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PREFACE,

is report contains & summary of current ideas on the aspplication
of logis%ics %o the design of an all purpose electronic computer. The
need for such logical discussion becomes very clear when any attempt is
made to envision a machine capabdle of programming all possible caleulatious,
end of executing such g programme at electronic speeds.

The non-original ideas,contained in the following text, have been
derived from a number of sources, direct reference o whilch would be very
difficult oving to the lapse of time. I% Is fell, howsver, that acknowledge-
ment should be made to Prof, John von Neumann and to Dr. Hermen Goldstine
for many fruitful discussions on both the thecretical and practical
agspects of the subject., Thanks are due, also, to the Electronic Compuier
Project of the Institute for ddvanced Study and U.S. Army Ordnance Dept.
for the hospitality and opportunity for study afforded to the authors,

Wo wish to record our indebtedness to the Rockefeller Foundation
for the grant of a Fellowship to one of us (A.D.B.) which made the
present study possible,

A Be
K.Hﬂqu.

The Institute for Advanced Study,
Princeton, '
Neds

PREFACE TO 2nd. EDITION.

The demand for copiss of this report has been so great that a
second edition has become necessary. Advantage has besn taken of this
to make minor corrections =znd to add a2 secction on round off proccdurcs,
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GENZRAL COYSIDERATIONS I THE DESIGH OF AV ATL PUAROSE DIGITAL COMPUTER.

0.0 Introduction,

The first conception of & calculating mechine, capable of executing
in & completely sutomatic manner, a segquence of orlers previcusly given to
it, appears to have been due to Charles Babhage, This machine was not
completely realised on account ¢f its essentially mechanical naiture and the
technological imperfections of the enginsering processes &vaileble in 1830,
However, despite this non-realisation, Babbagets plans confaln all the
logical elements regquired for the construction of such a compuier.

Little progress was made towards the actual construction of 2
general purpose comouter until the late 1830fs , when two projects were
initiated in the U.5.4., These were:

1) The A.85.,0.0, at Harvard,
2) Th.e ECN.I.AaCl a't thilad-el}?hiae

The A.8.0.C, is essentially s large Hollerith machine with provisi..
for rmitiplicetion and division, and for logical wrogramming, 48 &
Hollerith iype mechine it is satisfactory, butl the programming is complex
snd the execution of orders slow. TFor example, multiplication tales a tiu-
of the order of five seconds., The memory Iz indefinitely large but very
slow as it consists of punched cards,

The B,HeI A0, 18 the first working clectronic machine, buf is
limited in application, since its programning is very compliceted, and its
internal fast memory is only 20 numbers. Practically, the speed of
operation of tho EeN.I.A.Cs is equal to that of its punched card ountputb
(100 cards per minute), since all the electronic processes of the machine
are considerably faster,

0.1 Projected machinos.

It will be seen from the above brief survey, that existing machinesz
are limited in application, either by their slow overall speed (due %o
electro-mechanical elements), or to their limited high speed memory capecis.
As a genmeral principle, it can be stated that it is useless to increasc thu
spoed of functional units beyond onc order of magnitude faster than that ol
the data input. Thus, for a relay type machine, a rmultinlication time of
muich less than 1/100%h, sec, is unjustified, since punched tape or card
data foed is slow compared with this,

liachines at present under construction gtlicmpt to meet thils logical
desideratum, and are of two main types:i~

1) Serial operation machines,
2) Parallel coperation machiness

0f the first tmpe 7 be meantioned %ae Z,D,Y.4.C. #ad 1fs Britis
counterpart A,CU.E,, and of the segond, the Princeton Cemmier projecs anﬂ
ur own nmachine, Thoe distinction betiwsen the two types is that, in 1)the
ligits of & number are available ons at & time in stvicet soguencs, wa1lst
in 2} all the digits of apr nuaser bocomo avallatls et the same timo,

wl;:;



It follows that, if the minimum $timo of clectronic elements is utilised
in both cases, 1) will be slower tham 2) by & factor cqual to the numbor
of digits 1n the number considercd.

Mthough, at first sight, it might apmear that the design of type
2) machincs would b¢ the most compliceted, this is, in fact, not the case,
slnce the control nceded to exceute, for oxample, multiplication, is much
simpler than that required in type 1),

Q0«2 General principlese

Yhe faregoing conclusions make it apparcnt that there are two gonerval
metiods of designing a fast computing machine,

1) & large high spead memory and a few distinct and slmple
_erithmetic units,

2} A slower large memory and a number of identical arithmetic
unitse .

In the first case, use is made of the fact that any caleculation can be
broken up into individual parts, each of which can be performed separately
and in sequence: wailst in the second case many parts of a calculation
ars performed sinultsareously, As an example, consider the calculation of

(a7° & by + ¢)/(dy + es
A type 1) machine would follow this sequence s

1) e to product register,

2) Torm &y and add to e la product register,

3) Sstore %J b 8 4N MemOXYe

4) Torm y“_and transfer te multiplier,

5) Form aya and leave in product registers

6) Form by and add into product regisiers

7) A4 ¢ into product registers

8) Divide contents of product register by dy 4 D

vhereas a type 2) machine would perform the operations (.1e3) and (4=7) in
two simulianeocus groups and then comblne the resulis in 8), or posaibly
generate and by simulianecouslys Thus the second procedurc might effce
a sgving of time by a factor of 23, which could then be set against a
nemory of proporticnate slownesse

It is evident that multiple operations lead to increased complexity.
and that the ideal machine would ba of type 1)a

.21 Qrganisation,

A study of thé principles wnderlrying the basic compuling sequences
of o few typical provlems, makes ii evident that the macnine must have tho
following internal constitution =

1) A meuorys

2) A control,
3) An arithmotic unii,

=



Practical considerations, to bo discussed in 1,01, show that the memory
mist consist of two parts i-

a) The intermal, high spoed memory.
b} The external, snd indefinitely large, stioTage
memory either on tape or on some fasier medium.

