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GEVZRAL CONSIDERATIONS Iif THZ DISIGN OF AN ALL PURPOSE DIGITAL COMPUTER

0.0 Introduction,

The first conception of a calculating machine, capable of cxecuting
in a completely automatic manner, a scquence of orders proviousl; given to it,
appcars to have becn duc to Charles Babbagce This mechine was not commlotely
realiscd on account of its esscentially mechonical noturc and the technologienl
imoerfcctions of the onginesring processcs avrilnble in 1830,  However,
despitc this non-recalisntion, Babbngels plnns contnin 21l the logicnl eloments
required for the construction of such a~ computer,

Little progross wns made townrds the ncturl construction of o
genernl purposc cnleul~tor until the late 1930's,whon two projeccts were
initinted in the U.S.A. Thesc werc: : .

1) The A,5.CCs ot Hrrvard,
2) The EeMeI.deCe ot Pennsylvanins,

The A.S.C.C. is cosentislly & large Hollerith mochine with provision
for multiplicrtion ~nd division, nnd for logicnl nrogromming, As o Hollorith
tyoc mrchine it is sotisfnctory, but the programming is corplex ~nd the
cxeccution, of ordecrs slow, For cunmmle, rmltiplicntion toles ~ time of tho
order of §g§'socon&s The acnory is indofinitoly lnrge bubt very slow ns it
consists of punched cnrds,

The BeNeloA.Co is the first working clectronic nachine, dbut is
linited in apnlicaticn since its nrogromi:ing is very couplicnted, ond its
intcrn~1l fast nenory is enly 20 nwibcrs. Practicnll;s, the spced of cperntic:

IT,I.4.C. is cqual to thot of its punched crrd input ( 400 crrds Hor
ninute ), since all the clectronic processes of the nnchine are coasidernbly
nstor.

Del Projected nnchincs,

It will be seen from the above brief survey, that existing nochines
are limited in ap»lication, either by their slow overall speed ( duve to
electro-mechanical clemoents) , or to their limited high speed nemory capacity.
As a gencral principle, i1t can be steted that it is uscloes-. to incrcasec tho
speed of functional units boyond onc corder of magnitude faster than that of
the data input, Thus, for a relay typc nochine, & multiplication time of
much less thon 1/100th. scc. is unjustified since punched tnne or card dotn
feed is slow compared. with this,

Machines at »resent under discussion or construction, attermpt to meet

this logical desiratum, and are of two main tiypes:

1) Serial operation m-chines,
_2) Parellel oneration mrchines,

Of the first tyoe may be mentioned the Z.D.V.A.C. ~nd its British
copy A.C.7Z., and of the second, the Frinccton Compubter :rojecct and our ovmn
nnchine, The distinction boiween the two types is thet, in 1) the digits
of ~ number nre availnblc onc ~t ~ timo in strict scquence, whilst in 2),
all the digits of ~ny number bocome ~wvailnble nt the s~me time.

(1)
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It follows thnt if thc minimun renction time o clectronic clements is utiliscd
in both enscs, 1) will be slower than 2) by n factor courl to the numbor of
digits in the number considered,

Although, ot first sight, it night anpenr thnt the design of type 2)
machines would be the nmost corplicnted, this is, in fret, not the ecnsc, sinece
the control needed to execute, for example, multivplication, is much sikmler

than that required in type 1).

0.2 General »rinciples.

The forcgoing considerations make it apparcnt that there arc two. gencral
ncthods of deosigning a fast computing machinc.

1) A large high spocd memory and a fow distinct and simple

arithmetic units,
2) A slowor large nicniory and & number of identichl arithmetic units,

In the first casc usc is nnde of the fret that any cnlculation eon be broken
up into individunl prrts each of vhich can be nerformed separately and in
sequence; whilst in the second case many parts of a calculation are
perforned simltancously. As an exarple, consider the calculation of:

2
(ay% by 4 c)/(ay + e).
4 type 1) machine would follow this scquence:

1) ¢ to product register,

2) Forn d.y and add to e in product register,

3) Store dy + e in memory.

4) Form g° and transfér to multiplier,

5) Form ay? and lcave in product rcgistor,

6) Form by and add into product register,

7) Add ¢ into product registoer.

8) Dividc contents of product register by dy 4 ca

vhercas a typc 2) mechinc would perform the operations (1-3) and (4-7) in two
simultancous groups and then combine the reosulis in 8), or possibly gcnorate
2y and by simultancously. Thus thc sccond proce durc might offoct a saving
of tims by a factor of 2-3, which could then bec sct ageinst o memory of

proportionatc slowncss,
It is covident that multiplo opcrations lead to inercascd complexity, and

that the idenl mochine would be of type 1).

0.21  Orgnnisation,

A study of thc principles underlying the bnsic computing scquences of a
foew $ypical problems, mnkes it cvident that the mochine rmst hove the
following intcrnnl constitution:

1) A ncnory.
2) A control.
3) An erithnctic unit.

Practical considerntions,to be discussed in 1,01, show thnt the nenory rust
consist of two pnrts: :

(2)0' |
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1)n. The internnl, high speed renory,’
1)b., The o cternnl, and indefinitely large, stormge ncnory either
on tape or on some faster medium,

It is essential that the secondary memory should be available to the machine
without the interventiom of the human operator.

The control is cssentially a mcans of dirccting the oxccution of orders
inscrted into the machince and must be capable of cxcreising a certain amount
of indcpendent judgment of the type:

"If X ya follow scquence D(X), but if X a follow scquence E(X),"

Here X is 2 number resulting from the operations of the mochino, and is not
known, a priori, to thc human opcrator.

