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FROFOSED ELECIRCINIC CALCULATOR.

FART T.

|1
e

Deznrintive Aogount,

L, Intrciuctory.

Caleulating machinery in the past has been designed to carry out
acourately and moderately gquickly smell partes of calenlations which
frequently recur, The four orocesses addition, subiractien,
mpltiplication snd division, together perhaps with sarting dand
Intervolation, cover all that could be donc until quite recenily, if we
exeept machines of the nature of the ddfferentizl anslyser and wind
tunnels, ete. wiich opercte by measurement ratheor than by calowlation,

1t iz intended that the electroniec calculator now propesed should
be different in that it will taskle whole probloms. Instead of
repeatedly using humsn lobovy for beking materdal out of the mochine
and rutting it tack at the appropriate moment all this will be looked
af'ter by the machine itself.  This arrangement has very many
advantages., '

{1) The speed of the mechine is ne longer timited by thc speed of
the humen opirator,

(2) The human clement of foilibility is clipinzted, a2lthough it
moy Bo on oextent bg replaced by mechoniesl f2llibilitw.

(3) Very moch more corplicsted proccsscs oml be sorricd out thon
could easily be dealt with Ty hoeocn lobouz.

Cnee the hisen roake is removed the inercass in epeecd iz ehoymeous,
For eramsle, it is intonded $hatl smldiplieation of %wwo ten figuro
mumbere snall e coarried cut in OO .ca. This is prokzbly about
20,000 ftimes faster then the normal specd with ecalouloting machines.,

It ig evident that if the machine is to do a1l that is dome by the
novmal humen cperator it mmat be provided wilth the analogues of three
things, wviz, frsetly, the coppuving paper on which the ecompufer wrdites
down s results and his rough werkings; secondly, the instructions az
te what processes are fo be sprlied; these the corputer will normelly
carry in his heod; thirdly, the function tables used by the computer must
be avallable in appropriate form te the mashine.  These requirements
o1l invelve sternge of information or mechanlcal memoyy, Tric is not the
place for = detailed discusiion of the vorious kinds of storape aveilzhle®
and the considerctions which govern their usefulncss snd whieh limit what
we ool expoot, For the present let us only remsrk that the memory needs
to he very large indeed by emporison with stindords which prevail in most
valve mnd relsy work, ond thet it is neeeszary therefore 4o look for sonc
more ectnomicsl Form of storoze,

It
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It is intended thot the setting up of the machine for new problema
shell be virtun:ly only o motéer of poper work,  Besides the peper work
nothing will hove io be done except Yo orepore o poek of Hoilerith cards
in oecordanes with this peper work, ond to posa fthem through o copd
- recder cormected with the mochine, There vill rositively be no internal

terations o be mude even if we wish suddenly to switch from
mlﬂuLﬂ'LnP the enerzy levels of the neon ctom to the emunerstion of

proups of order 720, It moy oppesr somevhnt puszling that this cin he
£one, How con onc cxzect o mochine to de all this multitudincus
voriety off things? The answer is that we should agonsider the mochine

a8 dolng sonething ouite simple, nemely corrying out orders given o it
in o stopdord form which it iz zhle to understeond.

The setucl czleulotieon done by the mocline <311 e corricd out
in the binory scale, Moteriod <dll howvever bo put in and tokeon ous in
desticl Form.

In ordcey %o obtodln high spocis o* coloulation the caloulater +7Ali
be ontirely olcetromic. A unit cperction (typificé by ~iding onc ond
one) will u..:lr.u I mierosceond. It is not theought wize to design for
higher soeeds thon this as yot. '

The preosent repord pives o fairly completc account of the proposed
coloulotor. % is recomcended hevrover thoet it be reid in conjunction
with J. owvon Weumorm's YHepori on the EDWACRT,

2y Composivicn of The Solenlotor..

We list hiere the mazn components of the coleulsior os at prosent
conoecived: -

{1] Zroeitle memory units of foirly lorge copoeity, o be known
as dynomic storoge (DS). Frobobly consisting of betweon 50 ond 500
meroury tronks with o eopooliy of cbout 1000 digids each

(2) oQuick refcrence Yemporory storsge unite (TS) probably
numzaransr 2hout 50 and ecch with o eopoelitsy of say 32 bincry digits,

(3} Input orgon {I0) to tr:.nsi‘cr instructions ond other moterinl
into the coleulator from the outsiie world It vill howve o megaoniendl
port consisiing of o Hollerith cord recding unit, cnd on elecironic
port which will he intesrnnl {0 the enleulatcor.

{lﬂ Output orgen (00), to tronsfer results out of the calenlotor,
It heye on externcl port eongisting of o Hollierith card
rcprouucc oha on intermal elegtronie port,

(5 The logical contrel (LC). Thig is THe wvery haeort of the
maching, Its curzose is Lo interprot fhe instructions snd pive them
elff'ect, Te - 1;rge extent it mercly posscs the instructions on e
Ch. There 1s ne very distinct line betieonr LC ond CA.

(6} The centrol arithmetic port (CA). IF we like %o consider

L0 as the omalopus of o eongputer thon CA mast be considered o desk

ealewlating mochine. . It esrries out the four fundnmental arithmetical
processcs (with possiblce excepiion of division, see p.27), &nd various
athers of the nature of copying, substituting, ond the Like. To &

rrge extont thosc processes can be reodused to ong anctrhsr by various
romdrbont meons;  Judgment is thercfors recuired in chﬂc31ng Laks}
aporoprintc sci ﬂf fundrmental proccssca,

73/
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{7) Vearious ‘'trees! requirsd in connection with IC and CA for the
selegtion of the information reguired at any moment,  These trecs
require ruch more volve equinment then LC and CA themselves.,

(8) The elock (CL). This provides pulseé, vrobsbly ot &
resurrence freguency of a megacyele, which sre opplied, together with
gating signals, to the prids of most of the volwves, It providées the
gynchrontsition for the whole caleulotor, :

(97 Tomperature cuntrol systom for the delay lines.  This is o
somewhat mundane matter, but is important, ' -
(10} PBinary to decimel and decime]) to bimery converters. These
will have wvirtually ne oubword and visible formy They are mentioned
rere lest it ko thought they hove been forgotten. '

(11) Storting device.

1:12) Tower susply,

3. Steoropes,

(i) The storazc croplom - A8 wis expleined in 81 it is nccessary
for the ealeulator to hove o memory or infermztion storage. Aetuoally
~this oppcars to be the main limdtotion in the deslgn of o ecaleulator,
Ji.c. if the storspe wreblom con be solved oll the rest is comparoatively
straightioremrd, In the past it hos not been possible o store very
lorze quantitics of iaformaiion ccomomieclly in such o woy thot the
information iz rociily zeecessible. Thore wrere coonomicel methods
gsuch o8 atoroge on five-unst topc, but with these the Informstion wos
not readily sccessible, cspeciclly if one wishes te jump from point to
point.  There werc also forms with goed cecessibility, such os storage
on rclays ond valves, but these were quitc prehibiltively uneconorical,
Therc arc now several posaivilitics for cembining economy with
seecssibility which have beon doveleped, or are being deoveleoped. In
this scetion we descrice the onc which will most probably be ussd in
the calouwlotor.

(1i) Delay line storage.- ALl forms of storege depend on
moddfying in some woy the physical stote of some storoge medium,  In
the cose of 'delay line siorage' the medium consiste of mercury,
water, or some other liguid in o tube or tenk, cnd we modify-1%s stote
of compression ot voricus points nlong the tube. This is dons by
forcing supersonic woves into the tube from one end The stote of
the storage medium is not eonstant o8 it would te for instones if the
stornge medium were prper or negnetic tope, The informstion noves
clong the tuke with the speed of sound. Unless we toke aome
precmutions the sound earrying the information will pass out of the
ond of the tube ond be lost, Ve con offectively prevent this by
detecting the sound in some woy (sorme form of microphone) as it comes
out, md arplifying it and putting it bock ot the boginning,  The
emplifying dovice rust correct for the sttenustion of the tusc, ond
mst olio correct for any distortion of farm eauscd by the transmission
through the tube, ctharwicce ofter meny possages through the tube the
form will be eventually econpletely loet. Wo.con only rcstore the
‘Forra of the signol satisfoctorily if the various possible idecl sigaed
fore ore quite distinet, for otheridse it will not be peasible to
dlstinguisk between the undizterted form of one signal cnd a ddstortsa
forma of onothor. The schome cctually provosed only rocognizcs 2102k
sistinet stotes of corpression of the woter mediu, these belng sequences
of 1024 vulscs of two differcnt sizes, .one of which will nrocably be
EEIC. The srplifisr at the cnd of the line oloéys reshopes the siganl
o oring it bock to She necorest ideal signal,

. T Altornativelyd
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Alternstively we 120y comaider the delay line sirply as wroviding
a delay, 85 1ts nmue Lmslies, Ve may put 2 sigal inte the line,
and 1% i redumed o us after o certain definite delay, I we wish
to maxe use of the information eontained in it whep 54 oores beck aftep
boing delayed we do so, Qthervise we just delay it again, and roegeat
Lntil we do reguire i, This espent loses sight of the fact that
there 1 still o storage mediwn of some Kind, with a variety of stotes
segoridng o the dnfeormation stored,

- L

Thers are, of course, other forms of delay line then those using
ceoustic woven.

(iii) Tecknical wropcssls for delay line, - Let us now te more
specifico. It is proposed to bhuild ‘delay line' uni®s consisting of
ficroury or wiicr tubes about 5! long and 1" dismeter in contact with o
quartz cryvotal at ecach ond, The veloeity of sound in either MCTEUry
or woier is ocuel thot the Zelay will te L OSL ms. The infermation to
B¢ stored roy be considered to be a secguence of 10Zi Piigzits' (O or 1),
or ‘modulntion elomends! (mark or spzoc).  Theae dizits will be
repregsenicd by o corresponding cequence of pulses, The digit 0 (or
sgace) will be represented by the zbsence of @ pulse 2% the sprropricte
bane, the diglt 1 {or mork) by its presence,  This serice of ralees i3
impresced on the ond of the line by one Plezo-orystal, it iz trocsmitted
devmn the lise in the form of supersenis waves, and is reconvoerted inta
a vorying voltoze by the erystal at the for ondl Thic volzagzo ds
appliticed cufficiently o pive =n cutout of the order of 10 wvolis peak
te pock sad 1o used to gate o shandard Pulse goenoreted oy the olooi,
This pulse mey be ocgoin fod dinte the line oy meons of the drensmdtting
crystal, or we may feed in zone altogether different zipnzl, We alas
have the possiLility of leading the snted pulse to some other part of
the maleulater, if wre hove necs of that inforiantlion at the time.

Haldng usc of the informeticn doos nwt of covrse prociude Xoeping it
zlao, The figures abeve luply of coursze that tie snierval betwoen
digite iz 1 s,

. It is wroosble thad the pulses will be sont dovn the linc ss
moduketion on o corrier, pessibly at s frequenoy of 15My/s,

(iv) Effects of $omocraturc varintions, - The temperaturo
coefficient of the welocity of somné in mercury is guite smoll ot high
froquencics.  IF we keep the tomporatures of the tenks corroct io
within one dezree Fovenheit it will be suffietemdt, It is anly
rescessury Lo xeep the tonks nenrly at cqual verperstures. e 2o not
need S0 Keep dhom sil ot o defindic tomperature: verictions in the
sermerotare ol the roon os o whels my be correeted by altering the
clock froguoney,

Le  Arithmeticnl consideraticns,

(i) Hinor cycles.- It is intended to divide the informoticn in
the sterages up into units, probably of 32 digits or thercabouts.
fuch o storage will be eppropriatc for carrying o single real numbor
a5 o binory deeimnl or for cexrying 2 single inatructior. Each
sub-storage of thiz kind iz ozlled o minor cycle or word, The
longer storages of length about 36500 digli¥s ore oalled major cyeles,
1% will be cesumed for definitencss thot the length of the adnor
eyels is 32 and thatl of the mojor 024, nlthough these need not yot
to fixed.

(s1)/
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(ii} Use of thc dinary scale. - The binary secale seems

particulsrly well suited for elcotronic cemputotion because of its
simplicity and the fnhet that valve equipment can very easily produce
and distinguish two sizes of pulse, tpart from the ilnput cnd output
the binary secle will be used throughout in the caleulator,

{iii) Requirementa for =n arithactien) cods, - Besides providing

& sequence cf digits the statement of the velue of a real number hws to

. do severel other things. 411 ineluded, (probebly), we must:

{c} State the digits themselves, or in other words we must

" specify sn inieger in binowy form

(b} Ve mst spoelfy the position of the decimal point,
{¢) Wo mazt svecify the siguw
(4) Tt would be dusirable te give limits of zcoursey.

{2} It would be desiredle to have sowe refercnce deseribing the

significancs of the nwiber,  This roferonee might et the seme time
aistinguish between winer cyeles ~hiich contain nurbers and those
whioh coniedn orders or othor inforimbion.

Tope of thono ooont for the firot could be =add to be

Cehesolutvely indizpcensable, bud, for instonee, it would corfadinly be
ingonvoenient o mrnzze withoud o sign rolercnoe. The digit
requirements for thcsc viriocus purposes re roughly:

(a2} 9 decircl digits, i,e 30 binozy, -
. (b} 9 digits,
(¢) 1 digit, - '
(&) 1o aigits,
(c) wary flexible.

{iv) A possivle arithmetical godc,- It is convenient to put the

digits into one minor eyeic and the Pussy bits into another. This meoy
perhops be gualificd as frr o3 the sign digit is concerned: by & friex
1t can be mede mart of the normnl 3igit seriea, essontially in the soame
way as we regord an indtial scries of figures 9 os indieeting o nogative
nupber ir normel computing. Le% us novw specify the codo without '
further beating =zbout the bweshe  We will use two miror cyoles whose
digits will be ealled i3 ... i3z, Jy ees dz2e  OF these ... d32
are avoilshle for identifioction purpeses, ohd the rowdning diglts make
the follewviing siatement apoui the murber = .

that

)

Thore exdat ratienal nuwbers {3, B/ and an integer m  sueh
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This ecode allows us o speciflly numbers fron unez which are
smaller than 10770 to once wihish are lorger $han 1096, mentioning

a value with suflficient figures that a difference of 1 in the laat
place corrasponds to from 2,5 to 5 parts in 1040, An error can bo
degcribed smeller thor o unit in the lest rlace or az large as
30,000 times +the quantity itself (or by more if this gquantity hes its
first fow 'significant’ digits zerc).

(v} The moorstions of C4, - The Aivision of the ztorage into
mincr cycles iz only of value ao long 23 we can conventently divide
the operstions to be dons inte unit operations to be porformed on
whole minor cyclcs.  When we wiszh to do more sleborate types of
rrocess in which the &igifs get individual treatment we may find thisz
form of division rether awloward, but we shall 2+ill be able to cirry
these progesses out in scme roundshout way provided the CA operations
are sufficicntly incluaive. A liet is glveon below of the operations
which will be ineldnded.,  Actually this account is distinotly
zimplified, and oo nccurante pieture cazn only be obtsined by reading
B 12, The agocount 1s however gquite adequate for an wnderstanding of
the mein problems invelved, The list iz ecertainly theoretically
adeguate, d.e. glven tdne ond instruetion tchles eny required cperation
ocan be carricd ocut. The operations are: '

(1) Yransfers of materizl betwoen different tempoerary storages,
and betwoon somporesy storages and dynampie storage,

- (2} fransfors of materisl form tho DS o cards and from cards to
i,

(3)/



(3) The waricus arithretical operations, addition, subiraction,
and maltiplication (3ivision being omitted), slso !short mltiplication’
by mumberz lesz than 16, which will be much quicker thon lon
rultiplication. :

{4) To perform the various logical cperations digit by dipit,
It will be sufficicent 4o be able to do Tand!, tar', 'net', 'if and only
if', 'never' {in symbols A& 3, AV E, ~A4, A =B, FJ. In other
words we arrangs o de the sroccsses corresponiing fto x 7, X+ ¥y + W
L+ x, 1+ {x+ vi12, 0 aigit by ddigif, module 2, wherc x and y  arc
fwo cfrrespanding digits from fwo porticular 75 (sctually T8 9 and
T3 10).