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

The control is essentially a means of directing the exocution of
orders inserted iante the machine and must be capable of exercising a
certain smount of independent judgment of the type i=-

"if X Y, a follow sequence D(X), but if X ¢ & follow sequence ALY N

Here X is a number resulting from the opcrations of the machine, apd is
not kmowa g priori, to the human operator,

The arithmetic unit must consist of functional units adeguate for
the performence of at least the operations 4 ,-, 5 » Tho inclusion of a
unit for division is desirable but not esseatial, since iterative procosses
of rapid convergence aro available for its programming in terms of tae
other operations; & similar remark applies with even greater force to the
" operation J

0.2 The scale of nobation.

Un to this point, no mention has been made of the scale of notation
in which tho aumbers, used by the machine, will be represented, Machines
already constructed (0,1) use the standard decimal system both internally
and externally, and it would sppear, in view of the universal use of this
scale, that any new machine ghould conform,

In fect, the scale of notation used inside the machine is almost
comletely dictated by the available types of memory organ, and, as will
aprear from later discussions, all present techniques are suited only %o
the binary, or scals of two, notation.

The attractiveness of binary scale, from the electronic viewpoiat,
liss iz the possibility of using amplidtude insensitive elements, Thus the
binary couater, or 'flip-flop', is reliably operabls with pulses of almost
erbitrary shape (up to direct current), and having a wide variation in
anplitude,

dpart from the high speed memory, binary nobtailion makes possible
the use of magnetic tape or wire as the exbternal slow menory and, although
slow compared with electronic speeds, this is considerably faster than
suncned tape or card storage.

0.4 GThe input and ouiput.

The use of binary notabion inside the machine raises ths question
of the means of communication to and from the oubside world, IS would,
of course, be possible tc make all conversions to end from dinary scaie
before and after the presentation of a problem to the machine, so that no
gsnecial provision would have %o be built into the latter, This would be
quite justifiadble if the tobal outovut and input was very small compared
with the data gencrated vy the machine in the course of its onperablons,
and never communicated to the cutside world,

=-3u=3



In a large class of problems, howsver, & very considerable amount of initial
data has ta be inserbted (o.z. matrix eloments, £nd bowndary values in the
solution of partial differential equations), aad this suggests the desire
ability of providing special conversion facilitics,

Two methods of conversion arc immedistoly suggested i~

1) & special ad ho¢ machinc or unit,
2) The progromming, by the mechine, of its own coilversicaz.

Tho first altermative can be ruled out on the grounds 6f cost and complexiiy,
but an oxaminetion of the socond shows it to bo porfoctly foesidle and
satisfactory in a ¥High spocd maschinc, This is bocausc, &k some stage in

‘the proparation of a problem, the human operator must write (i.o. type) tan
data onto 2 physical mediums $this opeorstion 1s the limiting foctor of “ao
primery input spced and, so lo@g as the machins can mako its own conversi-as
in a less time than that tekon by thoe typist, no additional speeding wp is
nccessary, It will bo shown, in a2 latep section of this rcport, that tai,
speed criterion is roalisabdle, '



1.0 The momory,

It was indicated in the ixwiroduciion; and may now be stated as =z
genaral principle, that oncs the form of the high speed memery has been
decided, nost ¢ the other comporsnts ¢f en elecironic computer become
semiminvariant, We shall review, in this section, the various possible
memories and indicate our final choice, Only “inary momorics will be
discussed. since no otlier type is in a sufficicntly advanced stato of
dovelopmont to justify its conslderation.

1.01 Desideratas
In order of importanco, a high spced memory must be capable of i-

1} Recciving digital information at spocds of the ordor of
100 E.GC. /SOCeo

2} Zmitting data at the above speods :

3) Rotaining its information for eloctronically leng poriocds,
(1.0, of the order of 1 sccond.)

4} Heving any particular nmumber orased and roplacod at similarly
high specds

Theorotically it should have infinito capaciiy in both direetions,
i.0, Be cepable of holding an infinite number of numbers oach heaving an
infinity of digits. In practice, neither of thesc desiderata is roalisabls,
and o compromisc has to be mrdc, Examinatign showy that, fo solve many
intercsting problems, o capacity of from 10¥ to 10% nuzbors is roquired,
The number of digits in oach numbor is a more speculative meticrs In prodlom.
which involvo tho inversion of a matrix, tho governing factor of tho final
accuracy is the total number of multiplications and divisions involved, anl
ingeve moderately large procedurss, the rounding off errors may amount to
0°-20", Thus, in order Yo epgure an sccuracy of 1/100% in the final answer,
numbers of total precision 10%° must be used; in binary notation thls means
2398 or approximately 40 binary digits,

1,10 Macroscopic clements.

The considerations of 1,01 enable an immediate disposal to be mads
of any idga Di using macroscopic binary elements for tho memory.  Thys, to
enablo 10°-10 binary numbers of 40 digits o be stored, 2?40.103-10 or
105~108 half olements would be required, which is quite impractieable.

1.20 SZcon v.s. switching methods,

Having rejected the idea of using macroseopic elemenis, thers s3ill
remains the discrimination between two possible methods of using mieroscopic
memory elements, Swuppose, for convenienecs, that we consider a single digit
n] of any number n, and suprose the memory oloments for this digit of each
of 1° numbers to bo arranged on a square latticas~



Then any numbor can be picked out in two genorel ways e

1) 2 soansitive organ can scen theo array

. A B o S e

as shown, and the prosence or absence of a digit at position
n; can be scnsed by switching on the organ when 1t is over
position ny. This mothod mcans thet an average time of sf2
is roquire& to sonse any digit, s being the time of scan

for the vhole arrays

2) A switching system can be arranged sc¢ that on an order from
tho control the vertical oad horizontal row of tho array arc
put into conncction via tho common cloment n . (1.0, D1 o
The time for this operation is indcpondont o% the particular
clement sclectod,

1% would eppear that method 2) is intrinsically faster than 1),
but, in any casc, the precise mochanism to be used in a given memory,
depends on tho character of its storage clements,

1.21 Gombinatorial memory,

$p attractive idea, moking use of the possible arrangements of
ohjects on & latiice, iz the following i~

M 0000000000000000
Ml ©000000000000000
000 006
e In1s) [alnle]
eto,
2 000 oo
1 00000000Q0000000
12— —}

Suppose that M. objects are arranged in Il columms of i, Then the pumber
of possible ways of selecting W objecis, one fropm each column, is W, 1f
we let M be 10, then any decimal number up to 10Y can be represented by a
selection of the above type.

