothine IIE:-cf'.ePt its i's)-—in this manner
the cutput ef 2 gees into Ly, but theg nowhere,
In t.h_.i'ﬁ way the two above supplementary connections
af L::- and Ly prccise-.zhu originally unique’on state of -53 to be the first.
I the seeond case degtrived above, Since only éme &6 is on-at any one
tima fer. 1302} thess= supplementary connestions are ﬁc—:erﬂed only cnee,
Accordipmgly we place them dnte C, more specifically dnte CC, whers they
elearly belong. If we had allowsd for two differant on states of S0
itmelf, then the 1t would have been nesossary to locate the E-network;
which establishes the two corrosponding systems of connections, into
S0.  Since there are 256.-5G's and only one €65 it is clear that cus
present Arrangement saves el Squipment.
A13.L  We can now draw the E-network of 3G, and slso ‘the E-nete
#work in OC which establishes the suppleamsntary connécticns of L, and [47
discussed in 13.3.
hrtually SG will have to be redrawn later (cf. ¥

we aow-give its prelicinary form: sek dn Figure 21, When g is not stim-

ulated the two @ are impassable to Fhi ':3*;:' z 4
P

Lo 2 ] L a i

stimali, while y i5; Kenco a-stim- .
0 o T

uius entering at b poes on to &, while @' J ] !
@ and i are disconnected frem b and a. / i,. Sl ",_0 ;
Whern s 15 stimilated the two m va ': }:’ == e [ ‘
bacome passable, while O is blocked, 1 | ,L

hence b is now connected to g-and 4 toa,. Hz-.nc& 131 :Ls on in th& aenge

a1 2 while g is stimulated, and it a1s off at.all other tirnes. The
triple delay on o ip negeszary for tuhis_r-aascnt When ol ia on, &

=gdd=
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stimalis needs ﬁ.na-paric-ﬂ T to get frcad to o, f.e. to Ln_ir.l'. 13.3 a.hifl
= the end of this seeflom 13uk), and oné o got i‘rnm'. Ly .00 from 4 I[c:i‘;
Figure 20), ta a-ﬂi.u.t te, 4t takes 37 ;r:c-.m.b_tc- 4, It is desirable
that the timing should be ‘the same when SGi' ig fo, i.8, when the stim—
o ulus goes via Of;m b te s--hence’'s ti‘ip_le dﬁa:.r iE peeded on :'::] . B
The supplementary confections of L, and Ly are 3-5_..",11 s

Figure 22, When r is not stimulated the twg (O) ard'passable to'stimili

while @ iz not), herce a stimilus _"_F- P E R
: T

spfering at Ly is fed back inte 1y
1 and a.]:p-aa;*s' alge at Gy, which i¥
supposed Lo lead to G, Mhen ris
: e R !
stimulated the two |:::| ara ‘blocked,

while (E) becames pagsable, honee

a gtimuins entering st C,, which ig

— suppoged to. come from C, goes of E&'Li, and L,:.‘ is isclated [rem all con—
nettions.  Hence S0L produces: the-first state of 13.3 when:r i5 not stim-
ulated, ahd thes second State whert'r is'stimulated. We alseinote, that in
fhe first cass a stimulus pa.-s-;-.-.s from Ly to Ly-with & delay ¢+ (cf. the
timing guestion of 3G1, discussed abw?'.;-il.-_
13.5° We mnst next give o attention €6 the line s of Figure
20 and 2%:" Ag wo 53N in the first parr.-'.nf 134, &t is'the stimulaticn
of. 5 which turns 3G on. _]-i.enr:n:, B8 was emphasized at-the epd of 13.2,
eaeh 50 must have ite own s—-i.e. there must -ba! 256 bugh iir:es 5. Tarn-
sing'a desired 80 on, then, amcunts to stimulati.ng'it.s' 5. Henea it is at
this point that the —z50-way—preciscly 256-way--switehing problen cor-
mented upan in 12,7 prasents its_i_-,-lf. !
t y r _ﬁru preciﬂely:. it is5 tao bc.q:;tnwk,' that the :::rder to turn
: 5% cnoa cortain S0--say Ne,  K-- will appear on fhe Iines?:.'l.l.:' .EC re-
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sorved for this purpoase,-dn Ehis maancr: Bre stdmilug on the fipst:
Ling cipressicd the predence of Lhe order as sush, while g Seguence gf
stimuli - onthe gesend fing speciflies the mumber -k desired, - kiruss gver

