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CONFERENGCE ON AUTOMATIC COMPUTING MACHINES

SYDNEY, 7th - 9th AUGUST, 1951

ADDRESS OF WELCOME

BY EMERITUS PROFESSOR SIR JOHN MADSEN, Kte, DsSCs, BeEs

I have pleasurc in offering you a cordial welcome to
the Conference on Automatic Computing Machines, .

In view of the attention which has been given to this
subject in all parts of the world in the last decade, it is
very'gratifying to see that such a large.gathering, and one
representing such a wide variety of interests, has found it
possiblé,to attend the first general conference to be held
in Auvstralia in this rapidly expénding subject.

While recognising and appreciating very highly the
great honour which has been done to me in asking me-to take
,the chair at the opening session of this Conference, I
desire to express my indebtedness teo my colleague, the
Professor of Electrical Enginecring, D, M. Myers, who has
taken a keen interest in this field of work since his re-
turn from Great Britain in 1936, Besides initiating the
action which has led o C.S.I.R.0, setting up aids to math-
ematical compuating, and ultimately to the decision to hold
this Conference, I am indebted to him for the information
he has given me regarding the general objectives of the
Conference aﬁa of the enterprises with which it will deal,

Computing has traditionally occupied an intermediate
position between theory and practice, and being neither
fish nor fowl, has been looked at rather askance in the
past by both species, But modern science and technology,
with their rapid expansion accelerated by the demands of
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two world wars, have placed a corrospondingly'incroasing
rcquirement on thc computer; consequently, both the pro-
ducer and the user of mathematical theory have closed their
ranks in stimulating the progress of computing mcthods and
tcchniques. The resulting progress can only be described as
spcctacular; so much so that its protagonists arc at consid-
erable pains to kccp abreast of it,

It is for these reasons that this Conference has becen
convenede The Conference is to take placc in two scssions,
the first of which is arranged primarily for the "user"; it
is hoped that this session Will serve as a clcaring house
for ciamining facilities in the light of requirements,
Attention will naturally be given to overscas developments
ags an indication of what the futurec holds., However, the
nature of this first session demands also an. examination of
facilities available in this country and of the way in which
they may be applicd to mecting Australia's reclevant nceds.
Thc scecond session is intended primerily for those who are
directiy concerned in computing and with computing devices,

In tracing phe'dovclopment of computing machines, one
fecls impelled to pay tribute to the contribution of the
business machine manufacturers; their inspiration and urge
camey, in the first instancé, from commcrce, and onc of
thelr major objectives wés'tb achieve higher and higher (
spoeds of computations This was an obvious economic requirc- |
ment of the large busincss houses in which calculations, a
admittedly simple as mathematical operations, had to be %
carricd out in such vast numbers that thecy cccupied an %
important place in tho activities of the organization con- m
cerncde, It is instructive to cbserve how the quest for
higher spceds has influcnced thc medern treatment of problemé
of a more scicntific nature, This aspect of computing will
rceceive considerable attention during the present Conferance;

|
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let it suffice for the time being to acknowledge the extent
tc which the now thoroughly ecstablished types of computing
machinc, designed to meet commercial nceds, have provided
a sound foundation for the more reocent develcpments aimed

‘at meeting the demands of productive industry and scientific

research, Much of the initiative in using standard commerc-
ial machines for scientific calculaticns came - -from the late
Dre Le de Comrie, FeReSe

Before the last war, a great deal of progress Was made
in the class of machine known as "analogue", radically
different from thé conventional class of "digital" machine
about which I have just spoken. These developments took
place mainly in the U.S.As and Great Britain, but the second
world war provided an urgent incentive which led to
rapid progress in most parts cf the worlde, Analogue machines
already in existence were put to extensive use, and new
machines, either for general application or for specific
military purpocsee, sprang into being. It 1s probable that
many of the more advanced cf these devices are still known
to relatively few pecple because of the belligerent purposes
they serve, However, the war-time activities in this field
have provided many new methods and devices of importance in
civil life,

Meanwhile, steady prcgress was maintained in the field
of digital machings, the main trends being towards greater
flexibility, greater capacity and increased use of automatic
and semi-auvtomatic handling of computing routines, nctably
through the widening application of punched-card and punched-
tape methods, together with the facilities offered by thesec
methods for automatic sorting and tabulation.

All these advances resulted in a growing appreciation
by,industrios, and by thcse engaged in physical and cther
Sciences, of the assistance that could be derived from
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modern machines in bridging the gap between mathematical
theory and practical application, But the last decade has
brought such a spectacular achievement in the modern high-
speed . automatic digital calculating machinec, that mathematical
computing can be said to have entered an onﬁircly ncW phase,
Again, the major developments have occurrcd in the Us.S.ds and
Groat Britain,.

During the short period of this Conference, a recview
will be made of thc progress in worid;widc dovclopmenﬁ of
automatic computing machines, We arec fortunate in having
with us as an honourcd guest, Profossor D, R, Hartree, FeR.S.,
Plummer Profcssor of Mathematical Physics in the University
of Cambridge. Professor Hartree has come to Australia on the
invitation of C.SsI.R.0, ond of the Alstralian National
University, and has expressed his willingness to lecad some
of the discussions,

Professor Hartree, whilst occupying the Chair of
Applied Mathematics at the University of Manchester, became
interested in the mechanical integration of differential
equations, and after making a study of the differential
analyser developed by Dr. Bush, at the Massachusctts Instit-
ute of Technology, was responsible for'tho estabiishmcnt in
1935 of the first differential analyser to be built in Groeat
Britain, He guided the application of this machine to & wide
range of industrial and scientific problems ‘and his advice
was sought in respect to new machinecs in chat Britain and
even in Australia,

Professor Hartree has also taken a most active part in
the development of high-speed autcmatic digital machines, anl
has travelled extensively in the U.S.A. and EdrOpo in follow:
ing this interest, You will agree that our forthcoming dis—
cussion will take place against a background of world pro-

gress which Professor Hartrce is singularly well gqualified '
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And this brings us to the Australian scene, We arc
already well provided in this country with computing devices
of the conventional pattern, which have been extensively
applied to scientific problems, particularly in the various
fields of 5pplied statistics, Apart from Government and
cther éstablishments which have set up facilities for
specific purposes, there is also, wWithin CsS«¢I«Re0s 2 Well-