Envisage noxt an srrangement vhoreby, vhencver a selection is made,
a record is provided in the form of an essontially two dimensional 'piciure',
and that cach such picture ropresenting a 1 is stored in a “stack®, Wion
it is desired to read out the data from such & stack, all that is nccessary
is to projoet through it some vhysical ontity (c.g. 1ight) from the same
pattern as tho arrey of the number whose prescnce (as a 1) is to be sensed.
Then if the gzact counterpart of the physical cantidy pattern is found in 1o
stack an cxternal rosponse is omitted,



The physical nature of cach picturc must be such that -

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

2) It emits no impulise if only part of its impressions are stimulated,

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

Although such s scheme would be difficult to realise with present
facilities, it should be bourne in mind for futurs development,

1,30 Thermel memories,

Ho extensive development of thormal type momories hes been made.
t is covident, howeved, that the thormal reotentivity of various materials,
such as chalk, could form thc basis of a memory, Iilost mechanisms of this
type arc rather slow as thoy depond on conduction processeg; so that, unioss
somc indicator of low thormal capacity were used, tho memory would e oo
slow for cleetronie wusc, MAn 2dditional disadvantage lics in the fach thut

no rapid, and at the samo time local, cooling procoss is available for
crasing datae

1.40 Optical memory,

The most odvious application of optical methods to the development
of a memory organ would be the use of sound track from cinamatograph film.
This would give a serial typs memory of comparatively low speed, and, in
view of the fect that a development process has to be interpesed betwoen
recording and reading off data, and also that once exposed film is no loxngox
usable for the recording of now data, no great investigation has boen
carricd outb,

One point is worthy of montion in conncetion with phOuographic
memories for binery numbors. The normal photographic process is capable
of giving half tonocs, i.c. of giving morc information thaa that rcouired fox
a purcly binary momory. For scale of ftwo, black and white would suffice,
and it is possiblc that some photographic proccss might be found, in whick
cxposure to light of a given wavolength produced a blackoning which could
be rcad in some region of the speetrum to which the film was inscmsitive,
This would obviato the neecossity of a scparatc davelopment procogse

To carry the procoss fto its logicel conclusion, a filmic modium
might bc found such that oxposurc to light of froquency ny changed it from
a2 transparent stato sy to a blackened state sp, whereas cxposurc to light
of a differont froguoncy np producod the reverse tranformation.

Altornetively, the modium might heve the properiy that, under the
action of light, the reversible roaction s, g2 s, took place, such that 3
wes the ogquilibvriun for zoro intonsity ond B3 for hizh intousity. If tho
stato s2 could be retained at zero 1ntcn01tv by semc quenching process, thao
conditions for usec &gz a binrry nomory would oxist

1;41 Eorr cffcet as scleetor mcchanisma

In order for o two dimeonsionsl momory of photogrovhic type %o have
adcquate spood, and at the same time not heve the complication of oloctronia
sconning vith its attendant vacuun, 1t is ncecssary fo hrve some kind of
switching sclection of the typc cavisaged in 1420,

=
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Sapposs two gabs of parallcl wires G, and G,, mubuslly perpendiculer in
dirocction, %o be imacrsed in a2 bath df liguld heving the Forr cloctrow
optical property that, in 2n cloctrosiatic field, the plenc of polerisetlon
of tronmitted light is rotated,. If, with no fiold apnlied, two polrroid
shects arce srronged for oxtinction, thon, on two adjacent wires in cach grid
being cleetrificd,  the systom will transmit light on two boands whose inter-
section will bYe of roughly double the intensity of either, This system coull
be used to sensitise the binary medium and, by placing a photocell behind
the mediwm, could also be uged to read off the datas The response of Kerr
cells 1s of the order of 107 cycles/seces

Some use might also be made of the fact that, ian solid medis, the
Kerr offect persists for some time(up to 30 secs,) after the romoval of the
ficld, This could be made the basis of a momory in ifs own right..

1.50 Acoustic memory. {Serialls

Fron the essentially dynamic nature of sound phenomena, it follows
that the basiec acoustic memory would be of the serisl types Considerable
development has been carried out on suitable systems for use in conjunction
with the Hu.DeViheCo 2nd ACoZBes

The principle of operation is the following; & sel of olectrical
impulses, representing the digit pattern of the number to be remembered, is
applied, via suitable electronic apparatus EZ, to a quartz crysial Q-

Q% Q2
}‘_;;I I
by L
A A "4
Iput g T
i 3 . Output

The rosulting vibrations are transmitied through a colum of liguid I,
(asually mercury), and are picked up by another crystal an Qo fecds back
into & so that the pulse patiern is proscrved. The number can be rcad oub
serielly, and cither erased from tho memory or retaineod as desired,

Typos of delay at prescnt working have a cepacity of the erder of
1000 binary digits; and a eycling time of 2bout 1/1000 socs.

‘-8‘“



1,51 Acoustie memory(Parallicl)..

By arrfaging, say 40, dolays in parallel, and placing onc of the
digits of cach number in each line, it would be wnossible to usge the sysicm
described in 1,50 for e parallel oporation machinee. The disadvantage is,
howover, that tho averaze %ime required for the location of any number is
1/2000 sec., which is slow cormered with other devices to be described later.
In addition the control,. reguired to produce synchronlsm between the various
lines, would be complicated..

L.50 ZElectrical memorye.

& purely electrical binary memory is the following,

Puncture . X

-
-

Two perellel zrids of nmarallel ires, in directions at right angles, are
separated by a M"medium® which is normally an insulabor, %hen a wire of the
woper grid is attached %o & source of high potential, and a member of the
lower grid is earthed, the medium brealrs down abt the point of closest
approach, At any subsequent time the fact of breskdowm can be read off,
for a particular pair of wires, by esrthing all wires ia the wuyrer grid save
that which is to be sonsed pud to which s positive poteitlal is

anplied, and applying the oubput, vis the lover wire, o the grid of o valvaa

A1l the digits of any number can bs recorded 2long a row line of the grid
and sensed simulteneously by a number of valves.

1.51 ”he nadium,

One suzgesiion for 2 suitable medium would be ordinery or waxed
paperg Cnce & hole was produced the carbonzceous producis of combustion
n the track would have a meaterially lover reqiotance than the ordinary
paperm The disadvanteze of this system liocs in the fact that data czunot
be erassdy however, since the cost would bo low, and vory largs momories
could bs set un, this fault might not be nrohibitive,

=-59~.=o



Afnother method would be to use some medium,as in electrolyiic
condensers, which breaks down semi-permansantly on the passage of current in
one direction, dut is & good insulator in the reverse situation. If such
2 mediuwn could be repaired rapidly by conductlon proceSSes all the reguire-
ments would be met,

A gaceous medium, of neon itype, is another possibility, Thus if
the two grids were held at a potential, just over thai required for steady
discharge; but well below that required for striking, an impulse on any
pair of wires would produce a conducting track and initiate & continuous
discharge, Such an arrangement would be fast and easily cleared,

1,70 Maznetic menory.

