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EECHOSED FLECTAONIC CALOCULATOR.

PART I.

Descriptive Acoount.

1. troductory.

Celoulating machinery in the past has been dealmed to carry out
accurately and moderately guickly amell parts of calculations which
frequently recur, The four processes aﬂditiun, subtraction,
miltiplication end division, together perhaps with sorting and
interpolation, cover all ths.t could be done until quite rocently, if we
except machines of the nature of the differentizl analyser and wind
tunnela, eto, which operate by measurement rather than by caleulation.

kY

It i= intended that the eleotronic ocaloulator now proposed should
be differcnt in thot it will tackle whole problems, Instead of
repeatedly using humon lobour for teldng materdal cut of the machine
end putting it back at the appropriste moment all this will be 1ocrlc|ﬁ.
after by the machine itself. This arrangement has very many
cdvantages,

(1) The speed of the mrehine is no longer limited by the speed of
the uman cperctor,

(2) The humen element of £2llibility is eliminated, although it
may to an extent be reploced by mcnh;_n:.cﬂ.l fallibility.

(3) Very much moroc Gonlplicated processcs can be coxrried out than
sould casily be dealt with by humon lzbour, .

Once the men brake is removed the increcse in specd is enormous.
For example, it is intended that imltiplication of two ten figure
mumbers zhall be carried.out in 500 JAS. This is probably about
20,000 times faster than the norm-l speed with calculating machines.

1t is evident that if the machine is to do all that 1s dene by the
normal muman operator it st be provided with the smalogues of three
things, viz. firstly, tho computing papcor on which the computer writes
down his resultz end his rough workings; secondly, the instructions as
te whet processes cre to be opplicd; these the computor will normally
oarry in hia head; +thirdly, the funotion tables used by tho computer must
be aveilable in appropriote form to the moohine, These reguirements
all involve storage of information or mechanical memory, Thie is not the
place for o mﬂ%ﬂﬁmi of the various kinds of storage available®
and the considerstions which govern their usefulness ond whieh limit what
we oon expect. For the present let us. only romork thot the memory needs
to be very lorge indecd by oomprriscn with stonderds which prevail in most
valve ond reley work, ond thot it is necessary therefore to lock for scme
more economieal form of storage.

It/
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It is intended that the setting up of the machine for new problems
shall be virtually only o motter of paper work, Besides the paper work
nothing will have to be done except to prepore a pock of Hollerith cords
in ococordence with this poper work, ond to pass thew through a cord
recder comnccted with the machine, There will positively be no internal
zlterations to be made even if we wish suddenly to switch from
onloulating the energy levels of the neon atom to the enumerction of
groups of order 720. It moy oppear somevhnt puzzling that this con be
done, Howr can one expect o mochine to do all this multitudinods
voriety of things? The answer is that we should consider the machine
a8 doing something quite szmplc, namely corrying out orders given to it
in o stondord form which it is oble to understond,

The actucl caloulation done by the machines will bo egarried out
in the binary sonlo, Moterial will howover be put in and takon out in
decincl formu ' -

In order to cbitaln high speeds of coleulotion the ecaleculater will .
be entirely clectronie., A unit operation (fypified by adding one and
one) will toke 1 microsecond. It is not thought wise to design for
higher speeds thon this as yet.

The present report gives o fodrly complote account of the proposed
caloulotor, It is reccmacnded hovover thot it be read in conjunotion
with J. von Neumonn's 'Report on the EDVACY.

2. Composition of the Calculator.

We 1list here the modin components of the oaleulntor os at present
conceived: -

(1) Ernsible memory units of fairly large capacity, to be lkmown
os dynamic storage (DS). Probably consisting of between 50 and 500
mereury tonks with o capoeity of chout 1000 digits eecch,

(2) Quick reference temporary stornge units (TS) probebly
nurmbering cbout 50 ond ench with = capacity of say 32 binary digits.

l:}} Input organ {:IO) to tronsfer instructions and other materizl
into the caloulator from the outside world It will have n mechanicnl
prrt conzisiing of o Hollerith cord recding unit, and an electroniec
port which will be internal to the calculator.

(L) Output orgmn (00}, to tronsfer results out of the caloulator,
It will heve on extermol pertd consisting of a Hollerith card
reproducer ond an intermal electronic part.

(5) The logical control (LC). ~ This is the very heart of the
machine, I%s purpose is to interpret the instructicons end give them
effect, To a2 lorge extent it merely posscs the instructions on to
CA.  Therc is no very distinet line betweeon IO ond CA.

(6) The centrsl crithmetic port (CA).  If we like to consider
IC as the anologue of ¢ computer thon CA muzt be considered o desk
ocloulating mochine, It corrics out the four fundementel axrdthmetionl
processes (with possible exception of division, sec p.27), and vorious
others of the nature of copying, substituting, ond the like. To &
lerge extent those proccases can be reduced to one another by various
round-bout memns;  Jjudgment is therefore required in choosing cn
appropriote set of fundamentsl processes.

. NQY%
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(7) Various 'trees! required in connection with IC and CA for the
selection of the infermation reguired at any moment, These trees
require much more volve eguipment thon 10 and CA themselves,

(8) The clock (CL). This provides pulses, probebly ot o
recurrence frequency of o mogonoyele, which are applied, together with
gating signals, to the grids of most of the volves, It provides the
synehronisation for the whole calculator,

(9) Temperaturc control system for the delay lines. This is o
somewhat mundane motter, but is important,

(10) Binary to decimal and decimal to binary converters, These
will have virtually no outwerd and visible form They are mentioned
here, lest it be thought they have becn forgotten.

(11) Starting device,
(12) Power supply,

3. Storages,

(i) The storage probleimn - As was exploined in 8§ 1 it is necessary
for the caleulator to have & memory or information storage. Actually
this appoars to be the main limitation in the design of o calculater,
i, e if the storage problem con be solved all the rest is corparatively
straightforvord. In the past it has not been possible to store very
large guantitics of informetion ecconomieclly in such a way that the
information 1s readily accessible, There werc cconomionl mothods
such ca storage on five-unit tape, but with those the informstion wos
not readily accessible, especially if one wishes to jump from point fo
point,  There were alsc forms with good ceeessibility, such as storage
on releys ond velves, but these were quite prohibitively uneconomical.
There are now several possibilitics for cormbining econcmy with
accessibility which heve been developed, or are being developed, “In
this scction we describe the one which will most probably be used in
the ealeulator,

(ii) Delay linc storage.~ All forms of storage depend en
modifying in scme way the physical stote of some siorege medium, In
the case of 'delay line stornge' the medium consists of mercury,
woter, or some other liquid in o tube or tonk, ond we modify its state
of compression ot vorious points nlong the tube, Thisz is done by
forcing supersonic waves into the tube from one cnd., The state of
the storcge medium is not constant 28 it would be for instance if the
stornge medium were poper or mognetic tepe,  The informetion moves
zlong the tube with the speed of sound. Unless wo take some
precoutions the sound corrying the information will pass out of the
end of the tube ond be lost, We can offectively prevent this by
detecting the sound in some way (some form of microphone) os it comes
out, and amplifying it ond putting it back at the beginning, The
amplifying device must correet for the attenuction of the tube, ond
must also correct for any distortion of form caused by the tronsmission
through the fube, othervisce after mony prssages through the tube the
form will be eventuslly completely lost.  We can only restore the
form of the signol satisfoctorily if the various possible idocl aignel
forus are quite distinet, for othermvise 1t will not be possible to
distinguish between the undistorted fort of one signal ond o distorted
fornm of another. The scheme actuslly proposed only recognizes 21024
distinet stotes of compression of the water medium, these being sequences
. of 1024 pulses of two differcnt sizes, one of which will probobly be

zero. The srplifier ot the end of the line olways reshapes the signal
%0 bring it back to the nearest ideal signal, ’

Alternatively/
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Mlternetively we w2y consider the delay line sinply as providing
a delay, ag iisc name ilmpliez. We may put a signal inte the line,
and it is returned to us after a certain definite delay, If we wish
to make usc of the information contained in it when it comes back after
being delayed we do so. Otherwise we just delay it agein, and repeat
until we do require it, This aspect loses sizhat of the fact that
there io otill o storage medium of some kind, with a variety of states
agcording to the information stered.

There are, of course, other forma of deluy line thon thosc using
agoustic waves,

(iii) Techniecal proposals for delay line,~ Let us now be more
apecifie. It iz proposed to build 'delay line! units consisting of
mercury or wober tubes about 5' long and 1" diameter in contact with 2
quartz eryustal at each end. The velocity of sound in either mercury
or water 1s such that the delay will be 1,024 ms, The information to
be stored may be considered to be a sequence of 1024 'digits! (0 or 1),
or 'modulation elasents? (mark or spmg-). These digits will be
ropresonted by o corresponding scquence of pulses, The ddipit 0 (or
spooe) will be represented by the absence of o pulse at the oppropricte
time, the digit 1 (or mark) by its prosence.. This serics of pulses is
impressed on the end of the line by one pieso-orystal, it is tronsmitted
down the line in the form of supersonie woves, and is reconverted into
o varying voltoege by the erystal at the for end. This voltago is
amplified sufficiently to give an cutput of the order of 10 volts peak
to pesk nd is used to gote o standord pulse genersted by Tthe clock.
Thiz pulse mey be again fed into the line by meons of the transnditing
crystal, or we may feed in sone altogether different sigal., We also
have the possilbiliyy of lending the goted pulse to some other part of
the saleulator, if we hove necd of thnt inforaetion at the time.

Halding usce of the informetion does not of course preclude keeping it
also, The figures above iuply of courae that the interval between
digits do 1 ds.

It is probable that the pulses will be sent down the linc as
modulation on o eorrier, possibly at o frequenoy of 15M/:.

(iv) EBffeots of tomeraturc verintions, - The tcmperaturo
coefficient of the velocify of sound in mercury is quitc small at high
frequencics, If we keep the tonperatures of the tonks corrcet to
within one degree Fahrenhedit it will be sufficlent, It is only
neccssary o keep the torks neaxrly ot equal tempercotures.  We do not
neced to keep them all at a definite temmernture: wvoriwctiona in the
temperaturce ol the room as o whole may be corrected by altering the
clock frequeney,

s Arithmetiesl considerations,

(i) Minor ovcles,~ It iz intended to divide the information in
the storages up Eto units, probebly of 32 digits or thercabouts.
Such a storage will be appropriate for earrying o single real number
as a binary decimnl or for carrying o single inatruction, Each
sub-storage of tlhis kind iz eoclled a minor ovole or word, The
longer storages of lenpgth sbout 1000 5 nre oalled m,jor oycles,
It will be cssuned for definitoness that the length of the miner |
eyele is 32 ond thot of the major 1024, olthough these need not y'e't
be fired.

(24)/



(1i) Uge of the h_mg% The binary soale scems
particulsyly we ele computotion because of its

simplicity snd the fnet that valve eguipment con very easily rroduce
and distinguish two sizea of pulse, Apart from the input and cutput
the binary secale will be used throughout in the caloulator,

(iii) Requirements for en arithmetiocal code, - Besides providing
& sequence of digite the siatement of the value of & real nunber has to
do several other things,  All included, (probsbly), we must:

(=) State the digits themselves, or in other words we must
specify an integer in binosy form,

(B} We must specify the position of the decimel point.
{e) We imst specify the sign.
(@) It would be desirable to glve limits of acourzcy.

{e) It would be dosirsble to heve somo refercnece describing the
simdficance of the nurber, This refereonce might at tho same time
distinguish bebween minor eycles which contain murbers snd those |
whioh eantain ordera or other informsticn.

Mone of those woont for the firat could be sadid to be
cbgolutely indispensable, but, for instonoe, it weuld cortainly bo
ineoanvonient to monage vithout o sign reference. The digit
roquircments for thesc vorious purposes are roughly:

(a) 5 deoimol digits, i.e. 30 binory,
(v) 9 aigits,

(o) 1 aigit,

(d) ‘1o Aigits,

() weory flexible.

. {iv) A possible orithmetioal code,- It is convenient to put the

digita into cne minor gycle and the fuassy bits into enother. This mby
perhaps be qualified as for as the sign digit is ooncerned: by a trick
it con be made part of the normal digit serdea, eassentially in the same
way &s we regerd an initisl series of figures 9 os indlcating o negative
nuiber in normal cemputing. Let wus now specify the code without
further beating ebout the bush. We will usc bwo minor cyoles whose
ﬂig‘.ltﬂ will be ealled 11 e 132, Jl e 5 of these s djz
are avoilable for identificaticn purposoa,a%ithammﬂ.rﬂng ta make
tho following statement about the mm&:er

There oxlst rational mubers /3 , X and an integer m such
that .

|§-2al<s/
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Tids code allows us to specify numbers fram on:-:g whieh are
smallor Lo 10-70 to ones wiich are lerger than 1096, mentioning

o value with sufficient figures thet o differcnce of 1 in the last
place corrospends to from 2.5 to 5 parts in 1010, An error can be
desoribed smeller thon a unit in the lest place or as large as
30,000 tincs the quantity itself (or by more if this quantity hos its
Pirst few 'significent! digits zero).

(v) The operations of CA.- The divieion of the storage into
minor cyclcs i oniy of value so long as we ocan conveniently divide
the operations to be done into unit operations tc be performed on
whole minor cycles. When we wish to do more elaborate types of
process in which the digits get individual treatment we may find this
form of division rather swlkward, but we shall still be able to corry
these processez out in some roundsbout way provided the CA operations
ere sufficicntly inclusive. A list is given below of the operations
which will be included,  Actually this account is distinotly
simplified, and an zocurate picture can only be obtained by reading
8 12. fhe ncoount is however quite adequate for an understanding of
the main problems involved, The list is eertainly theoretically
adequate, i.e. given time and instruction tobles any required cperation
pan be corried cut, The operations erc:

(1) transfers of material betwoen differont temporary storages,
and beswecn tomporery astorages and dynamic storage.

(2) Trensfers of materisl form tho DS to cards end from cerds %o
D3.

(3)/



(3) The various arithmetical operations, addition, subtraoction,
and multiplieation (division being emitted), also ' short rmltiplicat:l.on'
by numbers less thaon 16, which will be much quicker than long
multiplication,

(4} To perform the various logical operstions digit by digit.
It will be sufficient to be cble to deo 'and', 'oxr', 'not!, 'if and only
if', 'never' (in symbols A & B, A Vv B, ~~ A, A =3B, F). In other
words wé arrange to do the processes curres‘_uondmg to =¥y, X+ ¥ + X,
L+x, 1+ (x+y)2, 0 &igit by digit, modulo 2, where x ond y- are
two c.?rrcapcmding digits from two particular TS {a,c-.‘b.mlly TS 9 and
T8 10).

5. Pundomental Circuit Elements,

The electronic part of the coleulator will be somewhat elchorate,
and it will certainly not be feaszible to considor the influence of
every component on cvery cothor. Wo shall owoid the necoecasity of doing
this if we can crronge thot coeh compencent only hns on oppreeloble
influence on a capercotively smell nmurbher of others, Ideally we would
like to be able to consider the circuit oo built up from o number of
circuit elements, cach of which has on output which depends cnly on its
inputs, and not ot oll on the circuit into which it is working,  Besides
this we would probobly like the ouiput to depend only on certain specinl
characteristics of the inputs. In addition we would often be glad for
the output teo oppesr simultcncously with the inputs.