2hb valnes; 3t iz besh tochonse thesecesn B 1ie——0 3550 dn whith: case
ElS Ehf general S-digit-blnary inLéger. Thonl-will bBesrepresented: bor
& seguence of B (obssible] stlonld on the second line, whish expyess
[y theip prasence or aosencel, ip theirfemporal suteession, #'s hinary
digits {1 or 0) from right to left. The stimulus expressing the srder
as such must appear on the first lipa (cf. above] in some definite time
relation toothese stimald on the second Tine-——as will be sean 'in
it comes immedistely afber the: - last digit.

Befors going om, we note the difference betwaen ‘thegs
2 (Einary) digit intepces k and the 30 {hi:nar:.rj dipglt reéal numbers
(Iyine Letwsen 0'and 1, or, with sipn, between -1 and 1), the standard
reel aumbers of '12.2. That we consider the: former as integers, 1,8.
with the bimary point at the right of the 8 digits, while in the latter
the binacy point is assumed to be to the Yeft of the 30 digits, is
mainly a mstter of interpretation, '{BF. 3 Their
difference in lengths, however, is material: & gtandard real number
constitutes the entire content of 2 32 unit minor cycle, whils an 2 digit
k 13 only part of an erder which makes up such a minor cycle.

{ef. )

& gtand M

L.l Dur next aim i3 to go deeper into the analysis-of (OO
Such an analysis, however, is dependent wpon 3 precise knowledge of the
system 'of orders used in centrolling the-deviee, zince the funclica of

=



GCis to recedive theds orders, to interpret them, dnd then either to

CAPTY them DU, oF te SLimilans properly ThoSs obgans which will CRILY

-

“them sut. It iz FhHerefore our ismediate iask o provida & liet of the

orders which tontrel the device, f,e. to deecribe the code 1o be used
in the device, snd to deliine the mabhematical and leglcal ‘meaniop and
the operationsl significance of its code werds.

Before we can formelate this cods, we must go Fhrnugh
same general considerations cencerning the functitns of CC and its re-
lation to M. =

The orders which Lre received by T come from M, iia.
from the same place where the numerical materisl is stored. (cf. 2.4
and 1203 in particutar {b).)} The content of N consists of ‘minor cyclez
{cf. 1.2 and 12.?}, hence by the abowve each minor cycle must eontain a
distinguishing mark, which indicates whether its is a standard number
o an order.

The orders which GC Feceives fall naturally into these
four ciasses: {a) Orders for OO to instruct CA to cabpy out one of its
ten specific operetions {cf. 11.4). (b} Orders for CC to csuse the
transfer of a standard number from ons pleee to ancther. {c) Orders
for CClta transfer its own comnectlon with M te.s different polint imM;
with the purpose.af getting its next order from there. (d) Orders
controlling the operation of the daput and the ocutput of the devige fi.eq
1'of 2.7 and D of 2.8) _ s

+ Let us now consider these classes (a) - (d) sngrataly;
We capnot, at this time add anything to the statements of 11.4 concerning

{e). (ef. howawver ) The discussion of {EJ is also better

@5~
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delayad (ol Jv  Vie Fropess, however; to discusas (b}
and (s] now,

Lhwd Ad {B):  These: tramslers'con seeur within M, or within
Gh, orF between Miand Ch. The first kind: can always be replaced b two
apsrationg of th: 1zst kind, d,e. 8)] vransfers withio ! can bé routed
thecuph DA (We propose te do this, since thigiis In acserd with the
ganeral vrineiple of S.6. {ef. also the dliscogsign of tha sscond gues—
tion dn 11.17, cnd im this way we eliminate -all tranzfers.of the first
kinds Trapsfers of the sodond kind are obviogsly handled by the oper-=
atine coobesls of CA.  Henooe these of the last kind dAlone rvemain.  They
fall oviously into two classes: Transfers fron M ve GA and Sranslers
From GA to bL We miy ‘bresk up acdeordingly {(B) into (b') and (b®),
aprressanding too thess twoe cperations,