In the field of magnetic 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 iaput and output of a calculatlné
nachine.

Tests heve ghowm that data can be placed on tape or wire with a
packing of between 50 and 100 digits per inch, end can be read off. at. 50 to
100 K.C, /secee Extensive development has been cerried out at Princeton,,
and. the method of integrating this type of memory with a high speed iamner
electronic memory, and with punched tape data input, hag been worked oute

1,71 Magnetic memory for paraiiel,operatione

The megnetic tape or wire is fundamentzlly a serial memory of
 medium speed, There are several methods, however, of malking a high speed,
parallel operation memory on a magnetic basis, One of the best ideas is to
Tecord the data (in the form of magnctic pulses normal to the surface) on

a crlinder capable of rotation at high speed (‘} 1000 revs;/sec.). By having
a. number of pick up heads in each of the digital channels, and suitable
switching arrangements, date could be recorded and read off at bettsr than
10 sec, per complete number, This rate compares favoursbly with current
jdeas on electrenic memory (sse 1.80}, and completely oubtclasses dolay line
memories of equivelent complexity.

1,72 Permancnce.

It is worthy of remark that ftho magnetic tape or wire provides, not
only a high speed memory, bud alsc the only memory {possibly exceptinzg
photeographic) which is permexent if desired, Tapes ars in existance which,
although made iz the early 1900Vs, are still in good condition.

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

1.80 ZElsctronic memory,

It is mot proposed to give a detailed description of the various
cloctrotie nohorios which have been praposed, because the development of
such devices is possible only in the type of laboratory posessed b valve
nanvfacturing orgenisationse In addition the Selectron, which apnears to
be the most promising memoly tube, is still in course of developmont, and
several impordant features, such as the means of internal amplification,
are as yet undecidad,



Several memory tubes based on the iconoscope have beecn considered;
tiaese are of the scan type and depend on the possibility of detecting the
presence of electric charge on a dioclectric by means of the influence of its
field on an electron beam. 4 disadvantage of this type of memory seems %o
lie in the creep of the cherge over the face of the dielectric; this is
unimportent in television applications but is & complete contra—indication
for a calenlating machine,

As oxplained in earlier sections of this report, an adequate binary
nemory should have twé states of equilibrium. Iz the Sslectron these are the
statos of charge of smell dielectric elementss An eleciron beam can be
dirscted to anyr point of an arrary of such elements by means of a switching
devices According to the electrical state of the partilcular slement .

a: the point of direction, an impulse is enitted by the valve. The switching
of the electron beam to the particular lattice point is achieved Yy means of
two grids of wires, similar to those previously describved but so wired that
any particular binary digit makes two, and only two, adjecent wires in eack
grid positive. The arrsngemcants aro such thet only in the square so defined
can the clectron beam penetrate to the lattice, On such penetration occuring,
g externs)l signal is emitted according to the state of ths dislectric behind
the conducting portion of the grid., It is hoped that the spoed of this Iyne
of memory will be such that any digit can be located in 10-30 microgcconds.
Tho cepecity of each fube will be 212 or 4095 digits, and 40 tubes switched
in parallel, will give the full 40 digit bimary number.

1.90 General_conclusions,

It is now vossible to make a statement as to the desiradle features
of the memory, and of the kind of organisation envisaged, The general
concepl of nemory should embiages the input-outpul organs, since these will,
of necessity, involve the making of a permanent record.

1,91  Impul-~oubtpubs

Yke natural mediw for the insertion of data is some form of type~
writer, and the decision hos to bo made as to the medium on which it is to
records It is not impossible that the instrument might inscribe directly on
the high spesd memory, but this has the disgdvanteoze that the ilaput data
may be greater in volume than theé capacity of this organ, The organisation
envisaged for the input is thevefore the following -

1) Type data on teletype tape.

2} fTrenscribe from teletrpe teape to magnetic wires

3) Read off from megnetic wire into high speed memory
as required,

This scheue has the adventage that the data on magnetic wire will be availabdle
a% moderately high speed, %o %he high speed memory, and can be taken up by
the latter unon ordar form the control; whersas ths teletype tape is, by
compariscn, very slowe Attractive feafures of the teletype as a means of
Primary input are, however te—

1) That it is universal, exmd in consequence the problem sebter
a2zl not he in the imnesdiate acighbourhood of the machine,
N . 3 ~ - - . ] L] -t
2) Thab it aifords opvortunities of checliing imput defa By

cormering indepeniontly typed tepes.

elle



1,%2 %The iantermediate memory.

Since the high speed memories available in the near future will
be of limited capacity, it is evidenily necessary to have some form of inter-
mediary fast memory which is capable of storing very largs quantities of
date 1o a ressoneble volume,

I% seems clear from the above discussions, that the megnetic wire
forms the solution %o this prodlem.

Teeilities will be provided in the control for the high speed menory
to refill itself from the wire as required, and serve mechanisms will effect
such transfers without the intervention of the operator. In addition, the
high speed memory will transfer intermediate resulis not at once reguired.
and finel results of a computation to the wire, ready for transcripiion into
notation comprehensible to the human mind,

1,93 The high speed mencrve

The decision as to the form of high spesd memory best suiteld to the
machine seems limited to a clwice between the two tipes -

1) Tae Selectronie
2) Some modification of the parallel grid switching
device,. -

If it iz available at a poasonable price, the Selectron is the most satis-
factory solution, but since the design of tho rest of the machine is” the same
for either alternative one of the other aliernsitives could be substituteds

1,94 The memoiy for orders.

Tp to this point the memory has becn regarded essentially as a
device for sbtoring snd emitting numberse To make use of the high speeds
attainzeble with the machine it is necessary to have a control cspable of
directing operations at the same rate, Thus orders have to be stored in a
device operable at the same speeds as the high speed numerical memerye

It is en obvious development to express esch possible unit order in
the form of a binary numerical code, and thea to wuse the memory, already
descrided, to store its BSince the number of possible useful orders is
limited { £ 2°) a simrle code will suffice, and its exact formxlation will
be discussed in 3, A less obvious choice lies between separate memories
for orders and numerical data, or a single nemory, The solubion becomes
clear, however, when it is comsidered that a general purpose pachine may be
called npon to solve problems of two distinet typesi-

1) 1In which a small nuwsber of orders suffices for the solution,
and & large cuantity of numerical data is used,

2) Ian vhich = very large and complicated set of ordsrs operates
on & small set of aunerical datas

It follows that the sawme memory should he used for mumsrical data and orderss
aad the the control should szlect its order from thig orroy,



2.00 The srithmetic unite

As stated in (0.21) the arithmetic unit must be cepadle of werforme
ing the operstions of addition, subtraction and multiplication. Some
justification is meceded for the inclusion of muliiplicatlon as a fundamental
operation as it could be programmed &s a series of additions, Most problems,
however, will be simplified and the time of compuiation reduced if multipli-
cation can be regarded as a fundamenital operation and 1% will be worth while
making the arithmetic unit a little more complicated to achieve this.