5. Fundamental Circult Elemcnts.

The electronic vart of thav caleulator will be somewhat elcborate,
and it will certainly not bhe fezzible to consider the influsnce of
cvery caponont on overy other. We shall cvoid the necessity of deing
thiz if we con arronec thot coch componenst only has sn apprecisble
influence on o eorporctively swell nunbker of others. Ideally we would
like to bo oble to considor the cireuit as bulls up from a muber of
eircuit elements, cach of which has an output which depends only on its
inputs, and act at 211 on tho sircult inte which it is working, Aesides
this we would vrobokly like the output to deperd only on ceriain special
characteristics of the inputs. In addition we would often be glad for
the ocutout to aprear simulteneonsly with the inpute.

These regquirements con usually be =atisfied, to o foirly high
accurcoy, with clectronic cquipment weorking at comporatively low
fregquencics., t mepacyele frejuencies however varicus difficuliies
tend to arise, The ingut ecpositien of volves prevent us fram
ignoring the noturs of the cirerit into widich we r~re working; Llimiting
circuits do not work vory sotisfoctorily: capoacities ond trensit times
are bound 40 eousc deloys bebwewsn input ond output,  These difficultics
mey be best resclved by Tending wofore the storm The delays moy be
tolerzted by sccepting them ond working out o time table which toues
them into acoount. Indefiniteness in cutput moy be toleorsted by
thinking in terms of 'classes of cutputs'. Thus instead of saying
"The inputs & cnd B give risc to the output &', we shall say 'Inputs
belonging to closses T ond Q glve rise to an output in olass R'.

Phe vorious classes oust be quite distinet ond mmst be for frow
overlopping, i.e. topologically speoking we might say thot they st
e o finite distonce =part, If we do this we shali have made o
very definite division of labouwr between the mathenaticions ond the
cngincers, which will enchle both pertics to eccrry on without serious
aoubts ns to whother their assurstions sxe in sgrecment with those of
the othor party.

For thc present we shill mwrely ignore the difficulties bocause wo
wish to illustrate the vrineiples. We shall ossume the clroudt
¢lencnts to howve oll the ozt agrecoble propertics. It oy be added
thot this will cnly offcet cur cirewiis in so for os we ossume
instentoncous responsc, cnd thet not very scricusly.  The questions
of stoble suteut only involve the rmothemsideisn to the extent of o fow
definitions,

In/
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In the present section we shall only be eoneerned with what the
circult elements ol A4 discussion of how these effects can be obtaines
will be given in § 15.  The circuit clements will be diwided into
volve=glemonts omd, deley elements,

(1) Deley lins, with ammlificr cand clock zote.- This is shown as
o reclangle with on input cnd output lead

et A e

the crrow at the incut end foces towsrds the reetangle snd ot the ocutrput
end fages away.  The nome of the delay line, if anmy, will be written
outgide ond the deley in pulse periods inside,

Thiz girenlt elsment delays the input by the appropriste number of
ualse periods and also stondnrdizes it, d.e. oonverts it into the
nearest stondard form by correcting cmmlitude shepe and time,

{1i) The unit deloy. ~ This is represented by a tricngle, thought
of 08 o modificd form of arcow

—— ‘\.._... -

The input to output dircetion is indicotcd by the orrow
This deley elemont ideolly rrovidecs o deloy of onc pulse peoried,

(11i) Limitinz crplifier.~ Ifeally $his valve-clement is
intended to give no outputl for inputs of less thon o coricdn stondord
velue, and to glve o stondord pulsc oe ouipus wher the input execooeds o
second stendord value., Indermediste input valucs ore supnosed not to
poour. If we ecoripine this ~Ath o resistonee netvork in wnich 2 nunber
of input simials sre eomsined $the conddtion takez fhe form thot if the
input signcls arc 81 83 ... 3p  there will be zZere output unless
.3 81 + ese # %y 3n 3 A1 ond o stendord or unit ouwtput if
M1 81 + vas + 2y 5y 0 /%5 This may be simplifisa by essuming thot

£
the inputs 87 .. 8, dre alwsys cither O or 1 and the coofficients
“{1 eve Ay elither 1 or -oo and alse by requiring the integrel parts
of (’i 1 {5 1o be the same. Vo zepresent the valve elerent by a

cirele, ond the imputs with a line ond on arrow facing townrds it, the
outputs with lincs and crrows Focing oway. (Fig 1), 4 cocfficient -~ro
inhibitory coupling) i= shovm with o smell circle sutting o large
cirele (Fig. 2). The smallest totsl for which an cutput is obtoained

(i, . integral port of 21 or 4 5 plus 1) "is showm inside the circle,

but is omitfed if it is 1, This mucber we moy call the threshold.

When we roquire cocfficients & lorger than 1 woe moy show wore than
onc connection from one source,  Negntive coefficicnts moy offootively
be shovm by meons of the neghtion cirouit —— o Se———  which
interchonpes 0 ond 1. Trus in the circuit of Fig, 3 the volve element
D will be stimuloted (i.e. emit o otanderd pulse) if either A is
stinsloted or both B and C cre not. '

[iv] Trlgpcy circuita, - A trigger circuit,which is shovm o5 oo
2llipse, Giffers from o lidting cuplifier circuit in thot cnee the
inputs hove reached the threshold co that it enlis one pulse, 1t will
continue o @t pulses until it roecelves an inhibitory stimilus. it
is in foct sgquivelent to o Thaiing ceplificr with o nusber of
excitatory connegtions from ivscli with o deluy of one unit. Thus
for instancc the wwo cirouits shovm i Figl core eguivalent, Ye show

the/
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the trigzer circuits with o different nototion portly to simplify the
drowing ond pertly beenuse they will in fect be mode up from different
cirouits, There iz zlso smother practical difference, The output
from a frigger circuit will be o DLC. wvoltage, so long as it iz noh
disturbed one way or the other, wheress the output from o limiting
amplifier with feedbock is more or less pulsiform,

l:v:J Differenticter circuit amd change circult. - 'We sometimes
wish to indiccte on output from o frigger clreuit cither ot the
beginning or the und of its stlmuletion. This would in foot be done
with & copocity resistonce 'differentintor? circuit, Such o cirowit
deaigned to prodmce o positive (cxeitatory) vulsc at the beginning will
be denoted by - -mﬁ%mn-n - and one ot the end by -~-—iEr———
These are understoed to be resncctively eguivalent to the two circultis
of Fig.h., We moy olse cccazicnelly wish o moke connection o a
trigger cireuit in such & way thot stimilus clwaya chonges the condition
of the trigger circuit, cithor from stimlation to non-stimrlation or
vice-versa,  This is indieated vy o small aguarce at the coanection

roint thus
A-"“-\_L:ir_u_ — —
{----..,......,w'-"' "

ond is equivclent to Fig, 6.

(vi} The irizrer iimiter,- Sometimes wo wish o gontinuously
rarying veliage to initiste’ o troin of mulses, the pulses to be
synehronous vith the clock and to stort opproximasely vhen the
continuots volioge roaches o eortoin welue, A1 of the sulses tant
acour muat ve of the stenderd op tnit sise Thure rusy definitely be
no helf-gize pulses possiblo The teedin of pulzes may he stopsed by
pulses from some other source,

This volve clement is indigricd by o sooowint sgquat roetongle
contoining the leotters TL.  The continuous woltzge input is shovm o
in on excitnory comnectlon rnd the stopring pulsc oo zn inhibltory
connootion, o8 in Tlg. [

{(vii} Thc cdder cnd other cxomgles, - We moy now illustrote the
uge of these cireuit cloments by meons of some simple cxomreles,

‘The simplest eircuit perhaps is that for the ogicsl 'or' (of. p.21).
In the cireuit of Piz & thers is on output pulsc from the unnomed
slement if therc is one from any cnc of A, B, C. Ve shzll find it
convenient in such coses to deacribe this element as A v 2 v G, The
circuits of Pig.9 are sclf cxplmnatory in view of gur trectment oft
Aw B v,

i adder netwerk is shewn in Fiz 10. It will 234 tro. nupibers
which enter zlong the le-ds sheem on the left in binary form, with tae
lecst significantc digis first, the output oppearing on the right.,

An dnput sigmal from the top will inhibit ony cutput. The methol

of operation iz =z follows. The three velve elcoimenis on the left
01l bove stirmlotion from the sime three sources, viz. the tuo inputs
and one correaponding to the carry dizit from the last Tigure, which
wos formed by the clement with threshoild 2, e eon distinguish the
four different possible totals 0,1,2,3 cccording to which of the

valve elanonts ore stimaleoted. We vish to gpet on outpat pulsce if
the toteol iz 1 or 3, This may be exprossced as o pulse if the totol
ig8 3 or if it is 1 and nov 2 or morc. If wic vrite Tp to mean

tthe fotnl is n  or more! the condition is Ty v(Tp & -~ Tp). Using
cur standnrd notworks for A v B ond for A & ~D and obscrving
thot the three wolve elcments on the left of the cdder ore stimuloted
respectively in the cases Ty, Tp, T3 we finclly obtoin $he clrouit

giver.

The/
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The ~dder will be shovm as o single block as in Fig. 11, The
input with the inkibiting cirele being of course that shown at the top
in the complete diagrom

6« OQutline of Legicel Control.

A sirple form of logicol control vould be o 1ist of coorations to
te carried cut in the order im whieh they are given.,  Such a schems
can te made to cover quite o nurber of jobs, <.z coleulations fram
cxplicit formualoe, ond hes beon u=ed in more thon one machine,

However it locks flexitilitsy. W wish te be oble wo nrronge that the
gequence of ordcrs con Zivide ot vordous polnts, eontinuing in Sifferent
woys occoprding to the outcome of the colcoulsations to date, We also
wish to be oble to arrange for the splitting up of operstions intoe
subsidicyy opertticng, This showld be done in such ~ way that once

we hove writton down how an gperction 1= to be done we oon uac it os o
gtbsidiory to cny othor oeernction,

These reguirements crn lorgely be met by hoving the instructions
on 4 form of crosible memery, such as the delay lines, This gives the
magidine the possibility of constructing its own orders; i, e, there is
alweys the possibility of tolding o porticulor minor cycle out of storoge
cnd trooting it o8 on order to be corricd out. This con be very
povreriul. Bozsices this we nced 4o be able fo fake the instructions
in s ogréor differont from their noturnd order if we sre fo hewe the
flexibvility we desire, This is sufficicnt.

It is convenient to divide the instruciions into two types 4 ond 3.
An inetracticn ol type L requives the cenfral arizhmetie port CA to
corry ot corinin oporsiions. Such an insirusiion, troncloted from
ite symbelic form irto Ernglish mizht run:- '

Instrmiction L91. S, Mltiply thoe ecntont of T3 23 oy dac contons of
T3 2% and stere the rowulv in 13 25, Then progecd b eorry cut the
next instraction {i.e. No.422).

Instructions of typoe mersly sopoesdify the mumber of the next instruciion.

Instraction L9892, . Froceod with inatruction 501

Wo mast nov eolodn in more detail how it comes about that we con
brench the sequence of instructicns smd arvange for subsidiary
vperaticons, Let we boke Tronching Dirst, Supposc we wish to crronge
that ot o certnin point instruction 33 will be cpplicd if o certain
dipgit iz O but instruction RO if it is L. Then we mey copy doem these
o instructions snd %hen da o 1itile coleulsiicon invelving Thosc two
instrueticns cad the digit D in question. One form the ecleulation
con toke is to preotend thot the instructicns wers zesliy murbers and
eoloulate

D x Tnstruction $0 + (1-D) x Instruction 33.

The rezult mey thon be stiored awey, lot us soy in o box which is
pormanently lroelicd 'Instructiom 1% Ve are then given on opder of

tyoe 3 saying thet instrucsion 1ois to be followed, tnd the rezult
iz that wo corpry out instrusticn 33 or 50 sccording to the volue of D,

When we wish o stort on o osubsidiory crorotion we nood only moke
a nete of whore wo left off the mojor oporaticsn ond then apply $he
firgt instructicn of ihe subsidicry. VWhen the subsidicry is over wo
look up the note =2nd continue with the =mejor oporotion. Each
subsidisry operniicn eon ond with iratructions for this rocovery of the

note./
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note, How is the burying end disinterring of the note to be done?
There are of coursc mény ways. One is to keep list of thesc nolez in
one or more standard size doloy llnEb {1024), with the ﬂmat vecenu las,
The poesiflon of the most recent of these +ill Dbe kenu in o fixed ©8, and
this peforence will be modificd mvcry'tlﬂﬂ 2 suosidiary is stwrtea or
finished. The burying erd disintcrrins orocesses are Foirly claborate,
but there iz fortmaicly no necd te revest the inetructions invelved

ezoh time, the burying teing dene throuwgh o standard instruatlion table
BURY, and the Iisinterring by the table U?“U?Y

7. IDxtormal oreians,

(i) Genercl.~ It wmight appesr that it would be Gifficult to put
Informetion into the ealculator andé te toke it out, on 2ccount of the
high speeds assocloted with the coloulstor, and the slow speeds
assoolnted with mechanienl devices; bYut this difficulty is not 2 real
ane, Let us eonsider for instarce the outoud orgpan.  We will 2llow
the mechonical port of the output orgen to work ot whatcover proe suits
it, to toke ifs ovm time in foct,  However we will require it to give
out signols stating when 1% is ready dc acoepd information. This
signel praovides o zete for the feeding of the inforzetion sut o the
cutout orgen, and also significs vo the czleulater that 2t moy nobte thot
Information 25 recorded tnd prococd to feed out come more. The
preperavion for foeding the information out consists morely in
tromaferring 1t from dynomie storopes onte trigzer cireuita.

In the eosce of the oubpual sareocngemeats e hove the full pover of
the valoulator behi=d us, i, c. wve oonde $he conversion of the informotion
To Tho required Iorm o8 en ITO,  In the case of the input organ we

MRS 20 ore werdly. If e oye sutting the lnstruetion tobles into
delay 1ines, then svhen the zover his boon furned of £ oall menory will hive
been effoccd, inoluding the instructicrn Hzblez. Ve eormot use

Lo

inztruetion toples to zot the informstion back, beeouze she insteuction
tobles 2re not there, We sre able to zot over tlis diffieulty a3 will
be scen below :

{(ii) Output Orgome - The output will go on to 32 colums of some
Hollerith cords. 411 the 12 rows oy be usced. On the reesipt of a
simnal from the eczlewlator o errd wiil begin to poss through o puneh or
troproduccyf, Shortly tefore ecoch row comes into position for punching
o signnl is sent back to the eclculator ond treigper eirouits controlling
the punciics ore sei up,  After the panehing cnether signl is sent 4o
the coloviator ond the trigger ecireuits are eleored, The reproduser
punch clso gives o sigael on the finnl exdt of the cord. The eireuit
is ghown in comnpection with OA (Fig, 26).

{iii) Input Organ,— Let us first deseribe the action of thia
without worrying obout the difficulty concerning sbscnoc of
instruction tobles, It is very similar fo the output orgen in meny
woys,  The input is from 32 colums and 12 rows of 2 Hollerith oard.
‘ihen the e2loulotor is ready o cord relecse signel goes out to the
nperd roeader nnd o cord begins to poss through. Az ench row comes
lnto pesition for reoding o signcl i sent baelk $o the eoloulator,
which fiicn prepores to cgoeoh the m.ri:_pu'l; frem the reader at the moment
appropricte for sonding At to i't" cotinstlon in the deloy line
It is sssuwwd thnt thic dectinotion is alrcady decided by the
caleulator. A =immal is sent boeck to the ccleuliter on the final
oy of the cord.