The aritamotic unit rmust consist of funetionrl units adequate for the
performance of ot lcast the operntions+,— ,x . The inclusion of ~ unit for
division is desirable but not cssontinl, sincc itcerntive procosscs of ropid
convergenee arc availnblo for its programming in terms of the other oporations;
o sinilor remnrk ~pplics with cven grenter force to the operntion «~e

0.3 The scalc of notrntion,

Up to this point, no mention has been made of the scale of notation in
which the numbers, used by the machine, will be represented. Machines
alveady constructed (0.1) use the standard decimal system both internally
and cxternally and it would apwear, in view of thc univorsal usc of this scale,
that any now machinc sihould conforme

In fact, the scalo of notation uscd insidc thc machine is almost
completely dictated by the available types of memory orgnn, and, as will
appear from lator discussions, all present techniques ~rc suited only to the
binnry, or scnlc of two, notntion. )

The attractiveness of binary scale, from the electronic viewpoint, lies
in the possibility of using amplitude insensitive elements. Thus the binary
counter, or !flip-flop!, is reliably opercble with pulses of almost
arbitrary shape ( up to diroct currcnt ), and having a wide variation in
amplitude,

dpart from the high speed memory, binary notation makes possible the use
of magnetic tape or wire as the external slow memory and, although slow
compared with electronic speeds, this is considerably faster than punched
tape or card storagce

0.4 The input and outyute

The use of binary notation inside the machine raises the Question of the
means of communication to and from the outside world, It would, of course,
be possible to make all conversions to and from binary scale before and after
the prosentation of a problem to the machine, so that no spccial provision
would have to be built into the latter, This would be quite justifiabloe if
the total output and input was very small compared with the data generated by
the machine in the course of its operations, and never communicated to the
outside world. In a large class of problems, however, a very considerable
amount of initial data has to bo inserted ( ec.g, matrix oloments, and boundary
values in the solution of partial differentinl cquntions ), and this suggests
the desirability of providing spceinl convorsion facilitics.

(3)s



Two mcthods of conversion arc imnedintcely suggestod:

1) A special ad hoc machine or unit,
2) The programming, by the nachine, of its own conversions,

The first alternative can be ruled out on the grounds of cost and complexity,
but an examination of the second shows it to be perfectly feasible and
satisfactory in a high specd machine, This is becausc, at somc stage in the
preparation of a pHroblem, the human operator must write (i.,e. type ) the
data on to a physical medium, this operation is the limiting factor of

the primary input speed and, so long as the machine can make its own
conversions in a less time than that taken by the typist, no additional
speeding up is nccessary. It will bo shown, in a later section of this
report, that this specd criterion is recalisable,

(4)



1.0 Thc mMCmMOTrye

It was indicated in the introduction, and may now Le stated as a general
principle, that once the form of the high speed memory has becn decided,
most of the othor componcnts of an clectronic computcr become somi-invariant,
We shall rcviow, in this soction, the various possiblc mcomorics and indicate
our final choicc, Only binary mcmorics will be discusscd, since no othor

typc is in a sufficiently advanced state of developmont to justify its
consideration.

1,01 Desirata,

" In order of importance, a high speed memory must be capable of:

1) Receiving digital information at speeds of the order of
100 K.C./sec. .

2) Emitting data at the above specd,

3) Retaining its information for eleoctronically long periods
( i.c. of the order of 1 seccond,)

4) Having ony perticular number orased and roplaced at similarly
high spocd.

Theoretically it should have infinite capacity in both directions, le€.
be capable of holding an infinite number of numbers each having an infinity
of digitss In practice, neither of these desirata is realisable, and a
compromise has to be mado, Examination shows that, to solve many intercsting
problems, a copacity of from 103 to 10% numbors is requirede The number of
diglts in each number is a more speculative matter, In problems which
involve the inversion of a matrix the governing factor of the final accuracy
is the total number of multiplications and divisions involved, and in even
moderately large procedures the rounding off crrors may amount to 106-10°,
Thus, in order to cnsurc an accuracy of 1/100 % in the final answer, nggbors
of total preccision 1012 must bo uscd; - in binary notation this mecans 2 .8
or approximatcly 40 binary digits.

1.ld Macroscopic élements.

The considerations of 1.0l enable an immediate disposal to be made of
any idea of using macroscopic binary elements for the memory, Thus, to
enable 10°- 104 binary numbers of 40 digits to be stored, 2.,40.103-10%
or 105 - 106 half clements would be requircd, which is quite impracticablo.

1.20 Scen vese switching methods.

Having rejected the idea of using macroscopic elements, there still
remains the difcrimination between two possible methods of using microscopic
memory clements, Suppose for convenicnce, that we considor a single diglt
ny of any number n, and supposc thc memory cloments for this digit of cach
of N2 numbers to e arranged on a squarc lattice @

1] 2] —mcmmm—e I



Then any number can be picked out in two general ways:

1) A sensitive organ can scan the array

-~ ™.
1w et TN
I — ‘-
________ ‘9-_-.—_...; /z\
_____ R Back track of scan.
—l
e —— 1 -

as shown, and the presence or absence of a digit at position

n, can be sensed by switching on thc organ when it is over
position n,e This mecthod mcons that an avorage timc of s/2

is roquired to scnsc any digit, s being the time of scan for the

whole arraye.

2) A switching system can be arranged so that on an order from the
control the vertical and horizontal row of the array are put
into connection via the common element ny (i.e. )e The

time for this operation is indcpendent of the pertlculﬂr olomcn% selocteds

It would appear that mcthod 2) is intrinsically faster than 1), but in
any casc, the precisc mechanism to be usod in o given memory, deponds on tho
character of its storngc clcmentse

1.21 Combinatorial memory.

An attractive idea, making use of the possible arr~ngements of objects
on a lattice, is the following:

M 0000000000000000
M~1 000000006U0 V0000
000 000
000 000
etc._
2 000 000
1 0000000000000000
12—~ N

Suppose that M.I objects arc arrangéd in ¥ columns of ¥. Then the number of
possible ways of selecting N objects, one from each column, is MY, If we let
M be 10 thon any deccimal number up to 10 can bve represcnted by a scloction

of the above typc.
Envisage next an arrangement wheredy, whenever a selection is made, a

record is provided in the form of an essentially two dimensional "picture",
and that each such picture representing a 1 is stored in a "stack". VYhen

it is desired to rcad out the data from such a stack all that is nccessary
is to projoct through it some physical entity (c.g. light) from the same
patiern as the array of the number whose presence'( as a 1 ) is to be sensed,
Then if the exact counterpart of the physical entity pattern is found in the

stack an external response is emitted.