The case for inclwding a special dividing unit is less clear, as a
good iterative process exists, It will be showm later, however, thast slig
modifications to the mltiplying unit will enable division %o be per;ormed
in the seme time as multiplication and if the circuits are sufficiently --
simple the addition may be justified,

Scvare roots are loss easily  obtained, amd, as the operation is
of rether infrequent occurence in normel work, it will provably be better
to use an iterative process and progremme it esch time. (Ses however 2.72).

2,10 Ths binary poini.

_ It is neccssary here o decide on the means of 1ocatiﬂg the binary
point. Two methods are possible i-

1) TUeing the flosting bina.r'r point,
2} Usinz scale factors,

In the first metliod all numbers are expressed as "binsls® (i,e, binary
aumbers less then unity), and the position of the binary point is indicated
by an asgociated characteristic, Thus 10110,111 would spnesr as
210110111 , 101, -

fumbers inserted as binals in the second method have no character~
istlc, and the use of suitable scale factors is relied uvpon to keep the
results within bounds, This will, of course, increase the time needed for
coding problems, but even so this method is preferable for the following
reasonse Firstly, the iatroduction of the floabting binsyy point requires
complication of the arithmebdic unit to deal with the characteristiecs in
addition etc., and secondly a consideradbls portion of the memory capacity
vould be tled up in recording these mumbers. Thus if n significent figures
ars roduired, log.n places mey be neaded bto accomodats the characteristic
in the worst DOSS%EIE case, and this space must ba left free though its.
full use mey bhe rere.

For the abovo reasons it is proposed tc use the scals factor method,
and in the fellowving discussion oaly binals will he considered.

2420 aezative numbers.

These will be represonted b their complements and prefixed by 1 to indicate
their nogative character, Thus =,0110101 will appear as lelOOlOlla

Although this will reduce the memory cadacit" £0 39 digits, it will be seen
to produce conslderable. simplification in the mechanism requirad for
aritimetical operaiions. -
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2,30 Addition.

The chief componeat of the arithmetic unlt is 2 deviee vhich will
gtore a binal, add to it a seccond bhinal and store the result: this will
be called the accumulator, In addition to this, two banks of flip~flops
will be reguired which are capable of storing Binals indofinitely, thece
will be called the arithmeiic registers, At Lleast one of the arithmetic
rogisters, and also the accumulator, must have the property of belag able
to gaift their contents to the left and risght by as many nlaces as may be
desired.

2+31 Dyananic and static accumulsatorsa

At this noint a distinetion mst be drawn between the tyvo possible
types of accumulator, static and dynamic, When a Dbinal is added to another
binal containsd in the accumulator provision must e made for carry over
from one place to the next higher, and, a8 each carry may itgell cause a
carry over, these must be done ia sequence. In the worst possible case a
carry may be propogated along the whole 39 places and,if & is the time for
one carry, 39% must be allowed between each sucessive addition, This assumes
that all carries are being”dompleted at each stage, as is the case with the
static accumlator, S o

, In the dynamic ecoumulator, however, as an addition is performed
any carries are stored in a set of fiip-flops. When the first addition is
completed these flipwflops are cleared into the next upper digit place.
The result may be to produce further carriss and these are egeln stored in
the cerry flip-flops, The.®eX$ mumbor is now added, and it can bo shown
that the carries which it will producc can nover ‘coincide with thoso alrcady
storod in tho fiip~flops., Thoreo is thus no chance of a carry being los%
in the process, This procoss is repoated for the whole serics of sdditions,
and, at tho conclusion of the scrics, the elecaring proceoss is ropoated 39
timos, '

At first sight it might appoar thet the dynamic accumulator is
proforablo, ospocially ‘when a large numbor of additions are involved as in
multiplication, In practice the spood of oferaticn is limited by tho
possiblo froquoncy of tho carry pulses; mOreover, as will appoar vhen the
procodure for division is considorcd, the rapid automatlc mnthod for the
lattor can only be usod With a static-accurmlator. :

Becanso. of the above considerations, 1t has bocn decidod to have a
static type accumilator, a decision vhich hee bcen strongthenod by tho
progress which has boon made towards the realisabion of such a unit having
an ad&ition spoed of bottcr thai 1 microsecond.

2440 Suburactlon.

O pdésible*msﬁﬁbdéhwill be described for subdraction, the first
using complemenis, and the second using inverted carries-overs

2,41 Subtraction by complements,

In this method subtraction is performed by the addition of the
complement, For example suppose thab we wish to subiract 01101 from 11010-
The complement of the Tirst munber, 1,1M011, (fsde2) 1s added to the sscond
mumber £iving »0lIDL = thé cdrrect asndwer: The mochanism roguired is
thorofora some devige which will tekc tho comblomoui of $he mumbor to bo



subtracted by changing all the O's to 1 and all the 11s to 0 and adding 1
into the last digite The complement is now fed into the accumulafor, and
the correct result produced, the number being in the form of a complement
if the answver 1s negative,

2,42 Tho inverted carry overy

The second method depends on the fact that binary subiraction caan
be performed in exactly the same way as addition except that carries-over
now talke place vhen the accumlator flip~flops change from O to 1 instesd
of from 1 to Oy No carry over beyond the binary point oceurs in this method
and the result is therefore obtained directly.