Novy/
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News 1ot us consider what iz done right a% the bepinning,
Arrengements gre made for sefting into oI and 0D = cortain lnvardiable
initial ovrder and TN, These gtate that the card i3 to be transferred
into a particular delay line, and that the next order is to be talken
from & pertioulsr spot, which will actuaily be in this zame dcley line,
The information in this delay line can contsin sufficient orders to 'get
uz gtarved',  The first few orders okeyed will srobably be o teke dn
& Jew pore cerds.  The informedion on these will later he sorted to
its fined éoztination,  Wher the final instructions are in zlace it
wWill be a5 well to 'read thom backt,

Actually it has beon crranged $het the special inditisl order
consists of ¢ tiwroupghout sc that there is no nced e set it up,

{1v} Binzry-decim:dl conversionm.- Tt is proposed te do binary-
decimul nnd decimel-binory convercion os ITG.* Thisz will be
sppreclably fasisted by the fact that short miltiplication iz o CAD*

(v] Instruction-tshle cords,- Tt wos explained in sonmection
wlth the input crgan that the instructicns would be an cards, of wheas
colums all btut 32 were availsble for external use, A proposed use of
the 80 colums iz suggezicd below, without proper explanation; the
explanction comes Yater, '

Colums
GFenulne input . 41-72
Repeat of deatination T 2D
Popular nime of group 1-8
Detail figure {povular) 9-11
Instructicn (popular) 12-25
Job nunper T3=77
Spare 78-30

Of these the genuine input hos aleeady Leon spoken of to some extent,
and will be spoken of agsin furthoes, The job rnarber and the spare
columne d¢ not requirc oxplemation. The popular dots deseribe the
inastruetion in lotters and fipures in o ronner arpropriate for the
oncrutor to oppreciotie guickly if for instunce the cords arc listed.
Iz thiz respect we might say that the popular date is like a telephonc
muizer Mel 1330 whereas the genwine input is like the oulses uzed

in diclling: indeed we shall prebebly corry the tnalogy further and
roully enly distinguizh 30 ddfferent lotters, ss is done on sutomsiic
exchonges, The populer date have elso ancther inportont fTeneticn, whieh
only oppeorc when wo consider thet the some instruetiens will e vsmed
on quite different jobs, If e were just o mmber the instructions
zerinlly throughout 211 the instructions cver used on oy Jjoh, then,
in the seb of instructions actunlly used in any particuwlor job there
would be lorpe gope in the mmdering, suppose now thet these
instructions wers stored in the D% with positions according to their
mridbers there would be o lot of wasted spoce, and we should need
slaborate s»rangements for maldng use of this spage.  Inatead, whem a
new Job appoors we Soke the complete set of cards invelved ond make &
new copy of coach of them; 4hesc we sort into the order of popular
group home ond detndll figure, W then renumber them consceutively in
the binory secle, This number gocs into the colums deseribed os
'repeat of destinztiont, The rimumbering moy be dene eithor with a
relay gounter cttached to o eollater, or by interlesving a szt of
mastor cords with the binary rnumbers in serisl order, To conplote
the Process we hove to £il3 in othor instruction runbers in binary
form into the genuine input, c.z. if on instruction in potulsr forn

were’
* TI0 = Instruction Teble Operation, CAO = Central Arithmetic Operation.
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were ... apd carvy out instruction Potpan 13" ihe genuine irmput will
have to be of form “.,. and carry out instruction GO0Li0L...1" where
001103,..2 iz the pnew nurber ziven to Potpan 15 in this sarticulsr job.
This is & straizhtforeard soriing sni collating process,

It wrould ke theoretically moseible to do thiz rearrangenont af
arders within the maclhine. It iz thousht however that this would bhe
umwrlse in the earlier siazes of the use of the machine, as it womld
not be easy o lsentify the orders in mechine form and popular fodm.
In effeet it would he ncoessary to take man culput from the caleulator
of every crder in both forwa.

8. Scope of the Machine.

The eclass of »roblems capable of solution by the machine can be
defined fairly specifically, They are those problems which can be
solved by human clerical labour, workirgz to fixed rules, end withoub
understanding, providec that

(a) The amount of written material which need be kept at any one
stage is limited to the eguivalcnt of 5,000 real mubers (say), i.e.
obout what can conveniently be wriltien on 530 aheets of paper.

(B) Thot the dumon operabor, doing his arithmetie without
meeheeilesl 2id, would not Gake more %han o hundred $housand timecs the
time availsble en the ecleulator, this figure representing the ratic
of the zpecds of colewlatien by the %we methods,

(e} It should be pozzible to deseribe the instructions to the
cperotor in crdinoey Lumgmope within the spoee of an epdinary novel.
These instructions will not be quidtc the snme 2s Llhe instruetions which
are normally givon to o computer, and which give him eredit for
intelligence. The instructions mmust cover gvery possible cventurlity,

Lot us new give renl cxomcles of proclume thet do gnd problems thet
da not satlsfy thesc eeonditicno.

Zeoplom 1.~ Coastruction of range tobles, The comploto procoss
of range-teble construstion could be carried out o a singlc job,
This wouwld invelve gelculotilon of frajectories by small arces, for
vorious drfforent quadrant cleovations cnd muzzie voelocities.  The
results ot this stoge would be checked by differencing with respect
to other porcmeters thea time, | The figures actuslly required woulsd
then Te obtained by interpolotion and these would finally be resrronged
in the most convenient form. A1l of this gould in theory be done o8

o single job, In przciice we should probobly be wiser Lo do 1t in
scvercl parts in order to throw less responsikbility on to the checking
arrangemenis. When e hove acguired more practlenl experience writh

the mociine vwe will be holder.

Tt ig estimoted Thot the Mrst job of this kind wight toxe one
or two months, most of wlich <rould be spont in designirg instruction
tables. A zecond Job could be rmun off in o few doays.

Problam 2, - To find the potentinl distribution cutside o choarged
condueting cutce, This is o probleon which could coeily be tockled Ty
the machine by » methad of successive rporoximoticonsa; o reloxetion
process would probobly be used, In rolazetion processes the sctlon o
be ftoken ot each mojor step demonds csscnticlly on the rosults of the
steps that hove gone before, Thiz would nerenlly ke comzidered o
scrious hindrones to the mechonisation of o rrocess, tut the logierl
contrel of the provoacé eclzulntor has heen designed lergely with such
cases in view, ond will kove no difficulty on this score. The

probleny’
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rroblen propesed dio one widch is well within the zeope of the mochine,
and could be run off in o few minutes, crsuming it wan done o5 one of
& soguence of similar probvlens, It is quite outsice the scope of hand
e thaods,

rreclem 3. - The solution of simultzneous linear equeticns, In
thic TreTTl8ve are likely to Be limited oy the storaze capecity of
tie mackine., I the eoccfficients in the squeticons are essentially
rendom we $holl need o be able to siore the whole matrix of _
soeffleionts mnd proebably clso at lesst one subsidiary motrix, IT we
bave @« storoge capaeily of 6LO0 nunbers we cammod expect to he aple io
selve equations in more than about 50 wunlmowns. in rroctice, however,
the majority of problems have very degeneraie metrices and we Ao Lot
need o store cnything like as much  For instance problem (2} tove
et e tronsforied inte one regquiring the solution of linear
sinmlionecus cquations if we replzee the contimwm by & lattice. The
cocificlents in Siese equations are very systomoicie and mostly zera.
In this proslon we zhould be limdited not by the storaze regquired fop
the meiris: of cocfficionts, but by that roquired for the sclution or for
the cporodiktc soluiions. ;

Froulci: e - Lo coleulete the radiation fraa the oven end of o .
recinsuler wove-iuide, The comlste polas diagrem for the rediation

eould boe calenlated, togethor wiil the reflcetlen coefficiens for iae
end of e suide oad dntdraction coefficicntz for the verions modes ;
Lhis wourd bo done for any iven wavelength and gulde dimensions. .

rroblen 5. Given two metrices of degrec less than 30 whosc

coef ficicnis vro molynemizala of degrec lesz thon 10, the macivne could

Malennly whe o irices togeiler, Siving o result vhiel is cnothsr matris
meorng wolymomial coefficients. This hes fmpertent ogolioations

alosoc
in ©he dosizn of opiical insirumomis.

. Problem A. -  Ziven & cocmlicated electrical ciremit nnd he
ciwCterintics of ita corponenta, the response to given ireul simals
girald o oalecl el A stmdard code for the deseription of %he
compencnts conld easily be duviscd fopr this rarpose, ond also o eode
Tor descriting conncoctions, There iz oo need for the ocheractorisiies
o be lisena,

Sranlem .- It would not be pessible to integrate the ores under
Loourve, o5 Ge moeiine will howve ro appropricte input.

Frohic B.- o coun® the aunbor of butchers duc ta be
demeblliced i3 Junc 1946 from oprds prepured from the smmy records.
The asgnine weuld be quite copable of doing this, tut it would not be
oosditeble Joo for it The speed ot wlideh it eould be dons would he
lixited by whe rote b which eords oon be rerd, i the high specd
and otior viluchle ehoricicristics of 4o coleouletor weuld never ho
brought into nliy. Such o Job con nd should be done with standapd
Hollerltl: couiient,

srocios J.- A Jigescn puznle 1o .aode up by cutting up o
nnine-dourd into piceus cwel consiziing of o omupor ef whole SOUEPEE,
The caleulndor aould Te wods o fi=d o solution of tho Jigesons, ond,
1 thoy vore ned oo mraereus, to list ol nolubicons,
Ling mirvievlsy problon iz ef ne sront ieoportainece, but it is
typlotl of o wely lurge eloss of non-muinerdioal wicblems thet can be
umeloeed uy ol caloenliccor, Bouwe of theooo hove groob
rllivary loporiaie., nd ctiers wee of immenge intercet to mothemeticions,

Troblem 10,/

s
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froblem 10, - Given e position in cliess the machine could be mede
to 1ist all the 'winning combinuticas' to o depth of cbout thres moves
on either aide, Triz is not wnlike the previous problem, bub raises
the guestion *Can the mechine ploy chess?' It conld fairly easily be
made o play o rather bod game. It would be 204 because chess ’
‘requires intelligence, weo statad at the begimuing of this section
that the nueline should be drected ws enelrely without iniclligence,
Thexe are indicautions Lewever Shot it is possible to make the machine
displey intelligence at the risk of its isking occasional serious
mistakes, 3By follewing wp Thaie asoeet the mashine could probably be
mads to pley very gpood chess,

9. Checldng,

o —— . g

It will be alugdst our most serious srablemn to oale sure thet the

calenlator L doing what it sloutd. We may Derieps distingudsh betwesn
tliee kinds of error.

(1) Permonent fanlis that hove developed in the wiring or
COMPONents, €. f. oomdenszers that have Zecoe open ofrouis.

(2) Temporary errcrs dwe to interfercnce, noise resching
wnexpected Levels, wsunl corbinttions of voliages ot some point in
the elrevdit, obc,

(3) Brrors du to the usc of incorrcet instraction tablez, or even
due to mistaken views o5 to whot the sireculs should do.

Tt will be our intention to install monitoring cireuits to detect
errors of orm {1} fairly socnm. Tae 1feal to aim at shouid be that
eaorn eoncelivable form of fallure would zive & difforont indication on
the monitor, In preetice we should preochly simply localise the error
wo shime port, e g cnoadder, which could be choenged snd then exemined ot
leisure,

Errors of type (£} should not ocovr whon the spporefus 1s in proper
worldng order, however when o component io beziming to sge its
deficicneivs will often shiow thomselves first ia tliis sort of BN . For
inglence, 17 the omission of o wvalve in a Kipy reliy cireuit is beginming
wo fril 1t will ecvenvually not pesz on any of the vulses it siwald, but
thisz w11l begin At 2ome ocessicnel failurcs to react. The worst of
trdo can probably Lo climvnated by frequent fost mms in whdch the
conditions of H.l. wolts, intorfersace, cte., are ali modificd in o way
caleulaied to zceentuate the defieisncies of the comonents. Thmse
widoo are rather dom wi heel wey then be rowoved, and when tie
conditions sre restored to rermal sherc shouid be a good mergin of

safely. e cannet of course »oly on this 100%.  We need a second
Tring, Tids vill bo provided by a varicty of checis of the tyoes
normally employed in capuiing, i.o. wherever we can find a simgple

identity which &hould be satisfied by the results of our ealeulations
we onall verify it. For instamec, if we wert mltinlying polynomdzls
slzchraieally wo should check Ty teking o varticular voluc for the
varizble, If we were caleulating Vhic veluces of an enalvtic function
at oguel intervals we should check by differensing, Mozt of thesc
checks will hiwe To be seb up as part of the instrietion tebles, sad
the sppropricte ceticon to Be token will clse be pot into thom, A Tew
checks will be madc port of the circuit, For instonce, o1l
maltipiicctions and s4ditions will be checked by repeating them
modulc 255,

Tneorrsct instruetion tobles (3} will often be shown up by The
chiécks whick heve been put into these same instriction tables, e
mey =lso apply & specitl check whonever we have mede up a now
inatruction table, by comporing the resuits with the some job donc by

moans’



mecas of o cifferent table, probably o more straightformard but slower
ont.  Ihiz ghould eliminate =11 errors on the part of *he methennticions,
Gl would leave the possibility of lost cards, eto., when the fable is
Being used oosecond tiiae,  This May pernaps be corrected by rumning a
Tett jo o8 soow a5 the cords huve toer us inte the machine,

Tacre arc three ohied funetions to be performed by the checidng,
TJ-.

L% rsT elirinave the peasiviliiy of error, Aelp to diagnose faulis, and
inopire coafddence, Wo have not yet socken at g1l of this lost

oA reRea T, I+ would glenrly not be savisfactory if the checking
syouen din facd prevented =11 errers, but nobody hod any confidenoe in tio
roaulis, The dovies would coize to no better cnd than Cassinira, . In
ordcr Lo ingoire cenfidence the chogking mist have some visible
mencfesialions. Certednly whenever o cheok fedls to work ount the
mLlier mst be reported by the meohine. There would not be time for -
~11 ¢hecks wideh do werk oot tc be roported, but there sould be o
focllisy by wdch this could ke 10id on vemperarily ot moments of shelken
contidacnce, Anothar foellity wideh should heve o ogood effcot on

worele ic that of the srtificinl error, By somc means the behaviour
of the moehine is disturbed from cutside, snd ome waits feor seme errar
to he ronortocd Thiz could be managed aquite casily, One could
creoage o introduee on umwnnted nulse at ony point in the cireuit,

in fact of course we eomot do very mreh cheunt checking until the

miemine is mede. Ve oormot really tell what troubles of this xind are
in store for us, although one ean foel confident thed none of them will
Zo dnmuvmennintie, We eon only prepore againet the difficulties we ozn

forcses nd hone thot thoy will resrecent o lorge sercentope of the
b
wiala,

10, Time-toble, Sost, Hature of sork, Ete.

P,

The work te be done id conpecion with fhe moehine consists of the
follow oy poro:

(1] Develspmens snd production of delzy lines.

(2) Development mnd production of othor Forms of ShOLE G
{3) Desim of v?ivc;ele:;wnts.

{4) Pinil schemntic eircuit desipn of LC and A

4

(5} Froduction of the clestronic pars, ico, 10 and A

.

6) Moking up of instruction tobles,
(7] Bxternal orgens,
{8) Bullding, power supply csbles, cte L ]
{1) Delay lines hove been dovelaped for RLD.F, purposes o o degree
considerahly beoyond cur roquirements in morny respecta. Desipgns are
svniloble to us, and fae such iz well suited o moss production. An

catimete of £20 peor delsy line would zeen quite kigh enough,

{7} Ohe wresent report hos only considered the forms of storngs

whlch cre cluost immedintely avoiloble, It must e recognized however
thet other forms of stdrupe are possible, and hrve importrnt adwvontopes
over bhe del:y line typoe. e shouléd be wise to cocupy time whiek felis

e fuc to any kind of heold-up by rosecrebirg into theac poesibilities,
A Cogn 2z ony really hopeful achems cmorpges some more systemotic
sremngeient mist be mode,
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Ve mast be ready to meke a chunge over from cme kind of storage to
ancther, or to use Two kinde 23 onse, The possibility of developing
a new 2ad hetiter type of storape is & wery rezl one, but is too
uncertain, especizlly z= regords time, for us Lo walt for 1%, we
mist moke a start with delsy Lines.

(3) Work on valve element design might cccupy four months or more.
In view of the Tact that zome more work needs to be done on schematio
clrcuits such = delay will be tolerchic, but it would be asz well to
start 2t the esrliest possible moment.

(4) Although comolete. ind workable circuits {or LG and CA have been
deseribed in this report these represent only ons of & aconsiderable
nurber of alternatives, It would be sdvizsble to imwvestigate some of
these belore malkding o finel decisilon on the clrcuits, Too mich time
shovld not however be spent on thiz, e shall lcern much more quic:ly
how we wani to meodify the circults by setually using the machine.
Moreover if the cleetronic part is made of standerd unites our decisions
will not be irroevoocchble. e should merely have to connect the units
up differently if we wanbed to try out o new type of 1L and CA,

(8] In view of the corpsratively small nuwber of valves inwvolved
the actual production of IO and CA would not teke long; six montns
wodld he o gonercus caTilmATc.