These requirements con ucually be satisficd, to a fairly high
aceuracy, with clectronic equipment working at comporatively low
frequencies. At megacycle frequeneics however various difficulties
tend to arise. The input ecpogitico of valves prevent us from
ignoring ithe ncture of thoe circuit inte which we cre working: limiting
circuits do not work very satisfoetorily: ecopoecities onmd tronsit times
ore bound to ecouse deloys between input onéd output. These difficultics
mey be best reaclved by bending before the storm The delays may be
tolerated by ceccepting them cnd working out o time table which takes
them into account, Indefiniteness in output may boe tolerated by
thinking in terms of 'claoasscs of outputs!, Thus inatead of saying
'The inputs A ond B give risc to the output C!', we shall say 'Inputs
belonging to classes T and @ give risc to en ocutput in class R'.

The various closses mist bo quite distinet and rust be for from
overlapping, i.€. topologically speaking we might say thot they mat
be o finite distance apexrt. If we do this we shall have made o
very definite division of lobour betwecon the mathemoticinns and the
engincers, which will cneble both portics to carry on without seriocus
doubts as to whothor thelr cssumptions are in agroouont with those of
the otheor party.

For the prosent we sholl merely ignore the difficulties because wo
wish te illustrate the principles. We shall cssume the circudt
clements to have 2ll the most agreeable proportics. It moy be added
that this will only affcet owr olrcuits in so for az we assune
instentaneous response, wnd that not very soricusly. The questions
of astable cutput only involve the mathemnticirn to the oxtent of o fow
definitlﬂns..

I/
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In the present section we shall only be concerned with what the
circuit elements do. A discussion of how these effects con be obiained
will be given in § 15, The circuit clements will be divided into
valve-elements ond delay clements, :

(i) Deley linc, with amplifier and clock gate.= This is shown as
n rectangle with an input ond output lead ‘

e I =
REF .
the arrow at the input end faces towords the reotangle ond ot the output
end foces avny.  The noame of the delay line, if onmy, will be written
outside and the delsy in pulse periods inside.

This ecircuit element delays the input by the appropriate number of
pulsc poricds and also standardizes it, i.e. converts it into the
nenrcst stendord form by correcting amplitude shape ond time.

(ii) The unit delay,- This is represented by a iriongle, thought
of as o modified form of arrow

e e -S\l--—-— e

The input to ocutput dircction is indicoted by the ocrrow.
This delay element ideally provides o delay of one pulso porioed.,

(iii) Lindting amplifier,- Ideally this valve-clement is
intended to give no output for inputs of less than o certain stondard
volue, and to give o stenderd pulse as output when the input excccds o
scecond stondord valuc. Intermediate input velues arc supposcd not to
ocour, If we combine this with o rcaistonce network in which a mumber
of input signals erc combined the condition tokes the form that if the
input signols ore S5y 85 ... 8y there will be zere output unlosa
P 81 4 eee + 0 Bn',g,ﬂl ond o stendord or unit output if
By S] + ese + ¥p 3y > /75 This moy be sizplified by cssuming that
the inputs 27 ... s, dre nlways either 0 or 1 and the cecfficients
™y ... A, either 1 or -od ond also by roequiring the integrel parts
of ("-‘i 1 I('_;_, to be the same, We represcnt the valve element by o
cirele, ond the inputs with a line ond an arrow facing towsrds it, the
cutputs with lines ond nrrows focing oway., (Fig.l). A cocfficient -co

inhibitory coupling) is shown with o small eircle cutting o lorge
ciregle (Fig.2). The amallest totnl for which an output is obtained
(e, integrel port of A1 or & 2 plus 1) is shown inside the cirole,
but is amitted if it i= 1. This nunber we may call the threshold.

Hhen we require coofficients o4 lorger than 1 wo may show more than
ene conncction from once source, Negative coefficients mny effectively
be shevm by means of the negntion cireult -— which
interchonges 0 tnd 1. Thus in the' circuit of Fip. 3 the velve elemcnt
D will be stimmlated (i.e, emit o stondord pulse) if either A is
stimloted or both B and C cre not.

(iv) Trigger circuits, - A trigger circuit,which is shown o8 on
cllipse, differs from o limdting swplifier circuit in thot once the
inputs have reached the thresheld so that it cmits one pulse, it will
continue to et pulses until it rcceives an inhibitory stimulus, 1t
is in foct equivalent to a limditing spplifier with o number of
exeitatory connections from itsclf with o deluy of one wnit. Thus
for instance the two cirouits showm in Fig 4 cre egquivalent. We show

the/
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the trigger oircuits with o different notation prrtly to simplify the
drawing and prrtly because they will in fect be made up from different
cireuits, There is olso anocther practical difference. The ocutput
from o trigger cireuit will be o D.O. voltage, so long.ans it is not
disturbed cne woy or the other, whereas the cutput from.o limiting
amplifier with feedback is morc or less pulaifcrm

(v) Differentiator circuit and ¢ circuit, - We sometimes
wish to an ou ) EZer o either ot the
beginning or the end.of its stimilstion. This would in foot be done
with o copoelty resistonoe Ydifferentintor’ circuit,  Such a cirecuit
designed to produce o positive {oxcitatory) pulse at the beginning will
be dencted by «- --AB----  and one ot the end by —- —_—
These are understood to be respectively equivalent to the iwo circuits
of Fig.5. We mny also oceasionolly wish to moke connection fo a
trigger circuit in such a way that stimulus always changes the condition
of the %rigger circuit, either frem stimulation %o non-stimudation or
vice-vorsan, This is indicatod by a small square at the comnection

point thus ~
P

and is equivalent to Fig. 6.

{(vi) The cr limiter.- Somebimes we wish a continuously
varying voltoge % initiste o itrain of pulses, the pulscs to be
synchronous with the clock and te stort opproximately when the
continuous voliage reaches & cortain value.  All of the pulsecs that
occur mst be of the stondrrd or unlt sise. © Thore must definitely be
no half-size pulses possible, The trein of pulses may be stopped by
- pulses from some other source.

Thiz valve element is indierted by o eomowhat sguat rectangle
ocontoining the lotters TLe  The continuous voltoge input is shown os
jn = excitotory comnection ond the stopping pulse cs on inhibitery
gonmection, &8 in Pig 7.

. (vii} The ndder and other les. ~ Ve mny new illustrate the
use of these clroult clements by mens of same simple exammles,

The sinplost circuit porhaps is that for the logical 'or! (of. p.21).
In the circuit of Pig 8 thore is an output pulse frem the wmomed
glement i thore iz one from sny one of 4, B, ¢. We shall find it
convenient in such coses to describe this e¢lemsnt as A v B v C. The
circuits of Fig. 9 are sclf cxplenctory in view of our treatment of
AvBvwC

An ndder network is shown in Pig. 10, It will 244 two nwdbers
which enter slong the leads shovm on the left in Binsry form, with the
least significont digit first, the output appearing on the right.

An input signol frem the top will inhibit ony cutput.  The method
of cperation iz as follows. The three volve elements on the left
2ll heve stimiletion from the sume thvec sources, vis. the fwo inputs
oand one corresponding to the carry digit from the last figure, which
wos formed by the clement with threshcld 2, ~We cen distinguish the
four different possible teotals 0,1,2,3 ococording to which of the
voalve elements cre stimulsted. We wish to got on output pulse if
the totol is 1 or 3. This moy be expressed as o pulse if the total
is 3 or if it is 1 end not 2 or more. If we vrite Tp to meon
'the total 48 n or more! the cendition is T3 v(Ty &--Tp). Using
our standard networks for A v B tnd for A& ~E ond cbserving
thot the three valve elements on the left of the cdder are stimlated
respoctively in the cases Tp, Tp, T3 wo finnlly obbain the circuit

The/
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The adder will be showvm os o single block as in Pig. 1l. The
input with the inhibiting cirecle being of course that shown at the top
in the camlete diagram.

6., OQutline of Logicel Control.

A simple form of logical control would be o list of operations to
be carried out in the order in which they are glven.  Such o scheme
can be-made to cover gquite o nunber of jobs, €. g calculations from
explicit formulae, and hos been used in more thon one mechine,

However it lacks flexibility., We wish to be able to arrange that the
sequence of orders con divide ot vorious points, continuing in different
wtys occording to the outcome of the calculntions to dote. We also
wish to be able to arrange for the splitting up of operations into
subsidiary operctions. This sBhould be done in such o way that once

we heve written down how an operation is to be done we oon usc it os o
subsidiory to ony other operation.

These requirements con largely be met by having the instruetlons
on o' form of erasible memory, such as the deloy lines, This pives the
mochine the pessibility of constructing its omn orders; i,e. there io
alweys the possibility of toking o particular minor eyele out of storage
and treating it as an order to be corriced out, This oon be very
powerful., PBesides this we nced to be able to toke the instructions
in on order different from their netural order if we are to have the
flexibility we desire. This is sufficicnt.

I+ iz convenient to divide the instructions inte two typcs A ond B.
4n instruction of type 4 requires the central arithmetio port CA te
carry out certain opcrations.  Such an instruetion, tronslated from
its symbolic formm into English might run:-

Instruction 451. A. Mltiply the content of TS 23 by the content of
TS 24 ond store the reould in T8 25. Then procced to corry out the
next instruction (i.c. No.k92).

Instructicns of type merely specify the nunber of the next instruction.

Instruction 492, E. Froceed with instruotion 301.

We must now cxplein in more detoll how it comes cbout that we con
branch the sequence of instructions cnd arrange for subsidiexy
operations. Let us toke bronching first. Suppose we wish to arronge
thot ot ocertnin point instruction 33 will be applied if o certain
digit is O but instruection 50 if it is 1, Then we moy copy down these
tvo instructions and then do o little celeculation involving these two
instructions ond the digit D in questlon Cne form the ccloulation
eon toke is to pretend that the instructions were really numbers and
coloulate .

D x Instruction 50 + (1-D} x Instruction 33.

The resull may then be stored away, let us soy in a box which is
permanently lobolled 'Instruction 1'. We are then given an order of
type B saying thot instruction 1 is to be followed, and the result

is thot we corry out instruction 33 or 50 according to the value of D.

When we wish to stort on o subsidiary cperation we nced only moke
o note of where we left off the mojor cperotion ond then apply the
firat instruction of the subsidiory. Whon the subsidiery is over we,
look up the note znd continue with the major operaticn. Eoch
subsidinry cperation con end with instructicns for this recovery of the

note,/
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note, How iz the burying and disinterring of the note to be dome?
There are of course meny weys. One is %o keep a 1ist of these notes in
one or more standard size delay lines (1024), with the most recent last,
The position of the most recent of these will be kept in e fixed TS, and
this reference will be modified every time & subsidisry is stoarted or
finished, The burying and disinterring processes are fairly elaborate,
but therc is fortunstcly no need to repeat the instructions involved.
eanh time, the burying being done through o standard instruotion table
BURY, and the disinterring by the {table UNBEURY.

7. External organs.

(i) General.- It might appear that it would be difficult to put
infermation inte the caleoulator and to toke it out, on account of the
high speceds associcted with the ecleulotor, and the alow speeds
assooiated with mechanical devices; but this difficulty is not a real
onoe, Let us consider for instonce the output organ, We will allow
the mechanical part of the output organ o work at whatever poce suits
it, to toke its own time in fact,  However we will reguire it to give
out signals stating when it is ready to accept information. This |
oignal provides a gate for the foeding of the information out to the
coutput orgon, and also significs %o the caleulator thet it may note thot
information as recorded snd proocccd to feced out some more. The
preperation for feeding the information ocut consists merely in
tronsferring it from dynamde storcges onto trigeer cireouits.

In the case of the output errengements we have the full power of
the calculator behind us, i,c. we oon do the conversion of the information
into the required form os an IT0. In - the case of tho input organ we
mist go more warily, If we arc putting the instruction tobles into
delay lines, then when the power hzs been turned off all memory will have
been effeced, ineluding the instruction tables, Ve oanmot use
instruotion tohles to got the informotion back, beeause the instructlion
tobles are not there. We are sble to got over this difficulty as will
be secen below '

(ii) Output Orgen.- The output will go on to 32 columms of scmo
Hollorith ocards, All the 12 rows moy be used, On the receipt of a
signal from the ealeulator o cord will begin fo pass through o punch or
'roproducer!,  Shortly btefore eoch row comes into position.for punching
a signol is sent back to the coleoulotor snd triggor circuits eontrolling
the punches are set up.  After the punching cnother signal is sent to
the ccleulator ond the trigper cirouits are oleared. The reproducer
punch also gives a signel on the final exdt of the cord The cirouit
is shown in connection with CA (Pig, 26).

(iii) Input Organ, - Let us first describe the action of this
without worrying'sbout the difficulty concerning sbsence of
instruction tables, It is very similar to the cutput orgen in meny
ways. The-input is from 32 colums and 12 rows of o Hollerith oard.
When the caleculntor is ready & cord relecso signal goes out to the
oord reader and o ocrd begins to poss throughs,  As each row oomes
into positicn for reading o signel is sont back to the ealculater,
which then prepares to accept the output from the reader at the moment
appropriate for sending it te its destinaition in the delsy line.

It is assumed tint this destinction is alrcody decided by the
saleulator, A sipncl is sent boek to the coloulator on the finnl
ot of the cord. . !

Nowy/
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Nor lot us consider what is done ripght at the beginning.
Arrengements are made for setting into CI and OD a certein imvarisble
initial order and IN. These state that the card is to be transferred
into a particulsr delay line, and that the next order is to be taken
from a particular spot, which will =otually be in this same deley line,
The information in this delay line cen convain sufficiont orders to 'get
us started', The first few orders cbeyed will probably be to take in
o few more cards. The information on these will later be sorted to
its finzl destination, Whern the final instructions are in ploce it
will be 2o well to 'read them back!,

Actualily it has beon srronged thet the speeial inditinl crder
gonsists of O tlroughout so that there is no need to set it up.