(6)



The physical nature of each picture must be 'such that:

1) It emits an impulse when all its impressions are stimulated.

2) It cmits no impulse if only mart of its impressions are stimulateds

3) It emits no impulse if any part other than an impression is
stimlated.,

Although such 2 scheme would be difficult to realise with prosent
facilitics, it should be bournc in mind for futuro developient.

1,30 Thermal menories.

Jo extensive development of thermal type memories has been made., It is
evident, however, that the thermal rctentivity of various motorials, such as
chalk, could form thc basis of a momory. Most mochanisms of this type arc
rather slow as thoy dopend on conduction processcs so that, unless somo
indicator of low thermal capacity were used, the memory would be too slow for
electronic use., An additional disadvantage lies in the fact that no rapid,
and at the same time local, cooling process is available for erasing data.

1,40 Optical memorye.

The most obvious application of optical methods to the development of a
memory organ would be the use of sound track from cinematograph film, This
would give a serial type memory of comparatively low speed and, in view of the
fact that a development process has to bo interposed botween rccording and
recading off data, and also that onco cxposcd film is no longer usable for
the rocordin of now data, no groat investigation has becn corricd out.

One point is worthy of mention in connection with photographic memories
for binary numbers, The normel photographic process is capable of giving
half tones, i,e. of giving more information than that required for a purely
binary memory., ZFor scale of two black and white would suffice, and it is
possible that some photographic process might be found,in which cxposurc to
light of a given wavelength nroduccd a blaclkoning vhich could be rerd in some
region of the spectrum to vhich tho film was inscnsitivo. This would obviate
the nceessity of a scparatc development process,

To carry the process to its logical conclusion, a filmic medium might
be found such that exposure to light of frequency nj changed it from a
transparent state s; to a blackened state sg, whereas exposure to light of
a different froduency ns produced the reversc transformetion.

Alternatively, the medium might have the property that, under the action
of light, the reversible reaction S1 & sp took place, such that sy was the
equilibrium for zero intensity and s, that for high intensity, If the stato
Sp could be rotained at zoro intonsity by some quenching process, the coniitions
for.usc as & binary memory would cxist.

1.41 Xorr offcet as sclcctor mechanism.:

In order for & two dimensional memory of photogrephic type to have adequate
speed, and at the same time not have the complication of electronic scanaing
with its attendant vacuum, it is necessary to have somo kind of switching
selection of the type onvisaged in 1.20. '

(7)
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Suppose two sets of parallel wires Gy and G, , mutually perpendicular in
direction, to be immersed in a bath of liquid having the Xerr electro-optical
property that, in an eloctrostatic field, the planc of polarisation of
transmitted light is rotated, If, with no field appliecd, two polarocid shcots
arc arranged for oxtinction, then, on two adjacent wires in coch grid being
clectrificd, the system will tronsmit light in two bands vhosc interscetion
will be of roughly doublc the intcnsity of cither. This system could be
used to sensitise the binary medium and, by placing a photocell behind the
medium, could also be used to read off the data. The response of Xerr cells
is of the order of 109 cyclos/ scce . .

Some use might also be made of the fact that, in solid media, the Kerr
offoct persists for some time ( up to 30 scese ) aftor the romoval of tho
ficld. This could bc madce thc basis of a memory in its owm right,

1.50 Acoustic memory ( Serial),

From the essentially dynamic nature of sound phenomena, it follows that
the basic acoustic memory would be of the serial type. Considerabdle
development has becn carried out on suibable systems for use in conjunction
with the E.D.V.A.C. and A.C.E. )

The principle of opcration is the following, a sct of electrical
impulses, representing the digit pattern of the number to be remembered, is
applied, via suitable electronic apparatus Z, to a quartz crystal Q .

S

[ T b |
N A
Input, 3} E ‘zi -

The resulting vibrations are transmitted through a columnn of liquid L, (usually

mercury ), and are picked up by another crystal Qo « Qo fecds back into E so
that the pulse pattern is preserved.

(8)



The number can be read out serially, and oither crased from thc memory

or rctained as desired,
Types of delay at prosent working navo a copecity of the order of
1000 binary digits, and a cycling timc of about 1/1000 scc.

1,51 Acoustic memory ( Parnllcl ).

By ~rrnnging, sry 40, dolnrys in prrallol, and placing one of the digits
of each number in each line, it would be possible to use the system described
in 1.50 for a parallel operation machine, The disadvantage is, however, that
the average time rcquired for tho location of any numbor is 1/2000 50C» ,
vhich is slow comparcd with other devices to be doscribod laters In addition
the control, roquired to produce synchronisin between the various lines, would

be complicated,

1.60 ZElectrical memory.

A purely electrical binary memory is the following.

Puncturc, —————un

. -we— ———Med iume

Tvo parallel grids of parallel wires, in dircctions ar right angles, are
separated by a "medium" which is normelly an insulator, When a wire of the
upver grid is attached to a source of high potential, and a member of the
lower grid is earthed, the medium breaks down at the point of closest ~pproach,
At any subsequont time the fact of broakdowmn cnn be rcad off, for a particular
prir of wires, by earthing all wires in the upper grid save that vwhich is to
be sensed and to vhich a positive potential is applied, and annlying the
output, vie the lower wire, to the grid of a valves

All the digits of any number can bo rccorded along & row line of the grid and
scnsed simultancously by o number of vnlves,.