(6} Instruction tablece 1711 hove %o to made up by maticmaticlans
yith couputing exvericnos and porhaps o certadn muzzle-solving ability,
There will prooably be a gre-t deal of work of this kind to e dene, for
overy lmoum procoss hoc ot to o translsted dnte dnstruction teble form
at some sioge, Tails wvort vill po on -gdlst the meehine is being Built,
in order to avoid some of the deley botreea the dclivery of the mechine
and the produetion of rosulis.  Delay there mist be, duc o the
virtuelly inevitcble snemgs, for un to a point it iz better te lotv the
snaps be there than to spend suech time In desizgn thet there arc none
(how many decrdes would this course take?),  Thiz process of
constrmicting insiruction toblos shoulé be very fascinating,. There necd
Te no resl fanser of it cver becoming o drudge, for any processes that
arc quite meohoniesl may be turncd over to the moenine itself,

The earlisr ctages of the mling of inotruction tzbles will nove
serious repercussicns on the design of IC and CA ork oo instruction
tobles will therefore stort almost immeciately,

(7) Vory lit+lc nced be dene sboul the external orgons, They will
be cesentially 2topdord Hollerith eguipment with sneciael mounting.

(8) It iz diffiecult to make suppestions chout buildings owing to the
great likelihood of the whole schome exponéing greetly in scope.  There
have been mony possibilities thot could helpfully have boen ingorporated,
but which heve beon omiited owing to the neccssity of drawing o line
somerhere, In o fow yoors Gime hovever, wien the machine has proved
its worth, we sholl eertuinly wont to oxpanéd and include these otncr
fagilities, or more provoply to include betier ideas widen wili have

hoon sugnested in the working of the firct model, Titts suggsats that
shotever atpe of building iz deeided om we should leave rocm for
puildinpg-ocn to it The imaediate rogquirounonts ore:

Roon for 200 delsy ldnes.  These cach resuirc about & inches
of wll Swase if they are o bo individuzlly occesaible, end if this
is partly provided by cubicle econsiruetion 300 scuare fect is orobobly

o minivum, Do Shis we rdad 2dd cnothor 100 sguore feet for the
temoorature corroolion SrrLnici-Tiss

Space/
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Space for IO and CA. This is difficult to eatimate, but 5 eipht
foot rocks might be o reasonzhle fueas end would require snother
200 squere foet or more. Irn the same room we would puot the input snd
cutput orgens which might socuoy 40 sgquere feet. We should =lso
rrovide tnotaer 100 squere feet for overniors tanlern, sto, KOO aquare
foet would not be unrcasonsble for this room

Card svorase room  We would probably keop 2 stock of about 100 »000
DIYNE, 4 Very insimmificent murber by normal Hollerith stoandards,
200 squere Teet would be quite adequate,

Meinsenonce workshop,  We would do well to be libersl hero.

T gousre feed,

Tods tobsl of 1400 sguire fect does not allow for Ghe olanning af
crcrations, wideh would orebably ve done in an offieco Buailding elsownere,
new Tor the mrocessing of Hollewith cords wiich will probably be donc on
mecodnery wlresdy nveiloble o us,

Coote L% opposrs theb tlic eoss of the cguivpment will net be very
grecd,  Aa estimote of £20 por delyy line would be libersl, so thut
A0 of Ywue venld cost ug LWO00.  The walve equizment at £5 per inch
of rogk apnoe At totol SR00G. The nower supply mizht sost D200,
The Hollerith equinment would be nircd, whdeh would be adveniozecus
pootuse of the danger of it going eut of date, The eapitel cost of
gucn Dollurith equivment cven if bought 7ould not execcd 22000,  With
this dneluded the totel is L£11,200,

Port I1./
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Zaxl 1T,
Do e

L amak

TECEICAL FRCFOSALS,

11, Dedadls of Logiccl Control,

In this scetion we sholl deseribe circuits for thuﬁlogical control
in terms of the ¢ircuit clements introduced in 8 5, It is assomed that
B 5, 6 are well undorsteod, '

The moain cormponents of IO oare a8 follows: -
(3} & short sterage (like a TS) onlied gurrent dete CD,  This

contains nothing tut the opproprinte instructicn number 1N, i.e. the
position of the next instruction to be corricd ot

(2) 4 short storage called current instructions CI.  This
contains the instruction being or about to be carried out.

(3} & trec for the selection of a particulsr delay line, with a
view to finding = particulsr instruction,

{4) Timing system for the selection of s particular minor gyole
from a delay line,

(5] Timing syvsten Por the selection of
within o nor cycle.

1

partlcular palses from

&)  frrongements for oontrolling CA, i.c, for nassing instructions
on o CA

(7) Arrengoments for the contimmal chanpe of the contents of
oD, oI,

{8) Timing arrcngements for IC itselr,

(2} Storting deviee.

Let uz first describe theé starting device. This merely emitz
pulses synchronously with the cloek from o certain point onwords, on
the closing of a switeh manuclily. The switch couscs a veldssge to rise
and this eventually aperates o triggzer limiter, Thi= starting
mechonism sets & pulse minndng round & ring of valve slements providing
the timing within a minor cycle, {Fig, 12,13,

in order to check thot this cireuit is bohavring we compare F32
with o signnl which zhould coineclde with it and which is cobtatined in
inother woy, stimilating ~n 308 signal wher there ie failurc, This
forme cac of the meonltoring devices. We are not showing mony of
them in the present cireuits.  {Pig, 14).

The timing syswem for the selection of miner cycles iz gquite
-simple, consisting chiefly of a falow counter' 304, which counts up to
255 in the seale of 2, kecping the total in o delsy line of lengsh G,
The pulses ¢ounted ore rostricted o appocring ot intervels wwhich ore
maltiples of eipght. 4As shewn (Blpls) it is counting the pulses £ 10,
The supprozsion of the outputc at P 2 orevents wndesiroble corrics, fron
the mnest significont digdt to the lesst,

The information in D and CI being in dynemic {time) form is
not very conveondent for control rurposcs. We therefore convert this
Information ifde stotic form, icc. we transfer Lt on to trigzer
cireuits, (Flg.16).

It/
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It will be convenlent to make use of a EyTibolic notation in
connection with the valve circuits, We write A & B (cr menuseript
e E } to mean ' and B'. 1P 4 and B are thought of a3 wumors
¢ or 1 then AR is juat 4B,  We wriie AVE for ‘A or BI, With
murbers  AvB i3 1-(1~A) (1-B). We also weite ~4  (memuscript ~+A )
for 'not A or 1-A Gther logical symbols will not be used.  Where
8 whole sequence of pulscs is involved, it is to be undersicsd that
these cperetions are to be carried cut zecaratcly pulse by oulse. We
shall combine thesc symbols with the symbol  +  widch refors to the
cperations of the adder. Thus for cxeaple (& + {¥3 v BL) )& PS5 meens
that we take the signcl A and -dd to it o signal consisting of pulaecs
in positions 3 rad 4 and novhere else, (addition in the sense of the
edéer eircuit), and thot we then SUPPress dny pulses in pozition 5, as in Pig 17,
We will clso shbreviate such exprossions os F5 v 26 v 27 v vus Pl9 to Fo-19,
and expressions guch oz A & P 14-18 4o A 1n-18.

In cireuit diagrems wre hove the aluernatives of showing the logic=l
voebinations by formalac op by eircuits, There is little io choose
ot there moy be sometking to be saiz for &n arrengemont by which
purely logicel combination i3 not showm in clrewdt form, in order shot
the cireuits moy bring sut more slearly the time effcets,

%e have agreed that thore shall be two Xinds of ingtruciions,
A ond B, These are distinguished by CI 3, The stendard forms for the
two Types of instructions ore: :

&I 5-3Z, ond

Type 4. Corry out the On aperntions given oy digits
= {CD' + F19) & -P17.

canstruct o new 02 cocording to thc egurtion oD

iype 3. Comsiruct o new CD tecorddng to the cquition OO = I 17-32,
Fass the old CD into 18 13.

CD? here represents the old oo, The significonce of the formiiz for oI
in cosc 4 in thism, Wormally it is inbended that after an operation of
type A the next instroetion iz be followed will be hat with the next
mupber, and it might be supposed therefore vhat the formilo

CD = CD* + F17 would aprly. Autunlly e deviate from this simple
arrangemcnt in two woys.  Firstly e find it conmvonicnt to have o
feoility by which an instruction may be taken from o T3, viz. T3 6&:
this has considersble tine Soving effeots, The convention is that o
Sgit 1 oin column 17 indicates tha® the nowt instruction is to be toalken
frem T8 6 This will involve oup howing only the digits oI 18-32
ovaileble to indiccte nerusl positions for instrictions and wouls
suggest that the forsils should be OD = GO 4 P18, However if we did
this we snould shunys be obliged to hove orders of %pe B in TS &, for
1f we had on erder of 4yoe A we should fina thet we had to go on
repeating thri ordor, If hovever we hove the formwle

Ch = (CD' + P1B) & -P17 we con oboy an instruction in T3 6 cnd then
revert te the instruction siven by T 15-32; o much zore comvenions

o i kg T3 L0 123 g It romrdns o oxpledn wiy we hove P19 rether than DL,
Thiz is duwe to the frot thod wwe vrieh io cvold the neeezsity of woiting
o leng time for our instructions., I the eguttion vere the cne with
P18 it would mesn that the next instraction %o te cheyed, ofter one of
SEBype L, is alweys 2direcnt to it in time. Trhiz would mecn thot oven
with the shortcst Ci operctions tho next instruction would howve gone
by before wo wero reody to apply i1t; we chould ciwsys just miss the
baoat. By putting P19 insters of P15 we fdve ourselves on extrn pinsz
cyele of fime which is norelly just whot we necd, In wrder thot

the consecutive instruetions may be wonsecutively pumbered in spite of
this it iz best 4o adoot o slightly uneonventional nurhering system
for the minor cyeles (sce Fig, 19).

&
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4 rupiher of frigier circulils are employed to keep track of the
stages which the various proccases have reached at any moment.  The
most important of these mre listed below wiith a short desecription of
the Punctions of cach,

OKCT. This iz stimdated whon the new Instrmiction has been foawnd and
iz awvatlable at the input of CI, and the CA orerations belenging to the
lagt instruction hawe been carrisd out.,  Stimulation begins
simltoncously with stimalation of 1, ond cnds on 2 F32, The end of
OKCT hes $o wedt for the gating of CD, indicating that the now 0D is
availeble ot ids iapuot.

CECA, Only coplies in ecse A and indieates thot the CA opcrations kove
heen finizhed,

QKCK. Indicates that we may now begin to look for the next instruotion
With & view to pubting it into CI. It 1z zstimaleted when CHOT is
extinguished, ond is itself ewtingnished when the new CI hos been found,

We may now describe the fime cycle of I8, Let us begin at the
point where OKIK is atirmloated indieating that the seareh for the new
O may now begin, because we hove finished with the old one and
informetion for finding the new onc iz now avadilable in CD. The new
CI is determined oy digits 17-32 of CD. 0f these dipgits 23-3%2
determine the deloy ldne cnd 18-22 determine the minor eoyele within the
deloy line, A dighit 1 in eolwrn 17 indicates that the order iz o he
taken from T8 & instend of from the longer delay lines.  This digit is
erasad whonever wo oboy an instruction. of type A Ligits 23=-32 ars
aet up on trigpor oireuits ond cperate wia trecs oo desordhed
below, . Digite A8-22 determine the time ot which wo st toke the

outrut of the delay line. We oompeare these digits sith the output
aof the slov counter.SCA (Fig.15) ond when they sgree wo kmow thad
the right soment hes coose, + iz comvonlent %o arrsoge ot the elow

aounter is odwsys ono sdnor oycle ahead of tine, so =s to zive us viae
to orpenise curselves before teldng vhe reandired eutout, As has been
menvioned the crder of the digits i CD is sxrengzed rotner
uneanventionally in order to put eonsccutively numbored minor cyeles
in sliornate peoeitions; this hos time saving effects. The required
mwiner ayele nov poeEsce inte O and the signel OKES is giwven; OQKLK is
suppressed.  When the CA oporations belenging to the last instruction
heve been Finished CKCA i stimdated and sdth it OKCI. We are now
able to initiate sny new CA operstions (cose A) and to set up the new
CD. When this has hoen done woe heve findshed with TI and

suppress QKCY, which automatically stimlstes CKLE heglming the
oyole over ogain,  (Fige.22,222),

The digits 23-32 determine the delay line required, This
amounts to 10 digitc ond will ecrininly be adequonte for our present
programue, Treeing 1s done in two stages, going first through trees
for three or four digits only.  These nre TRA 000 ... TRA 111,

TRB Q00 ... TEB 111, TRC 0000, ..., TRC 111L Theae mamber 32 valves
elementa, At the second stage there sre 1024 valve elements

TREECL 0000000000, ... TREECT 1211111111, The connestions are shown
forr TRERCT 1011101101, The conneoction from CT 17 preventa any of the
TREECT elemcnts being stimulated when CI 17 15 stimdateds Thiz is
roquired to deal with the anse whers the next order is teken from

T8 6 end not from the delny lines, (Fig.20). :

It is very provable thot same other form of troc cireuit, not
epable of belng drown in terms of our valve eloments, will be used,
ond the same will spely to mony ports of the cireuit, TIé ia thought
worth while however to drew those clrewdits, 1f only to clarify

what it is intended the cireuits should de.

We/
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We have a similar iree systen for the selection of temporary
storages,

12, Detailed description of the arithmetic part (Ci).

e shall divide the CA cperations intc a number of types. We shall
make provision for 16 types, but for the present will enly uge nins,
The types ars distinguished by digits CI 5-H8.

Tvoe K. Pass the content of 735 6 inie 2 given mincr cyele,
Type L. Pass the content of a given minor cycle into T3 6,
& M. FPass *the content of a given T8 inte TS A

LY

Type H. Pass the content of TS & into a given TS other than
TS HhorT3 5, or T8 6 or T8 L.

Lype Q. Pass the content of the firat 12 minor cycles of a given
DL out onteo a oard wvia the reproducer.

Type F. TFass the oonbent of the cerd at piresent in the card readeyx
o to o given Di.

Type Q. Pass I 17-32 into TS 6.
Type R, Vericus logical operciicns and cthers ylolding rosults

forming oas rdncr cyels, o be performed dn the comtents of TS 5 and
TS5 10 =nd transferred to TS &.

Type S Arithmoticsl cporations ylelding a result requiring merc
than one sanor oyele for ite rotention. Reosulits go into T8 L and TS 5,

Type T Stinnlate o givon wolve clemcnt,
&4 srigper clrcult is ssccoedrven with each ype. With the
exception of 3§ theso cre 21l oxeited for o period consisting of a number

of complete minocr cycles beginning with 2 P ond ending with a P32,

The main eorponcnts of G4 arc the 32 temporary storages T8 1-32,
Of these T3 1-1Z2 hove some special duties,

T3 1 is used t¢ corry the retirving dnta, i, e, the CD whieh aprlied
Juat before the last instruction of type B. . r

TS 2 and TS 3 eontain the arpuments for the purciy arithmetical
gperations, or meost of them, and for the logiesl operations.

TS 4 and 5 contadn the rosulis of the arithmetical cperations.
They ere fregquently oconnected up in series Yo form & DL k. ' This is
becsmge the results of most of the ardthmetical operations are
sequences of more than 32 but not more than 6k digits.

TS 6 is uscd =5 o shunting siation for the trensfer of information
from place te pluace,

T8 7 is used to coxry the digits of 2 nunber wm when it is propesed
to multiply by 2 -

T3 & is uged to carry the rosuwtt of logiecal oporstions and other
oporations not regquiring more thoan one minor cycle.

T3 9 zmd T8 10 axc the dnputs for the logicsl operations.

78 11/
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I3 11 #il} usuclly e used in connection with srror caleulations,
ant accordingly hos o gpecinl role in the rroduction of mzltipliers,

TE i is usgel for the timing in 'outomotie! miltiplication snd

for the selection of unususl corbinations of digits in

the muleiplier,

The word 'sutomatic! is used becouse of an annlogy from desk machines.

To decids between types K $o T we use CI 5-8, Digits 5,6,7 are
trecd out o the valve clemenis 183 000, ... TRG 111, a= in Fig. 23.