The deciding factor in this matter will prooa‘oly be the technical
difficulties encountered ia the elrculis,

2.50 I‘«Iultipl ic&t ione

;mltiolmation is essentially a series of repeabted additions with
suitatle shift of position, Thus, suppose that we wish to multiply 10110
by 101, The multiplicand is fed into the accumlator, It is then fed in
s second time but now shifted two places to the left, and the result
recorded is the deasired producht. Some addibtional units \s":l.ll be needed here
beyond those considered alreadye '

First, s mechenism is needed to produce the saifts . This ecould be
incorporated into the accumilator so tha.t, vhen :m.\l‘a‘j.p].y:i.ng,F it could be set
to shift once automatically at.each stage. Alternatively the arithmetic
register containing the multiplicand eould perform the shift, :

"It is also necessary 10 sense the digits of the miltiplier in tum
and to instruct the -arithmetic register to feed the multiplicend -into the
accumulator 1f the digit 4s L. This could be done by an arithmetie-register
with shifting facilities, so that the muliiplicand is shifted onc place to
the right at esch stage, and the last digit sensed each timpe

: Thus, 25 well as: the accumlator, two registers are needed, a.t. least
one of waich must ha.ve shifting fac ilitiess JAnother refinement could be
iatroduced by meking the ‘shift mechanisms move ah extra place without pausing
when & zero occurs in the muliplier, This would: redu.ce t.’ne time requirod
for mltipli.ca‘hion on. the average. by one hatfs. -

2, 51 .i_gative num'bers.

'i'ﬁlen it is deaire& to perfom mﬁ.‘t.tiplica.tions with either or- bcth
the mltlpller and mulbiplicand negative; it:le necessary:te adopt a sommfhat o
more comlicate& pracedure whieh is detailect 1n ‘she follmrlng ta'ble. ST

1) 1mlti'plier ne _g&tive. The m‘bers seen bv the arithmetic u:nit are
thes (1-x); and -y, {1-x) being in a shif’cmg register. .The
produc‘b {1ex)y ises yuxy is formed and added iato the accumlator;

&t the last stags the complement of ¥y, 1.04 ley is added in, The
caccumnlator thus contains l-xya

2) Maltiplicand negative, The numbers are nov x and (l-y), and, in
the normel way the sccumulator would receive x-xy. 4s the
digits of x become available at the extreme right of the shiftias
register their complements are "cal:en and fad into the sextrems
lef't positiorn of the accumulator. t the end of the operation
tae Accumilatoer thus contains 1-*:;9'«-1/23 and the addition of a
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wnit to the extreme right position of the acoumlair produces
the correet result l-xve

3) Wultiplier and muiltiplicand negative., Here the accwalator
receives l.X~v 4 Xy, It is thus necessary to perfum both the
above processes 1) and 2), giving 1+ xy, 2nd thenio s.dd in
unity to correct the sign,

2,52 Ixtended accuracy.

It is proposed to have means whereby vhen the partial ixroducis are .
shifted in the accumulator, the términal digit, which would ofe Twise be
lost, is fed into the left hand side of the arithmetic registes Since the
latter clears itself during the calculatlion, the final state ¢ The unit is
one in which the product is stored with its first 39 digits inthie
accumilator and its last 32 dizits in the rezister,

<460 D'ivis ion.

45 mentioned before there are two possible melhods ford.ivision,
the iterative and the direct. 2

2481 The iterative method.

The reciprogal = of a. munber b can be caleulated by resabed appli-
catians of the formula X - bxf.je This process requirs two multir
plications and one sub’sract:.on a% sach stage and can therefore e performed
with the uwnite already vostulated. _It can bve showm that, if eds the error
in xp then the error inx, ., is be®; as we shell be desling Dnly with
binal numbers, fhis process Will be quite repidlyr convergent, Lwven so it
will be necessary to malte at least 3 iterations, and the time required will
thus be about 5 multiplication times.

2,62 The direct methods

This method is essentially is t.aat of long divislion; t‘la.t is, the
denominator is Sucessivly subtracted from the numerator vhich is shifted
one place to the right at each stage. 1 or O is recorded as @otient
zccording as the presult of the gubtraction was pos:.tnre or negrbdive, The
numerator will therefore be placed in the ‘accumlator and the ienominator
in One register. The guotient will appear in the second reégisters  The
accumelator must be modified, however, 80 that vhen a subtractiar pro&uces.
a negative result this resuld is rejected’ a::lcl the original numbers are
restored to the sccumlator, This is exe.ctly the process of long division
except that the human operator would probably not actuslly perform the
subbrection in ovder to see vhether it were possible.

Provision must therefore be mede in the accumulator for storing
the numbers of the remainder which are being operated wpom until the sub-
troction has teken place, Then, if the result is positive, these will be
rejected and the result of the subtraction placed in the accumlator. If
it 3s negative, however, it will be rejected and the original Gizits
revained in the accumilator,

The mechine must thus be able to sensc whether the suwwtreciion kes
produced a positive or a zezetive result, This can be done vory simply br
considering the carry over beyond the binarr point. Thus, if the complemant
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method of subbraction is used, the carry over will be 1 or 0 according as
the result of the subtraction was positive or negative., If 1 was carvied
over the machine must therefore retain the result of subtraction in the
accumilator, record 1 in the quotient register, and shiff{ the accumulator
one place.. If mo carry over cccurs, the result of the subtraction must -
be rejected, the original number restored to the aceumulator with one shift,
and the quotient register shifted but no dizlé recorded.

If the reversed carry over method is wsed, this process will be in
inverted as 1 will be carried over for & negative result and 0 for a positive,

In practice, no great elaboration of the original accumlator is
required fo do this, and the process takes exactly the same time as mlti~
plications Moreover the coding of a problem is much simplified If 1t is rot
necessary to programme divisions It seems, therefore, thal the direct methnd
is to be preferred.

It should be chgerved that the static type of accumlator is
necessary for this process as all carries-over must be completed after each
subtraction,

2,70 ZExtraction of the sguare root.

4s with division, there exists a good iterative process for the
extraction of the square root. For completeness both thig and the direct
metaod will be considered briefly, though, as pointed out in 2,0, the
operation of sguare~rgoting occurs comparatively infrequently and it may
not be economical to provide a special unit for the purpose.

2,71 The iteretlve methoi.

The gemeral formula oo ' |
T2 (- 0xd g 4ed) /o
gives an iterative process far determining fp! Paking p & -2 this givas
the formula = r; -
= (% 54 ‘p/xn_l)/z for |

Four iterations would probably be neeled to obtain the desired
accuracy, and the process would therefore take four times the time reguived
for ome division, ultiplication by 1/2 s trivial, since this mearlw
congisfs in shifting ome place to the right,

If an antomatic divider were not available it would be better to

use the formuls $= = |
ERE R bxﬁ_l}./z

for 1/h1/2 and then tc aaltiply the result h; b, &8s no diV151ons are
invelved in thls Process,

2,72 The direet metho&.