-.equipped Scction of Mathecmatical Statistics, which serves

the rather more general purpose of participating in co-
operative rcsearch with experimental laboratcries, mainly
in the agriculatural sciences., The resources of this
Section have been used in a very wide field of application,
Similarly, the resources of various government and private
establishments - such as the government statisticians -
have bcen readily made available from time to time for
scientific work,

The development of analcgue and digital machines of
the most recent automatic ‘types has taken place mainly
Within CeSeIsReOe¢ /A Scction of Mathematical Instruments
was ecstablished several years ago Within the CeSe IeRe 0o
Division of Elcectrotechnclogys and now has a separate
existence within this Dcpartment of Electrical Engineering
of the University of Sydney. This Section has developed a
differential analyser which is now fully operative and has
been applied to rather a wide rangec of scientific and
industrial problems, The Section is also concerned in high-
specd digital computing, and some of this work will be dis-
cussed during the Confecrcnce,

The CeSeIsReO, Division of Radiophysics, situated in
the grounds of this University, has installed a Hollerith
machine for carrying out scientific work, and is engaged in
the congtruction of a high-speed electronic digital
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given fixed limits (as distinct from an integral as a funct-
ion of its upper limit), a differential analyser to the
integration of differential equations;I know of no general-
purpose instrument, Also the accuracy of any instrument is
limited by the accuracy of the mechanical and elcctrical
components of which it is constructed, and by the attainable
accuracy of physical measurement. However, within their
limitations, instruments are very valuable aids to calculat-
ione

Examples of calculating machines are the standard desk
machines such as the Brunsviga and Marchant, punched-card
equipment such ag the IBM Tabulator and multiplying punch,
and the automatic general-purpose machines considered later
(83). Since they work with numbers in digital form, they
can only be applied to calculations which can be reduced to
finite sequences of arithmetical operations, and in
particular they cannot deal continuously with continuous
varigbles, But they can be designed to be used for any
calculation which can be so reduced; further their accuracy
is not limited to the accuracy of the physical components
of which they arc constructed, and they can in principle be
used for calculations of any finite degrce of accuracy withip

their capacity,

(

i

: d

%3 The differential anslyser, ‘ <
An outstanding examplec of a mathematical instrument is 0

the differential analyser, an instrument for obtaining .
solutions of differential cquations by mcchanical mecans, A r
"gifferential equation' is the formal expression of a t}
rclation between the rate of change of a variable quantity (L
and the magnitude of that guantity itself, Consider, for S¢

cxample, the motion of a projectile through the air, Its
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acceleration, which is the rate of change of its velccity,
dependse on the resistance of the air, which itself depends
on the velocity; that is, the rate of change of velocity
depends in a definitec way.on the velocity itself, The ex-
pression of this relation is a differcntial equation,

Such equatiocns arise in the quantitative treatment
of problems in a wide range of scientific and technical
subjccts, for example vibrations and stability of
mechanical and clecctrical systeme of various kinds, chemical
kinetics, fluid dynamics, meteorology, and the structures
of atoms and of stars, Sometimes formal solutions in finite

‘terms can be found by standard methods, but often this is

not possiblei however, in very many cases quantitative
numerical information about the solution is wanted, Thus
there is an important practical requirement teo obtain
numerical solutions of differential equations, irrespect-—
ive of whether they have formal solutions in terms of
tabulated functions., The differential analyser provides a
means of:doing this for a wide range of ordinary different-
lal equations, and its use can be extended to the approx-
imate solution of a more limited range of partial
differential cquations (7, 20).

In sclving a differential equation, the basic process
is that of integration, which is carried out in the
differential analyser by means of a.continucusly variable
gcar, If the gear has a gear ratio 1:n betwecn the rotations
of the input and output shafts, and is of such a mechanical
Construction that n can be varied whilc the input shaft is
rotating, then for a rotation x turns of the input shaft,
the rotation of the output shaft is S ndx turns
(4, 20)e This principle has been realised practically in
Several forms (9, 20, 46),.




The differentlal analyser consists of an assembly of
units for carrying out the various processes which may be
involved in the integration of a differential eguation, The
units are interconnected by shafts, or by other devices re-
placing-:them, each of which represents by its rotation one
of the quantities involved in the cquation, and provides a
mecasure of that quantity., The analyser is set up in such a
way that the reclative rotations of the various shafﬁs arc
rclated in the way expressed by the diffecrential cquation

to be solveds

3. Automatic gencral-purposc digital machines.

o i . o s b 7

The main developments of calculating equipment in the |
last ten or twelve yecars have been in digital machines with
two foatures, which are cxprecssecd by calling them automatioc
and gencral-purpose or universal, "Automatic!" means that once

the machine has bcen supplicd with a specification, in
suitable form, of thc calculation to be carried out, it
proceeds with the work without furthecr attention on the part
of the operator, This specification of the calculation may
take various forms; it may, for cxample, consist of a set

of conncctions madc on a plugboard and the scttings of a
group of switches, or a set of punchings on cards or on
tapc; in any casc it may bc considered as consigting of a
set of opecrating instructions to be taken in a definite
ordcr,

"Gencral-purpose' or "universal" means that the same
machinc can be applicd to a wide rangc of calculations of
diffcercnt kinds by providing it with thc appropriate
schcdules of operating instructions, so that one and the
samc machine can be uscd, for cxample, for pvaluatiné

; (
solutions of sets of lincar simultancous algebraic cquations 1
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for stop-by-stecp numcrical solution of ordinary

differential cquations, for summation of scries, for con-
structing tables of prime numbers, and for many other
kinds of numerical work,,

The general idca ‘of such a machine is not new, It.is
over a hundred years old and is due to Charles Babbage,
whose projected "analytical enginc" was to be a general-
purpose digital machine, automatic excecpt in onc feature,
concerned with the usc of tables of functions., But it is
only relatively reccently that Babbage's ideas have come to
be realised, and then in a physical form much differecnt
from anything hc cculd have forcscen,

The first automatic general-purposec digital machinc

to be completed is the Automatic Sequence-controlled

Calculator (Harvard Mark I Calculator) at Harvard
University; this was planned before the war, but only
complected during ite This machine in its original form

has becen fully described (21) and an account has also been
publishod of various later develcpments (22). The first
machine using clectronic cirecuits, with the speod of
operation they makc possible, was the ENIAG (Electronic
Numerical Integrator And Calculator) built at the
University'of Pennsylvania for the U,S¢ Army Ordnance
Laboratories at Aberdeen Proving Ground, Maryland, -Accounts
have alsc been published of this machines¢ (3, 12, 19, 39).