These {ree elements nre each zsseeisted with two types

s whicn ore

distinguished by CI 8, Thus TR0 000 would be identical witn XvD if

it were not for timing, For this timing we introduce

CAYTH vhich iz to

bo stimilated during the appropriste time in CA operations. Ivl is

identical with TRG 00C & CATIM (Fig.2L),

-In case X we pass the outout of 78 6 to COMMIN an
inputs of 21l the delay lines., Ve phte the SPoDroprio

d henee to the
te one of those

at the aporepriate time, given by TIMDA by compsrisen of the cutouet of

the slow counter S04 with oLl

In cose L we 4o somevhat similarly, pa:;sing the cppropriante cutout
to COMMDUT end thence to the imput of T8 £ ot the appropriste time given

by TIMCA
In case M we gate the aurrepriate cutrut snd pass
In cose N we poss the cutmat of T8 5 4o the input

13, only grting tho one reaquired,

into TS 6,

g of the octher

In case O the Tirst offcct 14 Yo set the mechanism in motion to
pras o ocord throuph $hoe roproducer. 2y mecens of o commitotor
crrongoment or othoerwise the reproducer sonds back o zories of pulses
widen indieatc the times when the roproducer punehos sre rocady %o

aocept current,  In the cireuit dirsrom (Fip, 25) %wo

sete of pulscs

ore shovn whien ~re intended to rowk the beginnings and ends of these
periocds, They may be scporciely provided by the reproducer, or one
mry be derived from the other by deloying or oltherwise, The twe scts of

pulzes énch control trigger limiters comnccted up so o

5 to extinguish

onc another. (Do not confuse this with the two mutuslly oxbingishing
triodes thot will norrelly fora pert of a trigfer ocircuit or irigger
limiter). One of the trigger limtters TIMIUTCARD stirmlates the
trigeer circuit OUTIM o the first admissible B 10, . A pulsc on the

stivmlation of OUTIM zoos into = slow counber SCB and
kecp track of the mushor of rows of the card that have
The sontent of SCB 12 compared s7Ath that of S04 and «h
wo know thol the miner eyele which we wish to pass out

chables ns to
heen punchod.
cn they zsgrec
is now

available, ond TIMDA ds ageoordingly stirmloted,  TIMSA ond OQUTTN
togethor perndt COMMOUT to pass out to the trizper circuits

QUT 1 ... OUT 32 on which it is set up statileally smd
mmehes,

cocherols the

On the final exdt of the cord thc repreducer sends bock = signal

to the erleunlator, wihiech, in corbination with 0 operct
Lind Ser CARTEXRQOUT. This suporcsscs CATIM ond henoe O

es o trigger
. CARDEXOUT

hes fecdpack bo suppress itself, nd thiz will be successful becouse

0 will howe been supprossed by the $ime it comcs to ac

The behaviour in ense P (dnrut) i3 very similor,
difference iz that whercos OUVIL was used fo gote the
ealenlator INTTY dis used to gote the input,

T

The ghiefl
output from the

it/



It should bte noticed that = corpletely blenk instructionlhas a
definite meaning, viz. to pass the material on the card in the reader
into DL 000000000,

In ¥ 27 15 1101 typifies any of tive T5 &% regards output
cormections shovm on other dlagrems. I4% is alae fypieal zs rez cards
input comecticons, excent as repards 18 4,5,d,1, which have ne inpud
comnections excent thﬂse anewfi on other diagrams.

In the cose of operations of type B we shall caloulate all of the
expressions invelved and selcct them by means of tree elements, digits
148 to 2% being used, The cperations so far are:

Il

Pigits 000000 TS £ = TS 9 & TS 30,
Digita 001000 %8 8 =TS 9 v 78 0.

Digits 010000 T8 B = B8 10,

(1S 9 & TS 10) v {—TSLEJ & <15 10),

Digits 0LI000 TS 8
Digits 100000 75 8 =0,

As wc shall heve very much to soy =bout type 3 we shall make a few
remarks firat about typo 4. In order to be &ble to cbtain o rather
direct access from the instruetions to the velves we shall introduce a
numker of valve elements which con be stimlated to order, e may have
bl of these, say FLEX Q00000 to FLEX 111111 The esircuit will be
simply ac *‘*mwn in Pie 31, It iz intendes that %the outputs of thes
valve' elerments should 'be connected in werious ways intc the cirduit
when it is desired Yo try out new circuit arrangemente. It is thought
that they mey often provide meaps for doing things sinply which could te
done lengthily oz an T10. To wun extont this reopresents o compromisc
bebwecn the new systom of ‘Yeontrel by raper! and the old plugboard and
soldering—iren téchniguos,

We shndl alse deccribe the tivdng arrancoments before passing on
te type S, We have already mentioned CATIM which detcrmincs the
tisdng but we have 5111l t¢ neation whet conthels CATIIL CATIM is
stirulatod es . soon as the first FPL agpcars affer the signal 4, or, in
cese @y the first P17, It is exvinguisned by a varicty of means.

In casez K tnd L it iz exbinguished by the ending of 1'IMCA indieating
thet the required miner eyele has Jjust pazscd. through, In cases

M, N, R, T, it is only pcrmitted teo last for one minor gyele. In .
case § v is also oply allowed to lasy for half o minor cycic. 1In
oasecs U, ¥ the extinguishing signal iz CARDEX, which ia given

by the card reproduccr of reader on the finel cxit of the card, via =
trigger-liniter, In casc 3 the sipnal comes from FLNARTTH.

The foeilities provided under type $ a2re not casily emuncrated,
becouse they do not econzist of « mamber of diffcrent operation®
stimaloted by Aifferent trov volve eleomonts, es for instance applies
in the cose of the lopienl proccssces, Lather they ore fo be thoupght
of 2z one progecs vhich oan be medificd in verious ways. The
stondard process alwayvs involves converting $he content of T35 4 o 18 &
intoe 'zertes form', 1. inzstecd of connecting the cutputs cof ’"E 4
cnd T8 B to their r:r.m inputs They sro connceted to each others, When
they ore so etmnected their somtent will be deseribed s the *partial sum'.
Some quantities sre then cdded o or subirscted from thé pertisl sun
If the guantity iz o ®e added then FOS 1s stimlsted, otherwisze they
are subtrocted, Ve oy 3 we wislk coneel the eriginzl pa.rt:l_“_ s

before/
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before ndding in which cose we must stirmlate CANCEL for o pericd of
two minor eyeles. The quantity to be added or subtracted is
expressible os the product of o quontity owem as the Tmaltiplicand!
and an-intewer widich may be token o lie in the range =7 %o 15, positive
values being the more normel.  The nultiplieand ney be taken from T3 3
or from the partial sums register itself, Thisz latter case is
convenient for the purpose of multiplying the pertiel sun by £ amall
integer without & complicated series of previcus trensfers i Lf the
ratiiplicanc is taken from the partial sums registor then SELF is
stimilated, The rultiplicr may 2lso be taken from o variety of
HOLT0es. Lt moy be taken from T8 2 or from CI or from TS 11, =z=nd we
agcordingly stimmlate NOR, CIV or ERR.  The maltiplier eensists of
four consecutive digits from whichever gourcc is chosen, The cheolee
of the digits is mede by mesns of o choice of one of the milses

Pl to P32 o enter en a certein linc (DIGIT). At present 17 i
suggested thot in casc NOR 4his skould be Fl, resulting in +he

use of ddgits 1,2,3,4, in cose IV 1t should be P 23 resnliing in +he
use of Gigits 23,24,25,26, in czse ERRIY i% shonld be P 10, 2nd in ense
EBEz it ghould be P 1), In caze DIFF these srronpements cro 5o be
overridden ond the pulse vwill he stored in T8 12 ond tolken from thors,

In cose AUTO the obove fundamertal process is repeated eipght times,
In ench repoctition the miltiplicnnd is token fram TS 3, but it is
modified cach time by mmltiplicotion by 2%+, this effect being cbtoined
by allowing it to circulote in o DL34L during AUTO. We ol=oe wiak
to toke different digits of the nultiplier ot ench repctitien of the
Trocess; this is done by toking our pulse from TS 12 but allowing it
to cireulste in o L 34 also. Prollivies are also provided for
mliipdying the partizl sum by 2 power of 2. Although the elreuits
tre arranged so thet thic could be combined with other cperations, it is
not intended that this should e dene, The feeility consists in
entbiing the portial sums to be delayed by any time up to 63 ond possed
through for a peried of 2 er 3 minor cycles as deaired, The smount of
deloy i3 taken from digids 1-5 of T3 7. wo stimlote EOTATE 2 op
RQTATE 3 according os we wish the rotation to last for 2 or 3 mnor
cycles.

It moy be as well o describe lhene some rather definiie operaticns
arc done.

Addition, Wo 2o not have o fagdlity for addition of two given
murbers so rmgh 28 for the addificen of a given =wher into the vartisl
sum,  Teo add the cendent of TS 3 into the vertial sum we must
stimalate 3, P08, GIV, and must olgo oot up the mamber 1 in columms
24=2Y.  The qultiplicond i3 then T8 3 snd the mmliiplier is 1.

Subtrocticn., A2 adaition but we do not stirualate TFOS.

Short maltiplicotion {A}. To multinly TS 3 by 6 (say) vroceed
as for additiorn witn 0RL1D in solumns 2L-27 inatend of 1000, Ye shall
very likcly clao want to emnecl the origincl contont of the poartial
sum3 register ond thescfore stimiicnta CANCEL,

Short multiziiestion (3. Teo melitiply the prrtinl sum by 6 we
maet atimmlate S, FOS, CANCEL, SELP, 0TV, and set up 0110 in OT 24-27,

Short multiplication (C). 4As B but 4o not conecl cnd puk
1010 In T 25-27.

shard multiplication with nddition, Yo wish to rultiply T8 3 by
T3 2 opd 0dd into the partial sun  We stimilate TOS, HOR, AUTO,
DIFF,

Lemgd
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Long Jm,,tlx_llca.ulan with subtraciion. If we wish to subtract from
the partizl sum e do nobt stimalate ~DE‘: -

Division is an IT0 and A1l probeily be corried out Ty mesms of the
recurrence relation ue = %, unyl = u, (2 - aun),  The limit of the
sequence Uy is 2™t provided 1 - :

The arpropriate inziructions for these operations will be found in
Fig. 37,

The ecntent of 'S 2 or P3 3 iz best consiferad to Te a winary
integer, i.e. that the least significent digit is in the uniis position
e met also consider that the most signifiecant digit hes reversed sign.
The least significant dsgit svpoers at $ime Pl and the most :
significant at P32, In the pa.z“tlal sumg regiater similarly the
lesat significant digit i= to e considercd Lo be in the wnits
position and the most sipnificant to have reversed sign and to appear
63 pulses later, In ordcr to kcep track of which post of the
partial sum is availsble at any moment we hove a signal QDD which is
stimulated during the first minor oyele of the stimlation eof &5, and
thereafter in alternate minor eycles 2o long as 5 iz stimuloted. When
the mltiplicand iz token from T8 3 we have to male some slight
modifications to it boforc it is in sultable condition for sdding iate
the poartial swa,  We have to convert the periedic signel with
period 32 or 34 into o sesucncs of B4 digits of which 32 form
the original content of T3 5, and the rezi is o sort of padding.  Wo ooy
erll the 32 digits the gonuine ¢ :315.:.1:.;. Those digits of padding which
are less significant than the ponuine digits are to bo all zera, those
which zxe rmore sighificent are teo e the s2me as the most significant
permineg diglt, It will be seen $hat this modified multiplisand
MICAID 2 has the adic sacaning as the original rultiplier, but expressed

in the code wileh is appropriate to the partisl sum, snd mltiplied
by the pover of 2 vhich is roguired at the time. It sy be negessary
to changie the sign of this rmxltiplicand, il FOS wos not stliawlated,
A simple cireuid will do thisz {¥ig 34..

Ondng %o the fret thas the portial suns register is o clozed eyelc
of &4 thero iz o donpory of eporries froo the most simificont digit on
to the least significant. This kee to be srevented, cnd it is done Ty
suppreszing the osrry in the sppropricte cdder at The tise D32 & -(0D.
This ic shovm by an inhibiting conncetion on feo the addor.

The detoiled correciness of the cireuits iz beat werified by working
through various particulir cascs, % is necczsary to work scveral
different enes in crder g bring out the voarious differcnt speaial
points invalved, In Flg‘ 35 the preliminserdecs to a long maltiplics tion

cye becn worked, This shewe the setting wp «f the new O and the
trznafer of digits to the valve elements Z1, 22, 23, Zh, It brings out
the point of adding 2 roather thar 1 %o the CT in eases A, B, for we are
Just in timc Eo ecieh the next instruetion. The final gtapes of the
miléipliention nre shoym in Pig, 36,  Here it hos been assumed that the
minor gyele is of length 16, in order to reducc the space occuplied by
the warking.

1%. PFxumies of Inatructicon Tebios.

In tlics chopter o :-:hor'L ec,ﬂcrunt of the popor techndouc of wsing the

rachine will bte given. I shail ur';,r to give same iden of what the
instruction Tteblics for o job 'rr':LlJ ¢ Like and sy they are rpelated to
the Job o3 to the macidino, it o a.cccm.lt st poocssarily be voery

inearplete nd erude becumuss the wlwole project as yet exdsts only in
imagination,

Encly’



- 28 -

Enl

Eeoch instruckion will azpsar in a nunber of differcnt forms, proosbly
thres or four,

Machine form. - When the instruntion is e:-mre ged in full so as to
be understood by the mechine it will occupy one minor ayvele. This we
call machine form

Permenent form — The same instruction will eppear in diflerent
machine forms in different jobs, on account of the remumbering tachnigue
ag deseribed in pr.l13,1h. Each of these mackine form instructions
srizes from the pertanent form of the instruevicn. These permancnit
forms erc on Hollerith cards and sre kept in a sord of Library.

Fooular foyraw - Besides the pards we need some form of the table
which cen be eagily read, l.e is in the forw of print on paper rather
then puneqdng. This vill be the popular form of the tsble. I4 will
Be raach mwre abbreviated than the meshine form or the permancnt form,
at any rotc oz regerds the deseripiions of the CAD,  The names of the
instruections used will prozibly be tho samc as those in the permeneont
form.

In addition o these we mast recognisc the 'general doscriptiont
of o tableo, This “All contoin o full desceriction of the proceas
carrdied ocut by tie moclhine foting under oprders from this toble, is
will tell wus where the guontitics oy cxpressions to beo opersted on are to
be stored bofore the operation bepins, vhere the rcs.ll vs sre to be found
when it i over cad what iz the reletion between th It will zlso
tell vs othor important informaiicn of o reasher :11?0::* kind, such ns the
stornges that nmuat be 1oft vaeont hefore the opersticon begins, those
thot will get eleared or otherwise zlbered in the proeess, whet checiks
will be mede, ond how vorious possible different ocutoomes of the
proccss are to be distingeished, it is intended that when we are trying o
to underetond o tablc 2ll the information thot iz needed about the
subsidicrics to it should be obtainable from their generel deseriptions.

The majority of actusl instructicn tables will consiszt almost
entirely of the initiction of subsidicry cperctions znd tropsfers of
moterial, It should be recogmnised however thet the time spent will
be in quite diffcrent proportions. The three most time consuming
cperations are mrltiplication, walting for moteriad in long delay lincs,
and trensfers of matoricl, In scme jobs the input and ouiput of
materiol moy olso be very tlne-consuming,

In order to give o fidrly coomlete pdeture of what the tokles are
like I om giving emcuples of two tnbles, of which one is elomentary and
Aces not involve subsidiories; tae othor 1s o mere advonced table
ond gonsists lergely of such orders. Bezides these I have added o
marher of gonernl descripiions of tooles.

The fundamentel toble choson is THDEXTH, used for finding & rinor
eycle whosc positien has been written dovm in o parbiculer place.

In these tables DL @, will donote the nth minor oyele of DL m,
LDEXIN (Gencral Deserip 4ion). The miner cyole wiose position is

described in diits l7-3e of T8 27 is transforred to T2 28, The
contents of T8 2,3,5,7,5,8,9,10 get altered in the process.

How follows the pepulor form of the table.