(9)



1.61 The medium.

One suggestion for a suitable medium would be ordinary or waxed paper,
Once a hole was produced the carbonaccous products of combustion in the track
would have a materially lower resistance than the ordinary panor. The
disadvantage of this systom lios in tho fact that data camnot be crasecd,
howover, since the cost would be low, and very large memories could be set
up, this fault might not be prohibitive,

Another method would be to use some medium, as in clectrolytic condenseors,
vhich breaks down semi-pormancntly on tho passage of curroent in onc dircction,
but is a good insulator in the roversc situation, If such a medium could
be repalred rapidly by conduction processes all the roquirements would be met.

A gaseous medium, of neon typc, is another possibility. Thus if tho two
grids were held at a potential, just over that required for stcady discharge,
but woll below that rcquired for striking, an impulsc on any pair of wircs
would producc a conducting traclk and initiatc a continuous dischargec. Such
an arrnngement would be fast and onsily clearcd.

1.70 Magnectic mcmory.

In the field of megnetic media for binary memory, the first place 'is due
to wire and tape. Originally designed for sound recording, the method is
particularly appropriate for the input and output of a calculating machine,

Tests have shown that data can be placed on tape or wire with a packing
of betueen 50 and 100 digits per inch, and can be read off at 50 to 100 X.c/sec.
Zxtensive dovelopment has beon carried out at Princeton, and the mothod of
integrating this type of mcmory with a high spced inncr clectronic mcmory,
and with punched tapc data input, has been worked out,

1.71 Magnetic memory for parallel operation,

The magnetic tape or wire is fundamentally a serial memory of medium
speed. There are several methods, however, of maling a high spoed, parallel
opcration memory on a magnetic bosis., One of the best ideas is to record the
data ( in the form of magnetic pulses normal to the surface ) on a cylinder
capable of rotation at high speed (> 1000 revs, /scc. 3y having a number
of pick up heads in each of the digital channols, and suitablo sw1t_21ng
arrangements, data could be recorded and rcad off at better than 10 SCC,
per complcto number, This rate compares favourably with current ideas on
electronic memory (see 1.80 ), and completely outclasses delay line memories
of equivalent complexity.

1.72 Pormancnco.

It is worthy of remark that the magnetic tape or wire provides, not only
a high speed memory, but also the only memory { possibly excepting photographic)
which is permancnt if desired. Tapes are in cxistoencc which, although mado
in the carly 1900%'s , arc still in good condition.

Another feature is volumetric efficiency. Magnetic wire affords the least
space consuming, known, Way of storing data.

1.80 ZElectronic memory.

It is not proposed to give a detailed description of the various types
of electronic memory which have been proposed, because the devolopment of such
devices is possible only in tho type of 1aboratory possessed by valve

manufacturing organisations,
(10)



In addition the Sclectron, which appcars to be the most promising memory
tube, is still in coursc of dcveclopment, and soveral important featurcs, such
as the mcans of internal amplificotion,nrec as yot undecided,

Several memory tubes based on the iconoscope have been considered, these
are of the scan type and ‘depend on the possibility of detecting the prescnce
of olcectric charge on a dicleccetric by mcans of the influcnec of its ficld
on an clcctron bcam, A disadvantage of this type of memory seems to lie in
the creep of the charge over the face of the dielectric, this is unimportant
in television apvlications but is a complete contraindication for a calculating
machine,

As explained in earlier sections of this report, an adequete binary
memory should have two states of equilibrium., In the Selectron these are the
states of charge of small dielectric clemonts. An clecctron beam can be dircected
to any point of an array of such clcments by mcans of a switching device.
According to the electrical stote of the particular element at the point of
direction, an impulse is emitted by the valve. The switching of the elocctron
beam to the particular lattice point is achieved by means of two grids of wircs,
similar to those proviously doscribed but so wired that any particular binary
digit makes two, and only two, ~djaccnt wires in cach grid positive, Tho
arrongements aroc such that only in the squarc so defined enn the clectron
beam penctrnte the lntticcs On such penetration occurting, an external
signal is emitted according to the state of the dielectric behind the
conducting portion of the grid. It is hoped that the speed of this type of
memory will be such that any digit can be located in 10-30 microscconds.

The capacity of cach tube will bo 212 or 4096 digits, and 40 tubcs switched
in parallel, will givc tho full 40 digit binary numbor. |

1,90 General conclusions,.

It is now possible to make a statement as to the desirable features of
the memory, and of the kind of organisation envisaged., The general concent
of memory should embrace the input—output organs, since thesc will, of
necossity, involve the making of a permancnt rccord.

1.91 Input-outpute

The natural medium for the insertion of data is some form of typewriter,
and the decision has to be made as to the medium on which it is to record,
It is not impossible that the instrument might inscribe directly on the high
speed memory, but this has the disadvantage that the input data may be
greater in volume than the capacity of this organ. The organisation
envisaged for the input is therefore the following:

1) Type data on teletype tape.
2) Transcribe from teletype tape to m2gnetic wire,
3) Read off from magnetic wire into high speed memory as required.

This scheme has the advantage that the data on magnotic wire will be available,
at mederatcly high spced, to tho high spocd memory, and can be taken up by

the latter upon order from the control, whorcas the tcletype tape is, by
comparison, very slow, Attractive fonturcs of the telctype ns a means of
prim~ry input ore, howcvor,

1) That it is universal, and in consequence the problem setter need
not be in the immediate noighbourhood of the machinc.
2) That it affords opportunitics of checking input data by comparing

independently typed taposse
(11)



1.92 The intermediate memory.

Since the high speed memories available in the near future will be of
1imited copacity, it is evidently necessary to have some form of intermodiatoly
fast momory which is capable of storing very largo Quantitios of data in a

reasonable volume,
It seems clear from the above discussions, that the magnetic wire forms

the solution to this problen,

Facilities will be provided in the control for the high specd memory
to rofill itself from the wire as required, and sorvo mcchanisns will effect
such transfers without the intervention of the operator., In addition, the
high speed memory will transfer intermediate results not at once required,
and final results of a computation to tho wire, ready for transcription into
notation comprehensible to the human mind,

1,93 Tho high spccd memorys

The decision as to the form of high speed memory best suited to the
machine seems linited to a choice between the two types:

1) The Selcctron.
2) Somo modification of the parallel grid awitching devicos

If it is availablo at a roasonable pricc, the Scloctron is the most satisfactory
solution, but since the design of the rest of the machine is the same for
either alternative one of the other alternatives could be substituted.