1L.3 ' Ad (e): In prineiple 00 should be instructed aftep
efeh grdar, where to find the next erdey Lhar 1t is Lo carey ocut. e
SaW, haécver, that this is undesirable per se, and that it -should be
reserved for exeeptional occcasions, while as a normal rowtine OG should
ghiey the ardars in the temporal seguence; in wh}ch they raturally Appear
ut the output of the DLA organ to'which CC is comnected, (ef. the
sorrasponding discussien for the iconoscope memery, (e) in 12.8) There
miat, however, be orders available, which may be oged st the exeeptional
oecasions referred to, to fastmist OC to transfer its connsetion to any

other desired point in M. This is primapily a transfer of this comec-

ticn fo a different DLA ofgan (1.e, a[ dl ]'ergan in the sense of 12.7)
Since, however, the connection actuzlly wanted must be with a2 definite

minor cycle, the order in guestion must consist of two imstructionst

SR
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Fipsh, the connection of €C is8 to be transferved Lo a definite [}l,,p,.cfgm_
Seeond, 00 U5 to'wait there wntil a definite —periocd, the one in ﬂhj_:'.h
the deeired minor eytle .lppearslat. the oulpute of Lhiz DDA, and COidis to
decept: an order’at this time .only. :

. dpart frem this,.such a transfer order might provide,
that after recelving and cﬁgrying cut. the order in the dssi}nd minor syele;
0 shotild retirm dte’ connection to the DLA orsaniwhich c:.l;::nt..;lina the minor
cyole that follows uppn th=s chne cemtaining the Fransfer odver, @it until
this miror tyels appears at the output, and then oontirme Yo aesspt. op=
dars Yram there nasin the natural temporal scquenca.  Alternatively, Sfter
refeivias- and carrying out the epder in the dasiced minor, eycle, G0 Shopld
gontinue wich thak nannection, and accept-erders frem #lwere on in the
potaral topparal seguende;, It Zs convenient te call a transfer of ths:
firsgt-time a transicnt une-,, and ong of the .'su:aun-l Lypera pormanent ene;

&l ks
It 1.5-12_1-'.-.'.'-11' Lhat permanent transfers are fruqur.‘n-l‘..-ly

ngaded, hopce the ;Cﬂu“d Lype is_cer};£n1; necessary.  Transient trans— e
Ters Zre widoubtedly reguired in cerinection with trapsferring standayd
aunbers [orduers [n:t:"] ard {‘:.-:I"]JI af . the end of 14,2 and imimeore dohail
i Lk balow). IRcseoms wery doubkful whethar they ara over n!;-:d!:!d. in
trie ordera, perticularly since such orders constitute onky a small
part of tha' tontents of W {cf: (b) in 12.3); and & Lranﬂien£ transfer
grier can alwsays be expressed ;:I_'l." twog permanont transafer ordere, e will
therefore make all transfers pepmancnt, sexcept those cemnected with
transfeering Standsrd nu;bors, ag indicatoed above.

Uil dd (b) again: Such & transfer betwsen Ci and & defi-
nite minor eysle in M {in either directisn, eorresponding te (b)) or