(iv] Binary-decimel conversicn.- It is propesed to do binory-
deeimel ond decimnl-binory conversion as ITO.¥  This will be
syprecinbly nosaisted by the fact that short miltiplication is a CAQL*

(v) Instruction-tcble cords,- It wos explained in sonncetion
with the input organ that the instructions would be on cards, of whose
columns oll but 32 were availeble for external use, A proposed use of
the 80 columms is suggested below, without proper explsnation; the
cxplonoation comes later,

Columna
Genuine input R1-72
Hepeat of destination 26=40
Fopular nume of group 1-8
Detail figure (popular) _ 9-11
Instruction (popular) 12-25
Job nurher } 73=77
Spare 78=-80

Of these Lthe genuine input has "'....lrc:a.d;,r been cpoken of to scme extent,
and will be spoken of again further. The Jjob number and the spare
colums do not reguire sxploanation. The popular data describe the
instruction in lettors and figures in 2 moymer appropriate for the
eperotor to appreciate quickly if for instance the cords are listed.
In this respect we might soy that the populor data is like a telephone
number Mel 1380 whereas the gemuine input is like the pulses used

in diolling: dndoed we shall probobly eorry the anclogy further ond
really only distinguish 10 differcnt letters, as is dond on cubtomatio
exchonges, The populer data hove alse another important funotion, which
only appears when we consider that the same instructions will be used
on quite differont jobs. If we were just to nmupber the instructions
serinlly throughout =211 the instructiens cver used on any Job, then,
in the set of instructions actunlly used in any particular job there
would. be lorge gops in the humbering. Supposc now that these
instruetions were stored in the DS with positions according to their
nupbers there would be o lot of wasted space, and we should need
eloborate srrangements for making use of this space, Instead, when a
new job oppeors we toke the completc set of cards involved and make &
new copy of cach of them; these we sort into the order of popular
group name and detadl figure, We then renunber them conscoutively in
the binary seale. This number goes into the colums desoribed as
'repeat of destinotion!, The ronumbering mey be done either with a
relay counter attoched to o collater, or by interlesving a set of
master cords with the binary nunbers in serial order, To complete
the process we hove to £ill in other instruction numbers in binacy
form inte the gemiine input, e, g, if an instruction in popular form

were/
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wvere "... and carry out instruction Poitpan 15" the genuine input will
have to be of form “... and carry out instruction 00110l...1" where -
001101...1 is the new number given to Potpan 15 in this particular Job.
This is a straightforward sorting and collating process,

It would be theoretically possible to do this resrrangement of
orders within the machine. It is thought however that this would be
unwise in the eerlier stages of the usc of the machine, as it would
not be easy to identify the orders in machine form and popular form.
In effect it would be nccessary to take an oubput from the calculator '
of every order in both forms. _

8., Bcope of the Machine,

The class of problems capeble of solution by the machine can be
defined fairly specifically. They are those problems which can be
solved by human elerical labour, working to fimed rules, and without
understanding, provided that

(2) The amount of written material wiich need be kept at any ane
stage is limited to the egquivalent of 5,000 real nusbers (say), i.e.
about what can conveniently be written en 50 sheets of paper, '

(b) Thot the human operator, doing his erithmetic without |
mechonical aid, would not teke more than & hundred thousand times the
time aveilsable on the caleulator, this figure representing the ratio
of the specds of caleulation by-the two metheds,

(¢) It should be possiblc to desordbe the instructions to the
operator in ordinary language within the space of an ordinary novel.
These instructions will not be quitc the same as the instructions which
are normally given to a computer, and whiech give him credit for .
intelligence.  The instruetions must ocover every possible eventuality.

Let u2 now give real cxamples of problems ,that do and problems that
de not satisfy these oonditions.

Problem 1, - Construction of range tables, The complete proccss
of range-tablc construction could be carried out s e single job.
This would involve calculation of trajectorics by small arcs, for |
various different quadrant elovations and muszle veloeities, The
results at this singe would be checked by differencing with respeot
to other porometers thon time.  The figurcs cetunlly required would
then be obtained by interpolation and these would finnlly be resrranged
in the most convenient form.  All of this oould’in theory be done as
a single job.  In practioe we should probably be viser to do it in
several poerts in erder to throw less responsibllity on %o the checking
arrangements. When we have ccquired more practical experiecnce with
the moching we will be bolder, : . '

It is estimated that' the firat job of tais kind might toke one
or two months, most of which would be spent in designing instruction
tables. A second job could be run off in & few days,

Problem 2,- To find the potential distribution outside o charged
conducting cube, This is a problun-which could essily be tnckled by
the machine by 2 method of successive cpproximations: o relaxation
process yould probrbly be used,  In rolaxation processes the action o
be teken nt each major step depends essenticlly on the results of the
steps thot have gone before.  This would nermally be considercd o
serious hindrancc to the mochanicotion of a proecess, but the loglool
control of the proposed scleulotor has been designed lorgely wilth such
eoases in view, and will howe no difficulty on this score. The

problem’
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problem proposec is one widch is well within the socpe of the mochine,
nnd could be run off in o few minutes, cssuming it was done o8 one of

e seguence ol similar problens, It is guite outoide the scope of hand
methods.

Froblem 3.- The solution of simultaneous linear equatioms, In
this problen we are likely to be limited by the storage capecity of
the machine, If the coefficients in the equations are essentially
rondom we chill need So be oble to store the whole matrix of
coefficients :nd probably also at lenst one subsidiary matrisx, If we
have o otorige capacity of GLO0 nunbers we cannot expect 4o be able to
golve equations in more thon about 50 unknowns. In prociice, however,
the mejority of problems have very degencrate metrices and we do not
need to store onything like as mich, For instance problem (2) above
own be. transformed into one requiring the solution of linear
sirulitancous eguations if we replmee the continuum by o lettice,  The
coefficients in these eguations are very systematic and wostly szcro.
In ¥is problon we zhould be limited not by the storage reguired for
the meirix of coeffbecients, but by that required for the solution or fer
the cpproxiuete selutions,

Froblem b= To coloulabe the radiation froa the open cnd of o
reotanular wove-guide, The cogplete polsr diagram for the radiation
could be caleulatod, together with the reflection coelficiont for the
ead of the puide and interaction coeffiecicnts for the various modes;
whis would-be deonc for any given wavelength and juide dimensions.

Problem 5. Given o metrices of degrec leaa than 30 whose
cocfficients tre polynominle of de;rec less than 10, the nmachine could
multiply She meitrices tocether, fiving a result whicl is aneother matris:
aloo lwwring polymominl coefficients. his hos dimportant applications
in the design of eptical instruments.

Problem €.~ Civon & camplieated electrical oircuit and the
chorsoteristics of its conponents, tho response to given input signals
could be caloulrted, 4 atandsrd code for the description of the
components could easily be devised for this purposc, ond also o peode
for describing conncciions., There is no need for the cheracteristics
to be linoor,

M
i

i
i
1

: [»= It would not be possible to integrate the area under

o ourve, @8 thc mechine will have no appropricte input,

Problem 8.- To count the number of butchers duc to be
demobilised in June 1946 from cords prepared from the srmy records,
Lhe sechine would be guite eapable of doing this, but it would not be
o suitcble job for it. The speed =t which i% could be done would he
limdted by the rote ot which cords eon be rend, ond the high speed
and other voluchle chorcoteristiecs of the exleoulstor would never be
brought into ploy, Such 2 Jjob can ind should be done with stendard
Hollerlitl cguisment.

Troblea J.- A Jig-ecw puzzle is mede wp by cutiing up o
hadne~board into pilecos cwch consisting of o nuuber of whole squares.
The ealeulator could be wmede to find o solution of the jigessw, and,

if they were not too nuwaerous, to list all solutions.

s pereiculer problea i of no grect importence, but it is
typlecl of & wery lorge olass of non=-numeriocal problems thet can be
trecied by ohe celeulabor.,  Some of those lwve great '
military iwporteno., snd others arc of ilmmense intercst to mathomatioisns,

Problem 10./
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Froclem 10, - Given & position in cliess the mochine could be made
to st all the 'winning conbinations' to & depth of cbout threc moves
on either side, This is not unlike the previous problem, but reises
the guestion 'Can the mechine pley chess?' It could fairly easily be
made to play & rether bad gome, It would be bod because chess
requires intelligence, We stobed at the beginning of this section
thet the machine should be treated es entirely without intelligence.
There are indications however that it is possible to meke the machine
diaplay intelligence &t the risk of its usking occcasional serious
mistakes., By follewing up this aspect the machine could preobably be
made to pluy very good chess,

9, Checlding,

It will be almost our most sericus problem to make sure that the
ealoulator is doing whet it should,  We may perbaps distingeish bebween
three kinds ef error. ) )

(1) Permrneat fzults that hove developed in the wiring or
copponenis, o, condonsers thal Lawve become open clrcuit,

(2) Temporary errors due to interfercnce, noise reaching
unexpected levels, unususl combinstions of voliteges at some peint in
the eiveuit, cte,

(&) Errors due %o the use of incorrect instruction tables, or even
due to mistaken views 25 to whet the circuit should do, .

It %ill be our Indenticn to install moniforing circuits to detect
errors of form {1) feirly soon. The ideel to aim at should be that
eaon concelvable form of failure would give a difforent indication on
the monitor, In prostice woe should probebly simply localise the error
to some pexrt, €. g on adder, which could bo changed and then exsmined at
leisure, :

Errors of type (2) should not eocur when the apparetus is in proper
working order, nowever when 2 conponent is beginning to age its
deficicnoics will often show thomselves first in this sort of way, For

tance, if the emission of a valve in a Kipp relay circuit is beginning
to fail it will eventuslly not psss on any of the pulses it should, but
this will begin with somc occasional failurcs fo resct. The worat of
this oan probsbly be elininated by frequent test runa in which the
oonditions of H.T, wvolia, interference, obe,, are all modified in & way
oalculotod to accentuate the deficioncies of the coumponents. Those
which are rather down el heel mey then be romoved, end when the
conditions ere restored to normel thore should be o good margin of .
safobty. Vo cannet of course rely on this 100%  We need a scoond .
string, This vill be provided by o variety of checks of the types
normally employed in ecanpubing, i.o. wherever we can find 2 simple
identity which should be zatisficd by the results of ocur caloulations
we ohall verify it.  Feor instance, if we werce multiplying po
algebraieally wo should check by teking o particular value for the
varishle. If we were caleulating the velues of an analytic function
at equel intervals we should check by differencing. Most of these
“checks will have to be sebt up as pert of the instruction teblez, and
the sppropricte setion to be taken will also be put into thom - A few
checks will be mnde port of the oireuit. Por instsnce, nll
miltiplicstions and sdditions will be checked by repeating them
module 255.

Incorroct instruction tubles (3) will often be shown up by the
checks which heve been put into these same instruction fables. we
. may tlao apply & special check whonever we have made up a new
. instruction table, by comparing the results with the same job dome by

means/
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meuns of a different table, probebly o more stradizhtforward but slower
one,  This siould eliminate all errors on the part of the mothematiciana,
but would leave the possibility of lost ocards, eto., when the table is
being used = second tiue, This may perhaps be corrected by running a
tezt job a8 soon as the onrds have been put into the machine,

Taere are three chief funotions to be performed by the checking
It must eliminate the possibility of error, help to diagnose faults, and
inopire confidence, Woe have not yot spoken at all of this last
requiranent. It would elearly not be satisfectory if the cheoldng
systoa in foet provented all errors, but nobody hed any confidence in the
results. The device srould came to no bebtter end than Caszssndra, In
order te inspire confidence the checking mast have some visible
mndifestations, Cortainly whenever o check fuils to work out the
matter must be reported by the moaohine, There would not bo time for
21l checks witich do work out to be roported, but there could be o
foacility by which this oould be ladd on temporarily ot moments of shaken
cenfidense. Another faeility which should hove o good effect on
merole is thot of the artifieinl errer, By some menns the behoviour
of the wmachine is disturbed from outside, and cne waits for seme crror
to be reported. This oould be managed cuite easily, One could
crrange to introduce an unwonted pulse at any point in the eirouit,
In fact of coursc we commot do very muech 2bout checking until .the
michine is made., Ve camnot really tell what troubles of this kind are
in store for us, although one can feel confident thot none of them will
be insurmountalle, e oan only prepore ogainst the difficultics we oan
foresee and hope that they will represent o loxrge percentoge of the
whole,

10,  Time-table, Cost, Nature of VWeork, Ete.

The work Go he done in comnection with the machine consists of the
following prriso:

(1) Developmcn‘t end production of delay lines,

(2) Dovelopment and production of other forms of storage.
(3) Deaim of velve-elancnts.

(4) Pin:l schematic oireuit dosign of 10 and CA

(5) Production of the eleotronio part, i.c. LU ond Ch
(6) Mrking up of instruction tables,

(7) Externcl orgaens.

(8): Building, power supply cables, ctc.

(1) Delay lines hove been developed for R.D,F, purposes to o degree
considerably beyond ocur requirements in mony respeets, Designs are
cvaileble to ua, and one such is well suited to mass production. An
ostimrte of £20 per delay line would seem quite high cnough,

(2} The present report has only- oonsidered the forms of storage
which are clmost lmmedictely available., ' It must be recognized however
that other forms of storage are possible, and hove importent advantages
over the delay line type. We should be wise to ocooupy time whioh falls
free due to any kind of hold-up by researching inte these poasibilities.

As coon as wny really hopeful scheme emerges come more systematic
srrongement must be mado,

W/
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We must be ready to muike a chunge over from cne kind of storage to
ancther, or 4o use {wo kinds at once,  The posaibllity of developing
a nenw and better fype of storage is a very real one, but is too
uncertain, especially as regards time, for us to walt for it; we
must ke a start with delay lines, )

(3) Work on valve element design might ceecupy four months or more,
In wview of the faot thot some more work nceds %o be done on schematic
clreuits such & delay will be tolerzble, but it would be as well to
stoxt a2t the earliest possible mament,

© (&)  Although complete and workable cireuite Tor IO snd CA have been
degoribed in this report these represent only ome of a considerable
nunber of alternatives. It would be adwisable to investigate some of
these before making o final decision on the cireuits, Toc mich time
should not however be spent on this. We shall learn much more quickly
how we want to modify the eircuits by sctually using the machine. '
Moreover if the clectronic part is mode of stonderd units cur decisions
will not be irrovoceble. re should merely have to conneet the units
up differently if we wanted to try oub ¢ new type of 10 and CA.

(5) In view of the compsrotively smell number of valves involved
the actual production of IO and CA would not take long; six months
would be a generous catimale. '

(6) Instruction tables vwill hove to be made up by mathaaticians
with computing expericnes and perhaps o coptain puzzle-solving ability.
There will probebly te a grect deal of work of this kind to be done, for
every lmowm process hao got %o be translated into instruction table form
at some stage. This work will pgo on whilst the machine is being built,
in order to avoid scue of the deley botween the delivory of the mochine
end the produetion of resulis, Delay there mizt bo, due to the
virtuelly inevitable snags, for up to a point it is beiter to let the
snags be thers than to zpend such time in desipgn that there are none
(how many deendes would %his course teke?). This process of
constructing instruction tables should be very faseinating. - There need
be no real danger of it ever becoming o drudge, for any progesses that
areo guite mechenieal moy be tuwrned over to the machine itsclf.

The earlier octoges of the muking of instruction tables will have
serious repercussions on the deaign of IC and CA. Hork on instruction
tablco will therefore start almost imnediately, :

(7) Very 1ittle need be done about the external organs.  They will
be essentlally stondard Hollerith equipment with specizl mounting.

(8) It is aifficult to make suggestions shout buildings owing to the
great likelihood of the whole schome expanding greatly in scope., There
have been meny possibilitics thot could helpfully have been incorporated,
but which hove been omitted owing to the neocssity of drawing a line
somewhere, In o few years time howover, when the machine hms proved
its worth, we shnll certuinly went to expand :nd include these othor
fagilities, or more probably %o include better idees witloh will have
been suggested in the working of the firot model, This suggests thed
whatever size of building is decided on we should leave rocm for
building~on o it, - The imsediate rogquircnments are:

_ for 200 delay lines,  These ecach require about 6 inches
of spaoe if they are to be individually aocessible, and if this
is partly providoed by cubicle consiruotion 300 aquare feet is probobly
o mirnimm, To this we might add snothor 100 squore feet for the
tesperature sorrcotion srrongascnio.

Space/
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Space for LG and CA This is difficult to estimate, but 5 eight
foot racks might be a reasonzble guess and would reguire znother
200 squexre feet or more, In the same room we would put the imput and
output orgons which might goowry 40 squere feet. We should also
orovide cnotner 100 squure feet for overators tebles, eto, 400 squares
feet would not be unrcasonsble for this 'room

Card storage rooms We would probably keep a stook of about 100,000
orals, o very dnsignificant munber by normal Hollerith standards.
200 sguere feet would be guite adeguate.