Any automatic digital calculating machine must comprise
Operating instrqctlcns, an arithmetical unit for carrying
out arithmetical opcrations on numbers transferred to it
from the storc, means of transfer of numbers between the

store aﬁd arithmetical unit, and a control system to
Organise these transfers and the opcrations carricd out
by the arithmetical unit on the numbers treansferred to ite
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It must also have an input unit for accepting from the out-
side world numerical data and cpcrating instructions for the
calculation, and an output unit for furnishing to thc out-
side world the results of its work, Thesc units may not be
all physically distinct; for examplc, in the Harvard Mark I
Machinc, and in the ENIAC, the rcgisters which form thc store
are also adding units and sc form part of the arithmetical
unite, And the storc may not all be cof the same physical kind;
for example therc may bc onc storc for numbers and ancther

of a different kind for instructions; or it may be divided
into a main store with dircet acccss to the arithmectical

unit and tc the contrcl unit, and an auxiliary store into
which numbers or instructions which will not bec wantecd for.
scme time can bec transfcrred from the main store (sec fige1).

In both the Harvard Mark I machinc and the ENIAC, and
in cthers of the carly machincs, numbers and operating in-
structions are rcpresentcd within the machine in guite
different forms; for cxamplc in the Harvard Mark I machine
numbers are rcprescnted by the positions of sets of counting
whecls, whereas instructicns arc recprescntcecd by punchings
on a paper tape, and in the ENIAC numbers are represented
by the states of sets of clecetronic valves connected to
form ccunting rings, whercas cperating instructions are
represented by switch settings and by interconncctiors of
its various units,

ls  Rccent devclopments in digital machines.

Of the morc rccent developments, the one which is mogt
important in principle is the usec of the same form, in the
machine, for opcrating instructions as for numbers., This
has two consequences; onc is that the same storc can be used

for numbers and operating instructions, and scccndly, and
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much more important, the machine can use the facilities of
the arithmetical unit to modify its own operating instruct-
ions in the ccurse of a calculation, It must of cocurse be
provided with instructions for making such modifications,
and the possibility of doing this has such a profound
influence on the procecss of organising calculations for the
machine that I rcgard machines which provide it as forming
a new stage in the development of automatic calculating
machines, essentially different from the first stage, now
past, formed by thc machines which do not provide it, It

is incidentally, the main point of principle which was not
forcsecn a hundred ycars agec by Babbage,

Various machines forming part of this scccnd'stago of
development have been built or are under construction, in-
cluding, in England,the EDSAC (Elcctronic Delay Storage
Automatic Calculator) at the University of Cambridge, the
machine built by Ferranti Ltd. and rccently installed in
the yUniversity of Manchester, and the A.C.E. (Automatic
Computing Enginc) at the Natdonal Physical Laberatory, and
in Australia the machine in the Radiophysics Divisicn of
Ce8.I,R. 0. in Sydneys

Another iﬁportant devclopmoht, represented in all
these machines, is the use of a storage system providing
Much greater capacity than the clectro-mechanical counters
of the Harvard Mark I machine or the 20 electronic counters
Cf the ENIAC, without a great amount of mechanical and
€lectrical equipment, Three forms of storage havec been
developed for this purpose. One depends on the storage of a
train of pulses as ultrasonic acoustic pulses (in most
Cases on a carrier wave) in a tube of mercury (L3, L4, 55);

8% 4 W sec, pulse period, the spacing of the pulses in the
‘Meroury is about 1% MKsec, so that about 1000 pulses can be
storeg in a length of 1% metres of mercury, and this is
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cnough to represcnt about 30 numbers to an accuracy of ten
decimal digits each; only a small amcunt of electronic
cquipment is requirecd for the circulation of the pulsecs and
for providing gates for reading them into and out of the

mercury column, This system is used in the EDSAC and ACE, andﬂ

in the C.S«IsRe0s machine, among others,

Another kind of storage is based on the use of a pattern
of eclcctric charge on an insulating screen, in practice the
screen of a cathode ray tube, One storage system of this
kind, using standard cathode ray tubes, has been developed -
by Professor F, C, Williams (58) at the University of
lanchecster, and is used in the Ferranti machine recently
installed there; others, involving the use of special
cathoéc—ray tubes, arec being developed in the UsSeAs

A third form of storage is based on the distribution
of magnetisation of a magnctic matofial, which may be in
the form of a wire, strip, or a film on the curved surface
of a gylinder ("magnetic drum"), This magnetic method of
storage (see, for example, rof.30) is usually used for the
auxiliary stcre, though in the Harvard Mark III machinec it
is used for the whole store, Puarched cards or punched tapd
can also be used for auxiliary storage, but use of them
usually invelves some handling by an operator, so that the
process of carrying out the calculation is no longer fully

autcmatics
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1L, The C.S.IeRs0. Differential Analyser
by De M. Myers and W. Re Blunden

Introduction.

Professor Hartree (I) has given a drief outline of the
principles employed in the differcntial analyser., A great
deal of literature A is 'available on this instrument in its
various forms, mainly in the U.,S.A. and Great Britain, and
considerable studies have been made of its method of applic-
ation to the integration of differential equations, The
idea of interconnecting a number of integrators in order to
find a solution of a differential cquation is due tec Lord
Kelvin (47, 48, L49).

The only major instrument of this type so far completed
in Australia was constructed under the guidance of the
Mathematical Instruments Section of C.S.I.ReOs and we
propose to give a brief description of its design and to
demonstrate its application to the solution of a specific
problem,

The instrument differs from the early types of
differential analyser £ mainly in the methed of inter-
connecting its components., These components inciudo ten
integrators, six édding units, six gear boxa%,and four
Plotting tables, together with several auxiliary units,
Their interconnection is carried out by antelcctro—
magnetic system of transmitters and motors, which replace
the mechanical shafts and gears of the earlier instruments.
The interconnections are madc at a ceatral control unit

K:liy, 5, 47, A8 3k, 32, 150, 31, Al

B See, for example, refs, L, 17
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by a set of plugs and sockets, This, device allows unit, |
construction to be adopted and resultg in a high degree
of flexibility and mobility, |

Integrators.