{(bR); ef. the end of 14,2) iz similar to & tranafer affecting CC in‘the
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sense of (o), =ince iy pafuires cobeblisking m copnention with the

o

_desired DLA erpan, and thon wedting for the sppoarasse of Ghe dnsirsd

miner-eyels as - the:outpat. Indesd; since 0'111. niescomestion bebvsen
Woand Cf tastuallry o0 or Gay Yee: B) ds-passivle at onm tins, seosha
fanbar Teanser PRt abandoning. the preseat copnevtioniel | 60 with
My anel then Sstubiishinge 3 ndw. eonndcticn, exfebly us if & bransgEr

aff=zocing 00 in the Fanbe cf (g} wabe intendad, | Binoe, howeyer , HE=

i 12 eminention of:00 with dts

tualle poosuck irassierof 00 Iz desired, t

priplods (Pia ovpas must by resspablished, after the anumber Leansier h.a_s'
besngarricd ouig-and the waiting Ter the proper ominpr: cyols [thal ons
fakloing In Ghe netural fenperal sequenge wpen the tronsler croer] i
= it B o T o IERH, A vt Is aMransiant- tramesfer, as Lodicsted at the
eyl e’ 1k 2y

It should he noted, that doriis 2 transient Ytransfer
the mase ol The minop cyoie whick containud the tramefer crder, must

oe pamemtered, since 06 will : to. FEtutn bo the sucemssor. I.e.
08 must be able to remembercthe: number of the DLa organ which éontains

this-minor oyele o and the ‘number cfsr pericds-after which the minor

eyfie will sppenr st he cobputs, . (Ef: Far-detaids S
Lia Surd Tarthse regarks:

Fir 1s Erary permanent transfer invalves waiting for
the dezired minpr cycle, i1:8. in the-averige for hall-a transit throush
& DLAorgan; Bl perieds 7 o ok 'Trar.sie.-'.t transter invelves twg such
walting periods, whieh add up sxaetly Lo one transit-through 2 DEA organ,
lI.EI'z_I, periods T . Ood micht shorten cortnin trongleat. transizvs by
apprepriate timlng Lrichs, but Lhis seems inadvisablo, at leasy at this

ge of the discussion, since the switching operation itsall [i.e.

“gEs
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changing t.h;: connecticn of 00 may consune R ponnegligible fraction of
& minor eycle: and may therefore interferes with the timingy

Second: It Is sometises desirable to maks & transfer
From-M-to.Ch, brconversely, without any waitiag time, In this cise'the
mirer cycle in M, which is dovolved in this transPar, should be the ane
tmmadiately following (in time 4nd in the same ULA orpan) upon the one
'Ebntain-ing the transfer order, Thiz ebvipusly calls for am extra type

¥

of immediate transfers, in additicon to the two types introdused in 14,3,
This typewill be discussed more fully in
Thard: (The 250 0OLA organg-Have nunbers O 1, —= 255,
1sea 2ll Bediglt Dinary nunbers: It ds-desirablestc pive-the 32 minor
gyclesgncech BLA orpan equaldy Tixed numbers 04 A5 ——=7 23l 3ce. 211
a=Higit bindry nombers, How the DLA organs are definite physical objects,
fenee their spumeration offers oo Jiflienltias, The minor cycles in a8
L'.iv-e:"; DLz organ; con Che ether hapd, ‘Are merely moving leci, &t which
sprtabp. pombinations of 12 possilble-stamill suy be docated. Alterba-
tively, dlogiclng at the situation st the eutput end of the DLA organm,
d minog cycle 18°a seguence of 32 periods 7, this sequence being con=-
sidered o be periodically returnine after every 1,0:0 perdiods 7. dne
might say that A minor ‘cyale ixa 32'7 Mhour! of & L,02L T "day", the
Mdaytt thus havipo 52 Mhopest. Tt I8 new-convenlent to Tix ona of this
Thours', Toes miner eyeles, as 2ero-or and-let 4% be.at the
same tige At the outputs of all 256 DLG organs ol e can Ghen
attribube cavh Phour, 3 & miner eycla, its number 0, X, =), by
counting Trom there. We assume accordingly that such a copvention is

established-—noling that the minor eycles el any given number aprear g

[ 1



the same tims.at the outputz of all 256 DL4 organs ol .

(]

Thus esch DLA organ has fow & number g'= 0, 1, =-=, 255

O er B-dipit binary), snd each mingr eycle in it har a number p = 0, 1,

o

=

S R E—digi?e binary). A mincp :c;.rt"-le is: gompletely defined within

M specifying both numbersid, p.  [wie to tHese relationéhips we pro-

- posa to csll & DLA ofgln 2 major cycle.