TNDEXTN/
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LOEXTH,

1 G, ©000,0100,0000,0000 o
2 T8 6 « T8 2 .3
3 ATD 1A b
L ROTATE 16 5
5 TS L~ T8 6 &
6 TE &~ TS 9 7
7 "B 27T -T9 & 8
8 18 6 - TS 10 g
9 R 10
10 T3 § ~ T8 6 11
11 B,1, THDELIN 11

12 o8 6 - T8 28 13
13 B, BURY

The first ecolum pives the popular form of the neme of the
instruction, ond the lost colurm $het of the next instruction to be
follewed,  In most ooses this could in theoiy be omitted hecavse of
the instructions being of type A Wher the instructions =sre of type A -
the middle oplurm dezscribes then in cbbrevicted form For inatonece
T8 & = T3 3 describes the cperation of tronsferrine the content of
TS 6 into T8 3., Eupressions of form §, .., Dean an instruction
af type §, and the exporessicn affer the comm: descrizes what is in
colwms 17-32, ADD ‘AT iz 4o mean 448 T3 2 into TS A ooncelling the
partiz) sums', ECTATE 16 meons 'Eokate the content of 73 &, T8 5 forvards
15 plagest, OR is r. logical operatian,

The expression 2,1,1NDEAIN 11 is intended to stond for B in eolumm
3; 1 in colum 17 and IRLEXIN 11 in colurms 17-32,

Outline of oporatien (INDEXIN)., From 1 o 10 we arc construciing the
instructlon wideh tcllz us to moke the cpprovriate transfer ond T ttdng
that instruction into T8 6. The instruction B,1, INDEXIW 11 requires
uz to carvy out the instruction in W8 6. The new IN formed vdill be O,
LHDEXIN 22 so that we then oontinue with instructisn INDENTN 12,

The table for IMIEXIN is shown in full in Pig 36.

e ouse the comvention thet ne digit iz showm i the value of the
diglt is not scignifieont,  RBoth O ond 1 cxe shown if eithor voluc is
possible, ond sipnifiesnt. '

DISCRIM (General descriptien), If TS5 8 contninc zny éipit 1 then TS 15
iz pocsed into .LS 2y, Dt}‘ﬂr“-’lac 184 16 iz passed into 05 24, The contents
of TS 2, TS 3, T6 &4, T8 5, 25 8 are altercd,

Jutline/
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outline of overabion. 18 8 is transferred to T8 £ and then subtracted
Tram zero, pasging into the partial sums register TS 4, TS 5. By
taking out TS § we cobtain & minor cycle full of digits 1 or of digits O
nocording as there wos or was not 2 digit 1 in T8 8 orlginally, e
then form (78 5 & T8 15} v (~175 5 & TS 16) by logical operations and
pazs it on to TS 2h.

This table provides the main means of deciding betwsen two
nlternative procedurcs, by sctting up one or the other of two instruetions,
esonteined in T8 15 or T8 1b.

PLUSIND {General Desgription). 1 is odded to the posiiion reference In
T8 27, e.p DL 7, 9 becomes DL 7, 10, but DL 7, 32 becomes DL 8, 1L

TRAKS 45 {Cenern) Description). The following set of transfors
is mede
TS 22 - TS 20, T8 23 - TS 2L

BURY {Goneral Description). The content of I8 1 with 1 cdded is
Troneferred to the position indicated in TS 31, and 1 is addec to the
recferenne in T8 31 We thon prococd o oarry out the instruction in
3 1.

UNBURY, {Geonercl Deseriobion). The miner eyels whose position is given
in T4 31 is token to be position of the noxt inatructicn.

MILTIZ (General Desoriptien), The jumber in T8 18, 15 is miltiplicd
Ty the numser in 78 20, 21:  the result is brought te standard form by
snift of decimal polnt, An crror is obtoined for the product by wsing
the errors in the siven mumbers ond =)lowing for romding off, The

result iz storced in TS 22, 23,
ADD i3 smelogous 4o AULTIE,

42 an example of a morc complicated progess, I hove choscn the
aaleulation of the walue of o polynominl.

CALEOL (General Description), fThe minor cycles of DL 3 tcken in pairs
momiboan the coefficients of c polynomicl in descending order.,

Bridently we are rostricted to degrees noi exceeding 15, ond We ASswne
the degrec alwaye to be 15, filling up with appropricte zero
cagffielicnts, The valuc of thia polyncmdal will be ealeuloted for the
argument in TS 13, TS 14 and the resuld will be transferred to TS 23, 28,
Before stnrting we requirs specinl eontents in DL 1, 14 and DL I, 15,
Thors ore

DL 1, 1 0000 ,0101,0000,0000,0100,0110,0000,0000
oL 1, 15 000G 0000 ,0000 , 0000, 0000, 0100 , 0000, 0600

the expression in JL 1, 1l represcating the cexder to tranafier DL 3,1 to
TS G

CALFOL/
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CALEOL.

CALZOL L Clear TS 22, 23; DL 1, 1k - 95 273

DL 1,15 - T8 29, CALFOL B

CALFOL 3. 2, SURY; B, IIGMXIN; ©8 28 - 75 18; B, BURY; B, PLUSIND;
B, BURY; B, TNDEXIN; TS 28 - 18 19; B, BURY; B, AUD; B, EURY;

B, PLUSIND; TS 27 - ©5 2; 1€ 29 - 8 3; AD; §, CALDOL 40;

18 6 - 13 15; @, CALXOL 37; TS & - TS 16; B, BURY; ¥, UIBCATN; B, 1
CALFOL 37. T8 i3 - TS5 18; TS 14 - 78 19; B, BURY; B, TRANS 45;

B, BURY; B, H#[LIIP; B, BURY; B, TRANS 45. CALZQOL 49.

CALEOL 49, B, CALPOL 8.

CiLFOL 50. T3 22 - TS 25; 18 23 - TS 26; B, UNRUHY.

The hove table for OALBOL hag been cxpressed in a more abbreviated
fares thon the one we gove for TREFYIN, seversl overations being listed
at a time. LD is of course the logical operation and B,1l indioatcs
B with o 1 in colurm 27.

Qutline of operation (CALFOL). If wc denote the polyneminl by

] %+ + ap xir + ... the caleulniion proceeds by the equations

B] =op, 8] = b1 K, bp = ©] + Op, Gy = bp X, ... Afber the
oaloulation of each by we hove Lo determine whether this is the one
regquired, viz. byg or nob. Phis i5 done by examininp the eontent of
TS 27 which includes the munber r and is also, one mzpght say
principslly, used to describe the positicn of the noxt cocificient
Bpile If it is the onc reguired we find ourselves at CALFOL 5O and
have to pags b out to T8 25,26,  Otherwise we go to CALRPQL 31, and
sftor miltiplying by by x to give c¢p we find ocurselves back at
CME0L 8 and repeating procssses we have dene before,

Tt will be evident that the teble CALPOL is somewhat wasieful of
spagc, LEach time a subsidiery cperation is required we have to
repcat B, BUKY, and each time we make a transfer we have to do it din
two stages, cach of which uses a wholce minor eysle of which most iz wosted
T+ is possible to aveid this waste of space by keeping the instruction
tunles in gome abbrovicted form, end expanding each toble whedever we
vent it This will require a toble FEXPAND, and will require cach
tahle te include appropriate references to the table EXFAND, Thesc
references +ill hovever ke wut in by EXEMT itsclf (when working under _
controct Yo a Righer authority), just as EXPAND will put in the rofercneccs
ta BURY end THEUEY.

BIIDEC (Genorel Desoription). The nupber in TS 13, 1 is translated
Tnio deeimel fora of the tme = x 10 wvhere 1 ¢4 ¢ 10, and is
tronsferrea into DL 10 The notation of the decimal form is such thas
the eontens of DL 10 eon be passed out onto o copd In toe uwsunl vy
and Af the oord iz thon iicted the digits of the mubers ol ,m rll $hen
appesr on the listing puper in the usunl wy. Or in othor words only
the ©irst 10 minor cyclcs of DL 10 &rv used, and o decimol diglt is
ropresented by the minor eyele in which 2 pulzc ooours, and its
significance by the position of 1t within the minor cyelc.

(This wocount is inconplete o5 regerds signs cnd some other detoils).
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1., The Desim of Delay Lines.

(i} General,- A considerable amount of work has been done on
delay lines for H,DL.F. Durposes, On the whole our problems
aoingide with the R.0.F. troblems but theres are a few differences.

(a) Owing to the fact that thers will be more then one tank
used in the ealoulator the stability of the delay is of inmortanes,
In B.L.F. the dglay is allowed to determine the recurrence freguency
snd the effects of veriatioms in it are thereby =liminated

(b} In R.TLF. it is required that the delayed signal should
not differ from the undelayed by an error signal which s less than
60 dB (=ay) dovn on the signal proper. We are less difficult o please
in this respect. We cnly reguirc to be able te distinguish mark from
space with a very high probability {e.p. abt least 1-10" Z), This
requires a hizh sigmal o nolse ratio, sc far as the true rendom nedse
mnd the interfercnoe are concermed, but it does not reguire ruich as
regards mum, froquency distortion and cther feectors -producing wiwanted
signals of fairly constant amplitude,

Our mein corcerng then in designing a dolay ling . will be;

{1) To ensure sufficient sisnal strength $thet nelse does nod coanse
sericus cffects, :

(2) To eliminate cr cerreect fregquency and phasc distertion
sufficiently thalt we may corvectly distinguish merk and spacd.

{3) 7o stabilise the delay +n within say 0.2 pulse periods.
{4) "o eliminete inderference.
(8) Te¢ provide comsidcrshle storage cepacity at amell cost,

(6) To provide mesns for seiting the crystzls sufficiently nearly
parallel,

. The questions of nolse snd signal strength are treated in Soame
deteil in the following pages, It 18 found that there iz plenty of
power availoble unless cither very long lines or very high freguencies
are used. The eliminotion of interference is mainly = matter of
shielding and is o very stendard radie problem, which in our case is
mish less serdous thep usual, Vordous memns have Been found by the
R P workers for setting the crystels, Sems prefer to machine the
whole delny line very scourately, others to provide meons for moving
the erystels throvgh small angles, e.g. by bending the tonk All ocre
satisfactory.

T list below s mudbcr of guestions which rust be answered in our
desim of delay lines, I order tc fix idesas I have added thc nost
probable snswers in trackeis aftcr each cucetion.

{1} What icvid should be used in the lino?  (REither nercury or a
rrater-oloshol mixture).

(2) Shoula we use a corrier? If so, of what freguency? (Yes,
certainly uze a carrier.  Frequency should be sbout 10 Mo/s with
waser-alochol mixture, but may be higher if desired whon mereury is
uaed) . '

(3) What should be the eclock-pulsc froguency? (1 Meo/s).

(4)/
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(L) What should be the dimenslons of the erystals? (Diameter
mlght be half that of the tonk, o.pe 1 o Thiclness should be such
that the first resonsnces of the tvo arystals are two or three A
megacycles on either side of the carrier, if water-alcohol iz used,
With mercury ths thickness is less oritieal and may ho either sz with
wter-alachel or may hove resonance egual to cabrier,

(5) Sheuld the inside cf the tank be rough or smooth? {Smooth).

{6} What should be the dimersionz of the tenk? {Stondard tanks
to give a delay of 1 mz. chould e about 5' leng whether water-sloohol

or meroury. BDiameter 3'}.

(Keep &1l the tanks within ono degree Fahrenheit in terperature.
Correct systomatic temperzture shorges hy altering the puise freguency. )

In order to be able to answoer thece questions varicus mathematieal
provlens conmneeted with the delay lines will heve o bo solwed,

(ii} Electromagnetic conversion efficicnoy.~ The deley linc may
best be considered 48 forming en eleotrical nefworik of the kind wsually
{rather misleadingly} deseribed es 'four-pole’, i.c. a network which has
one input ourroent ond one input veltage whieh togother detcrmine au
cutput wvoliago and ourront. Such & nebtwork is desordved by three
complex nurbers 2% cach froquency. In the case vhere there is little
courling between the output and iogaet, wliden will spply to cur problem,
o rey bake thesc quantitios de e the fmput snd output admivtzncss anc
the 'trensfeor admittonce!. Strictly spoeddng we should epeclfy whether
the output is open cdroult or 2ihwet oirewit when stating the input
impedanoe, but with wesk soupling tliesc wre offectdvely the same;
simliarly for the ouwigput irpedanse, e transfer adnditance is the
ourront produced at one end duc to wnit voltege =t the other, and doss
rnob depend on wilch end has the volbage applied te it, In the azse of
the delsy lines the input and cubput admlttonecs will boe effectively

the espocities botween the arysteld cleotrodces, Ve nsed only 2etermino
the transfer ndmittancc,

We shall nonsiicr the following ildealized ooge, Two eryatals
of thicknesses 4 and At ore iwmmersed in a liquid, with their faces
perpendionlor o the x-zxdis, The ligeid extends to infinity in both
the positive anc the negomtive x-directlons, and both lignid and
aryetols extend to infinity in the y end z direetions {Rig k0). The
distance between the nenr side faces of the crystals iz £, It is
asgumed that there is ecnsiderable attenuotion of sound waves over 2
distonce of the order of 4 but hardly any over o distence of the
crder of 4 or At

Theac asswmptions are introduced largely with a view to eliminnting
the possibility of reflections. In proctice the reflecticns wouwld be
eliminatcd by other meons, For instonee, the infanite liguid on the
extroeme right =nd laft srould be reploaocd by o sahort length of liguid
in o siub of not very regular shope, #o that the reflected waves would
act be porelliel to the face of the crvstol. dore likely siill, of
gourse, we zhould have some entirely different medivm thero,

The physiozl gquentitics involwed ore:
{a) The density g+ Weurite € for the density of tho

erystal end € | for that of the liguid. Likmdse o sudfix 1 will
indicate liquid values throughout.

(b)/
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{t} The pressure Tin In the cose of the-crystal this 18
understood to mesn the xx-component of stress.
{¢) The displacement _{ in the x-direetion.
(d) The velockiy v in the x-dircotien.
(e} The radian frequency w.

(f) ‘ae clasticity » .  This is the rate of changc of pressure

per unit decrease of logarithn of volume due to oerpression.

(g) The welocity of prosazation o,

{ly) The meonanical charseteristic irpedance A

(i) The recivrocal radian wave length /3 .

{J} The piezo-clectric consiant & . This gives the induced
pressure due te an eleetric field strength of unity. This field
strength should normally be thought of as in the x—direetion, but we
shall have to consider the czse of a £icld in the v or z direction

briefly also,

These quantities arc rclated by the equations

— e W dp dg
c=~!]?f1j‘, j =*’)1{ ,Ir_r;; :;, V=g, invz-;;:, p:ﬂvﬂ;+bi

In whot follows we agsume that all quantitics such as g, W,
time according to z faotor e3Wi, which we omit.

[y
&
I‘fj
é
o
s'\
&
jat

e now consiicr the 'transmitting srystalt, whieh we. suvposé extencs
from ¥ ==a %0 x =z a where 3 = 22, The soluticn of the eguations
will be of form

o= E§_+E¢os/:-',x

within the erystal, i.e. for |x|< a Jince the preasure is continucus
we shall heve

v = (B£ + B oos ’/:;a}cifgl{a - /) if |x|ya

-

Thiz gives for the veloeity

i
. . -1 . .
v = ===, -B fain g x = -iA sin g x if |x[¢a
o S -
T e ipalae 1
= 11 c,+3ﬂcaﬁa,e/d S.fémﬁﬂ-l fx;:;,a_.