This is exactly the elementary method used for exiracting square
roots, tut carried out in binary scale,

It is similar ta lonz division but the divisor is now varishle, and
the accuiwlator must be made to shift two places at sach sbage instead of
oneg,

It is necessary at each stage to teake the mumber from the guotlent
register,add 1a 1 two places to the right of its last digit and subiract



the aumber so formed frqum the contents of the accurulator,
This process roquires the same time as division or multiplicatiun. .
but the deciding factor will, sgein, be the technical difficulties intreduced.
In certain problems of X-ray eyrstallegrephy with Fourier synthesés,
however, the inclusion of sugh & unit would merit serious consideration, as
freguent use would e made of 1ts

2,80 BRound off proecedures,

In order to avoid the systematic errors which would .arise if the
results of e multiplication or division were simply terminated at the 40th
digit without reference to the succeding digits, it is necessary to have
some unbiased round off procedure, The possibilities are somevhat different
for multiplication and division, so that we shall consider these operations
separately,

2,81 Maltiplication,

Two alternative methods come to mind., In the first the 39th digit
is inereased by uwaity 3f the 40th digit is unity; this scorresponds to the
well known process of elementary arithmetic and requires esrry facilities
in the recording mechanism for digits 1 = 39, In the second, the 39th digit
is always made equal to unity, this reqmires no carry facility in the
recording mechanism and no knowlodge of the 40th digit.

In multiplication, where the first 39 digits of the product appesr
in the accumulator, and the second 39 are available in the register, the
first method is quite feasible and ii is necessary to examine the relative
merits of the two schemes from a mathematical standpoint,

A quite naive treatment, on statistical grounds, leads to resultis
which will be reliable in most cases,

If the round off is in accord with the first scheme and takes agcount
of the 40th digit; the errors projuced can be considersd to form a rect-
angular distribuiion of mean gzero and frequancy fanction -

1/2 o 240y,
0/ ° . E 1 8 ié; e‘ghzb}

The 7arlance is then e /3 or, for the particular case under consideration,
2-80/z,

For the gecond scheme the argument is the same with th2~§§eqptian
that the width, e , of the distribution, %3 now (w2~ { o & & the
mean is still morc and the veriemce, 2770/3, It follows thst the ordinary
‘process of arithmetic is more acourate by a factor of 4 and, since the
engineering complexities are about the same for either method, this scheme
Wlll be &dopﬁed.

A word is in order regerding the exsct process to be adopted. To
avoid an extra cperation at the end of a mmltiplication, it is proposed %o
sffect the round off by sdding unity %o the carry input (other-wise unused)
of the right hand digit of the accummlator at the 39th multiplication stajs,
thus all carries will take place at tho same time as those resulting from
this operation.
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2:82 Division,

Here it is impodsible to have lmowledge of any digit afier the 39th
and, in addition, the register where the gquotient is stored has née carry
facilities, The alteranttives are thus to leave the 40th digit as generated
or to round it to unity in each case, The second alternative givee a
result which is unbiassed to a factor of 2-78/3 as shown in 2,8L; whilst
the first alternative is biassed so that the result is always tod small
and would lead to systemetic errors. _

It is therefore proposed to round the results of division so that
the last digit is unity, '

Ak



3.00 The control.

- Up to this point mechanisms, by means of which calculations can be
performed, have been described without any reference to the mods of their
direction, and it has been tacitly assumed that such a control can be
conceived, In this section the precilse organisation of this control will be
leid dowm, and the types of order vhich it must be capable of exscubing
discussods.

3,10 Synchronous v. asynchronous operation.

Whereas delay line typo machince must, of necessity, work on the
basis of strict $iming of oporations, this restriction does not apply %o
a parallel cporation machine of the kind considered in this report, It is
therefore worth discussing tho merits, or othemise, of an intornal timing
cyclo.
. 'The methed of eperation o:E' such a timlng mechanism is a8 £0llows,
Suppose that a mltiplication requires a time of {m) microseconds, then if
a pulse from some cemtral "cleck® lnitiates the multiplication at tims (%)
a pulse from the same clook at time {t,¥ &) can initiate the mext operation
in the computing sequence with ‘the a.ssurance that the pravious operation will
be complete. _ -
The alternative nethod is 0. have the mltiplier signal f.he cpm@let»-
fon of ite operat:.on by emitting a pulse which sdvances the conbrol bo the
next operatiohs Both motheds have certain alventages,. "'Dhe__‘a:_t_ethod of clocx
gynchronisatior permits a caleulation to be followed through stép by step if
the operation of tho machine is Suspect, by the sifple e¥pedient of havimg
the oporator insert the clock pulses menually. On tho other hand, if any
wnit is malfunctioning so fhat its oycle of operation is not completed in
tho standard time, "the synchronising pulse mey order the comencement of the
noxt oporation too carly,
On the whole, it seems best to com‘bine both methois and arrange thab
the clock pulso, and the’ 0pcra.tion eomilete pulse, arc both required %o
injtiate the next oferation. This affords an internal clicck on the
functioning of tho machine, so that in the event of the two pulses not
oceuring within a cevtalxn shor’c. time “of each other, the operation could be
automatically stopped and & v:ksi‘ble m:h.cation gi?en.

3.20 S-pecifica.tion of orﬁera. _

It vas implied. i 1 94 tha’o orders would. be stored in the memory in
binary coded form, and the means ‘of d.oin.:, this will now Bo considered,

In the first, placa it is eviﬂ.en.t that, in gen.aral, an order will
consist of two parts =

o 1Y &alce a mm:tber from the memory.
 2) Operate on it

The. first_p_art i_mrol".res_ the specification of the position of the
number in the high speed momory, If, as ie projected, this memory has a
capacity of about 212 mumbors, it follows that 12 binary digits of the ordes
must be used to locate any particular number,

The number of possiblec oporations which the machine cen oxecute is
more gpeculativo- it appoars ce:c'i:a,j.n5 howover, that it will be less than
84 (27}, and probably less than 32 (2°)., Thus & binary digits will suffice
to specify the operation, The tetal number of digits roquired for a comploto
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order is thus 18, How, sineec 40 binary nwmbers arc the normal unit content;‘{
of the memory, it will be possible to store two orders side by side in the
MEMOTY :

3.30 The control i‘eg_gter.

The parallel storage of ordoré in tho memory, éescribed above, makes
it necessary %o have two storsge rogisters in the control; these will be
designated Crl and. Gr :‘esPectively an& the orders stored. in them will be
exocuted in sequence.

3.40 The control countei‘.

Bofore pei‘furming a celeulation in the machine, the operator will
draw up an ordercd table of the unit gporations in the computing sequonce
and will sot these into tho memory. The mechina will ‘thus follow, as far
as the control ie ooncamed, an ord.crcd sequence of evoats.