Fourth: As the contebts of g #iner cyele make thelr

tra.nsi;‘t: across & DLA crgan; i.e. a major cycle, the minor cycles number

. poclearly remains the same. . When it reaches the output and 15 then

'dj':led:"'back int;:r tt'.-la Anput el 4 major cyele the number.p ig atill net
_:hﬂ.nge;'l_ (gince it will resch the IDut.pflt. ggain after 1,025 péricds T
anu; “-? 'h-‘.i-\’E synchromism in all DLA organs, and-a 1,080 7 pericdisity,
[ & algl‘.-éfu}, h.hut. 4. chapges €0 the number of "the new major cycle, For
indiv‘l&i:al cycling, the arrangement of Filgurs 1%, {3}, this means that
- L7 .';.uo, remains unchanged: For serial eyeling, the arvangement of
I-"i.gurlc 1%, (B); this means thatie usually incPeases by 1, except that
at thelend of such & series of, #ay s major cycles it deercases by s=1.
These ebaervations about the fEte of a mipor cycle after
it has appeared at the output .of dts major cycle apply &3 such whan that
mejor cycle 1s undisturbed, i.e. when it is off “In the gense of 13.2.
Whendt is on, tn _ILn_a Sape sense,. but, in the first ease of 13.23, then
our ohegeryations ars Dt:ﬂ.‘ious'ly.st,ill valid==4 .8, they hold os long aa
the imincr cycle is niot being cleared. When it is being clearcd, 4.0,
in the sseond ease of 13,3, then those cbservations apply to the miner

cycle which roplaces the one that has been cleaped.

=



H 15.0 The code

15,1 The Eﬂnﬁiiﬂr;tiﬂﬂﬁ of 14 provide the beois feoron uumplrmcllla351-
ficatdien ol the contonts of &, lage ticy cnumerats s syEiam of BuccEXive
disjunction which give together thi® eln¥sification. This classification
will put ua inte the positicm £o formulate the code 1-.111;,:;]'1 affscts the logiz
cel congrol of OG, and .h.a_nt'.u of ‘“thms entire davice, 3
Leb us therelore restoie Lhe pertlinent definitions wnd diefanctlons,
Tha sontents of M are the meEmary: un.!lts , Bagh D!;l:ﬂ being charneter-
irad by tha pi:j_:'sancls or absente ol = s-t.im‘.l._us. It can b= used to Tepra=
sent aecordingly the binnry digit 1 or 04 unﬂ'wg will st ony rete dcaignnﬁu{i¥
i%5 chrtont by the binary digit i =1 or O fi:-n';:ich it eorresponds in this’ [ ik
mpuner. (ef. 18,2,-und 12.5,:#!‘:.'1 76 } These units “ore groupsd tozsther
te Torm 38eunit :?‘.J.:':E'r"','.}'}l:]..ﬁ.S. ard thase miner cycles ars the ontities
which will nE‘.quli_rc dirsct .sl.r.;nilf'i:cuncq in the code which we ‘will introduco,
Cer. ¥2.a,) Yo d...enat.:: I:P:.a binarar ﬂ'.ig.i".'.s whigh make Gp thHo 32 units of n 51
minor eyels, in -L_'.hi.'lj." nutprn,:i__tn!npnrul "..c-:;"iénﬂc. 't::,'-ib, 11, 1_2,-....,'1314.
Thy minor oycles gl:h_thﬁsa unlts may be wriizen I= (iq. 11,.ia, et 131.1
i . '

Linor cynléa full inte two glasscet Sitondard numbays and orderss

(. IZ.%00and 14.111 The s&. twe teteperics should b @fetinguizhed from
spel othor b:,"' their pespattise first onits {of. 1n,8.) ey by the wnlae
of 1. YWe ngros &nﬂﬂrﬂ}r.:_';ljr. thet -:r: = C is todesipnaifte & stendard

puTher , And Lu = 1 ah ordor, ; :