_!P_I..'_J.i.n'ten:mcc- workshop, We would do well to be liberal here,
400 souore feet.

Tide totsl of 100 squerc fect does not allow for the planning of
oocrations, which would probebly be done in on office building elscwhere,
ner for the processing of Hellerdith ocords which will probebly be done on
meolinery slrecdy aveiloble to us, ' '

Cost, It cmpoors thet the cost of the equipment will not be very
groet.  An cstimcte of £20 per deloy line would be liberal, so that
200 of thooe would cost ua L4000, The valve equipment at £5 per inch
of rock spoec might total £5000. The power supply might cost £200,
The Holleriilh equipment would be hired, which would be advontageous
beeouse of the danger of it going out of drte.  The copitol cost of
such Ilollerith equicment even if bought 'vould not cxeceed £2000. With
this included the totel iz £11,200,

Part II./
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PART 1.

TECHNICAL PROPOSALS.

11, Details of Logical Control.

In this section we shall describé cirocuits for the logical control
in terms of the ecircuit elements introduced in 8§ 5, Tt is assumed that

8 5, b are well understood,
The modn components of I are as follows:-
(1) & short storage (like o TS) called current data CD, - This

contains nothing but the appropriate instruetion number LN, i.e. the
poaition of the next instruction to be carried out.

(2) A short storage called current instructions CI. This
contains the instruection being or sbout to be carried out.

(3) A tree for the selection of a particular delay line, with a
view to finding a particular instruction.

(L) Timing system for the selecticn of a particuler minor cycle
from a delay line.

(5) Timing system for the sclcction of particular pulses from
vithin a minor cycle.

(6) Arrangements for ocontrolling CA, i.e. for passing instructicns
an to CA.

(7) Arrangements for the continual change of the contents of
¢D, cI.

(8) Timing crrongements for LC itself.

(9) Storting device.

Let us {irst{ describe the starting device, This merely emits
rulses synchronously with the clock from 2 certain peint onwards, on
the closing of a switch monuclly. The switch causes o voltage to rise
and this eventually operates o triggor limiter., This starting
mechenism sets o pulse running round o ring of valve elements providing
the timing within a minor ecycle. (Fig, 12,13),

In order to check that this cirecuit is behawving we compare P32
with a signal which should coincide with it and which is cbtained in
another way, stimulating an S05 signal when there is failure. This
forms one of the monitoring devices. Ve are not showing many of
them in the present circuits. (Pig. 1k).

The timing system for the selection of minor coycles is quite
-simple, consisting chiefly of o 'slow counter' SC4, which counts up to
255 in the scale of 2, kocping the total in a delay line of length 8.
The pulses counted creo rostricted to appooring at intervals which are
multiples of eight. As shown (figl5) it is counting the pulses P 10.
The suppression of the outputs ot F 9 provents undesirecble corries from
the most significant digit to the leost.

The informaticn in CD and CI being in dynamioc (time) form is
not very convondent forr control purposes. We therefore converi this
infermation into static form, i.e. we transfer it on to trigger '
olrcuits. (Fig,16).

It/
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It will be convenient to meke use of a symbolic notation in
connection with the velve circuits. We write A& B (or menuseript
i) tomean 'A and BY, If A4 and B are thought of as numbers
0 or 1 then A&B 4= just AB, We vrite AvB for 'A or B'. With
numbers AvE is 1-(1-4) (1-B)., We olso write -A (manuscript ~A)
for 'mot A' or 1-A. Other logical aymbols will not be used. Where
a whole sequence of pulsea is invelved, it is to be understood that
these operations are Yo be carried out scparately pulse by pulse, TWe
shall conbine these symbols with the symbol + which refers to the
operations of the adder, Thus for exarple (A + (P3 v Pi))& -P5 . means
that we, take the signel A and add to it o cignel conaolsting of pulscs
in positions 3 and 4 ond nowherce olse, (addition in the semse of the
adder cirouit), and that we then suppress any pulscs in position 5, as in Fig. 17
We will also ebbreviote such cxpressions as PS5 v P6 v PY v ... F19 to F5~15,
and cxpressions such &3 A & P 14-18 to 4 14-18.

In cirouit diagrems we hove the alternstives of showing the logieal
combinations by formilae or by ciroudlts, There is 1ittle to choose
but there moy be scmething o be said for on arrongement by which
purely logiccel combination is not showm in circuit form, in order that
the circuits moy bring out more clerrly the time effects,

¥e have agreed that there shell be two kinds of inatructions,
A and B. These arce distinguished by CI 3. The stondoard forms for the
two types of instructions arc: .

[m g A. Corry ocut the CA operctions given by digits CI 5-32, ond
construct o new OD sccording to the equation CD = (CD' + P1S8) & -F1T.

Type B. Construct o new CD cccording Lo the cguation C©D = CI 17-32.
88 the old CD into TS5 13.

CD' herv represents the old CD. The significance of the formula for CD
in-cose A is this, Hormally it is intended that af'ter an operation of
type A the next instruction to be followed will be that with the next
number, and it might be supposecd thereforc that the formmla

CD = D' + P17 would epply. Actunlly we deviate from this sinple
arrongement in tuo ways. Firstly e find it convenient to hHove o
focility by which an instruction may be token from o T8, viz. TS 6:
this hos considercble time goving offects. The convention is that a
digit 1 in column 17 indicates that the noxt instruction i= to be token
from T8 6, This will involve ocur having enly the digits CI 18-32
cvellable to indiccte normel pooitions for instructions and would
suggest that the formula should be OD = CD' + P18, Howover if we did
this we should slways be obliged to heve orders of type B in T8 6, for
if we hod on order of type A we should find thet we had $o go on

repen that order, If howover we howve the formula

0D = (CD' + P18) & -F17 we con obey an instruction in TS & ond then
revert to the instruction given by CI 18-32; o mech more convenicnt
orrongement, It romains to explodin why we hove P19 rather than P18,
Thiz iz duc to the feot thot we wish to oveid the necessity of waitlng
o long time for our instructions. If the eguation were the cne with
F18 it would mean that the next instruction to be obeyed, ofter onc of
type A, is olwnys adjacent to it in time.  This would meon that cven
with the shortest CL operations the next instruction would hove gone
by before we werce ready to apply it; we should clwoys just miss the
boat. By putting P19 instend of P15 we give cursclves mn extrs minor
cyole of time which is normally just whot we necd, In order thot

the conscoutive instructions mey be conscoutively numbered in spite of
this it iz best to adopt o slightly uncomventicnal numbering system
for the minor cycles (see Fig, 19).

1,
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A number of trigrer circuits are smployed to kecp track of the
stages which the various processes have reached ot eny moment. The
most inportant of these are listed below with & short ﬂesor:.ptim of
the functicna of cach.

mw:. This is stimlsated whem. the new mat:uution has been found and
18 availsble at the input of OI, and the QA operations belenging to the
last instruction have been carried out,  Stinmlatien begins
similtaneously with stimdation of P, and onds on & P32, The end of
OHCI hns to wait for the gating of CD, inaiuating that the m;nrun is
avallable at its input.

QKCA. Only spplies in cose A and indieates that the CA operations heve
Deen finished.

OKCK. Indicetes thet we may now begin to look for the nea:t ‘instruotion
with 2 view to putting it into CI. It is stimulated when OKCI is
extinguished, =snd i= itself extinguished when the new CI has been found.

We may now describe the time cycle of L0,  Let us begin ot the
point where OKIX is stimnlated indiesting that the search for the new
CI may now begin, because we hove finished with the old one ard
information for finding the new one is now available in OD. The new
CI is determined by digits 17-32 of CD. Cf these digits 235-32 )
determine the delay line and 18-22 determine the miner oycle within the
deloy line. A digit 1 in column 17 indicates thot the order is to bo
taken from T8 6 instécd of from the langer delay lines. This digit is
erased whenever wo obey an instruction of type 4. Digits 23-32 are
set up on trigger cirouits and oporate via trecs as deseribed
below. Digite 18-22 deteormine the time at which we must take the
output of the delay line. Weo compore those dizits with the output
of the slow counter SCA (Fig,15) and when they agree wo lknew that
the right moment has come. It is comvenient to arrange $lat the slow
counter is always one mincr cyclc shend of time, so &z to glve us time
to orgenise ourseclves before teking the required cutput.  As has been
montioned the order of the digits in CD is erranged rother
unconveniicnally in order to put consecutively nurberced miner cyolos
in olternate positiéns; this hes time saving effects. The required
minor oyele nowpn.sscs into CL ocnd the asignal OKBES is given; OKIK is
suppresged. . When the CA operations belonging to the lest instruction
have beon fin:i.shed CXCA is stimloted and vith it CHCL,  We are now
able to initiate any new CA operations (easeo 4) and to set up the new
CD.  When this has boeen done we have finished with ¢I and .
suppress OKCI, which sutomatically stimulates OKLK beginning the

cycle over ogain, (Figs.22,228).

The digits 23-32 determine the delay line required. This
amounte to 10 digits and will gertainly be adequate for our prosent
programne. Treeing-is done in }wo stoges, going first through trees
for three or four digits only, Theae are TRA 000 ,.. THA 111,

TRB 000 ... TRB 111, THC 0000, ..., TRC 1111, These mm‘berj.? valve

elements, At the aacond stege there sre 1024 valve elemonts

TREECI 0000000000, ... TEEECY 1111111111, The connections are showm

for TREECI 1011101101, The conneotion frem CI 17 prevents any of the
TREECI elements being stimulated when CT 17 is stimmloted. This is
required to denl with the cose where the next order is taken from

T8 6 ond not from the delsy lines. (¥ig.20).

It is very proboble that some other form ar tree cj.muit not
oopable of being drown in terms of our valve nlmmts will ba used,
mdthaamwillr.pplytnnmwpurtsofthﬁcimuit. Itiﬂ‘bhmsht
worth while however to drew these circuits, if only to clerify
what it is intended the nirau.its should do..

vo/
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We have a similar tree system for the sclection of temporery
storages.

12, Detailed desoription of the arithmetic part (CA).

We shall divide the CA cperations into o number of types, We shall
moake provision for 16 types, btut for the present will only use nine.
The types are distinguished by digits CI 5-8.

Type K. Pass the content of TS & inte a given minor ecycle,

Iype L. Pass the content of a given minor oyele intoc T8 6.

Iype M Pass the content of o given IS inte 5 6.

Iype N. Pass the oontent of T8 & into & given T3 other than
TS LorTE G5, cr TS B arTS L

@ 0. Pass the content of the first 12 minor oycles of a given
DL out cnto a card via the reproducer,

Iype F. FPass the content of the card at present in the card reader
on to a given DL.

Iype §. Pass O 17-32 into T8 6
¢ K. Variocus logicel operations and otheore ylelding -rca.ults
forming one miner cycle, to be performed on the contents of TS 9 and
T8 10 and transforred to TS A,

Arithmeticel operaticns ylelding a result requiring more
thﬂn l:r i gycle for its retention. Results go into T8 4 =nd TS 5.

Type T. Stimudate o given valve clemcnt.

4 trigger cirouit is esscointed with each type. With the
exception of § these are all excited for o period consisting of a mumber
of complete minor cycles beginning with a P1 and ending with a P32,

The main components of CA are the 32 temporary storages T3 1-32,
Of these TS 1-12 hove some speecinl duties,

TS 1 is uged to carry the retiring dota, l.e. the CD nhich applied
Just before the last instruction of type B.

TS 2 and T8 3 contein the arguments for the purely arithmetical
cperations, or most of them, ond for the logical operatioms. -

5 4 and 5 contain the results of the arithmeticel operations.
They ere frequently connected up in series to form o DL 6k, This is
booouse the results of mest of the arithmetical operations are
sequénces of more than 32 but not more than 6 digits,

TS 6 is uscd ns a shunting station for the transfer of information
from place to place,

T8 7 is used to oorry the digits of o number m when it is proposed
to multiply by 2@,

T8 B iz used to earry the result of logleal operations and other
operations not reguiring more than one minor cycle.

T8 9 and T8 10 axe the inputs for the logical oporations.

TS 13/
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1S 11 will usuclly be used in conneotion with error calculations,
and accordingly has 2 special rele in the production of miltipliers.

‘T8 12 i3 used fof the timing in 'automatice! mulitiplicotion and
for the selection of unusunl corbinations of digits in the multiplier.
The word 'automatic! is used because of on analogy from desk machines,

To decide between types X to T we use OI 5-8, Digits 5,"6,? are
trecd out to the valve elements TRG 000, ... TRG 111, as in Pig. 23.
These tree elements ore each assoclated with two types, which are -
distinguished by CI 8  Thus TRG 000 would be identical with Kvl if
it were not for timing. Forth:.atmngmﬁntmdm&mmwhiuhia ta
be stimulated during the appropriate time in CA oporations. = KvlL is
identical with TRG 000 & CATIM (Fig. 24). ,

Inmexmpasathooutputof‘TSStoGOMHandhmoetotho
imputs of 2ll the delay lines. We gete the spproprizie one of these
at the appropriate time, given by TIIDA by caiparison of the output of
the slow counter SCA 1d.th CI.

In case L we do somewhat similerly, passing the spprépriste output
to COMMDUT andt themce to the input of T8 6 at the cppropriste time given
by TIMDA. :

In coase M we gote the :iﬁpmpriu.té output ond pass into TS 6.

. In cose N we poss the output of T8 & to the inputs of the other
TS, only gnting the one required. ' .

In case O the first cffect is to set the mechanisw in motion to
pass o cord through the reproducer. By mewns of o commbator .
srrongement or otherwise the reproducer sends back o series of pulses
which indicate the times when the ropreducer punchos are ready to
accept current. Ir the cirouit diegram (Fig,25) two seta of pulses
are shown which are intended to mork the beginnings and ends of these
pericds, They moy be separately provided by the rcproducer, or one
woy be derived from the other by delaying or otherwise. The two sets of
pulses each control trigger limiters connccted up so 28 to
onc ancther.  {Do not confuse this with the twe mutually axtingu:l.ahdng
triedes thot will normally ferm part of o trigger cirecult cr trigger
limiter). One¢ of the trigger limitcrs TIMOUTCARD stimulotes the
trigger circuit QUTIM on the first admissible P 10. A pulsc on the
stiimulation of OUTIM gooe into = slow ocunter SCB ond enobles us to
kecp track of the number of rows of the card that have boon punched.
The content of SCE is compared with that of SCA and when they agrec
wo know that the minor oycle which we wish to pass out is now
aveiloble, ond TIMDA is asccordingly stimmlated, TIMCA and OUTIM
together permit COMMDUT to poss out to the trigger circuits
QUT 1 ... OUT 32 on which it is 3ot up statically and cmtmls the

punches.

On the fnal exit of the cord the reproducer sends back .a signol
to the caleulator, wideh, in combination with 0 operates a trigger
limiter CARDEXOUT, This suppressco CATIM and hence ¢,  CARDEXOUT
has feedbock to suppress itself, and this will be successful becouse

0 will hove been suppressed by the time it comes' to act.