1.94 The nenmory for ordorss

Up to this point the memory has been regarded essentially as a device
for storing and emitting numbers, To make use of the high speeds attainable

- with the machine it is necessary to have a control capable of directing

operations at the same rates Thus orders have to be stored in a devite
operable at the same speeds as the high speed numerical memorye

It is an obvious development to expross cach possiblo unit order in the
form of a binary numerical codo, and thon to use thc memory, already doscgibed,
to storc it, Since the number of possibly useful orders is limited ( ¢ 2
a simple code will suffice, and its exact formulation will be discussed in 3,
A less obvious choice lies between separate mcmories for orders and numerical
data, or a single momorye The solution becomes clear, however, when it is
considered that a general purpose machine may be called upon to solve problems
of two distinct typess

1) In which a small number of orders suffices for the solution, and
a large quantity of numerical data is used,

2) In vhich a vory large and comnlicatod sot of orders oporatos on
a small scot of mumcrical datae

It follows that the same memory should be used for numerical data and for orders,
and that the control should select its order from this array,

(12)
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2,00 The arithmetic unit.

As stated in ( 0.21 ) the arithmetic unit must be eapable of performing
the operations of addition, subtraction and multiplication, Some justification
is needed for the inclusion of multiplication as a fundamental operation as
it could be programmed as a series of additions, liost probloms, howevor, will
involve many multiplications and, since thc process of cod problcms will
be simplified and the time of computotion reduced if multiplication cnn be
regarded as a basic operation, it will be worth while malring the arithmetic

unit a little more complex to achieve this,
The case for including a special dividing unit is less clear as a good

iterative process exists., It will be showm later, however, that slight
modifications to the multiplying unit will enable division to be performed in
the same time as multiplication and if the circuits are sufficiently simnle

the addition may be Justified.
Souare roots are less easily obtained and, as. the opcration is of rather

infrequent occurrence in normal work, it will probably be better to usc an
iterative procoss and programmc it cach timo.( Scc howover 2,72 ).

2.10 The binary point.
It is necessary here to decide on the means of locating the binary point,

Two msthods are possible:

1) Using the floating binary point,
2) Using scale factors,

In the first method all numbers are oxprossed as "binals" ( i.o. binery numbers
less than unity ), and the position of the binary point is indicated by an
associated characteristic. Thus 10110,111 would appear as ,10110111 , 101,

umbers inserted as binals in thc sccond method have no charactoristie,
and the use of suitabloc scale factors is relicd upon to keep the results
within bounds, This will, of coursc, inercasc thc time necded for coding
wroblems,but even so this method is preferable for the following reasons,
Pirstly, the introduction of the floating binary point requires complication
of the arithmetic unit to deal with the characteristics in addition ctc,, and
secondly a considerable portion of the memory capacity would bo ticd up in
rccording these numberss Thus if n significant figurcs arc required, logpn
placcs may be needed to accomodate the charccteristic in the worst

nossible aase, and this space must be left free though its full use may be raree .

For the above reasoas it is proposed to use the scale factor method, and
in the following discussion only binals will be conszdcred.

2.20 Jegative mumboTrse

These will be represented by thelr complements and prefixed by 1 to
indicate their negative naturc. Thus -.0110101 will appgar as 1.1001011,-
Although this will rcduce the momory capacity to 39 digits, it will be scon

to nroduce considerable simplification in tho mochanism reguired for arithm.tical

ogcretions.

{13)



2,30 Addition,

The chief component of the arithmetic unit is a device which will store
a binal, add to it a second binal and store the result, this will be called
the accumulator. In addition to this,two banks of flip-flops will be required
which are capable of storing binals indefinitely, these will be called tho
arithmetic rcgisters, At lcast onc of the arithmetic rogisters, and also the
accumulator, must hove the property of being able to shift their contents
to the left and right by as many places as may be desired,

2,31 Dynamic and static accumulators,

At this point a distinction rust be drawn between the two possible types
of accumulator, static and dynamic. When a binal is ndded to snother binal
contained in the accumulator provision must bo mndo for carry over from
onc placc to the next higher and, as oach carry may itsolf cnrusc n e~rry ovor,
these must be donce in soquonce. In the worst possible case a carry may be
propagated along the whole 39 places and, if t is the time for one carry, 39t
mist be allowed between each successive addition,.This assumes that all caxvdps
are being complcted at cach stage, as is the casc with the static accumul~tor,

In the dynamic accumulator, however, as an addition is performed any
carries are stored in a set of flip~flopse When the first addition is
completedfthese flip-flops are cleared into the next upoer digit placo. The
rosult may bc to produce further carrics and thesc arc again stored in the
carry flip~flopse. The next number is now added,and it can be shown that the
carries which it will produce cen never coincide with those already stored in
the carry flip—flops. There is thus no chance of a carry being lost in the
process, This process is ropeated for the vhole scrics of additions and,at
the conclusion of the series, the clearing process is repeated 39 times.