15.8, Tho fempuining 31 units of a standord numbqu_i:xpmﬁ'a its

binupy digits cnd it s sign. 0% 1o din the nabure of el arithmetics) opore=

Yion, speeilleslly begaume of the role ol gerry digite , ‘that tho hinary

o B



PEpiEs . oftthe umbers which encor Ints Shomy mogtebe fod Ih fromcrizht to

1eft f.e. these with Gho lowest pesitional wilucs [Uiret: (This dz-80
booaisa the dfgivs cppecr inh tonmgoral slcecesion -fnd oot eihulfeneousty;

Cf. 10ls ~The deteild araincs s gimply awvident-in the digcusaicn-of the

addor in g .20 The cign pluyd tho role of the dipit Yarchest laft, l.es

of the Righict pemitlanal wilug (o, B.1.) Hence it gopos lekt, d.od !31=

O desicnatel® the + cizn, and 1 =1 the' gign, Flaally by 8.3 the
& £ 21 d il

Sinnry moint follows immediscely aftor the sipn digit, and tho nunbon'®
v

bnie raprescnteld mast o noved mad 2 inte the interwul -1, 1. That ig ®

3l v 3l
i = = = ¥ i
ioalinn g e d) = 2ol 2 (mod 2}, -1 = “a,
Tnay The Fomaiming 31 uniEs of anordsr, on tho othor hoand.,

must sxpress the nasurc of this srder. The seders wore classificd in 14,1
into Pour - closses Lol - [4), amwd-these sorc subdivided furthor ne Pollows:
fol lo Ties, () in Bdoey Cp) and bo) s 14,3, 1404, and the socond To.
mErc dn 14,5, Agcarddngly, the Followlng complete-:list of srders obbains:
La) Orders for G0 to instruct OA to sarry out ono of its fen
spocific cporctlons erimersted £ 11.4. {This iz (d) tn 14,17 Wo desips
fite. thogr operations by tho, numbers 0, 1, 2, —==, /9, io the ordsf 'il'r._ijl_i_il_[ﬂ';t-
they otour intil, 4y apd thapeby ploce sursalyce ipko the poeltion %o i‘ti‘i'ul‘
to coyoonsof Them By Ite numbsr-wi=-0y 1, 2 dwce s whilsh-is heat given
a8 Eidadisit Sinory Lel, y Hovowersy ¥ Begerding tha eriglm of
the numbers which entor [os werial lys)into thess cpepations cnzl tho .H.l-
posel of the rosult, this should be suld: According to 11.4, Ghe iormer
come from Tg, =ad Jp, and the lutter ERgs e Qe #1¥in T4 {of, Fighrqf ity

Soge



1) 15 Ped Khrourh apd I tie erdpiasl tneutoand O the

oA 1 on

el ougeput ‘of CA ‘Constoucntly thoss ore the nctand conmasting links

fou oAt
Botwaen & and (C4., The foodine ioto ICJ‘-. #1i11 he described in LBY, £FY,

(8} Belowm, the disposel from Chg will o doserioed in (o), L&), L&) tl:]aqu_'[.
Sirtein uperciions ofe so:fast {theycen Lo hendlsd o &8 %6 colie

sume ondy tho durdtisn of aminorcyelal, thet 4t fe Worth while ta bypnss

Dy which dlspasing of ehody rFesult. | (&l )
The provisiens for elenring 10 end J wora described im'Tl.4.
=
Roearding the plearflne of 0. this oopkt to be sedds Th wanld soen niharal

an iy
)
tosele e C'G'J'-. cuon time oiter its centents have becn transferred into b (sl