The bvehaviour in case P (input) is very similar, Tho chief

difference is that whereos OUTIH wos used to gote the m'lrputﬂqntha
a-n.loula'l:or mm is used to gote the input,

R | | ' I'laﬂ"'.
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It should bo noticed that a commletely blonk instruction has a
definite meaning, wiz, to pass the matericl on the card in the reader
into DL QCCOOOLO0Q,

In Fig, 27 T8 01101 typifics any of the T3 as regards cutput
connections shown on other disrams. It is also typical as regards
input connections, except @s regards 18 4,5,8,1, which have no input
cormmections except those shown on other diagranms.

In the case of operations of type R we shall caleulate all of the
expressions involved and selcoet them Dy means of tree eloments, digits
18 to 23 being used. The operations so far are:

Digits 00OOCO TS 8 = T8 9 & TS 10.

Digits 001000 TS B =T8 § v TS 10.

Digite 010000 TS 8 = -I'S 10,

—— e s

1

Digits 011000 T3 8 = (YS9 & T8 10) v (-I5 9 & -TS5 10/,

Digits 100000 TS 8

a.

Az we shall heve very much to say about type § we shall make a few
remarks first obout type T. In oprder %o be sble to obtain a rather
direot access from the instruotions to the valves we ghall introduce a
nupber of volve elements which con be stimelated to order, e moy have
64 of these, say FLEX 000000 to FLEX 111111, The oirouit will be
simply as shown in Fig, 31. It io intended that the ocutputs of these
valve elements should be connected in various ways inte the cirouit
when 1t is desired to try out new oclrcuit crrangemeonts. It is thought
that they may ofton provide means for doing things simply which could be
‘done lengthily as an IU0. To an extent thiz represents o compromise
between the new system of 'econtrol by paper'! and the old plugboard and
seldering-ivon technigues.

Wo shall also deceribe the tiadng arrangements before passing on
to type S. Wo have a2lready mentioned CATTH which detormines the
tdming but we have still to mention what controls CATIM. . CATIM is
stimuleted as socon as the first Pl appcars after the signel 4, or, in
casc Q, the first P17. It iz extinguished by o varioty of meens,

In cascs K end L it is oxtinguished by the ending of TIMDA indicating
that the required minor cycle has just pussed through, In cascs

M, N, R, T, it is only permitted to lmat for onc minor oycle. In
case § it is also only allowed to last for half a miner cyole, In
cazses 0, P the extinguishing signsl is CARDEX, which iz given

by the card reproduccr of reader on the final cxdt of the card, vie o
trigger-lind ter, In casc 5 the signnl comes from FINARITH

The foacilitics provided under typo S are not cazily enumerased,
because they do not consiat of & nunber of dAlffoerent operations
stimulated by different tree valve clemonts, as for instence epplics
in the cose of the logiecal procecasets. Rather they are to be thought
of as one process which cen be medificd in voricus ways. Tho
stondard prooess alwoys invelves converting the content of TS 4 cnd T5 5
into 'scries form', i, e, insteod of connecting the outputs of TS 4
znd T3 5 to their own inputs they are connected 4o each others,  When
they arc oo conmected thelr content will be deseribed as the 'portial sum'.
Some guasntitics ere then ndded to or subtragted from the portinl sum
If the gquantity is to be added then O3 is stimulated, otherwise they
are subtracted.  Wo moy iff we wish camoel the originnl partizl sum

tbefore,/
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before cdding in which cose we must stimlate CANCEL for a period of
two minor cycles, The quantity to be added or subtrocted is
expressible os the product of & quantity knowm 2s the 'miltiplicand!
and on integer which moay be token to lie in the range -7 to 15, positive
valuea being the more normal. The nultiplicand mey be teken from TS 3
or from the partial sume register itself. This latter case is
convenient for the purpose of multiplying the partial sum by a amall
integer without o complicated series of previous tronsfers; if the
muitinlicand is taken from the partial sums register then SELF is
stimilated. The multiplier moy also be token from o variety of
sources, It may be token from T8 2 or from CIL or from TS 11, aond we
aocordingly stimulate NOR, GIV or ERR. The multiplier consists of
four consecutive digits from whichever source is chosen, The choioe
of the digits is mode by meoans of o choice of one of the pulses

Fl to P32 to enter on a certonin lino (DIGIT). At present it is
suggested thot in cosc NOR this should be Fl, resulting in the

use of digits 1,2,3,4, in cose IV it should be P 23 resulting in the
use of digits 23,2L,25,26, in case ERR1 it should be P 10, and in oase
ERR2 it should be P 1i, In cesoc DIFF these srrongements are to be
overridden and the pulse will be stored in T8 12 and token from therc,

In eosc AUTO the obove fundomental process is repected eight times,
In eocch repetition the multipliocond is token from TS 3, but it is
modificd each time by multipliecation by 2%, this effect being cobtoined
by allowing it to circulate in o DL34 during AUTO. We olso wish
to toke different digits of the multiplier at each repetition of the
procese; this is done by toking our pulse from TS 12 but allowing it
to circulate in a DL 34 also, Foeilities are nlso provided for
maltiplying the portisl sum by a power of 2,  Although the eircuits
are arronged so that this could be combined with other operations, it is
not intended that this should be done. The foollity conaists in
encbling the partinl sums to be delayed by any time up to 63 and passed
through for a peried of 2 or 3 minor cycles as desired, The omount of
delay is token from digitc 1-5 of TS 7. We stimalate ROTATE 2 or
ROTATE 3 according a8 we wish the rototion to last for 2 or 3 minor
cycles.

It may be as well to deseribe how some rather definite operations
arc done. .

Addition. We do not have o faeility for addition of two given
nurbers so mich as for the addition of a given numbor into the portial
Sur. Io add the content of TS 3 into the particl sum we mast
stimulate 85, POS, GIV, ond rust alzo get up the nurber 1 in colunms
2427, The mliiplicand is then T8 3 and the multiplier i 1.

Subtroction. As nddition but we do not stimmlate POS.

Short multiplication (i), To multiply TS 3 by 6 (soy) procced
as for addition with 0110 in columns 24~27 instecd of 1000. We shall
very likely clso want to oancel the original eontont of the partial
sums register ond thercfore stimulate CINCEL.

Short miltiplication (B). To multiply the portial sum by 6 we
must stimlato §, 08, GANCEL, SELF, GIV, and sct up 0110 in OI 24~27.

Short multiplication (C). As B but do not eoneel end put

Short multiplication with addition, We wish to rmltiply TS 3 by
T5 2 end add into the partinl sum- We stimulate POS, NOR, AULO,
DIFF,

Long/
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Long )mltiplivation with subtraction. If we wish to subtract from

the partizl sum we 4o nobt stimilate DOS,

Divizion is an ITO and will probobly be corried out by means of the
recurrence relation uo =3, Un4l = By (2 = auy).  The limit of the
sequence up is A"t provided 1 a s 2

The appropriste instructions for these operations will be found in
Mig, 37,

The content of T8 2 or T8 3 iz best considered to be a binary
integer, i.e. that the least significant digit is in the units position.
We mist also consider that the most significant digit hes reversed sign.
The lecast significont dipgit appesrs ot time Pl and the most
simificant at F3Z. In the partlal oums register aimilarly the
lesst signif'icant digit is to be considered to be in the units
positicn and the most significant to bave reversed sign and to appear
63 pulses luter. In order to keep track of which part of the
partial sum is available at any moment we hove a signal OOD which is
stimulated during the first minor cyocle of the stirtula.t:.on of 5, and
thereafter in alternate minor oyeles so long as 3 is atmlatecL When
the miltiplicand is taken from 18 3 we have to meke some slight
modifications to it before it is in sulteble condition for adding into
the partial sum, ile have to convert the periodic aignal with
period 32 or 34 intc 4 secquence of A4 digits of which 32 form
the original content of TS j, and the ro: :.t iz a sort of padding. Wo may
call the 32 digits tue gonuine d:r.p_@:. Those digits of padd.‘mg which
arc less significant then the genuine digits are to be all zero, those
which ore more simnificant arc to be the some as the most significant
genuine digit, It will be scen that this modified mmltiplicand
MUCAND 2 has the same wesning as the originel multiplicr, but expressed
in the ecode which is appropricte o the pertial sum, snd miltiplied
by the povwer of 2 whiech is required at the time. It iay be ncocssary
to change the sign of thisz multipiicand, if 205 woo not stimlated,

A simple oircuit will do this (¥ig. 34).

Owing to the fact thetl the perticl sums register is o closed cycle
of 64 there is o dengor of carries from the mest significent digit on
te the least significont, This has to be prevented, cnd it is dome by
suppreszing the corryy in the eppropricte adder at the time P32 & ~0DD.
This is showm by on inldbiting conncetion on to the adder,

The detailed correctness of the circuits is best verified by working
through varicus partieulnr cases, It is neccssnry to work several
difforent ones in order to bring out the varicus differcnt speoial
points involved, In Pig. 35 the proliminardics to o long maltiplication
have becn worked. This shows the sotting up of the new CI and the
ctransfer of digits to the valve elements Z1, Z2, Z3, Zh. It brings out
the point of adding 2 rather than 1 to the CD in ocases A, B, for we are
Just in- time to eateh the next instruction. The final stages of the
miltipliontion are shown in Fig.36. Here it hos been assumed that the
minor cycle is of length 16, in order to reduse the spaoe oocupied by
the working.

13, Examples of Instruction Tables.

In this chapter a short acoount of the paper technique of using the
machine will be given. I shnll try to give some idea of whnt the
instruction tables {or & Jjob will be like mnd how they arce rolated to
tho job ond to the machine., Thiz account mmat neocassarily be very
incomplete ond orude beoausc the whole project aos yot exists only in
imaginntion,

- Each/
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Eooh instruction will appear in a nunber of different forms, probably
three or four,

Mechine form. - When the instruetion is expressed in full =0 as to
be understood by ®he machine it will ocoupy cne minor cycle, This we
call machine form.

Permenent form - The same ingtruetion will appesr in different
maching forms in different jobs, on account of the renumbering tecknique
aa described in pp.13,14, Each of these nmechine form instructlons
arises from the permanent form of the instruction. Theze permancnt
forms arc on Hollerith cards and are kept in a sort of library,

Popular form. - Beosidos the ocards we need some form of the toble
which can be easily read, i.¢. is in the form of print on paper rather
than punching, This will be the popular form of the table. It will
be mach more sbbreviated than the machine form or the permancnt form,
at any rete ce regards the descriptions of the CAD.  The nemes of the
instructions used will probably be the same os those in the permancnt
form.

In addition to these we must recognisc the 'general description!
of a table. This +ill contoin a full description of the process
ezrricd out by {the mochine aeting under orders fronm thisz toble. | It
will tell us where the quontitics or cxpressiocna tc be operated on arc to
be stored before the operation begins, where the rosulis crce to be found
when 1% ic over and what is the rolation between thom It will also
tell us other important information of a rather dryer kind, such as the
atorages that must be left vaeant before the operaticn begins, thooe
that will get cleared or othoerwise altered in the process, what checks
will be made, and how various possible different ocuteomes of the
process are to be distinguished. It is intended that when we are trying
to understond o toble all the information that is needed about the
subgidicries to it should be cbtainable from their gencral deseriptions,

The mojority of zetual instruetion tables will ecnsist almost
entirely of the initistion of subsidirry operations ond tronmsfers of
material. It should be recogniaed however that fthe time spent will
be in quite different proportions. The three most time consuming
operationa are multiplication, woaiting for material in long deloy linecs,
ond tronsfors of moterinl, In some jobs the input ond output of
moberial moy also be very tiwme-conouming.

In order to give o foirly coumplete pioture of whot the tobles are
like I am giving exmmples of two tobles, of which one is elementary and
does not involve subsidiorics; the othor is & more advanced table
ond consists lorgely of such orders, Besides these I have added a
muiber of general deseripiione of teoblos.

The fundamental toble choscn is INDEXIN, used for finding a minor
cycle whose position has beon written dom in o pardicular place.

In these tables DL m,n will denote the nth miner ayele of DL m
INDEXIN (Gencral Desarigtiglil. The minor cyele whose position is
described in digits 17-32 of TS 27 is tronsferred to T8 28, The
cantents of 78 2,3,4,5,5,58,9,10 get altcred in the process. _

Now follows the popular form of the 4oble,
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LIDELLN,

1 &, 0000,0100,0000,0000 2
2 TS 6 - 19 2 3
3 ADD 'AY Iy
L . ROTATE 16 5
5 T3 4 ~ TS 6 &
& TS 6 = TS 9 7
7 827 -T8 6 8
8 | TS 6 - TS 10 9
9 OR 10
10 TS 8-156 11
11 B,1, IIDEIN 11

12 TS 6 - TS 28 15
13 B, DURY

The first column gives the popular form of the nome of the
instruction, and the lrat colum that of the next instruetion to be
followed. In most ooses this could in theory be cmlitted beoause of
the instructions being of type L. When the instructions are of type A
the middle oolwmn describes them in abbrevioted form. For instonce
T8 6 - T8 3 desoribes the operation of tronsferring the oantent*of
TS 6 into TS 3. Expressions of form @, ... mean an instruction
of type Q, and the expression after the comma desoribes what is in
colums 17-32, ADD 'A' is o meen 'Add TS 2 into T8 4 cancelling the
portial sums', ROTATE 16 means 'Rotate the content of 738 4, T8 5 forwarda
16 places', OR is o logieal operation,

The expression B,1,INDEXIN 11 is intended to stond for B in oclum
3, 1 in colum 17 and INDEXIN 1l in columms 17-32.

Outline of operation (DNDEXIN). From 1 to 10 we are constructing the
instruction whioh tells us to make the appropriate tronsfer and putting
that instruction into T8 6. The instruetion B,1l, INDEXIN 11 requires
us tc eorry out the instruction in T8 6. The new IN formed will be O,
INDEXIN 12 ac that we then continue with instruction INDEXIN 12,

The teble for INDEXIN is shownm in full in Fig. 38.

o use the convention thnt no digit is showm if the value of the
diglt is not significont. Both 0 and 1 are shown if either value is
poesible, and significont,

DISCRIM (General desoription). If TS 8 contcins any digit 1 then TS 15
1s passed inte TS 24, otherwisce T3 16 is passed into T3 24, The contento
of '3 2, T8 3, TS 4, I8 5, 18 8 ore altered,

Outling/
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Qutline of operation. TS 8 is transferred to TS 2 and then subtracted
Trom rero, pessing into the partial sums register TS 4, TS 5. By
toakdng out TS 5 we obtain r minor cyole full of digits 1 or of digits O
according as there wos or was not o digit 1 in T8 & originally, We
then form (T8 § & TS 15) v (~T8 § & TS 16) by logical operations ond
pass it on to TS 24

This table provides the main mesns of deelding between two
alternative procedurcs, by setting up one or the other of two instruetions,
contained in T8 15 or TS 16. .

PLUSIND (General Desoription). 1 is odded to the position roference in
T8 27, € g DL 7, 9 becames DL 7, 10, but DL 7, 32 becomes DL 8, L.

TRANS L5 (General Desoription). The following set of transfors
s mode
T3 22 ~ TS 20, T8 23 - TS 2L,

BURY (Genernl Description). The content of T8 1 with 1 added is
transferred to the position indicated in T3 31, and 1 is added to the
reference in T3 %1,  We thon proceed to onrry out the insiruction in
TS 1. .