At first sight it might appear that the dynomic accumlator was preferable,
especially when a large number of additions arc involved as in multiplications
In practice the specd of operation is limited by the possidle frequency of tho
carry pulscs; ‘morcovery as will appear when the proceedure for division is
considered, the rapid automatic method for the latter can only be used with
a static accumulators

Because of tho above considerations, 1t has beon decided to have a
static type accumulntor, a docision which has been strongthened by the
progross which hns been mnde townrds the ronlisntion of such » unit having
an 2ddition spocd of better than 1 microsccond,

2.40 Subtraction.‘

Two possible methods will be described for subtraction, the first using
complements,and the second using inverted carries—over,

2«4l Subtraction by complcments,

In this method subtraction is performed by the addition of tho complements
For cxample supposc that we wish to subtract ,01101 from ,11010. The
complencnt of tho first number, 10011, is added to the socond number giving
1.,01101, The rcquircd answer is now 1,01101-1=,0110l., The mechanism required
is therefore some device which will takc the complement of the number to be
subtracted by changing all O's to 1 and all 1's to O and adding 1 into tho last
digit, The complement is now fod into the accumulator, addition takes placo
and the final rcsult is obtaincd after orasing the carry-over beyond the

binary point,.
(14)
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2,42 The inverted carry overs

The socond mothod depends on the fact that binary subtraction can bo
performed in oxactly the same way as addition cxecept that cenrricseover now
take place vhen the accumulator flip-~flops change from O to 1 instead of from
1 to O. Mo carry over beyond the binary point occurs in this method and the
result is therefore obtained directlye

The dcciding factor in this mattor will probably be the technical
difficultics cncountered in the circuits.

2450 lmltiplication.

Multiplication is csscntially a serics of repcated additions with
sultable shift of position, Thus, supposc that wec wish to multiply 10110 by
101, Thc multiplicand is fed into the accumulator. It is then fed in o
sceond timc but now shifbed two places to the loft, and the result recorded is
the required product, Some additional units will be nceded herc beyond thoso
considered alrcady. :

First, a mcchanism is nccded to producc the shift, This could be
incorporated into tho accumulator so that, when multiplying, it could Do sot
to shift onco automatically at cach stagcs Alternatively the arithmotic
register containing the multiplicand could perform the shift,

It is also ncecossary to scnsc the digits of tho multiplicr in turn and
to instruct the arithmotic register to fced the multiplicand into the
accumulator if the digit is 1le This could be donc by an ~arithmetic roglstor
with shifting facilitics, so that the multiplicand is shifted one place to the
rigat at each stage, and the last diglt sensed cach time,

Thus, as well as thc accumlator, two registers arc nceded, at loast ono

“of which muast have shifting facilitics, JAnother refincment could be introduecd

by making thc shift mcchanisms move an extra place without pausing vhen a zero
occurs in the multiplicand, This would reduce the time required for -
multiplication on tho average by one half,

251 Wegative numbcerse.

When it is‘dcsircd to porform multiplications with cither or both tho
multiplicr and multiplicand nogetive, it is nccossary to adopt a somowhat moro
complic ated proccdurc which is dotailed in the following table,. '

1) Multiplicr nogntivceThe numbers seen by the arithmetic unit are
thus (1~x)y, and y, (1=-x) being in a shifting registers The
product (1l-x)y iee, y=xy is formed and added into the accumilator;
at the last stage the comploment of y, 1.0, 1~y is added in, Tho
accumulator thus contains lexy, '

2) lultiplicand ncgativos Tho numbors arc now x and (l-y), and, in tho
normal way the accumulator would rcccivo x-xye. As the digits of x
beeome availible at the cxtremo right of the shifting recister
their complements are taken and fed into the extreme left position
of the accumilatore At the end of the operation the accumulator
thus contalns 1~xyel/239 and the addition of a unit to the extrome
right position of thc accumulator produces the corrcct result 1-xye

3) Multiplier and multiplicand negative, Here the accumilator receives
lex=~y+ Xy, It is thus necessary to perform both the above processes
1) and 2), giving 1+ xy, and then to add in unity to corroct tho

signe

(15)



2.52 Extondod accuracye
It is proposcd to havo mcans whercby when the partial products arc shifted

in the accumulator, thc terminal digit, which would otherwisc be losty is fod

Since the latter clears

into the leoft~hand sidec of tho arithmetic register,
itself during the calculation, the final state of the unit is one in which the

product is stored with its first 39 digits in the accumulator and its last 39

digits in the rogistor.

2,60 Divisione
As mentionod boforo thero arc two possible methods for division, the

iterativo and tho dirccte.

2,61 The iterative method,

The reciprocal x of a number b can be calculated by repcated application
This process requires two multiplications

of the formula x, 2xpel =bXf-l e
and ono subtraction at cach stage and can thorcforc be performed with the units

It con be shovm that,if e is the error in x, then the error

alrcady postulated.
in xn 1 is be<; as we shall be dealing only with binal numbers, this process
Even so it will bo nccossary to make at lecast

will be quite rapidly convergonte
3 itorations and tho time required will thus be about 6 multiplication timose

2.62 The direct method.
This method is essentlially that of long division; that is, the denominator

is succoseively subtracted from theo numerator which is shifted ono place to tho
1 or O is rccorded as quoticnt according as tho result of

right at cach stazce
subtraction was positive or ncgativee The numerator will therefore be placed
The quoticnt

in the accumulator and the denominator in one arithmetic register.
Tho accunulator must be modificd,

will apnoar in a sccond arithmetic rogister .
howecver, so that when a subtraction produccs a ncgntive result this rosult is
This is

rcjected and the original numbers arc restored to the accumulotor.
cxactly the process of long division cxcept that tho human oporator would
probably not octunlly perform tho subtraction in order to see whether it were

possible, .
Provision must thorefore be made in the accumulator for storing the numbors

of tho rcmaindor which arc being operated on until the subtraction has takon

Then, if tho rosult is positive, these will be rejeeted and tho result
If it is ncgative, howcwer, it

placcs
of the subtraction pleccd in the accumulator.

will be rojected, and the original digits retnained in the accurmlator.