As ,Proféssor Hartreec' has pointed, ocut, integration may |

be ‘carried out by a continuously variablec gecar. A form of
gear in fairly common .use .for the purpose gonsists of a
flat horizontal disc, rotating about a vertical axis; in
contact with it is ‘a small vertical wheel which is frece to
rotate dabout a horizontal axis co-planar with that cf the
disc, When the disc rotates; the wheel is cauvused also to
rotate, due to friction at the point of contact, and if no
slip occurs between the wheel and the disc, then the ratio
of the angular veclocity of tho wheel to that of the disc

is proportional to the displaccmont of thc peint of contact
from the contrc of ‘the disc, This dlstancc is dctermined
by a lead-scrcw which is afrangod so as to move thc disc
laterally with respect to the wheel, Considering thc shaft
of the disc as the input, and that of the wheecl as the outaf
put, the mechanism is a continuously variable gear whose |
ratio may bec set or varied by means of the lcad—scrcw.'It
can thercforc bc used as an integrator, and it should be | (
ncted that each of the throe variables - argament , 1ntcgra?
and 1ntegral ~"is roprcsentcd in the form of a rotation of|

a shaft,

o

In the conventional design, the wheecl rests lightly g ¢
the disc, so that the radial width of its contact with‘thc c
disc is very small comparcd with thc radius of the dise, | 1
and the displacement of the point ofﬂcontact_is»dotcrminatJ b
to a close approximation, .On the other hand, the output

torque 1s small and the use of an inﬁcgrator of this dcsi@. D
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requires a form of servo-mcchanism (sce ref, 4) to enable
its cutput shaft to drive other mechanical components
without-causing slip at the point of contact,

The introduction of the servo-mechanism, often known
in this context as a "torque amplifier", bridged the gap
between Kelvin's theoretical concept and Bush's first
rcalization of an effecctive instrumont, The tor@ue
amplifier ncvertheless introduces practical difficultics,
particularly in rcgard to maintenance, In later instruments,
the torque amplifier has sometimes been replaced by a servo-
mechanism using clectrical or optical phenomena as its
basis, Devices such as these are usually satisfactory in
opecration but require a considerable gquantity of auxiliary
clectronic equipments

The rcoplacement of the servo-mcchanism by an clectro-
magnetic system of dircct interconnection in ‘the Cs'S. I«R.Os
instrument affects thc load on the cutput of the integrator,
The transmitting unit of thc system (to be described later)
requircs a driving torgue which would be sufficicnt to cause"
slip in an intcgrator of the carly type, and it was decided
to use a type of integratcr in common use in such equipments
as fire control dircctors. The integrating wheel of the
conventional intcgrator is replaced by a cylinder with its
axis perpendicular to that of the disc and co-planar with
it; with two hardenecd steecl balls lying botwoeﬁ-tho cylinder;
and‘disc, as shown in fige 1, which inclddcs alsc an illus-
tration of the conventional type of integrator.'Thc balls are
containcd in a cago which can be displaced laterally by a
lecad-scrow, and thc whole assembly is compresscd together
by mcans of a hclical spring. ‘

In this case, the normal forcc is considerable at the

~point of contact, which must thercfore be consildered as an
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arca of contact, and we had some misgivings at first regardixn
the accuracy of intégration, Very extcnsive tests over a long
period proved:reassuring and the dosign was acceptcd. Furthel
tests, carried cut after some months of running, showed that
the total errcrs duc tc this causc and to slip, in the ten
intcgrat ors, cxpressed as an error in the displacement
(integrand), were less than 0,1% of thc maximal displacement

Bach integrator includes two gear-boxes, one in the
drive leading to the. lead-scrcw and the other in the outputs

- These gear boxes serve as multiplying units for the intograﬂ

and integral respectively; the former provides for simple
rcduction ratios such as 1:2,‘1:5 or 1:20 to be introduced,
so that a suitable scale factor may be applied to the dis-
placement of the ball-cage. The cutput gear-box provides
for the introduction of any desired ratio within rcasonable
1imit$,_and will be described in more detail later,

Adding units.,
Addition is carricd out by means of differential gecars|
the only departure fromc onventional practice being in dete|

of mechanical design,

Goar boxcs.

There arec six indcpcndent gear-boxes of a similar typ¢
tb those in the output of each ihtcgrator. Their design is
bascd on a éovicc frequently used in such applications as
the automatic feed of screow-cutting latheos, BEach gecar-box
contains a double train of spur gears, the intermediate
shaft being supportcd on an adjustable mounting so that it

may bec clamped in any dcsired position, A book of tables ¥
available, setting out the gears ncccssary to achiecve over!
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reduction factors lying withiﬁ the range 0,3 to 1, and
differing by intcrvéls of 0,000t The spur gears required
for a particular ratio arc selected from a gear "library"
and placed on the appropriatc shafts of the gear-box, Tho
intermediate shaft is then moved so that the gears all
come correctly into mesh, and is clamped in position,

Rcdﬁction factors outside the range 0.3 to'1 can
also be achieved with negligible error,

Plotting tables.

Plotting_tabloé arc used for enabling functional
rolntiohships to be supplied to the instrument during the
course of a solution, and for rocording the solution in
graphical form. They are conventicnally knocwn, in those
two capacities, as input and output tables rQSpoétively.
IN tHe| 0% S ToBeOs 1nstrument, the plotting tables are
identical in design, and their conversion from cutput to
input form involves only the substitution of a cursor
for g pen and the conncction of a handwheecl, The position
of the carriagec supporting the pen cor cursor is controlled
by two lead-screws whose rotations recprecsent the abscissa
and ordinate of the functiocn conccfncd. When uscd as an
ocutput tabio, both lead-screws arc driven by elements in
the instrumont‘whoso rotations are measures cf the
variables concerncd. When used as an input table, only
the lead screw rcbrcsonting the abscissa is so driven,
the other being turned by the handwheel so as to cause
the cursor to follow the appropriate curve, The handwheel
simultaﬁocqsly driveé an element in. the machinc, its
rotation thus being made to represent the value of the
Variable corrcsponding to the,ordinafo of the curves
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Independent variable drive,