UNBURY (Gencrel Deseription). The miner oyele whose position is given
in T8 31 is token to be position of the next inatruction.

MILTLE (General Desoription), The nunber in T8 18, 19 io mulbiplied
Yy the mubeor in T8 20, 21: the result is brought to standerd form by
ghift of decimal point,  An error is obtrined for the product by using
the errors in the given numbors snd allewing for rounding offl. The
result is stored in TS 22, 23.

ADD is onclogous to MLIIE.

As an-example of o more complioated process, I have chosen the
ealoulotion of the value of o polynomial.

CALPOL (Genoral Deseription)., The minor cyeles of DL 3 token in pairs
contzin the ooefficicnts of o polynomial in descending ordor.

Evidently we arc rostricted to degrees not exccoding 15, and weo assume
the degrec always to be 15, filling up with appropricte zero
gocfficicnts. The valuc of this polynominl will be enleulated for the
argument in TS 13, TS 14 and the result will be trenaferred to TS 25, 26,
Before starting we reguire speoial contents in DL 1, 1lh ond DL 1, 15.
There fre

DL 1, Lk 0000,0101,0000,0000,0100,0110,0000,0000
DL 1, 15 0000 ,0000,0000 ,0000,0000 ,0100 ,0000 ,0000

thuau:@rcsaion in TL i, 14 represcnting the order to transfer DL 3,1 to
IS5 &, ' :
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CAIFQL 1L Clear TS 22, 23; DL 1, 14 - @8 27,

DL 1,15 - T35 29, CALFOL 8

CALFOL 8, B, DUHY; B, :err:m;' 1S 26 - T8 18; B, DURY; B, FLUSIND;
3, BURY; B, INDEXIN; T8 28 - 18 19; B, BURY; B, ADD; B, BURY;

B, PLUSIND; 18 27 = T8 2; S 29 - S 3; AND; Q, CALPOL 40;

T8 6 - 15 15; Q, CALICL 37; TS 6 - TS 16; B, BURY; B, DISCRIM; B, 1.

CALFOL 37. T8 13 - T8 18; TS 14 - TS 19; B, BURY; B, TRANS L5:
B, BURY; B, MULTIP; B, BURY; D, TRANS 45. CALFOL 49.

CALPOL 49. B, CALPOL 8.

CALFOL 50. TS 22 - T8 25; ©8 23 - 08 26; B, UNBURY.  °

The above teble for CALPOL has been cxpressed in a more sbbrevicted
form than the one we gove for INIIUIN, seversl operations being listed
at a time. AND is of course the logical operation and B,1 indicaten
B with o 1 in oolwm 17. : )

Qutline of operciion (CALFOL). If we denote the polynamial by
a1 x15 + ap x¥r 4+ .., the caloulntion proceeds by the equations

bl =03, e =by x, by = o] + Qo, G2 = by X, »s.  Aftor the -
caloulation of each by we have to determine whether this is the one -
required, viz. b4 or not, This iz done by examining the content of
IS 27 which includes the number r and is also, one might say
principelly, used to deseribe the position of the noxt cocfficient
apy).  If it is the one required we find ourselves at CALPOL LO and
hove to pass bp out to TS 25,26, Otherwise we go to CAIPOL 31, and
after maltiplying by by x %o give ¢y we find ourcelves back at
CALFOL 8 and repeating procecses we have dene before,

It will be.evident that the toble CALPOL is somewhat wasteful of
SPAacc. Each time a subsidiery operation is required we have to
repeat B, BURY, and each time we make a transfor we heave to do it in
two stages, cach of which uses a wholc minor ovele of which most is wasted.
Lt is possible to avoid this waste of space by keeping the instruction
tables in some abbreviated form, and expanding each toble whenover we
went it. This will roguire o toble EXPAND, and will roquire cach
table to ineclude appropriate reforences to the table EXPAND. These
refercnces will hovever be put in by EXPAND itsclf (when working under
contract {o a higher authority), just as EXPAND will put in the reforcnocs
to BUKY and UNBUHY.

BINDEC (General Deseription). The number in TS 13, 1k is translated
decimal forz of the fype ol x 10™ wvhere 1 ¢ <l ¢ 10, and is
trenaferred into DL 10,  Tho notation of tho decimal form is such that

the content of DL 10 can be passed out ento a ocard in the usunl way
and 1f the oard is then-listed the digits of the mubers o, will then
appear on the listing paper in the wowel wey.  Or in other words only
the first 10 minor cyclos of DL 10 arc used, and a decimal digit is
represonted by the wdnor cyele in which a pulse cocurs, and its
significonce by the pesition of it within the minor cycle.

(IThis agcount is ineomplete os regards signs and seme other detoils).

./



- 32 -

Li. The Design of Delay Lines.

l:i) General, - A considerable amount of worl has been done on
delay lines for R,D.F. purposes, On the whole our problems
coincide with the R.D.F. problems but there are a few differences.

(a) Owing to the fact that there will be more than cne tank
used in the caloulator the stability of the delay is of importance.
In R.D.F. the delay is allowed to determine the recurrence frequency
and the effeots of varlations in it are thereby eliminated.

(b} In RD.F. it is required that the delayed signal sheuld
net differ from the undelayed by an error signal which is less than
60 4B (say) down on the signal proper., We are less difficult to please
in this respect. We ocnly requirc to be sble to distinguish mark from
space with a very high probability (e.g. =t least 1-10"52), This
requires a high signal to noise ratiec, so for as the true randonm noise
and the interfercnce are concerned, but it does not require much as
regards hum, froquency distortion and other factoPs producing unwanted
signals of fairly aonstant amplitude,

Our main concerns then in designing o delay line will be:

(1) To ensure sufficient signal strength that noise does not cause

" seriocus effcots.

(2) To climinate or correct frequency end phasc distortion
sufficiently that we may correctly diastinguish mark and spaoe,

(3) To stobilise the delay to within say 0,2 pulse periods.
(4) To eliminate interfercnoce,

(8) To provide eccnsiderable storage capneity ot small cost.

(6) To provide means for sctting the orystels sufficiently nearly
parallel,

The guestions of ncoise and signal strength are treated in some
detail in the fellowing pages, It iz found that there is plenty of
power availoble unless either very long lines or very high freguencies
are used, The elimination of interference is mainly o matter of
shielding and is a very standard radio problem, which in our case is
mich less sericus than usual, Various mesns have been found by the
R.D.F. workers for setting the crystels. Some prefer to machine the
whole delay line very ascurately, others to provide means for moving
the erystals through small angles, .5 by bending the tanks  All are
aatiafactory.

I list below & nmumber of gquestions which must be answered in our
design of delay lines. In order to fix ideas I have added the most
probable answers in brackets after each question.

(1) VWnat liquid should be used in the line? (Bither mercury or a
water-aloohol mixture),

(2) Should we use a carrier? If so, of what froquenoy? (Yes,
certainly use a carrier. Frequenoy should be sbout 10 Me/s with
wa.t;)ir—a.lcohol mixture, but way be higher if desired when morcury is
used). )

(3) What should be the clook-pulse frequency? (1 Mo/s).

L)/



- 3% -

(4} What should be the dimensions of the orystals? (Diameter
might be half that of the trnk, o.pg. 1 cm  Thickness should be such
that the firat rescnonoss of the two orystels cre two or three
mogacyolee on either side of the carrier, if water-alochol is used.
With mercury the thickness is less oritical and may be either as.with
water-alochol or may have resonsnce equnl ;bca carrier,

(5) Should the inside of the tank be rough or smooth? (Smooth).

(6) Vhat should be the dimensions of the tank? (Stondsrd tanks
to give a delay of 1 ms. should be about 5" long whether water-clechol
or merowy, Diamcter ¥').

(Keep all the tanks within cne degree Fahrenheit in temperature.
Correet systematic temperature changes by altering the pulse frequenacy. |

In order to be sble to unswer theue questions various mathomatioal
preblems comnected with the delay lines will have to be solved,

(i) Elestromgnetic conyersion efficienoy.- The delay linc muy
best be considered os forming an cleotricel nobwork of the ldnd usually
(rather misleadingly) desoribed as 'four-pole', i.e. a nelwork which has
one input ourrent and one input volitage which togeiher determine an
output voltage and owrront. Such z nebwerk is deseribed by threo
complex nunbers ot cach froquency. In the case where there is little
ooupling botween the output and input, which will apply to our problam,
wo may take these quantitloes to be the input and ocutput admittances end
the 'tronsfer: admitbunce!.  Strictly spealdag we should specify whether
the output is open cirouit or short oircuit whon stating the input
impodanoe, but with week coupling these are effootively the same;
similarly for the ocutput impedance, The tranafer admittanoe io tho
current produced at ono end duc to wnit voltage et the other, and does
not depend on which end has the voltage applied te it. = In the case of
the delesy linca the input and ocubtput cdmititenecs will be offectively
the ompasities between the orystnl eleotrodez. e need only determine
the transfer admittonoce.

We shall ocnaider the following idealised ocose, Two cryctals
of thicknesses 4 and &' oare immersed in a liquid, with their faces
perpendiculer to the x-exds, The liquid extends to infinity in beoth
the positive and the negative x-dircetions, and both ligquid and
arystals extend toc infinity in the y and z directions (Fig L0). The
distance between the near side faces of the orystals is £ . It is
assumed that there is eonsidercble attenuation of sound waves over o
distance of the order of £ but hardly any over a distanocc of the
crder of 4 or 4.

These assumptions nre introduced lorgely with a view to eliminating
the possibility of reflections, In prootice the reflections would bo
oliminated by other means, For instonoe, the infinite liquid on the
extreme right and left would be replooed by o short length of liquid
in o stub of not vory regulor shepe, se that the reflected waves would
not be parellel to the face of the orystal. HMore likely still, of
pourse, we should have some cniircly diffcerent modium thero,

The physiosl gquantities inwolved cro:
(e) Tho density g . Wewrite £ for the density of the

orystal and @ 1 for tHat of the liquid. Likevise o suffix 1 will
indiccte liquid velues thooughout.

)/
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(b) The pressure p. | In the cose of the crystal this is
understood to mean the xx-component of stress.,
(e} The displacement _{_ in the x-directiocn.
(4) The velocity w din the x-direction.
{e) The radian frequency w.

(f) The ulasti::ityal . Jfhis is the rate of change of pressure
per unit decrease of logarithm of velume due to oompresaiocn.

(g) The velooity of propagation o. .

(h) The moohanical charecteristic impedanoce Y .
(i) The reciprocal radian wave lengbh /_J, .

() The piezo-clectric constant & . This gives the induced -
pressure due to an electric field strength of unity, This field
strength shouwld normally be thought of as in the x-direction, but we
shall have to consider the case of a field in the y or z direction
briefly alsec.

These quantities are rclated by the eguations

c%ﬁfﬁ,:{:;"?{\ ,{3=;, v:iws"', i?E?=d£’ P=F7-£+EL

In what follows we assume that all quantities such asa p, v, E depend on
time according to & factor 1wk, which we omit,

We now consider the 'transmitting orystal', which we suppose extends
from X==-a to x = a where 4 = 2a. The solution of the equationa
will be of form

' p = Ei + B oosﬁ x

within the erystal, i.e. for |x|< a  Since the prossure is continuous
we sghall have '

p = (BE + B cos ﬂe.)ciﬂl(a - 1) if -|':|:!_','.-e..

This givea for the velocity

l .
~— , -Basingx = -iB L ainax if |xf¢a
e TP X p e XK

3 El (E¢ + B cus/&. a)uifl(a' = x”;fz,.,.,_x if Exl‘?a.

<
I

v

1]

Continuity of velocity now gives

choa a.+fi-;--l-siﬁ a):-E
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and therelore the velocity at a is

~iB sin /A3 a iE z. afmr“Sa.
>---*—~—-~~——I—-—ﬂﬂ =2 N R i s e e e g
x \}"oosf,{r-_n+i;_;lsin,csa ,
) /
i.e, the veloeity at the inside edge of the ocrystal is
iEz 1
dwr
oot == 4+ iu
' 20

-
where u = ~ lf .
—

Asmumdng that the exeiting voltege is longitudinal we may say that

Veloclty _ i% 1

Bxeiting volbape ‘I d dw
cot -= 4+ iu

2g

The effect of the medium betweon the two erystala we will not oconsider
Just yet. Let us simply cssume thot

Velooity at inside edge of receiving orystal

Velooity at inside edge of transmitting orystal

We have now to conasider the ¢ffiect of the receiving erystel. Fortunately
we con dezl with this by the principle of reciprocity. When applied to

& mixed clectrical and meohenical system this states that the velocity
produced at the mechanlioal ond by unit voltage at the cleotrical end is
equal to the current produced at the electricfl end by unit foroe at the
mochanical end, Honoe

Current nt reeeiving end ig 1

——— = - -

Foree on reoeiving orystol arYy dhtw
. oot --— + iu

20

To these cquations we moy add thet the retio of force to pressure is the
area A!' of the reociving crysteal, and that the ratio of pressure to
veloeity is the mechranical chiractoristie impedsonog ‘Sl. Corbining

we obiadn

At 2*{- 1
{ = Tronsfor admittonce =i E..‘.'_E - _—

aar 2 aw Aty
(cot -= + du (aot — iu)

2o 20

Let us now asaume that the input to the valve frem the receiving
orystal consiste of o tuned eirouit with o feirly low 'Q' as in Fig 41.

Then/
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Then
Grid woltage
Voltage ottenuation and phase change factor = =e--ceemeeeo-
Input wvoltage

X
1 1
m——  Odw + =
Liw R '
Y " Y
= TR e S S B S e R O
Ciwg, ivig Ay,
'(w + Wy + ---)(- - Wy + e
1
where WOWgZ 14 == = 1, G = Og + Oy
mz
Q = Rc"-'l'o
W Ox 2ng?
= ) —eem , eeiee L R(W)

Cy + Ug < p
where \{ = Dielectric constant of crystal
,19 = Attenuetion due to viscosity of medium

geometrionl csuses,

u

R{W) = mremermm—r ot |, a2 .
duig {( & :'r:rro iwg
——-iloo'b—--t-iu oot-r--+‘.’|.u W+ Vg +---«- W= Vg + ===
Zo 20 ) 2Q

2 'ITQ_Z

The quantity ...;.;.?... depends only on the erystal, i.e. on the

material of which it is mede and its out and form of excitation. Both
‘.2 ana are of the dimensions of a pressure, L4 T g 1is of the
dimenaions an electric field, and may be thought of as a constant
electric field which hes 4o be added to the varying field in order that
the combination should produce the correct pressure variations, somewhat
like the permanent megmet field in o telephone recedver. A typieal

2% ' .
value for e is 0.00k.

Lot us now comsider the Prequency-dependent faotor, Riw). Tho
paramcter u entering herc is the ratio of the cheracteristio
impedances of the eryatel and the liquid. It io equal to

Velooity of sound in liguid x density of ligquid

Velooity of sound in orystal x density of erystal
: The/
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The velocity of sound in the erystal (X-cut quartz) is 5.72 lay/sec.
end its density is 2,7, The velocity in water is L L4 lay/sec., and the
density 1, hence

u(water) = 0,1 abt,
The velocity in mercury is much the same but the density is 13,5, Henecse
u{mercury) = 1.3 abt.