Gontinuity of velocity now gzives
/ 1¥, }
|

B{:caa./j, 2 + mj-_ sin/{, a;

L]

= -.Ei

and/
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i
i.e. the veloclty a% the ingide edge of the oryatal ia

ik z L -
oot ~- &+ dn
2o

.
where U = ™ 1,—" ",
-3

Assuming that the exeiting voltage is longitudinal we may say that

Velooity iz 1

Exclting voltage :s‘ 3 i
cat -- + iy

2o

The effect of the medium between the two orvatals we will not oonsider
Juat yet, Let us =imply nssume thot

Velogity at inside edge of receiving crystal

o ——— e T AR L i e e T T R L A e - e

Velocity at ingide edge of transwitiing orystal

We have now to consider the ¢ffect of the receiving aryatal. Fortunately
we can aesl with this by the principle of reciprocity., When applied 4o
a mixed electrical and mecheanical system this states that the velocity
produced at the mechanioal end by unit voltage at the c¢leotricsal end is
equal o the cwrrent produced at the electrical snd by unit foroe at the
machandical end. Henece

Gurrent at rocosiving end iy 1

Foree on yeceiving crystal ary Aty
got === ¢ 1u

2o

To these cquations we mey add thei the rafio of forece to presguwre 1z tho
crca A' of the receiving erysinl, ond that tke rotis of pressure to
vologly is the mechirnical characterdstic impedanne AL Comrining

we obtoin -

2
| AT, 1
T = %raznafor admittonge :-ﬁ ----------------------------------- .

adt 32 aw N/ ' oatw
(cﬂt -= + 1u (mt -—= + 1iu
2o j 2o

Let ug now ossume thet the input to the valve from the recelving
orystal consists of a tuned eircuit with o fairly low 'Q'. as in Fig, 41,

Then/
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Then
Grid voltage
Voltage attenuation and phase change footor = —-—rroomm-—een
Input voltage
Y
1 1
e+ Ciw o4 -
Liw R
¥ WW
G, 1w, 5g,
(‘ﬁf + We + --—) o Vg 3 e
5 1
whers LCvwiq 1+ —uE = 1, ¢ = 0Oz + .
he)
9 = BROw
) Cx 2 s 2
= A TTEEETT, meme——- + R{‘l‘"}
Cp + Cg £y i
whers < = Dielsetric oonstant of crystal.
)= Attenuatien due to vizsosify of medium and
peometricsl causes,
u WW,
a
R{w) = e e e e e R
dw, aw y alw % iwg, i,
=100t =~ 4+ 1u |f oot we- 3 iu) W W, b - = Wy 4 e
20 “ Pl \. 20 2Q 25
AT 2
The quantity h.;.,....._ depends only on the crystal, i.e. on the

ma.ter:l.el of wideh it is made and iis cuv and form of excitation.,  Beth
'rl are of the dimensions of s pressurs. L8 is of the

a:n.mansmns T an elecuric field, and may be thought of as a constant

alectric field which nas to be added bo the varying field in order that

the combination should produce the correct pressure vardistions, scmewhat

like the permanent mopmet field in & telephonc recgiver. A& typlcal
27 ¢,

Lot 18 now consider the frequency-dependent footor, R{w). The
parameter w  entering heore is the ratio of the charactoristic
impedences of the cryatal and the liquid, It is egual to

Veloeity of sound in liguid x density of liguid

Velogity of sound in corystal x denaity of crystal
The/
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The velocity of sound in the orystal (X-out quertz) is 5.72 Jay/szec.
and 1fts density is 2.7. The velocity in water is L 44 lm/sce., and the
density 1, hence

a{water! = 0,1 abt,
The veloglty in mercury is much the same but the density is 13,5, Hence
u{mercury! = 1.3 abt,

These figures sugge=t that we conslder the two cases where u  is smoll
and where w iz 1, The latter caze may be Zescribed by saying that
the ligquid matches the orystal.

It may be assumed for the moment that our ebject iz to male the
minimum velue of [R{w}[ in & ecertain glven band of freauencies as
lorge as possible,  If the width of the band 1= 2 5 and it is
acnired on wg and if we ignore the variations in »3  we shall find thai

the optimum valuc of u is of the form N & where N iz some

We
mamericel constent probably not too far from 1. The value of § should
be as large as possible.  With 4 = 1 Mo/s, we = 10 Mo/= this seema
to suggest that water (u = 0.1) is very suitable, In practice the
differences dus to the value of f‘:' are more serious than those due fo o,
and thers is in any casc plonty of poror. We would not in rraciice
take Q@ a3 larpe as we could but would retiicr try to arrangs that
|R(w}[ wes fairly constont throaghout the band coucerned and  arg R{w)
fairly linear whon ploticd against I water wore used onc would
probably choose the thiclmosses of the erystalis and the vdlus of § o
aive polos of |R[1r]'l somewhat as chown in Fig 41, Wish this arrangement
of the peles the gain corresponding to IR is 9 4B throughout
the renge 8 ¥o/s ond the phasce characteristic lies witlhin
E2 of the sireight linc within this range.

fith meroury where u is nearly 1 we should put

i

iy, T dlwg, H
TR T, eI o= ey,
Zo P 20 2
and thom 5
T w wOw
SERTEY AR5 RO . S— .
ID

A ( iwa) iwg
Wk Wy o+ == J W~ Wy =
28 ! 2Q

Yie should probably find it desireble o omit the tuned circuit, in which
caso  R{w] would represent a fairly constant losz of 4 dB, One coulad
uze & 5 of 2 1f one wished, giving o gedn of 2 45 instead.

We hove assumed above that the erystel iz longitudinally exeited
If it were transvercely excited the flgures would bhe muen less
satiefactory. At the transmitting cnd o for larger veltage would have
to be applicd in order to chtain the szme {ield sirongth, snd at the
recelving end the stray copacitics will hove a more serious effeel with
transverse eleotrofes, althourch iff the stray capnolty were zers
tranzverse eleotrodes ot the recelving end ~rowld tetually bo moro
effleient,

{113}/
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(iii) Geemeirical attenuation,~ If a rectanguler crystal is
orookedly rlaced in a plsne parallel beam, the tilt being much that the
one edge of the crystal is advanced ii.n rhase by an angle ,fft then the
2in oo
attenuation due to the tilt is -—:—--i—. With a squere crystal whose
[
side is 1 om. 2nd o frequency of 15 Mo/s this would mean that we get the
Tirat zero in the response for a tilt of sbout 6. The setiing is
Probably net really as oritical a=s tihis, owing to curvature of the wave
fronts, if the crystzls arc eperaling in a free medium witheut the
tube tihis effect is cosily estimoble ond we find that, for crystals
sufficiently far epart the zllowaple anpgles of tilt are of the crder of
the angle subtended ot one erystal by the other. It has been found
experipentslly with tubes operating at 15 Mo/s that %ilte of the order
of half o degree zre admissible.

Now let us consider the loss due to boundary effects, YWe assume

Fl . -
a wave insidc the fank of form p = J /’:!r} u"-fﬁz*'mt and assume o
1 dp
boundory condition of form - - = _g where we 4o not low
B dn ~

whether it is real or oomplex.  The radius of the tank iz o, 50 that

i !
fo'a J1(A23) .
the Poundrry condition becomes ' ———-emem o o I 2. L&t the solution

Jn(ﬁfﬁ)

T ner sven

wiy(u) u(yaiy W
of ——,— ¥ be u.l.f:.r). Then we have {32 + ( —————— } = -- and
To(w) | ! a o?
o - l . a\
therefors '.'—"'ff,{{ ﬂ/l + 5 5:{ [+ :7 n =0, But since E.{HE._.,’_ iz small this
! a , ' /e‘ a
efiud
mengs approximetely \7/1 = =eeeece—e, and the loas in o length E, of' the
g Q o ;)
tonk 15 —=- u\] U nspers.  Poroa given value of \5 thore are mooy
am
wiy
selutions of ~~= = T'a but there is 2 bounded rezien of the u plane

Je -
in which there is clways a solution whatover value 5a moy have, This
means £o soy that for any boundory condition there is alimys o moade in
- ¢ o~
which the attermetion does not cxcced '{ ~--= whore € iz some
BV
namericel sonstont.,

The volue of "L is about .9 Tt iz the largest velue of
¥y such that (x + diy) Jy(x + iy)/T(x + iy) is pure Lnoginory snd
¥» 0, 0 x{ &b

Taking Loe/afw, = 0.31 (as p,41) the maximun loss in this
mede i3 & dB,  We should however probebly add a certain smount to
allew for the fact that not all of the cnercy will be in this mode,
4 total loss of 10 &B would probobly net ke too zsmall.

(iv) Attenuation in the medium ~ The attemuntion ecefficicnt is given
292 1
by =---- where 0 is the dynemie coeffiecient of vwiscosity, i.e., the
3
ratio of viseosity to density. With woter (¥ = ,013 e = L&k Kny'sec. )
at o frequency of 10 megasyeles mnd o deloy of 1 ms we have s loga of
12 4B,  With mercury under the same circumstances the loss is only 1 dG.

Thesg/
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Theas figures sugzest that if water is used the freouency should
not be imeh above 10 Mels, oul that we can go oonsidersbly higher with
mﬁrw-

(v} ZXoise.

Before leaving the subject of atternmation we should verify hov
migk oan e tolerated, The limiting lactor iz the noise, due to
thereel apitation and %o shet effect in the Flrst asmlifying valve,
The cffect of thome is eguivalent o an wwanted signel on the grid of
the first valve, whose eorponent’ in a norrow band of widih £ ovcles
has an R.M 3. wvalue of

Vg = 4LXTF (R +Re)

where T 1s the absolute ftenmperature, Ik 1s JDoltzmann's constant and
R iz the resistive component of the impedanee of the ecireuil working
into the first valve, including the walve capacities, Feg iz a
constant for the valve and describes the shot effect for the walves.

In tho case thot we use mercury and 4o not tune the input the value of
B will be quite negligible in comparison with Re, which might
typically Te 1000 ohma, For a pulsc frequency of 1 megacycle we mast
take f = 106 (thc theoretical figure is Fo® but this is only
attainablc with rather peculiar eircuits). At normal tcmperatures
LT =16 x 10720 and therefore Vir = Il.r.."i}'. In the ¢zse that we

&
use water and tune the input, we haove R = ~o-e—-——e~  af the worst
r W’(Cx L GS)
frequency,  Assuming ~-——— = 2 Moz (see Pig id) and Oy + Cg = 20 pf

2ne
snd ignoring the fact that the effect vill not be se bad at other
frequencics, we have Vi =9 J.l..".i'.

. Now suppose thet we wisa to noke swre that thae probability of error
iz less than p, and that the differcnce in aignel voltage befween 2
fizit 0 ond 2 ddpit 1 1s W Then o shall noed
Cad
4

2 J -::"F‘IﬂcLa dx (p.
v/ 2V

(This follows from the fact that & random nolse woltege i= normally
distributed in all its coordinates). If we put o= 10732 we find

v
--51.}-2#, v'-br':}ll mv.
Vi

{(vi) Summory of output powcr results, - Summrdising the voltage
obtenuation and noise gquestions we hove:-

{a) There is on atbenuantion factor depending on the material of
the erystnl =nd its cut =nd for quertz fopically giving a loes of
L5 dg.

(b} There is a footor R dependdng on the ratio of band width
required to carricr froguency, and the matehing faetor u  betieen
oryetal and liguid,  In prreticol coses this ameunts to gains of
10 B with water ond 2 Jd5 with moeroury.

(¢} Thers iz o loss foetor fo’(‘.}x + Cg  due to stroy coapacity Cs
acroas the repeiving erystel., This might represent o lpss of 6 d3.

(a}/
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(3) There is a loss due to the viscosity of the medium  For a
water tamg with a delsy of 1 ms. and & corrier of 10 ifo/s the loss may
ba 12 4B: with meroury and a carrier of 20 Mo/s it may be 4 dB.

(e; Losses in the walls of the tanic Apparently this should
not excesd 10 4w,

(f). The noise 'I.rolta.gs' may be 4 x lD_é volts RNS (merewry) or
9 % 10°% volts RS {water),

() The signal voltage {pesk to peak) should exceed the noise
voltage (RMS) by 2 factor of 2 for safety,

These figures require input volbages (peak %o pesk) of 0.2 wvolis
or 4.5 volis with mercury and waler respectively., We could ciite
conveniently puv 20C volts on, s¢ that we heve 60 dB (or 53 lﬂ.B‘) to spare,
There is no danger of breading the crystals wien they are opersted wiih
30 much damding.

(vii] Fhase distortion due to reflections from the walle, = We
oannot easily treat this problom quantitatively becausc of leak of
informztion about the boundery conditions and besawse the ratis of
dismetor of orystal {o dismeter of fank is sipmificant, Lot us
howower try to estimate the crder of magnitude by aazuming the pressurs
zero on the boundery and sonsidering the grevest mode. - Tn this asose

k1 rx

the pressure is of form J n( —me | " AEHIWE yhore 23 4z the dlameter
e f
of the tank and k3 = 2,4 iz the smallezt zero of J,, and
k2 Wl .
{52 + "5 s o In this case the change of ghase down the length 4
a e
W kg2
of tank i= l.i: = R If we are wsing carrier working we are
] &
3% g k%0t
chiefly dnterested in ~—-- which turns ont te be -~ ——=---= whers ¥ig
d: Wyt oA

is the carricr fregquency. I we supposc that the band width invelved
ls 2.2, then the greatest phusc crror which is introduced ic
1-:12_&‘2 G"g
- —————— Let uz mupposc that the greatest admissible orpor is
P ng-::] a2
0« 2 redians, then we rmast have

'80 {D.-t;‘ wo)z
aZ w,:,‘\ 1-:12 9._ )

1 efs
L4 x 107 o/sec.

L4 x 102 T

;
g

Talding We,

=
[l

Q
1]

che
Il

a = 1 om,

Then,
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Then “m = 22 X 1@'—”_ e

Lo

Temme = 0431
3.2 Wo
D 8
L ] wo
--§<—- = 695
52\ n

The situation ia thwus entirely satisfactory. The carrier frequency
gould cven be halved.

{viii} 7The choice of medium, - In choosing the mediwn we heve fo
take into apcount

fa) That n mediuwm with = small characSerictic impedance such as
water has o 3liskt adventase s regards the factor R{w).

b) That woter is wore attenuative than mercury.

(] That mercury gives wide band widthz more casily than water
because of closer malohing, but that adequate band widths are
nevertheless possible with water,

(4] Thet o woater-alcohol mixture can be made to have & zero
temperature coefficlent of velocity at ordinary temperatures.

On the whole the advantazes seem to be slighfly on the zide of
mercury.

{ix) Long lines.- The idea of using delay lines 'Ath a long delay,
&, g of the order of 0.1 second, is atiractive becsuse of the very large
storage capacity that such a line would hawve,  Although the long delsy
would make these unsuiiable for penerol ouwrposes they would he very
suitable for casce vhoere very large amounts of information were to be
stored:  in the majority of such cascs the material iz used in a fairly
definite order and the long delny does not matber,

However such long lines &9 aot zeslly seem to be wery hopeful,
In order %o reduce the stioruction to ressonable proportions it wouird
be neeessary to abandon ecarvier working, or else to use mercury. In
cither caose we should probably be obliged to make the tonikc in the
form of & bath rather then o tube; in the former casc in order to
evoid the phese distertion arising from reflections from the walls,
and in the lotter to economise mercury, using a system of mirrors in
the path, In any case the technisus would invelve rmach development
work,

re propo#e therefore o use only tanke with a delay of 1 ma.

. (x) Choice of psrametcrs,- Considerations affceting the carrier
frequency are:

(a) The higher the carrier frequency the greatcr the possible
hand width,

(b} The éifficuity of cutting thin ecrystals, somewhat modified
by the sbscnee of necessity of frogquency stobility.

{e)/
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(e) The attenuetion at high frequencies of the sound wave im the
1iquid.

(4} 'fhe difficulty of setting the crystals o =uffieciently
nearly parallel 4f the wavclength is short.

{¢) The diffieulty of amplification ai tgh frequencies,

Of these {a) ond (e} are the most iwportsnt. 4 reasonable
arrangement sesms to be to choose 2 freguency at which the attenuation
in the mediue is sboul 15 dh,

With the comparatively low frequencies and with wide tanks the
setiing up éifficuliy will not be serious. With lonz lines e should
propably not atternt to do temmerature correction, but would rephass the
o tput.

Contiderations affeoting the pulse frequency arc:

(a) The limitstion of the pulse frequency to & comparatively small
fragtion of the earricr freguensy if wator is the transiission mediin,
end the lisdtation of thiy corrice Trequenoy.

() The finite recetion times off Lhe valwea,
{¢) The grector capacisy of & line if the frequency is high

(&) Grester specd of cporsiion of the whole machine if the malsc
freguency is high, '

(2) Cevardiy ond irrotionsl doubts as te tho feasibility of high
frequenoy working.

If we can ignore (o) the other considerations sppcsr to point to a
ralsc fregquoncy of about 3 megacyelos or oven higher, Y& arc however
somewha® alormcd by the srospoct of even working at 1 megecycle since the
difficulty (b} might turm out to be wore sericus than anticipated,

Considerations offeeting the dlamsteor of the tank ure:

{a) That the erystols are most conveniently adjusted %o be
parellel by bending the tanks and that the diametor sheuld theroforc nof;
he too lorge,

(b) Thet the diamcicr should be at least larpe snough to
agoonmodate the crystal.

(¢} That small dismcters give phase distortion (p.40).

(&) That <ith mereury small diameters are economical. At a
priece of £1 storling veor 1 b, avoindupeois of meroury & 1 as. handc
of dizmeter 1" would contsin mercury to the voluc of sbous £2-9-6.

& diamneter of 1" oy rether loss iz usual in 9.5, torcs and
Bppedrs reasonanle in wviow of thoze conditions.