In order teo set the instrument in motion, it is necess~ |
ary to provide an element to reprcsent thc indepcndent |
variable of the equation, and to cause it to rotate at a 7
suitable speed, This is done by means of a displacement= |
velocity servo-mechanism; this system achicves stable |

cperation for a very wide range of motor speeds,

Interconnection of units,

The device used for interconnecting the variocus com-
ponents of the instrument is an clectromagnctic system of
data transmission commonly uscd by the Admiralty, known as
M-type. transmission, in which the rotation of the trans-
mitting clement is copied at a remote point by a receiving
element, The transmitting element takes the form of a
commutator having five electrical leads, two of which are
connected to a battery or other D.C. source, The three
remaining leads are connected to the rcceiving element,
which is in the form of a motor of spccial design. As the
commutator rotates, the two battery leads are cocnnected
through it to either two or threce of the remaining leads in
a repetitive secquence, These three leads go to the three
Wwindings on the stator of the receiving motor, and the £1ow|
of current in them establishes a magnetic field in the mcta
The direction of this field is determined by the connect-
ions between the 103@8 and the battery. The sequence of
these conncctions established through the transmitting | %
commutator, is such that as the commutator rotates, the
magnetic field in the motor rotates, in discrete steps, s0
as to copy the rotation of the comutator, within limits
of angular  error determined by the magnitude of the steps f

(normally 150). A permanent magnet, forming the rotocr of |

|




thé'receiving motor, follows the magnetic field.

-The error due to the step~by-step action is made

. hegligible by .a suitable choice of scale factors, The ..

motor provides adequate torque for all requirements of the
inﬁtrpment, and thc.intorconnoction of units requires only
the plugging-in of a threc-wirc cable; rcversal of direcct-
‘ibn is very oasily'achiovod; there is no nececd for amplifiers
or other auxiliary cquipmont and the system is very rugged
and relisgble, The intcrconncctions neccssary for the sol-
ution of an equation arec carried out by means of short
patch ‘cords which can be plugged at both ends into sockeots
on the panel of the control unit, Thesc sockets are
connected to the terminals of the various M-type trans-
mittcrs andAmotofs.in the instrument, The panel contains
also a sct of bus-bars with multiplc outlect sockoﬁs, to
allow a number of motors to be driven by a single trans-
mittor, ' ' ksl

The conncctions to the plugs are such that a reversal
of dircction of a motor is achicecved simply by recversing
onc of the plugs in its socket,

Demonstration,

An cquation whose solution shows the occurrence of
forced oscillations in a non-liméar system has been choscn
for demonstrating the opecration’ of the instrument, The
Gquation isy ' : &

L

s ol 8 dx K gy g
e ((1"+ ) =l cos ¢
at 9 dt 20
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For certain initial values of x and gf, the solution
shows the presence of sub-harmonics in x. We are indebted |
to Professor Hartree for providing the initial values K of J
X and g% which lead to second sub-harmonics in the solution,
With these initial values, the solution expressed ag a f

graph of x against sin t, is of the form shown in fige 2 |

In attempting a solution on the differential analyser,
it is convenient to express the equation in the form; ‘

ax 8 1 o
.= Ahuedn b = o S L W, GO | S x dt
dt 9 J 20 (

The first step is to draw a schematic diagram to show
how the components of the instrument should be intcrconnecte

For simplicity in cxplanation, we shall omit scale factors
and also the constant factors (g, 14 andzg) appearing in

the equation, Pigs 3 shoWws the instrument set up for the [
|

equation:
1
dax 5 | C
SLOD o ] (x dt = Sx at T
at J
| X
I
In the actual solution, suitable gears were included {tm
to take account of thc numerical factors; thc diagram scrved -
only to illustrate the principle of the solutions The con- E
vention uscd follows that adoptcd by Bush (L), but it |
should be remembered that as the intcrconncctions are \
electrical, the horizontal lincs which represcnt longitudinal
£ t=0yxa= 602, SE-4242 Wh
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| shafte in thec conventional diagram must be ,interpretecd as
electrical bus-bars in this case, Connections in the positive
Sense are representcd by solid dots and in the negative

1, | Sensc by circles,

We have explained very briefly how the simple functions,
such as addition and integration, are performed in the
machine, but we have not yet mentioncd the sign of equalitys
Therc is no individual component to represent it; 4t is

implied by the interconnection of units, which is such
that the various components can rotatc only in a manner
appropriate to the cquation being solved, Further explan-
ation of this point will be made in reference to the
Problem under discussion,

' Lot us assume that the rotation of a particular shaft
%6l (or cleetrical bus-bar) represents the variable d%‘ Another
‘ shaft, that of the indcpendent drive, represents the

. independent variablc t, and may be made to rotate at any
x Cenvenient speed,

Since the two variables t and gf are roprosontcd by
I"Otations, an 1ntogrator may be used to integrate ‘
One with respeet to the other, and thus to cause a‘rotation
Proportional to 9% dt, ises X, The other functions .of
£ on the right-hand side of the cquatiors can be evaluated
by moans of integrators and gear boxes, The function, sin t,
| | ™y be plotted on an input table in terms of t and so fed
.chinﬁQ_tho anainer, but it is more convenicnt to gencrate it
- |38 the solution proceeds, by solving the auxiliary equation:

..’ dzy :
J ‘;;2' + .= 0
= )

"hich, with suitable initial conditions, yields the
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sclution ¥y = 8in %,

‘The sum of the! fourrterms. on the right-hand.side: is
obtained from adding’ units, and their cutput must.ccincide
with gt if the equation is to be satisfied. Thus:the sign
of ecguality is represented by connecting the output shaft
representlng the right-hand side of the. cquqtion t o the input
shaft which was assumed %0 represent the left-hand 8160, gf.
The various shafts in the instrument can then.rotate only
in such a way that -the quantities they represcnt are cone
sistent with thcrequafion being solved, The sclution is ob-
tained by connecting the shafts representing the appropriate
variables (x and sin t in this. case) %o an output. table.