These fipares sugpest that we consider the two coses where u  is small
end whexre w i3 L. The latter case may be described by saying that
the liquid matches the crystal,

It may be assumed for the moment that our object is to make the
minimum value of in(w}j in a certain given band of frequencies as
large as possible. If the width of the bend is 2 ¢ and it is
gentred on wg  and if we ignore the variations in 47 wo shall find that

7
the optimum value of w is of the form N Z wherc N is some
. W
numorical constant probably not tob far i‘romol. The value of § should
be as large as possivle., With [ = 1 Mo/s, wo = 10 Mo/s this seems
to suggest that water (u = 0.1) is very suitable. In practioe the
differcnoes due to the value of ) arc more serious than those dus to u,
and therc is in sny easc plenty of power. Ve would not in practice
take Q a3 large as we could but would rether try teo arrange that
|R{w)] wes fairly constant throughout the bsnd concerned and arg R(w)
foirly linear when plottcd against I water were used one would
probebly choose the thicknessca of the oerystols ond the value of @ 1o
give poles of |R(w)! somewhat as shown in Fig.il., With this arrangement
of the peles the gain correspending to |[R(w)l 4is 9 4B throughout
the range 8 Mg/s and the phase characteristic lics within
52 of the sirodght linc within this range.

¥iith mercury where u  is nesrly 1 we should put

d"ﬂ'o . _'T a"""‘o TI.-
TEF T, TTTTEOE T,
2e 2 2a 2
and then _ 2
2 W w W
|R(w }=E6m i | E e

o
2 %o iw, iwg \
B D)

We should probably find it desirable to omit the tuned eircuit, in which
casc R(w) would represent a fairly constant loss of L 4B, One oould
uge a § of 2 4if one wished, giving & gain of 2 &8 instead,

We have assumed sbove that the crystel is longitudinally excited.
If it were transverzcly execited the figures would be rauch lesz
satisfactory, At the transmitting end a far larger voltage would have
to be applied in ordor to obbain the same ficld strength, snd at the
recedlving ond the stroy onpacitivs vwill have a more serious effect with
transverse electrodeos, although if the stray capacity were zero
transverse slectrodos at the rooceiving end would actually be moro
efficient.

ey
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(1ii) Geometricsl attenuation,- If a rectanguler orystel is
orookedly placed in & plane perallel beam, the tilt being such that the
one edge of the orystal is advenced in phase by an angle :}lf‘ then the

sin 74" .
attenuation due to the tilt is —-—--r-- With a squere orystal whose

side is 1 om. and a frequency of 15 Mg/s this would mean that we get the
first zero in the response for a tilt of sbout 16!, The setting is
probably not really as oritical as this owing to curveture of the wave
fronts, If the crystels are operating in a free medium without the
tube this effeot is casily estimoble end we find that, for orystals
sufficiently for apart the =llowable angles of tilt ere of the order of
the engle subbtended at one erystal by the other. It has been found
experimentally with tubes operating at 15 Mo/s that tilts of the order
of half a degree arc cdmisoible.

Now let us consider tho loss due to boundary effects.  We assume

r - .
o wave inside the tenk of form p = Jc(jf’ir) o~ifpz+iwt  apa assume a
i

l1dq .
boundnry condition of form - -- = _y where we do not know ¢ nor even
nodn -
whether it is real or complex.  The radius of the tank is 2, so thet
e Jy(3a)
the boundsxy condition becomes '--—--:—l-;--- = I &, Let the soluticn
Jal faa) "
wJq (u) 5 RER W
of ~=m=== =y be uly). Then we have ,:'_".:, +( e e e = HE and
Jo(u} : & c

. - 1. g u a_"l-
therefore ;‘{ﬁ ﬂ/ﬁ - —E—ﬁ‘: u ju = 0. But since -E!--'- iz smoll this
i | &

oBul u fa

means appro:dmotely j“/,_-; = ——=—seew=, and the loss in oz length 'E, of the
asw
EO 2 & . 4
tank i= -51- lﬂuj U nepors. For a given value of 4 there are mony
asw
wly
golutions of =-= = " a but there is = bounded reglen of the u plane
Jo

in which there is always a solution whatoever value 5:: mnxy have, This
mezns to soy that for any boundary condition thore is always 2 mode in
c
which the nttenuation docs not excesd ‘T 5 where U is some
o
numerical conatant,

The value of T is dbout 1.9 It is the largest value of
xy ouch thet (x + iy) Jy(x + iy)/To(x + iy) is pure imaginory and
¥> 0,0 x{ 2k

Teking £ c/ofwy = 0,31 (ae p,41) the maximum loss in this
mode is & dB.  ¥We should however probebly add a eertain amount to
allow for the foct that not all of the vnergy will be in this mode,
A totol loss of 10 42 would probobly not be too amall,

(iv) Attenusntion in the medium - The attenuntion ecefficicnt is given
22

by -'-5- where 32 is the dymemic coeffieient of viscosity, i.e., the

rotio of viscosity to demsity. With water (¥ = .,013 e = L Lk Kn/sec,)
at o frequenocy of 10 megacyeles and o delay of 1 ms we have a loas of
12 dB. With mercury under the same oircwastances the loss is only 1 dB.

Thesae/
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These figures sugzest that if water is used the froquency should
not be imch ebove 10 Mg's, but that we can go oonsiderably higher with
MEoUIY.

(v) Noise.

Before leaving the subject of attenuation we should verify how
ruch oan be tolerated, The limiting factor is the noise, due to
thermel agitation and to shot effect in the first amplifying valve.
The effect of these is equivalent to an unwanted signal on the grid of
the first valve, whose corponent in a norrow band of width f oycles
has an R.M.S. wvalue of :

Vg = Lka(R-I-Re)

whera T is the absolute temperature, k -is Boltzmann's constant -and
R is the resistive component of the impedance of the oircuit working
into the Tirst valve, including the valve capacities. Rg is a
constant for the valve snd describes the shot effect for the wvalve,

In the case that we use mercury and do not tune the input the value of
R will be quite negligible in comparison with Rg, which might
typioally be 1000 ohms., For a pulse frequency of 1 megacyole we mst
take f = 106 (the theoretioal figurc is #10° but this is only
attainable with rather peculiar circuits), At normnl temperatures
4k T = L6 x 10720 and therefore Viy = 4 V. In the cesc that we

‘ Q
use water and tunc the input, we have R = =—=—emecaea- at the worst
W w(Cx + Og)
frequency.  Assuming -—-- = 2 Mg/s  (scc Fig.4l) and Cy + Cg = 20 pf
ENTRS)

and ignoring the fact that the effect will not be so bad at other
frequencies, wo have Vy =9 lu..‘l.’.

Nowr suppose that we wish to meke sure that the probability of exrror

is less than p, and that the differcnee in signal voltage between a
digit 0 ond & digit 1 i3 V.  Then we shall noed

[P
2 j e"%:gﬁx<p.

v

1‘" 2Vr

(This follows from the fact that a rendom noise voltage is_normally
distributed in all its coordinates). If we put P = 10732 we find

v
—22,, V20,1 V.
Vi

(vi) Summery of output power results,~ Summarising the voltage
attenuation and noise questions we hove:-

(2) There is on atbenuation factor depending on the material of
the orystal and its out and for quortz typleally giving o loss of
LB 4p.

(b) Therc is o fuctor R depunding on the ratio of band width
required to csrricr frequemey, ond the motohing factor u between
erystal ond liquid.,  In practicel cascs this amounts to gains of
10 dB with water and 2 4B with meroury.

(c) There is o loss factor O,/Cx + Oy due to stray capacity Cs
across the recciving crystal,  This might represent o loss of 6 dB. '

(a)/
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(d) There is & loss due to the viscosity of the medium. For a
water tank with & delay of 1 ms. end & carrier of 10 Mo/s the loss may
be 12 d8: with meroury and a carrier of 20 lMig/s it may be 4 dB.

- (&) Losses in the walls of the tank. Apparently this should
not exceed 10 4B. .

6

(£} The noise volta%a' may be 4 x 10™° volte RMS (merocury) or

9 x 10-% volts RMS (water).

(g) The signal voltage (peak to pesk) should exceed the noise
voltage (RMS) by a factor of 2. for safety.

These figures require input voltages (pesk to peak) of 0.2 volis
or 4.5 volis with mercury and water respectively. Wo could quite
conveniently put 200 volts on, sc that we have 60 4B (or 53 dB) to spare.
There is no danger of breaking the orystals when they are operated witn
so mach damping.

(vii) TPhase distortion due to reflections from the walls,- We
oannot easily treat this problem quantitatively becausc of lack of
information about the boundary conditionz and bscause the ratio of
dismetcr of orystal fto diameter of tank is significant. Lev us
however try to estimate the crder of magnitude by assuming the pressure
sero on the boundsry and ccnsidering the gravest mode. In this cose

SRR
the pressurc is of form Jo( el F’P“"“‘t where 2a is the diamster
o
of the tank and ky = 2,4 is the smallest zero of Jg, end
2 k12 e .
F + -——2—': =5 In this case the change of phase down the length <
& o :
W klz
of tank is lf = RS If we are using corricr working we are
¢ &
a2 1 %ot
chiefly interested in ---> which turns out to be = =-y--= where W,
a Wy &

ia the ecarricr frequency. If we suppose that the band width involved
is 2.8, then the greateat phase errer which is introduced is
x1292c%

S m——— Let us supposc that the greatest admiesible error is

2 wgo a2

0.2 rodians, then we must have

‘gu Oely f Wy
e Eld)
Talding e = 10 Mo/s
L = 1llg/s
o = L x 10° on/sec.
£ = Lix20?om
a = 1lom

Then/
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¢ -3
Then =— = 2,2 x 10 ain,
Wo
{o
==——e = (0,31
a2 We
0.1 2
- i wo
““5(“) - 6.95
B0

The situation is tius entirely satisfactory. The carrier fregquency
could oven be halved,

(viii) The choice of mediwwn - In choosing the medium we have to
take into ascount

(2) That a medium with o small characteristic impedance such as
water has © slight adventaze as regards the factor R(w).

(t) That water is wore atbenuative thon mercury.

(c) That meroury gives wide bend widths more casily than wabter
because of closer matching, but thet adeguate band widths are
neverthelass posaible with water,

(8) That a water-alcohol mixbure can be made to have a zero
temperature coefficient of velocity at ordinary temperatures.

On the whole the advantages seem to be slightly on the side of
mercury, -

(ix) Long lines.- The idea of using deley lines with & long delay,
e, g of the order of 0.1 second, is attractive becsuse of the very large
storage capacity that such a line would have.  Although the long delay
would malce these unsuitable for general purposes they would be very
suitable for cascs where very large amounts of informaticn were to be
stored; in the majority of such ocases the material is used in a fairly
definite order and the long delny docs not matter.

However such long lines do not really seem fo be very hopeful.
In order to reduce the attenuation to reusonable proportions it would
be necessary to abandon carrier working, or else to use mereury. In
cither casc we should probably be obliged to make the tank in the
form of o bath rather then a tube; in the former casc in order to
avoid the phase disfortion arising from reflecticns from the walls,
and in the latter to economisc mercury, using a system of mirrors in
the bath, In any ense the technique would invelve much development
work,

We propose therefore to use only tanks with o delay of 1 ms,

(x) Choice of parametors,- Considerations affocting the earvier
frequency ore:

(2) The higher the carrier Trequoncy the greater the posaiblc
boand width. '

(b) The difficulty of cutting thin orystols, somewhat modifiod
by the abscnce of necossity of froquency stability. .

(e)/
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(¢} The attenuation et high frequencies of the sound wave in the
liquid.

(@) The difficulty of setting the crystals up sufficiently
nearly parallel if the wavelength is short,

(e) The difficulty of amplification at high frequencies.

Of these (a) end (o) are the most important. A reasonable
arrangenent seems to be Lo choose a frequency at which the attemuation
in the medium is about 15 db.

With the comporatively low frequencics and with wide tanks the
setiing uwp difficuliy will not be serious, With long lines we should
probably not attemst teo do tomperature correction, but would rephase the

output,
Conslderations affeoving the pulse frequency arc:

(a) The lirmdtation of the pulse fregquency to & comparatively small
fraction of the carricr frequency if water is the tranmmission mediwm,
and the limdtation of this currier frequenoy.

() “The finite resction times of the valves.
(¢) The preater copacity of a line if the frequency is high,

(d) Greater apeed of ecperation of the whole machine if the pulse
frequency is high.

(e} Cowardly ond irrational doubts as to the feasibility of high
frequency working.

If we can ignore (e) the other considerations appear to point to o
pulse frequenoy of about 3 megacyelcs or even higher, e are however
somewhat alermod by the prospect of cven working at 1 megacycle since the
difficulty (b) might turn out to be morc serious then anticipated,

Conziderstions offecting the diameter of the tank arc:

(2) That the crystals are most conveniently adjusted to be
parallel by bending the tanks and that the diometer should thereforc not
be too large.

(b) That the diamctor should be at least large cnough to
accaommodate the crystal.

(c) That small diameters give phasc distortion (p..0).

(@) That with meroury small diamcters arc economical. At a
priece of £1 sterling por 1 1b. avolrdupois of mercury & 1 ms. tank
of diameter 1" would contein meorcury to the value of sbout L£2-2-6.

A diameter of 1" or rather less is usuel in R.D.F. tonks and
appoars reasonable in view of these conditions,

() Temperaturc control system = The temperature coefficient
of the velocity of propagation in mercury is quite small at 15 My/s,
being only C.0003/degrce centigrade. This means that if the length
of 2 1 ms. line is to bo correet to within 0,2 ms., then the
temperature mst be correet to within two-thirds of o degree
centigrode,

15./
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. 15. The Deaipn of Valve-elements.

(1) Outline of the problem. - To design valve-elements with properties
as described in B 5 and to work at a frequency of say 30 or 100 kilocyclea
would be very straightforward., When the pulse recurrence freguenocy ie os
high as a megacycle we shall have to be more ocareful about the design, but
we need not fear any real difficultics of principle about working at these
frequencies, and with such band widths, The successful working of
television equipment gives us cvery cncouragement in this respect. A
word of werning might perhaps be in order at this point, One is tempted
to try and carry the argument further and try to infer something from the
succesas of R.D,F, at frequencies of scveral thousands of megaoyoles.