(x1) Tempersture control syztem, - The temperntuse ecefficient
of the veloeity of propagation in mcreury is quite smoll ot 15 Mz/s,
being only 0.0003 /degrec eentigrade,  This msmns $het i the length
of a 1 ms. line is to bo corrcet to within 0,2 ms. then the
temperature rust be correet to within two-thirds of a dpgree
contiprade,

15./
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15. The Design of Valve-slements,

(1) Cutline of the problem - To desigm valve-elements with oroporties
as described in B 5 and to work at a frequency of say 30 or 100 kilocycles
would be very straizhtiorward, vhen the pulse recurrence froguency 38 a8

high a3 o megacycle we shall have to be more careful sbout the design, but
we need not fear any real difficulties of prineciple sbout working at these
frequencies, and with sush band widths, The suceesasful working of
television egquimment gives us overy encowrsgement in this respect. A
word of warning might perhaps be in order at this point, One is termted
to toy and oorry the argunent furiher and try to infer something from the
suoeess of E.O0.F at frequencics of scveral thousands of mepacyelos,

Such an analeogy would however not be in order for elthough these very high
frequencics are used the bandwidth of intellizence which can he
transpdvted is 8vill comperatively small, and it is not easy to =2o¢ hevr
the band width cculd be greatly inercasecd,

In this ehapter I snell discuss the Timdtaticns inhorent in the
problem, and shall alse show vory tentative oircult diagrams by way of
illustration., These elrewdits have not yef been trded out, and I heve
tog muah experience of cleolronio aircults to beliere that they will
vrork well Just as they stond, _{This decs not represent 2 superstiticus
belief in the cussedness of circuits and the inepplicability of
mathematics thercto., Rether it means thet nomelly the amount of
mathematicsl srgument roguirod to get o relisble oropheoy of the
bohaviour of o cireuit iz out of provortion to the small trouble reguired
to Yry 1t out, ot ooy rate i one is dn on oloeoiricol Ioborotory. Ir
pragtice one commrgrdscs wikth o rough moathenoticn]l crpmoent snd then
follows up with exporiment. The apparent "euscediness™ of wlcotronio
circuits is dus to the fact that it is nceecsory to moke roather a lot
of simplifying assumpiions in those orgumonts, wms thet one is very
iiable to moke the wrong omes, Ty folsze analomy with ofher cireuits cne
has dealt with on previcus ogensions. The cussedness lies mors in the
minds desling vith the problem tlre in the electronic circuits themselves, )

{31} Sources of delay,- Therc are two main reasons why vacwm
tubes should cause dclays, viz, the input copacsity and the transit time.
0f these perheps the first is in practice the more serious, the second
the nore theoretically wnaveidshle, .

The delay due fto the input capaciiy, when the velves are dyrliven
to saturation or some other limiting arrongement is wused, is of the
order of Cfgy, where € is the input capacity and gy 1= the mtusl
eonductanoe of the volve., ¥e mmy, for instonee consider the idealised
circuit Fig. 4 (Coupling with a battery is of course not practical
politios, btut it produces eassentially the same =ffeois aE more praciical
circuits, and iz wore easily understood). If I is the soturation
current tien the grid swing required to produce it iz I/%m ond the
eharge whicl must flow into the grid %o produce this wvoltage is CL/ im.
If the whele saturation current is ovaileble the time reguired is Oz
This orpumeni is oniy approscioebe, apd omits some amcll purcly
mmerical factors, Hovever it illustrates the more Irportant nointso.
In particulsr we con see that Miller effcet is not o very serious
mebter hoeomuse of tie limiting, which roduces the offooiive
amplification factor to 1,  On the other hend, if one volve 1s used
to serve gaversl inputs the delsy will be correepondingly inercosed
because the capacity hos become rmaltiplied by the mamber of mrids
sarvod,

This connocting of scveral prids <o one snede, and & nuber of
other proctical poinis will tend to make the cotunl delay duc to inpus
capacity several times gpreatoer than O/pm, <2 10 O Em '

The/
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The delay due te transit fiig way be calculated, in the case of &
plane structure, to be 3d(MZey)? where m, e are respectively the mass
and charge of the electron, V is the voltage of the ;rid referred to
cut-off and 4 iz the grid-cathods spacing. In other words the trensit
time may be caleulated on the asswption that the aversze velocity of the
electrons between cathode snd grid is cne-third of the velocity when
pageing the grid. This time moy be comsared with C/gn which, if ¢

3 : ki
is caloulated statically, has the value - aA("W2eV)¥, i,e. helf of the

2
transit time.  That there should he some such relatieon between G/ g ond
transit time can be seen by caleunlating €/ (g x Transit time), where C
is the grid-ostheds capaeity and gz is the actual conductenoe, i.e,, the
ratio of ourrent o V. '

a oV

Rttt o =3 DL P S —

& ¥ Tranzit 4ims I x Tronsit Hime

Charge on zrid

Let us now caleulate cctusl valuern, The voltzge Vo by which the
grid cxeeelz cut-off might he 19 veolts which cerresponds to a velooiis
sbout 17300 of wvelocity of light (ocie: sannihilation energy of clectron
iz helf a million velts) or ore metre per miocroscoond, IF d is 0,2 cm
the transit time iz 0.0C6 jo =, A tyoieal wvalue for OFgg is G002 fﬁ--'s.

The relatlon botwoeen G/ gn and tronsit time brings up an irportont
rolnt, vis, that these two phencmene of time delay are roolly inseparshle,
The input cipeeity of the fube when 'hot' really eonsists largely of o
capacity B0 Vhe clecirons. When the motion of the electrons is taken
into -u;count the capacity is found to becoms largely vesizitive (Ferris
eff'ect).

Before procecding further I should try to explain the woy I sm using
the word Tdelay?, When I say that there is a'deloy of so mony microseconds
in a eirouit I do not meon to say that the cutput differs from the input
orly in aproasring that mch loter. I wish I did. What I mean is
something nileh less definite, and also less agreeable, Strictly spesking
I sheuld spoeolfy very much aore thon a single Time, T showld specify
the waveform of the cutput for every dnput waveform, and cven this -would
be dncomplede unless it referred both to voltages and currents. We have
not space to oonzider these questions, nor iz it really ncoessary., I
should however give some idea of what kind of distorticn of output these
"delays? really involve. In the case of the input eapsciiy the
distortion moy be taken fo be of the form that an idonl input pulsc of
wntt arca is converted into o pulse of wndlt aren with sheop lecding odge
and exponentially deeoying txroiling edpe, the tiLae constaont of the dels:
being the 'deloy?, thus Fig lhc.  In the eose of the fronsit time the
curve is probobly more nesrly of the tideal* form (Fip. 44b).

To give the word 'delny! a definite meaning, =t any rote for
networka, I shall understsnd 1t to meoan the deloy for low froquenay
sine waves. This is squal to th: displacement in time of the centre
of groority in the cose of pulses.
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In order o give an idsa of the effeot of these delays we have zhom
in Fig. 45 =2 pulse of width Qw2 jas and the same pulse delayed, sfter the
manner of Fig. hba, by 0,03 jus, this represonting our caleulsted value of
0,003 mttiplied by 10 to allow for rumerous grida, etoc, ete, It will
be Been thut the effcev i= by no means to be ilgnored, but nevertheless
of & controcllable magmitude,

{iit} Usc of eathode follewers.- 1In arder to iry and sepsrate
steges fron one anotner as far as pessible we shall moke considerable uae
of cathode followers, This is & form of circuit which gives no
amplifioztion, and indeed a =mall atienustion (e, z. 0.5 dB); but has a
very lerge input irredance and a very low cutput impedonce. This means
ehielly that we con load 2 wolve with many commections inte cathede
followers without its output belng seriously affceted.

Fig 46 shows o design of cathode follower in which the input
sopecity effcet hos been reduced by arranging thet the snode is scroeencd
from the grid and that the sorcen voltage as well as that of the cathode
maves with the grid, If one could ignore transit time effecta this
world have vwirdually sers inpui capacity.

(iv) * The 'limiting amplifier! cireuit,- When low frequenciss are
uged the liniter circult can conveniently be nothing more nor less thon an
amplifier, vhe limiting effect appearing at cut-off and when grid and
pathode vollases tro equal. AL Figh frooucncies we cannot get o very
effeotive li:nting effect at cathodes voltage, owing to the fact that the
grid mtst be supplied from o canparetively low inpedanes source to awveld
8 large deloy ardsing from input aspasity, bub on the other hond, in order
to get & limdting effect we need o nigh impedanee, high corpered with the
orié conduction irvedance (about 2000 ohms probably).

At hiph froeguencies 1t is prebably botier to use a'Kicp reley!?
cirouit., This is notluing more thsn a mltivikraior in which ane ileog has
been made infinitely long (and then some), i.e, one of the twe semi-stablo
stotes has been mode readly stobhlc. An dspalae will hovever make the
system oooupy the other state for o time and then zeturn, producing a
rurlae durding the porded in which it coounics the less stable stote.

This pulse can be tolen in either poicrity, It is falrly squore in shane
and its moplitude is sonsivly dindependent of the arplituds of the bripping
pulse, slthough its time mey dopond on it slightiy. These are =1l
definite odvantages.

4 sugpested circuit is shown in FPig 47, and the weovelforms associsted
with it »% various points in Pig 48,

(v) Trigger eireouwit.- The trigger cirewit need only differ very
1ittle from the Iimiter or Kipp relay. It neesds to have fwo gquite
stible states, and we therefore return both of the grids of the 6SNT to
=15 volts inatesd of returning one to ground. Secondly the inhibitory
connection is different, In the cose of the limiter it simply
consists of on opposing or negotive voltage on the ecothode follower;
in the case of the trigeer ciroudlt 1t maszst trip the volsve back, und
therefore we need o second cathode follower input comnected to the other
grid of the G8IN7,

{vi} Unit delay.- 'The essential part of the unit delay is =
network, designed to work out of a low lmpedanee and into a high one,
The responze at the output to a pulse at the input sheuld rrefersbly
be of the form indicated in Flz.50, i.e& there should be a maxdimmun
response at time 15 & after the initiating pulse, and the response should
be zere by a time 2.8 sfter 1%, and should remain there. t is
partionlarly :'u:pcrt!nt that the responze should be near to zerc at the
integral mmltiples of lps after the initizting pulse (ether than 1 pos
after it).
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A almple eircuit io obtain this effeet is skhovm in Fig. 51a,
The response is shown in Pig, It differs from the ideal mainly in
having itz meodnam too sarly. It ecan be improved at the expense of a
less good zero at 2 P8 by using less damping, i.e. reducing the 500 ohm
roslstor. It i3 also possible to optain altogether better curves with
more elshorate oirouits,

The 1000 ohm resistors at input and cutput may of course bs Dartly or
whelly sbsorted into the input and output cirouits,  Purther the whole
impedance soale may be altcred at wili,

tThe faet that the pulse has bocoms greatly widened in passing throupgs
the deley netiiork doss not siproify. It will only be used to gate a clock
rulae or to assist in tripring a Kipp relay, and thereforc will give risc
0 & properly sheped pulse again,

(vii) Trigrer limifer, - Ve ocan build up a trigger limiter cut of
the other clemenis, clthough we eannot replaoe it by such a conbination
in the cireuit diagrams beosusc we are not putting a Iegitimete fors of
input into all of them.  The cireult is (Fig 52).

The valve I is mercly a frequenoy divider, It can be used to
supply all the tripzer limiters. The trigeger cirecuit 3 should be
tripved by the combinstion of pulsc from T and coptinuons ingut, and
will it=elf trdin R, The srrangement of two trizzer circuits prevents
any danger of' half-pulse cutruts » which we are most anvious to avoid,

In order that therc mighi be 2 helf-pulze output the trigger cireuit g
would have to remnin near its unmstoble stote of equilibyrium for o period of
time of 1jpia, In order that this may happen the mapgnitude of the
coptinuous input voliuge has 4o be cxosedd 1y finely adjustied; the
ndmissible rengo is of the form  4e—t Sﬂl?a‘_ngwhere A mighi be say

100 volts (it doesn't matter really) ond + is the time bobwesn rulaes,

G and gn the input copacity ond mitucl conductsnce of the volves used in
She trigger cirewit; C/gn might be 0.C02 fue (we 2o not need to aliow
Tor Miller effect}, so thot the admisvible woltage range is about 10-200
volts which iz ndequotely amall.

16.  Alternative Forms of Storaze.

o — v —— - -

(i) Desiderate for storage systoms.— 4 storazc aystom should have
& high monctory economy, i,c, we wish fo be oble to store a large muber
of digits per vound sterling of outlay: it should 2lso howve 2 high
Spsednl eoonemy.  For the majerity of rurposes we like a form of storsge
to be grosible, although there arc o number of rurpeses, such as funmotion
tables and the sreater part of the instruction tebles, for widch this is
nct necessary. For the majority of varposes we also like to have o
short Secessibility time, dofining the aocessikility time to be the
average time which onc hzs to waii in order to find out the veluc off o
stored digit. Normally we 8holl be interested in the volucs of o
group of digits which are 211 stored elesc together, ond very often it
does not toke much longer 4o cbhtoin thic information tbout the whole
group than cbout the single dipit, Let us say that the additional time
neoessory per diglt required is the digit time (reading}, We may also
defince the aceeszivility and Aigit times Tor recording in the obvious
analogous way, theugh they are uszually cither equel to the reading time
or else exceedingly long, .

(ii} Survey of cvailoble storage methods, - The accompenying table
gives very rough Tigures for the various avodlable types of storage ond
the guantitien defined nbove, This table mist not be taken too
seriously, Mooy of the figures cre based on definite numerieal data,
but most are guosses. In epitc of the roughness of the fipgures the
table brings cut a mumber of points quite clearly,

Table/
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{1} A1l the well estatlished Forms of storage (excepting the
cerebral cortex) are either very expensive and buligr, or else have a very
high scoessitility time.

(2} The really cconomiecal systems consist of layers vacked into the
Yorm of a solid, They ars read by eiposing the layer wanbed.

{3) The systems which are both sconomical and fairly fost hove the
informaticn arranged in two dimensions, Thiz appsrently applice even to
the cerebral cortex.

(4) Much the most hopeful scheme, for economy combined with specd,
seems to be the Tstoragpe tube' or "iconoscopet (in J, v. Heumann's
terminology),

(5] Bome uce could probebly also e made of magictie tape and of
film for ezses where the aceessibility time is not verv oritical.

(iti) Storupe tubos,~ In an iconoscope as used in telovision a
ricture of a scenc i= ctored as a charge pattorn on = mossie, and is
subsequently read by scanning the vattern with an clcotron beem Thes
clectron beam brings the charge density back to a stundard value snd the
charge lost by the mosaic repgisters itsclf throuzt its copaciiy to &
leimel plate! behind $he mosaie. The Information stored in this way on
an ieoncscove, using a 500 line gyotem, corrcepomds to a gquerter of a
millidn digiis,

One might possibly use sn acteal iconoscope as & method of storngo,
but there arc bebter arrangementy,  Instead of prtting the charge
pattern on to the 'mozaie! with lipht we ocun put it an wivh :m elcotron
beam, the denaity of the charge pattern left by the beom een be varded
by medulating ecither the volbape of the sipgmal plate or the curront in the
baam, The advonltoges of this oro:

(a} 1he enirge pattern oan be set up mors gquiekly with an clectron
beam than widh light.

(b) Lesz spprratus is required.

(0) The same Team con be used for reading and roeoriing, so that
dlastortion of the nottern does not motter,

1% secms probable thot o sultakle storage dystem czn boe developed
without invelving ony new types of tube, using in feet rm croilnary
oathode roy tube with Tin-foil over the screen to act as o sigmnl ploate,
It will ©e neeessory to furbish up the sharge pattern from time to bimne,
a8 1t will teond to booome dissipated, The pattern i2 said to laat for
days when therce is no slectron beam, but if we have o beam scanning one
part of the target it will zend out secondary clestrons which will $end
to destray the romsinder of the pattern. If we were alwnys Sointning
the pettern in a regulone manner o5 in television this would raize no
scrious problems, A3 1t iz we sholl have to provide fairly elshorcte
switching srrangoments o be applied when we wish So toke off a
particuloy picec of inforrction, 1% will be necescsary Yo stop the
beam frow seenming in the refuwtishing cyele, switch to the point from
vitiel: the infermotion reguired is to be tiXen, de some searming there,
replace the infomantion removed by the scarming, and retuwm to
refurbishing from the point left off. Arrengements mat clao be made
to make sure that refurtishing docs not zed negleceed for too long
boeause of mowyc prescing dutics,  None of this invelves any
fundamentel difficuity, it no doubt it Al foke tie to develop.