The machine nust thus be able to sense vhether the subtraction has
This can be donc very simply by

produced a positive or a negative result,
considering the carry-over beyond the binary point, Thus, if the complemont
mothod of subtraction is uscd, the carry over will be 1 or 0 according as the
rosult of tho subtraction was positive or ncgative, If 1 was carried over the
machine muet therefore retain the result of subtraction in the accumlator,
rccord 1 in the quotiont registor, and shift tho accumulator onc plecos If no
carry over occurs, tho rosult of the subtraction must be rejoctod, the original

numbor rostorcd to the accumulator with onc shift, and the quotiont register
shifted but no digit rccordcede

If the reversed carry over mcthod of subtraction is usod, thls proccss
will be inverted ns 1 will bo carricd over for o mogative rosult and O for a

positive,
(16)



In practice, no great elaboration of the origlnal accumulator is required
to do this, and the process takes exactly the samc time as multiplication.
Morcover, the coding of a problem is much simplified 1f it is not nccessary to
programmc divisions It sccms, thercforo, that tho dircet method is to be
preferrod. '

It should bc obscrved that the static type accumulator is ncecssary for
this proccss as all coarrics~ovor must be complceted arter cach subtraction,

270 ZExtraction of the square root.

As with division, there exists a good iterative process for the extraction
of the square roots ZFor completenoss both this and tho diroct mothod will bo
considered briefly, though, as pointcd out in 240, the operation of squarce
rooting occurs comparatively infrcquently and it may not bo ceonomical to
provide a spocial unit for thc purposc..

2,71 The iterative method.

The general formula -
Xn= xpea( P+1 “bxg—l)/P

1/p

zives an iterative process for determining the reciprocal of b
this gives the formula~—

o Taking p=e2
x = (xn“1+.b/xn~1)/2 for JD.

Four itcrations would probably be nceded to obtain the desired accuracy,
and tho proccss wounld thoreforc tako 4 times the time rcquired for onc division.
Multiplication by 1/2 is trivial, sincoe this mooarly consists in shifting onc
placc to tho rights'

If an automatic divider werc not avnilible it would be botter to uso the
formulos- 2
X, =g (3=bxp.y ) /2

for 1/b1/2 and then to multiply the rosult by b ns no divisions arc involved in
this proccss,

2¢72 The direct method.

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

It is similar to long division but the divisor is now variable, and tho
accurmulator must be made to shift two places at cach stage instond of onoce

It is necessary at each stage to take the number from the quotient register,
add in 1 two places to the right of its last digit and subtract tho numbor so
formed from the contents of the accumulator.

This process rcquires the samo timc as division or multiplication, but tho
the deciding factor will, again, bo the technical difficultics introduccd,

In certain problems of Xeray crystallography with Fouricr synthesocs,
however, the inclusion of such o unit would merit sorious consideoration, as
froquont usc would be made of ite

-
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3.00 The control,
by mcons of which colculntions con be perforned,

Up to this point mcchrnism
have been degseribed without any roforconce to the mode of their dircetion, ~nd it
hns boen tacitly nssunecd thnt such ~ control c~n be conecived, $n this scetion
the precise organisation of this control will be laid down, and the types of

‘ordef which it rmst be capable of executing discussed,

3410 Bynchronous versus asynchronous opcration.

Whercas delay linc typc machines must, of nccessity, work on the basis of
strict timing of opcrations, this rostriction doos not apply to a parallcl
opcration machino of the kind considcred in this rcports It is theroforc worth
discussing the morits, or otherwisc, of an internal timing cyclc,

Suppose

The method of operation of such a timing mechanism is as follows,
requires a time of (m) micro-seconds, then if a pulse

that a multiplication 3
from some central "clock" initiates the multiplication at time (t,) a pulsc
from the same clock at timo(t,+ m) can initiato thc ncxt operation in tho
computing scquenece with the assurance that the previous oporation will bo
completes - .

The alternative method is to have the multiplier signal the completion of
its operation by emitting a pulse which advancos the control to the next

opcraﬁion. Both methods have cortain advantagos The method of clock
synchronisation pormits a calculation to be followed through stop=by-step if

tho opcration of thc mashinc is suspcect, by the simple cxpedicent of heving the
perator inscrt tho clock pulscs manunlly. On the other hand, if any unit is

mal;unctloning so that its cycle of operation is not completed in the standard

time, the synchronising pulse may order the commencement of the next opcration

too oarly,

On tho whole, it scoms best to combinc both mothods and arrangce that the
clock pulsc, and the oporation complctc pulse, arc both rcquired to initiate the
noxt oporation, This affords an internal check on the functioning of the

machinb, so that in the covent of tlic two pulsces not oceuring within.a certain
short timc of cnch other, the operation could be automntically stopped rnd

n visible indiention 1vbn.

3420 Specification of orders,
It was implied in 1,94 that orders would be stored in the memory in binary

coded form, and the means of doing this will now be considered,
In the first placc it is ovident that, in general, an order will consist

of two parts -
1) fake a number from thc momory.
2) Opcrato on it.
The first part involves the upecification of the position of. the number
in the high speed memory. If, as is projected, this memory has a capacity of
about 219 numbers, it follows that 12 binary digits of the order must be us

to locate-any partlcular number,
Thce numbor of possiblo operations which tho machince. ean exccutbc is mogo
however, that it will be less than 64 (2°),

spceculative; it appcars cortaén,
and probably loss than 32 (2 Thus 6 morc binary digits will suffice to
specify the ovncrations The totﬁl_numbcr of digits recquirced for a completo
order is thus 18, v

' - (18)



Now, sincc 40 digit binary numbers arc the normal unit contcnts of the
rmemoryy it will be possible to storc two orders side by side in tho meiory,

3,30 The control register.