Such an analogy would however not be in order for although these very high
frequencics are used the bondwidth of intelligence which cen be
transpdtted is still ccparatively small, and it is not easy to sce how
the band width oould be greatly incrcascd,

In this ohapter I shall discuss the limitetions inherent in the
problem, and shall elso show very btentabive cirouit diagrams by way of
illustration. These eircuits have not yet beon tried out, and 1 hawve
too much oxperience of ¢lectronic cirouits to believe that they will
work well just as they stand.  (This does not represent a superstitious
belief in the cussedness of circuits and the inepplicability of
mathematics thereto. Rather it means that normally the omount of
methematicel argument required to get & reliable propheoy of the
behaviour of a circuit is out of proportion to the small tm:]:le regquired
to try it out, at cay rote if one is in an clectrical loboratory. In
pragtice one compromises with a rough mathematioal argument snd then
follows up with experiment, The apporent "ecussedness" of cleetronie
oclrouits is due to the fact that it is necessory to moke rather a lot
of simplifying assumptions in these arguments, and that one is very
liable to make the wrong ones, by falsc Dnalogy with other ocirouits cne
has dealt with on previous ocna.aions. The cussedness lies more in the
minds decling with the problem than in the clcotronic circuits themselves, )

(ii) Bources of dclay,- Therc arc two main reasons why vocuum
tubes should cause delays, viz. the input capacity and the transit time,
0f these perheps the first is in proctice the more serious, the second
the morc theoreticnlly unavoidable,

The delay due to the input capacity, when the valves are driven
to saturation or some other limiting crrongement is used, is of the
order of C/gyp, where C is the input copacity and gy 1is the mutual
sonductanoe of the valve. Ve my, for instance consider the idealised
circuit Fig b4  (Coupling with a battery is of course not practical
politica, but it produces cssentially the same effeots as more prostiocal
circuits, and 'is more easily understood). If I is the saturation
current then the grid swing required to produce it is I/gm - end the
charge which must flow into the grid to produce this voltage-is CL/ g
If the whole saturation current is available the time required is O/gne
This crgument is only approscimato, and omits some smell purely
numerieal festors, However it illustrotes the more :.ng:ortant pointa,
In pertioular we oon sece that Miller effeot is not o very serious
motter beoause of the limiting, which reduces the offcotive
arplification faotor 4o 1. On the other hond, if one valve is used
to serve severcl inputs the deloy will be correspondingly increased
because the capacity hos become maltiplied by the nunber of grids
served,

This conneceting of several grids fo one onode, and a muwber of
other practical points will tend to make the ceotunl delay due to input
capacity several times greater than C/pm, €.z 10 O/om
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The deloy due to transit ‘t:i.mﬁ way be caleulated, in the case of a
plane structure, to be 34("W2eV)¥ where m, e are respectively the mass
and charge of the electron, V is the voltage of the grid referred to
cut-off and 4 is the grid-cathode spacing. In other words the transit
time may be ocaleulated on the assumption that the aversge velocity of the
electrons between ocathode and grid is one-third of the velocity when
passing the grid. This time may be compared with: C/gm which, if ¢

3 1
is calculated statically, has the value - a(W2eV), i,e. half of the
2

transit time. That therc should be seme such relation between C/gy and
trensit time can be seen by caleulating O/(g x Trunsit ¢ime), where C
is the grid-ecathodec capacity and g iz the aotual conduotance, i.e,, the
ratioc of current to V.

g x Transit time I x Transit time

Charge on grid
Charge in transit

Let us now caleulnte cetucl values. The veltage V by which the
grid exceeds cut-off might be 10 wolts which corresponds to a velocity
sbout 1/300 of velocity of light (Wote: annihilation energy of electron
is holf a million volts) or one metre per microsecond, If & 1is 0.2 om
the transit time iz ¢, 006 Jo 3. A typical value for C/gg is 0.002 fs

The relation betweon ¢/ gp and transit time brings up an important
point, viz. that these two phenomens of time delay are really inseparable,
The input capoecity of the tube when 'hot' really consists largely of a
copacity to the electrons., When the motion of the electrons is teken
into :-.-Szcotmt the copacity is found.to booome largely resistive (Ferris
effect).

Before proceeding further I should try to explain the wey I em using
the word 'delay'. TWhen I say that there is a deloy of so many microseconds
in a circuit I do not mean to say that the output differs from the input
only in appearing thet mach later, I wish I did.  What I mean is
something mich less definite, and alseo less agreesble. Strictly speaking
L should spoclify very much mere than a single time. I should specify
the waveform of the output for every dnput waveform, and oven this would
be incamplete unless it referred both to voltages ond currents. We have
not space to oonsider these questions, nor is it really necessary. I
should however give some idea of what kind of distortion of output these
‘delays' really involve, In the case of the input capacity the
distortion moy be talken to be of the form that an ideal input pulsc of
unit oron is converted into a pulse of unit area with sharp leoding edpe
and exponenticlly decaying troiling edge, the time constent of the deloy
being the 'delay!, thus FPig.lhe, - In the oase of the trensit time the
curve is probebly more neorly of the 'idecl' form (Fig. 4ib).

To give the word 'delay! a definite meaning, ot any rate for
networks, I shall understand it to mean the delay for low frequenoy
sine waves. This is equal to the displocement in time of the centre
of gravity in the case of pulses, :

In/
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In order to give an idea of the effect of these delays we have shown
in Fig. L5 & pulse of width 0.2 ps end the same pulse delayed, after the
manner of Fig, kha, by 0,03 s tds representing our calcoulated value of
0,003 mltiplied by 10 to allow for numerous grids, ete, ete, It will
be seen that the effect is by no means te be ignored, bui nevertheless
of a controllable mapmitude, '

(iii) Use of oathode followers,- In order to try and separate
stages from oneé another as for as possible we shall make considerable use
of oathode followers, This is a form of eireuit which gives no
amplification, and indeed a amall atbenuation (e.g 0.5 dB); but has a
very large input impedance and a wvery low output impedance, This means
chiefly that we con load & volve with many connections into cathode
followers without its output being seriously affected,

Pig. 46 shows o design of cathode follower in which the input
sapacity effect hos been reduced by arranging that the snode is scrcened
from the grid and that the soreen voltage ns well as that of the cathode
moves with the grid. If one could ignore transit time effects this
would have virtually zerc input copacity,

(iv) The 'limiting smplifier' circuit.- When low frequencies are
used the limiter circuit can convenienfly be nothing more nor less than an
caplifier, the limiting effect appearing ot cut-off and when grid and

athode volinges are equal. At high froquencics we cammot get o very
effeptive limiting effeot at cathode voltoge, owing to the fact that the
grid must bo supplied from a comparatively low impedanoco source to avoid
& lerge delay erising from input capacity, but on the other hand, in order
to get o limiting officet we need o high igpedance, high ocompered with the
grid oonduction impedance (about 2000 ohms probebly). :

At high frequencies it is probably bobber o use a'fipp rolay!
clrowit. This is nothing more thon a mulitivibrator in wiich onc leg hos
been made infinitely long (and thon some), i.e. one of the two semi-stable
states has been medo really ateble. An iupulse will however moke the
gystem ocoupy the other atote for o time and then retwrm, producing a
pulse during the periecd in whioh it ccouples tho less stable stato.

This pulse cen be taken in either polarity. It is fadrly square in shape
and its amplitude is sensibly independent of the amplitude of the tripping
pulsc, clthough its time mey depond on it slightly, These sce all
definite advantages, :

A suggested cireuit is shown in Pig 47, ond the weveforms associsted
with it ot various points in Pig, L8, :

. (v) DIrigger oircuit.~ The trigger circuit need only differ very
little from the limiter or Kipp relay, It needs to have two quite
stable states, and we therefore retwrn both of the grids of the 68N7 to
-15 volts instead of returning one to ground. Secondly the inhibitory
conneotion is different. In the cose of the limiter it'simply |
consista of on opposing or negative voltage on the eathode f'ollower;

in the ecse of the trigger cirouit it must trip the valve back, and
therefore we need o second cathode follower input econnccted to the other
grid of the &8N7,

(vi) Unit delay,- The essential part of the unit delay is &
network, designed to work cut of a low impedance and into a high one,
The response at the output to a pulse at the inmput should rreferebly
be of the form indicated in Fig50, i.e, there should be z maximum
respense at time l!u & after the initinting pulse, and the response should
be zerc by a time 2.8 efter it, and should remuin there, It ia
perticularly i::q:»ortgnt that the response should be near to zero at the
hxtugc&l}mltiploa of Lpa after the initiating pulse (other than 1pe
after it).

v
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A siimole eiroult to obtuin this effect is shown in Fla 5la,
The respense is shown in Fig, It differs from the ideal mainly in
heving its maxdmum too esrly. It can be improved at the expense of a
less good zero at 2 s by using less douplng, i.e. reducing the 500 ohm
resistor, It is ufau possible to cbiuin altopethor botter curves with
more elaborate oirouits.

The 1000 ohm resistors at input and oulput may of course be partly or
whelly abscerbed into the input and cutput oircuwits. Further the whole
impedsance soale may he elitered at will,

The fact that the pulse has beocie greatly widened in pessing through
the delaey netuork does not signify. It will only be usod to gote 2 olook
pulse or to assist in tripping a Xipp reley, and therefore will glve rise
to a properly shaped pulce again,

(vid) Trigrer limiter.=- We oan build up a trigeer limiter out of
the other clemonts, slthough we comnot replase it by such a combination
in the oircuit diagrams beosuse we are not putting & legitimate form of
input into all of them. The cirouit is (Pig 52).

The valve P is mercly a freguency divider, It can be used to
supply all the tripger limiters, Theo trigger circuit © should be
tripped by the combination of pulsc from F  and continuous input, and
will itself trip K. The arrangement of two trigger circuits prevents
any danger of half-pulse cutputs, which we are most anxicus to avoid.

In order that there might be a half-pulse ocutput the trigger cirouit ¢
would have %o remain near its unstoble state of equilibrium for o perdiod of
time of lj'e.  In order that this may hoppen the magnitude of the
copntinueus inmput voltago has to be cxr:u.a gly Tinely adjusted; the
admissible ronge is of tho form Ac~t C where A might be say

100 volts (it docsn't moiter really) and t is the time botween pulses,

C end gy the input eapacity and mutual eonductonec of the valves used in
the trigger oirouit; C/mm might be 0,002 jvs (we do not need to allow
for Miller offeot), se that the sdmiscible yoltage range is sbout 10~200
volts whioh is ndequetely small.

16, Altoernativo Forms of Storage.

(1) Desiderate for storage sysbems.- A storage systom should have

a high monotory economy, 1.0, wo wish o be oble to store o large muder
of diglts por pound sterling of ocutlay: it should alse have a high

ial economy., For the majority of purposes we like ¢ form of storege
%o Ee grosible, although there are o mumber of purposes, such as funotion
tables and the greater part of the instruetion tobles, for which this is
not necessary. For the majority of purposcs we also like 4o have o
short accessibility time, defining the accessibility time to be tho
average time which one has to wnlt in order to find out the voluo of a
stored digit. Normmally we shall be interosted in thoe values of a
group of digits whiech are all atored olosc together, and very often it
does not teke much longer %o chtain the information about the whole
group than cbout the single digit. Let us say thot the additional time
neoessaxy per digit required is the digit time (ro » We may also
define the accessibility and digit times for recoeording the cbvious
annlogous woy, though they ere usunlly either equal to the reading timc
or else exceedingly long.

(14) Survey of cwailable storage methods, = The nccomponying teble
gives very rough Tigwes for the variouc available types of storage and
the quantitier defined chove, This teble must not be token too
soriously, Many of the figures arc based on definite numerionl data,
but most are guessez, In spite of the roughness of the figurcs the
toble brings out a nmumber of points quitc clearly.

Tablo/



| Trerasivle systams.
Punched Paper Tepe
Hellerith Cards

Print on paper

Fil (a) Displayed stationary
{b) Wound on recls
Soldered Connections

Eyesible Systens.
Plugbosards
Theels, eta.

Relays
Thyratrens

Neons

Trigger Circuits
Cercbral Jortex :
Acoustic delay lines

Eleotric delay Lines

Storage tubes

Wuu tape i

Monetory Spacial Acceas. Digit Access. Digit !
economy 800non time time time time Remarks
(digits/s) | (digite/litre) | (reading) | (reading) | (recording) , (recording)
! 5,100 i % lmn | .05 see, | (= reading) | .03 sec.
1% 3.10° 'y 1mn | 1 (= reading) | 1 ms. Permmtable
108 IDB 30 secs. | 10 ms, Human use. Kot very convenient|
for mechanical or electrical
reading.
we 0% Spa | 1 1 s
10° 310" Zlmn | 1ps 1 e
1000 200 (l’us {114 15 mina. 1 min.
50 50 L1 s 21 jas 30 seca. 10 secs A
0 2.10% 30 ms, | 30 ms, 30 ms. 30 ms. (Mechanioslly read).
2 2 S lyps [Llpes 10 ms. 10 ms.
2 2 .o;_l|45 <18 10f,\s 10 |5 i
H i
20 50 {ll;s -:..l{\s ; 50',‘5 301-3 i
3 3 <‘1!‘s (&) 8 | lig_u <_l|h-n
]_DS 1D9 5 sec. 30 ms, | 30 sec, 5 sec. Man at £300 p.a. cepitalised
200 50 1 ms, 1 I‘s i 1 ma. 1)es More optimistic estimate than
H in 810.
100 200 100 jas gl s | 100 P8 (l |“-5 Circulor wove guide with 1 om
r\. | woves.  Numerous corriers.
1o 104 5 {,\_ 8 1 -8 i 5 - lps Desoribed as ‘'Icanozecpe’ by
| J. v, Neumann.
10? 3,10 1min | 0% seo. | 1min 107% seo.
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(1) All the well established forms of storage (excepting the
cergbral cortex) are either very expensive and bulky, or else have a very
high accessibility time.

(2) The really economical systems consist of layers packed into the
form of a solid, They are read by exposing the layer wanted. :

(3) The systems which are both economical and fairly fast have the
information arranged in twe dimensions.,  This apparently applies even to
the cerebral cortex

(L) Much the most hopeful scheme, for ccomomy combined with speed,
secms to be the 'storage tube' or 'iconoscope! (in J. v. Heumann's
terminalogy),

(5) Some use could probebly also be made of magnetic tape and of
film for ceses where the accessibility time is not very critical.

(iii) Storage tubes,~- In an iconoscope as used in television a
picture of & scene is stored as & charge pattern on a moseic, and is
subsequently read by scanning the pattern with an electron beams  The
electron beam brings the charge density back to a standard value and the
charge lost by the mosaic registers itsclf through its czpacity to a
'signel plate’ behind the mosaic, The information stored in this way on
an iconocscope, using a 500 line system, corresponds to a quarter of a
million digits.

One might possibly use an actual iconoscopc &5 a method of storage,
but there are botter arrvangements, Instead of putting the chorge
pattern on to the 'mosade! with light we oan put it on with an eleotron
beam,  The density of the cherge patterm left by the beomn can be varicd
by modulating either the voltage of the sipmal plato or the current in the
beam. The sdvantages of this aro:

(a) The charge pattern can be sct up more quiekly with an clectron
beam than with light.

(b) Less apparatus is required.

(¢} The same beam can be used for reading ond rocording, so that
distortion of the pattern does not motter,

It scems probable that a suitable storoge system can be developed
without invelving any new types of tube, using in foot an ordinary
oathode roy tube with tin-foll over the screen to sect as o signael plate.
It will be necessory to furbish up the charge pattern from time to time,
ag it will tend ‘Yo become dissipated, The pattern is said to last feor
days when there is no electron beam, but if we have o beam scanning one
part of the target it will send out secondary clectrons which will tend
to destrey the remaninder of the pattern. If we werc alweys soanning
the pattern in 2 repulor mormer as in television this would raise no
serious problems, As it is we shell hove to provide fodirly claborote
switching arrangements to be applied when we wish to toke off a
particular picee of informeotion. It will be necessary to stop the
beom fram seenning in the refurpishing oyole, switch to the point from
which the infermotion required is to be taken, do some soanning there,
replace the informntion removed by the scanning, end return to -
refurbishing from the peint left off.,  Arrengements must alse be made
o moke sure that refurbiszhing does not get neglooted for too long
because of morc pressing duties, None of this involves any
fundamental difficulty, tut no doubt it will toke time to develep.