Fige 3 shows schematically how this is-achieved. Bus—
bar:4, independently driven, represents the 1n60pc“dont
variable t, Bus-bar, 9 will be assumed to0 reprcscnt gto
Integrator V receives its input from theose two bus-bars,
and ite output is fed to bus-bar L, roprcsentlng Xo !
Integrator III provides the value of Sx dt for bus-bar 5,.
and using this integral as the argument and x as the
integrand, Integrator IV evaluates Sx a Sx.dt (x:dt,‘
which is fed to bus-bar 6, :

Integrators I and II grc‘usodhfor golving the auxiliary |

odﬁat}toﬁ E_y 'y =0
< 'dt ' ;
The quantitics represented on bus=bars 3, 4, 5 and 6,
arc the Pour terms on the right-hand iside of the equation,
These are added in pairs, with due negard to sign, by means
of three adding units, and the output from this operation
represents the right-hand side of the equation, which must

y ¥ = sin t"appoaring on bus<bar’ 3, i

be equal to-g%, The sign of equality is thus represecnted
by feeding the output of the addition (i,c. the right-
hand side eof the equation). directly to bus~bar 9 (i.c,-%%,




X
// sin t
> 5
dzx 8 dx'
FIG.2. SOLUTION OF —5+ o+ +X ('+2o 14 sin t.
FOR x=-6-02; g—’t-‘»-|2 2 AT t = O.
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\ the left-hand side of the equation),

The output table presents the scluticn in the form
of a curve of x plotted against sin t, thc co-ordinates
being derived from bus-bars L and 3 respectivelye.

At this stage, the conferencc adjourned to see the
Sclution being carricd ocut on the diffcrontial analyser,
The complete instrument and details of its varicus com-
ponents are illustrated in figs, L4 - 9,

| The curve shown in fig., 2 is the analyser solution
| Of the equation for the initial conditions:

“ t = 0y X = 6.02, 'g% = 12412

1 It is seen that the values of x and g% gt Gl
are identical with those at t = 0, within reasonable
limits, indicating the existence of a sccond sub-harmonic
in the solution.
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III __ Automatic Digital Calculating Machines
by D. Re. Hartree

l, _gSome notes on terminology

The subject of automatic digital calculating machines
1s* a new one, and any new subject of significance involves
new ideas for which we require words, These may either be
new words coined for the purpose, or words already in
Current use, given a specialised meaning. In this subject
the 1atter alternative is generally adopted, but although
‘there is some general sgrcoment, the terminology has not
become standardised, and rather haturally each group prefers
the terminology which it has built up and found convenient.

The part of the machine which holds numbers and operat-
ing instructions is usually called the "store' or "memory'.
To avoid misundecrstanding I think it is desirable to avoid
the use of words with biological implications, and for thié
Teason T much prefer the neutral - and shorter — word "store",
which incidentally was uscd in this sense by Babbage.

The specification to the machine of an operation to be
Carri g cut, such as the transfer of a number from the
82ithmetical ‘unit to the storc, I shall call an "operating
instruction" or :an "instruction"., Other tcrms for this are
norder" and "command"; thc former is the general usage at
Cambridgo and the latter at the CeSeI.Re0s group at Sydney.

The schedule of instructions for carrying out a cal-
ulation is usually known as the "program" for the calculat-
On» and the process of drawing up this program is known as
DI'Oglf‘amm:lng". A distinction has sometimes bcen made (by
Y8 eLp among otqcrs) between "programming" and "coding",
tho Tormer being the plannlng of %he sequence of operations




rcquircd to carry out a baléulation, and the latter being
the process of expressing thése opcrations in terms of the

standard kinds of instructions for a particular machine,
But I do not now think that this, distinction is a useful
one in practice, at any rate for machines using instructions
of a_simplo.form,'in simple applications‘of such machines,
oné'dbes'hbt in fact carry out separately thc two steps
expresscd by the terms "programming'" and "coding" in this
sense; one'programs the calbulations directly in terms of
the operating instructions in the form in which they are

furnished to the machine. And it is usually possible %o
break down a more involved calculation into a number of
component parts cach of which is simple ‘encugh to be

programmed direcctly in this way,

2, _ Some general considerations,

Automatic digital machines have two aspects, one
concerned with their design and construction, and the
other with their use., These arc not wholly independent,
but it ought to be possible to use onc of these machines
without knowing in detail how it dces what it does, just
as one is accustomed to use a dial telephone wiﬁhput knowiﬁ

the details of the circuitry of an automatic telephone
exchange by which dialling a number rosults in the required
connection being mades To the potentiél user, with numericﬁ
calculations to be done for which he would like the assist”

ance the machine can provide, the sccond aspect is at loas?
as important as the first, The provision of a machine is
only the first step; equally important is the provision:
of adequate facilities for using it, With this aspcct I
shall be concerned later (B 6 and V.)

Let me first recall the general organisation of an
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automatic digital machine'(I,rﬁj). It must comprise a store,
for numbers and for operating instructions, an arithmetical
unit, facilities for transfer of numbers between the store
and the arithmetical unit, and a control unit which organises
these transfers and determines the operations carried cut

by the arithmetical unit on numbers transferrcd to it, The
machine must also have an input unit for recceiving from the
cutside world operating instructions and numerical data, and
an output unit for furnishing to the outside world the
Tesults of the calculations it has carried out,

As already mentioned (I, Bl4), in most of the morc recent
madhinos numbecrs and opcrating instrucﬁions are reprcsented
in the same form within tho machine, and the same storc is
Used for both, Th‘u‘njorb can bc rcegarded as consisting of
& number of storagc locations in which numbers or instruct-

lons can be placed; thenc storage locations must be 1dentdfw
1ablo in some way, and it is convenient to distinguish.them
by assigning to each a numbcr, known as its addrcss or,
More ysually, the addrcss of its content. The content of a
Storago location is usually callcd a "word", when wc want to
Tefer to it without spceifying whether it is a numbor or an
nstruetion, The differcence betwoen ™iords! representing
Db ¢ pg and "words" reprcscnting instructions in such a
Machine 1ies in the way thcy arc uscd, "words" represent ing
Rrbors being transforred from the store to the arithmetical
it pop arithmctical opcrations to be carried out on them,
jnd back to the storc, whercas "words" rcpresenting instruct-
Long arc transferrcd from the storc to thec control unit,
here they dctermine the transfers carried out between the
“torg and thec arithmetical unit, fnd thc opcrations carricd
out in the arithmetical unit, Numbecrs consisting of more
czflts than can bc included in a single word are usually
leg "double=length" or "multi-length" numbers,
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As alrcady mentioned (I, BY4), usc of thc samc form,
within the machine, for numbers and for instructions has
two consequences, First, the same storc can bec used both