BeTow).) There cro. hosswer]easie When itsfz piefarcila net o :,rnn;s.l"ﬁr
aut Fram C:.:_..I, intonet -t clder the sontants of '-‘-'-'_”._| Spociticadlys | In tha
slpousilon ofithe ororataon g-Ain Tl.E dh farnod oub o el foceEsnry ko

hold ain thie manner §n Gg. . the rooult of e previous operotion -, Al tet-
nolively, tho previons operatlon might also bo-+, 4, Ji or quen x, of, ithoro,
Arathor instinee: IE a.multinlioataon-2y b8 sarcied out, wibh an oEﬁ which
sonbuine, say, & ab the bwclifine ‘of the eperotion, then actunlly s + oy

will fopm in 0. Lol tho discussion of neltisliestion in 7.3) Tty

(58
therefore e ooces fopally dupiroble to held the rosult of o opernticn, wirlch
is Pollowed oy asialtiplisution, 1n E'ILTI-‘ Formetion of silko :{-:_:C}' is ono
rramplaces this,

o .neod thersfore an additiensl digit o =0, 1 to isdfowke: whather

8,, alietld sy cheold wot Ee clenrad aficr tho oporatian, W Ioele = Uex-

LA
praoe tha Uopmor, and ¢= 1 tha lottor,
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L&) Apdors Fer 28 topcouss Lhe tronsTer of o 2topderd pumbar
{poew defivite Winty epele In'H eo B8 [THEE f3- (b)Y In T4.3, tyoe (BY) &b
14, 9% The rineor sycle 1s delinod by the tao indices ¢, p {cf. the thivd
remark in 14.5) The truncfer Snto @A is, more precisely, ame: ints ]_I o,
{a) dneval,

(%7 Ordeps-Tor 00 to geuse the trensfer of & standurd fumber
which follows immedictely ipon the order, into G4 (This 1# the Immedinte
tranafer of the'=cond rendrk in 14.5 intie verient: which correspoids to
{5) ahigve.) Ti i= zimplest to conclder » minor cyele Contoining o stopdard
pumbar (the klnd spdlysed ln 15.28) we suchoep ordor per B&. (ihle mofifies
¢tk spatonont 15e, oit. snmuwlmt:- Zhe ‘standeed number ih quoetion ic sk in
the mingr cytla follewing immodlotely upon o sinor eycle =hish hos just
given en ordorp to 00, then tho number will sutopatically eporata sz i
{rmedinte trinsfar ordes of iho type describod. {l.'.f.. &g kha pirtinent
Poriirks dn (€} ond fin W hilaw. ). Tha trensler iote 84 §s apaln opc inko
Top bety (a) or (3] sbove,)

(Y '‘Crdere for GC to cow®s the crogsfor of o Stondsrd nusber Crom
BA-to & dofinite miner syelein bl (this i (k) bndauly wype o) in
14,2} The minor cycle ih M is delincd oy the two indices u, p, =3 in (B)
Gtote,: The trapsfer from 0a is, more pracissly; ohe from C'Gn =B E S
gisgusssd , together with the negessary sxplonations ood qualifientlonsidn
L2} =hoye,

(EY ©Orders for G€ to ceuse tho trunsfor of & stondord number
from OA Toto the minor cyels which follows immodictely upon theo ons contoin=

ing this ardar. [Thiz ig the imnedicte tronsfor of Bho scceond roescck in

~l=



4.5, in the vorient which dortcapotds to (47 kowe.) The tranifer from
Oh is szein ops from O (6, (a) or () abowve.)

In thic eee tho Cf conpection paasns From this trenifer teder on
5 the - mext minor sycls, into which +he granderd mmmber. knlquestlon 15 jusl
baln: sent, Tn;:rlc wonld ‘b e point in G0 now obaying (¥}, end sunding
Ehis numbar bosk intd OA - also, thers mipht be glming dirfiseitiss, It
{u hest, thercfore, %o except this coes axpl ieibely from the cperhiion b
S S (R {patid A€ §% Follows immedlogely upen an LB,

{al Crdere for GG to pausc the tronsfor of & gkendiid mimber
3 Eremn Ok lmto BA, (Thizs is en operatisn of Ch, the usefulm=ts of Which
repornized in 11,2 of. =lse ) Mors precisely, from I:'I:J-. intd 1oy
fer. (a) sbove)

BJ Erders for 26 to trensfer its own sepsection wizh 1 e -
'} ‘A dofinlte minor cycls (nisewhara) 1o/ M., [This i5 {e] 4o 14,10 Th
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