The parallel storage of orders in the memory, described above, malos it
necessary to have two storage rogisters in the control; these will bo designated
Ory and Crp rospectively and the orders stored in thenm will be cxccuted in

SCQUONCCe

3,40 Thc control countcre

Before perforning a calculatibn in the machine, the operator will draw up
an ordercd table of the unit opcrations in the computing sequence and will set
these into the memory. The machine will thus follow, as far as the control is

concerncd, an ordercd scquence of cvents,

3441 JNon~singular opcrationse

By this is mecant a programme of opcrations vwhich arc complctely predictable
by the opcrator beforc any machine operations have taken place, and vhich, in
conscquence, require the cxercisc of no independent judgement by the machines

For such sequences it is sufficient to have a control countor to which
unity is added at the conclusion of cach machinc operation, and vhich thoroupon

initiates tho neoxt order of the scqueoncces

3442 JSingular owcrations

This type of operation is typified by the functioning of the machine
during an iterative cycle. Thus, ot some stage in a calculation, the machine

may be requircd to follow a scquence of the type -

x,,1= £( Xp,xp-icte.)
until the ceriterion -
Xn+1 Lod }:n <O

is satisficd and then to procoed on the main computing scquence,
This necessitates the existenco of an order which returns the control

counter to a previous settinge

¢

3450 The decoder — coders

Since the nmmber location part of any order gives a ropresentation which
is immediatly intelliglible to the momory, no further trecatment of it is recquircds
This, howover, is not truo of thc opcrational parts hore a binary number is to
actuatc scveral componont parts of the machincs It follows that a decoding
teble is required which cstoblishes o unique output for any binary inpute In
addition, since the number of functional units is small, several orders will .
often have certain functions in common, so that 2 coding table is required,
which gives single inputs to each functional unit, each capablc of cnorgisation
by the scveral ordors having the particular function in common.

Such docoding and coding tables arc alrcady in existoncejy they have been
used in the reloy mochince of the presont nuthors, and,. in modified form, in

the EZ,N.I.A.0..

(19)



101 1
\J/ }. LIVT WIRES TIDICATED BY 1lis.
N \}, +
DICODER
Y - ONE WIRE ONLY LIVE.
GODER
LIVE VIRIS LiDICATID BY 1'ss

PRI

P The general lay-out is showm in the dingrem, an
fungﬁgomont ronlly corosponds to a toble whoschulput 1s
ion of its input considcred ns argumente

d it cnn bc scen that tho
oy prcassigncd

3.60 The orders,
It is worth while detailing a £ basic order set from vhich

g a possible type of ba .
311 operations could be programmed, and then examining desirable modifications

3461 Basic order set,

61 Although addition and subtraction might be programmod from logically
Mplor opcrations, it scoms justificd to regard them as basic operntionse

Thus,basic operations will be - '

1) Clear ~ccumulntor,

2) Set memory to emit absolute values.

3) Add number from position (m) in memory into accumulator.

4) Subtract number from position (m) in memory into accurmlatore

Clear arithmetic and transfer number from (m) into it.

6) Shift number in arithnetic rogistor one place to righte

?7) Shift number in arithmetic register onc place to lcft,

8) Transfor right hand digit of numbor in accuwmlator to left
hand digital position in arithmetic register and shift
number in accumulator one place to righte

a5 Th?s set of basic arithmetical orders has to be supplemented by
iSCrimination orders to make possidle multiplication and divisionj those aro

9) If R.H, digit in arithmetic registor is 1 ndd number fron

() into nceurmlators :

10) If number in accumlator 0 #dd number fron position (n)
into it ~nd shift numbers in accuwmlntor ~nd ~rithnctic
register onc placo to loft,

11) If number in accurmlator) O male R.He digit in arithmetic
register 1 and shift contents of accumilator and arithnmetic

register one place to left,

(20)



Now since rmltiplication and division will take, on the basis of these
orders, times of approximately 40tn and 80tn respectively,( tn tine of sclection
and exocution of order storcd in momory) i.c. 1200 = 2400 nicro-scconds, and it
appoars perfeetly fcasible to construct a multiplior and divider whosc cyclo of
operation will be about 100 micro-seconds, it seems justified to include these
operations among the basic set. This decision produces a considerable :
modification of the order scquence given aboves

In addition, it seoms justificd to combinc order 1) with ordors 2), 3), 2an

4), to give now ordors, despitc the incrcasc in the total number of ordors
thorceby producod,

3i62 (Contractod notation.

Ab this point it is useful to introducc the following contracted notationi-

M Memory,

Az Accumulator,

Rg Arithmetic register.
C a2 Control,.

Ty Magnetic tapes

For clearing any compon&nt, its symbol will be prefixed by c. In the cas
of partial transfers from accumulator to memory( roquired in uso of tabulatcd
fu.nctlon" otce ) the symbols A and A, will be usod for the loft and right halves
espeetivoly, Slmilarlv, to indicate the loft and right halves of an order in
tho menory the symbols My and M. will bc uscds For conditional transfers of the
control to orders not in soqucncc the symbol Cc will be uscd.
dpert from this the notation is sclf ciplanntorye Thus =

+MacA

nmeans ~" Add the number in the memory (location n undorstood) to the clonrcd
accurmlator, !

3«70 Extcnded order sci,

The set of orders suggested for the machine may now be formulated.

1) <+Macd,
2)  wMach
3)  Miscd.
4) —Hiiycd.
5) +i 4,
6) ~M-yAs
7) 1Ml
8) —MizA,
9) M-3cRe
10) Ragch.

11) M %R wchs T Clear accumulator, multiply M by R and place LeX.
39 digits of answer in A and R.H. 39 digits in R.

12) A+1liycR. & Clear register, divide 4 by M, loave quoticnt in
R and romainder in Je

13) C“’Lllb

14) CaM. .
15)  Coa B, -®If numhez' 1331 LY 0 shift control to M.
2



16)
17)
18)
19)
20)

21)

22)
23)
24)
25)

Cc= Mro
A '* I\I.v
LAl .

Ay Wlipe
Sr < Shift contents of 4 one place to right but loavo

L.H, digits unaltered.

4 x If contonts of A are A(0),A(1),—A(39) and of R are
R(0),R(1),--R(39), replace these by A(0),A(2)~=A(39)0n
and R(1)=-R(39),4(1). '

I 2 Initiate operation of machine. ,
Ty M = Transfer contents of input tape to I
s T, = Transfer contents of I to output tapecs
E 2 Signal completion of :oporations

(22)