for numbers and instructions so that the whole storage
capacity can be partitioned betWween numbers and instruct-
ions in the way most appropriate for each calculation,
secondly, and much more important, since there is no
longer any distinction within the machinc between numbers
and instructions, the facilities of the arithmetical unit
can be used to medify the operating instructions thom-
sclves in the course of a calculation, this being done
quite automatically,as the result of other instructions.
The importance of this can probably not be fully realised
without some expericnce in programming, but must be aCCCptcd %
as a conclusion from experiencec; it introduces what might i
'bc called an cxtra degree of freedom into the process of "
= programming, and makes this process onc of great flexibile | £
ity and versatility., On account of the importance of this n
feature I shall restrict myself to machines which do (o5
provide it. O
ar
Wi
3« Representation of numbers in the maching. - Bo
In our usual way of writing numbers in digital form, of
the number 3807, for ecxample, stands for ig)
Co
oy
FEEHO. 7 . - Tt
%R b,
7// 'f"“/ \ ,,_\\‘. Mg o
4 103 + 8 x 102 sion) (OF SenrliOn i 237 oo
doq
op |
the successive digits being coefficicnts of successive




powers of ten;. this is callod the "decimal! or. ‘"scale-of-ten'
form of a number, But therec 1s no partlcular morlt, other than
that of fa amiliarity, in the usc of ten as a base, and a con-
Venient alternative base is the numbor two; then the only
D0831b10 valuos for cach digit arc.0 and 1, and thc number
1101, for example, stands for

0 1

+-0x2+1

that is, an eight, a four, nc twos and a.one; the number which
n oyp decimal notation we write 43, This is. called the
blnnry" or '"'scale-of=two" form of a numbor. Use of the binary
Lorm of numbers within the machine does not mean that the user
Nced have aﬁy working experience of arithmetic with numbers
CXpresgeg in this form, In using the machine almost the only
0pel‘ations for which 1t is necessary to rcmember that numbers
arg €Xpressed in the machine in binary form are thosec concerned
"1th lcft and right shifts; a left shift of one place corres-
bongg to multiplication by two not by ton, and a right shift
°C ong place COPrCSpondo to division by two, Since multiplicat-
Lon and division by twe are cperations often required in the
Curge of a calculatlon, wheroas multiplication and division
By ten are required rclqtlvely seldom, this is a convenicnce
"8hor thapn s disadvantage of the use of the binary form, Al-
*Ugh numbers are represented in binary form within the
aehinc, they can be input in decimal form, and the results
“Corgeg in decimal form, “the dccimal-binary and binary-

3}
& Slmay conver81ons b01ng carricd out by the machine as part
the input and output proccsses, i

AT R T
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Even though a machine is d esigned normally tow ork
With numbers in binary form, it is quitc possible to program
it to work with "words" represcnting numbers expressed in
scale of ten - or scale of seven or of twelve or of a
thousand if required - suitably coded; this may be convenient
in some contcxts,'in particular in working with multi-length
numbers, I used tc think that there was an'advantage in
having numbers represented in socme coded decimal form within
the machine, on thc ground that they coculd then be easily
displayed in decimal form, which would be useful both in
testing the machine and diagnosing any faults in its
cperation, and in testing and checking a program by making
the machine work in steps of one instruction for each
operation of a control key and watching the display of
rcsults on some monitcr system, a procedure scmetimes
called "peeping"., But fof testing the machine this use of
a display in scaio of ten has been found to be quite un-
necessary, and for testing and checking programs, "peeping"
is a procedurc which is so extravagantly wasteful of machind
time that, if the machine is at all fully occupied, it
should be most strongly discouraged; its place should be
taken, as far as pcssible, by a system of testing and
checking programs which uses the machine running at ita
normal opcrating.spood, recording sufficient intcrmediate
results for the guidance of the programmer. An account of
some such methods for testing programs has recently been
given by 8. Gill (11) (see also refs 57).

. Negative numbers can be rcpresented by a sign
indication and cither the modulus or the complcment of the
numbcr, Most machines use thc complementary form, with the
sign indication in thec most significant digital position,
a zero indicating a positive sign and a 1 indicating a

negative sigh.
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Representation of instructions,

~-There are two main forms for the operating instructions,

Which T shall

I shall
", so.that n
for the word,
%0 be located

illustrate by an cxample,

®

write C(n) for "the content of storage location
stands for an address in thec store and €(n)
whether number cor instruction, which happens
therc at the relcvant stage of the calculation,

Supposc now that we want the machine, as part of a larger
Calculation, to add the contents of storage locations 82 and
8 -ang to gend. the resuls to storage location 122, This could
bg Specified, in spme coded ferm, by a single instruection
"hich:we might write

c(82)"+ﬁ o(8u) tio. 422

Sueh an instruction refers to three addresses in thc store ,

ang this form for instructions 1s therefore called a "3
qddross form!",

‘Alternatively, we could obtain the same: result by three
“Sbarate’ 1nstpuctions’ eath referring to a single address’ in
¢ store, Suppose the arithmetical unit contains a component,
usually called an "accumulator", which accumulates the sum of
umbcI‘S added intc it until an instruction is given to clear
> T shall write C(AGO) for thc'content of the accumulator,
tn thO 4ddition sum mentioned could be carrlcd cut by the
PQQ instructlons

Th

c(82) to Acc
c(84) to Aecc
C(Acc) to 122,




taken successively. Since each of these only refers to one
addrcss, this form for instructions is known as a "one-

address" form,

But it is not enough tc speceify to the machine an
operation to be carried cut; it is necessary to enable
the machine, once this operation has been completed, to
‘determine the next instruction, This can be done in two
ways, One is tc include in cach instruction a specific-
atlion of thc address from which the next instruction is
to be taken, If this is combincd with a three-addrcss form

of specification cf the current operation, we get altogethe!

a four-address form cof instruction, threc addresscs boing‘
concerncd with the current cperation and one with the
selection of the next instruction,

Alternatively, the instructions can be stored normally
at addresses numbered in the seguence in which they arec to
be carried out. Then a counter whose centent 1s increased
by uhity at the completion of ecach instruction can be uscd
to detcrmine the address from which the pext instruction
is to be taken, without this having toc be menticned ex-
plicitly in cach' instruction, This is called '"serial
storage" or "sequential storage" of instructions, and the
counter whose content records:!'thé address from which the
current instruction was taken is called the "sequence
control registcr™M, An explicit specification of the addres’
from which the next instruction is to be taken is required
only when one wants the machine to depart from the sequend
in which instructions are held in the store, and a Special
kind of instruction is neccessary for this,