3.4) ﬂon-—siugular oPcretions.

By this is moant a programme of operations uhi.ch are complately
predictebls by the operator before any machine operstions have taken plact‘-',
and vhich, in. coneequonce, roquire the exercise of o independem Judgze-
‘mont- by the machine. :

For suych soquences it is suffieient to havc a control counter to
which unity is added at tho conelusion of each machine oporation, and which
thoroupon initiatcs the next order of t:hc sequen.ce.

3.42 Singular operations;

This type of oyoration is typificd by the fnnctioning of the
mackine during an itverative cyoclas Thus, ab-some siage in a calcalation,
the machino may be requirod to follow & scqp.onco of tha t;rpe o -

xn-r-l = £ xn,xn.,j_ e’cc.)
xm. 1 -;;x:n \0 .
is satisfle& and then to procesd on the main computing soquonces

This necessitabes tho existanco of a.n ord.er which re'bum the
conbrol comter to a prcvious satting. T

until the . eriterion -

3.50 The deceder-rcoder.

S:.nce the number locat.:.on part of any or&er givas a roprosentation which

is irmodiatly in%elligible to ‘the memory; to further troatment of it is
required. This, however,is not truc of the operational part; here a binery
number is to actuate soveral component parts of the mechine, It follows
that & decoding table is roguired whieh ostablishes a uniguc oubput for any
binary input. In sddition, since thc number of functional units is smally
geveral orders will often have certain functions in common, so *that a
coding teble is required, vhich gives single imputs to each functionsl unit,
each capeble of cnorgisation by the soverel orders having the paréicular
fonetion in common.
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Such decoding and coding tables are already in existence; they
. have been used in the reley machine of the present authors. a,ncl. in
modified form, in the E.H J+4:Co0

101 !
L
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et

. ‘ I
! $’ % ONE WIRE ONLY LIVE

T 1

{ ! .

Y }/ + ¥ LIVE WIKES INDICATED BY 1's
0 0 : - |

The gensral }.sy--oat is shown in the diagram, and it can be seen
that the errangement really corresponds to a table whese ‘output is an;,r
preassigned function of its 1nput cons.iderad as argument,

3,60 The orderse

1% is worth while détailing a pos'siit'i]..e type of basic order set
from which all operations could be programmed, and then ezanining desirable
modifications of it, '

3.61 Basic order set,

Althoug,h addition end su‘btraction micht s programmed from
logically simpler operations, it seems ;usti‘ied. to regaxd. them as basic

-oper&.tl SNS o

- Thus, basic Opera.tions w:.}.l 'ba t—

" Glear scounlatore

Set memory to emit absolute values. '
4dd number from position (m) in memory inmto accunmlatar. o

Subtraot num’ner .from positirm {m) in memory imbo -

a,cctmulatoro

Glear arithmetic anti tra,nafer num'ber from {m) fnto it,
. 8hift nreder in arithmetic régister ons place to' rigate
S Bnigt number in arithmetic register one place o 1eft.
Pransfer .right hand digit of auber. in. aocumula’cor o

left hand digital position in arithmetic register and
shift numbor in sccumlator cne piace to right,

This set ~f hasig arithmetical orders has to be suppleunented by
diserimination orders to make possiblc muliiplication end division; these

ereo ¢f the type

9)

Ll
™

If R.H, dizit in arithmetic register is 1 add number from
{m) into mccumulator.
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10). If number in accumiulator <. 0 add number from position
(m} into it and shift numbers in accumulator and

. arithmetic reglster one place to left,

11) If number in accumulator ), O make R.K,. digit in arithmetlc
register 1 and shift contents of accumlator end arithmetic
registoer one place to left.

Wow, sines multiplication and division will ake, on the basis of ¢
these orders, times of approximately 40tm znd 80%m respectively, (tm time
of selection and execution of order stored in nemory) i.,e. 1200 ~ 2400
micro-seconds, and it appears perfectly foasible to construct a muliiplier
and divider whose cycle of operation will be about 100 micro-seconds, it
gsoems justified to include these operations smong the bhasic sct. This
decision produces a considerable modification of the order sequence givon
above, .

In addition, it seems Justified to. combine order 1) with ocrders 2},
3), and 4) to give now orders, d03p1tc thc increase in tho total number of
orders therseby produced. -

3,62 (ontracted nctation,

At this point it is useful to introduce the following contrached
notation - . S _ o ,

= [emorye .

= Aecumulator,

= Arithmetic register,
= Controll,

= Magnetic tape.

2 b

For clearing sny componsnt, its symbol will be prefixed by ¢, - In
the case of pariial transfers from accumlator fo memory {required in use
of tabulabted functlons etd:) the symbols 4y and A, will be used for the
left ard right halves respectiwely. Similarly, %o indicate the 1eft and
right halves of an order in the memory the symbols i amd Ii, will be useds
For cordltional transfers of the control to orders nott in Sequenceﬁthe
gymbol Cc will be wusad, '

sparﬁ from this the notation is self explanatorys THus -

t M.» ch

means ~ A4 the number im the memory (location (m) understood) to the
cleared accumilatore,! : R )

2,70 Extended order sot.

e g8t of crders suggesied for the machine may now he formﬁlateda

1) + 1 + echs
2) =l > Ch,
3) it s ol
4) Wil v ch.
5) + M 2 A
5) M o A



?) fM1 > A,
8) -

9) M -7 cR.
10) R = ol
11) ¥ X R = cA, Clear accumlator, multiply M by R and
place L.H. 39 digits of answer in 4 and
R.H. 39 digits in R,
12) A+ M > cR, Clear register, divide 4 by ¥, lea.ve
quotient in B and remainder in A.
14) ¢ > M.
15) Cc = Mo If number in 4 7 O shift control to My
16) Ce > 52
Jl.g AN,
1'9 M L 2
19) E i '_Mi:c : _ S !
20) - Shift contents of & one place to right bub
: teave L.H. digits unaltered, -
21) 51 If contents of A aré A0}, A(l),---&.(&gl
and of ‘R are. R(O) R(1),~<R(39), replace.
thess by A(0),4(2),~--4(59);0 and B(1)--
: ""R(sg)t &(1}!’ B
22) I Initiate operation of machine. '
23) T, % M Transfer, contente of input tape to M.
24) h ‘T, Trangfer sontents of M to ‘output ‘tape.
25). T Signal completion of operations -