To the user of a machine, the important things about
it are not the kind of storage system used or the form in
which numbers are represented in the machine, but the

ay




goneral form of instructions, the standard kinds of ine 'y
struction, and the way ¢f dctermining the next instruction, tl
for which the control system is dcsigned, Any calculation
must be programmed in conformity with these standard in- i i
Structions and this way of detérmining the next instruction, hﬂ“
and these are the aspects of a machine which matter most )"
to the programmcr, : #‘fT
']ll\

59“ Organisation of a machlno using a one-address form. of

ML
T £ i
. instructions with sequential storage. e

Fige 4 shows in schematic form one kind of organisation ‘i
for a machine using a onc-address form of instructions with Hh
Sequential -storage; this is bascd on the EDSAC at the E:
iathematical Laboratory of the University of Cambridge (56) 4 |ﬁ 1
The gifferent units of the machine are shown connected to ?i“h

|

two bus linocs X through gates, marked by crosses, which are it
il

Rormally closed but can be opened by the operation of the e
fitt

Centrol system, These gates can be divided into two groups, \N
]b

I

"Source (8) gates through which "words" can be transferred
from the different units, and "destination" (D) gates
thI‘Ough which "words" can be transferred to them, Most
®Porations of the machine involve the opening of one §

gate and onc D gate, by which the transfer of a "word" from i
¢ part of the machine to another is cffected, ¢

Concerned with the contreol of the sequence of opcratlons
"¢ shown two registers, the "current instruction register" - Il
"001 register") for holding the current instruction itself,
0ty "sequence control register" ("s.c. register") for

Oldlng the address from which the current instruction was i
chno The operation of this machine can be thought of as

T S | B

FOI'ming a "digit trunk".in the terminology of the: it
Ce8.I,R.0, group at Sydncy. . . I
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having two stages which take place alternately, Normally,
at the end of the operation epecificd by one instruction,
‘gate A 15 opencd and the content of the sequence control
rcgister~is increased by unity, giving the address from
which the next instruction is to be taken. In the first
stage of opcration, this addrcss is sent to the control
system, which then opens the appropriate § gate in the
store and the D gatec "D Inst" to pcrmit ﬁhc transfer of
the instruction located at that address in the store to
the current instruction register. In the seccnd 'stage,
this instruction itself is sent to the contrcl system,
and opens the appropriatec gates for the .instruction to
be carried out; and on cocmplction of it, gate A‘ié opened
and the content of the sequence-dbntrol register is. again
increased by unity., Thus the machine alternately selodts
“an instruction and carries it out. A special‘instruction
is necessary to make the machine depart from the serial
order in which instructions arc stored; this instruction,
when transferred to the control unit, results in gate J
being opened instead of gatc A, and then thc‘addross
specified in the current instruction is transferrcd to
the sequence control register and determines the address
from which the next instruction is taken.

6, Programming

The individual operations which sueh a machine carriéf
out arc very simple ones, such as addition, subtraction and
. multiplication of two numbers, transfer of a number £10m it
accumulator of the arithmetical unit to the store, and
selection of the next instruction;y and any calculation
must be broken down t6 a sequence of such opcrations bof or?
the machine can be gpplied to it, The schedule of

“
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ingtructions for such opcrations is known as the programn |
for the ‘calculation, and in drawing up the program, it is it
Necessary to know at least renough aboyt the calculation to ' ‘H,‘
be able to do it by hand, given the time, This is a pocint th
Which T think is not fully appreciated. ,I am somctimes

A8ked to speccify in general terms what kinds of calculation |
the ‘machine will de, or whether it will soclve problems .in |
Some particular branch of applied mathematics, such.as fluid r*,

|

Bmamics ¢r clectron opticss The only general answer I can
€lve.ig 'too gencral to be cf much usc; the machine will do

Ay calculation which scme programrer is clever encugh to (Bt
,program'for it and which is within its capacity. And as far il
88 itg application toc problems in particular fields. of ]
“plicd mathematics is concerned, the only thing to-be said e
18 that the particular scientific or technical context in

"Mich g caloulation is required-is quite irrelevant; what @{vf
the user of the machine is ccncerned with is the charaqter ‘ '

Cf the calculation, whether,for example, it involves the, i .f
SClution of algebraic equations, .or of ordinary or partial Jq, ”
Gifforential cquations, or the summation of series or.the _ it

Qva1uation of correlation coefficients, and not its I
i
80ic‘ntifio or technical contexte J

The process of programmlng a calculatlon is considerecd
H Some detail in V, but there is one important general
ROint " 4o be made at this stage. If every calculation had to I
¢ Proken down to dotails as fine as I have indicated, I
L Ogrammlng would be a long and tedicus precess, and also-
A Which would require extonsive checking, But most extens- it
tve Calculations can be built up to a large extent from
cﬁwups of operations for .standard procecsses such as evaluat- il

1 1§
R op Square roots and trigoncmetrical functions and their : i

nVePSGS interpolation, and integration, The group of
nstructions for such a process is kngwn as a sut-routine,
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Onc kind of organisation for simplifying programming is
based on the provision of a library of such sub-routines
for standard processcs, and facilities for using it., The
library sub-rcutines can be worked cut and thoroughly
checked once for all, and the program for a whole:calculatidh
may thenh consist of a set of sub-routines, perhaps some frol
the library and some made up specially for the particular
calculation, and a master routine which is concerned largell

with organising the scquence in which the sub-routines are
taken, Use cf library sub-rcutines both saves much time,
labour and thought in programming a calculation, and it
alsc saves many of the mistakes which might be made in
programming the calculation in full, and also the programmeé?
and machine's time which might be spent in diagnosing and
correcting these mistakes, The development of such a libraZl
is not a small matter, but it is something which is likely
to be required before one cof these machines becomes
practically effcctive as a general-purpcse calculating
machine, and this must be recognised by anyone who is con=
tcmblating constructing or obtaining such a machine.

A Non-numerical applicaglépﬁ,

I have spoken so far as if the only things these mach?
can do were numerical calculations; but they can do other

things as well .- or to put it another way, there are some
problems which we do nct normally regard as numerical but
Which can be put intc numerical form and so made accessib¥
to the machine.

For example, there is a simple puzzle of this form,
There is a row of nine holes, of which the right-hand fou*
are initially occupled by black marhles and the left-hand
four by white marbles, Allowed moves are as followss for &
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black marble a move one place to thc left into a vacant
Space, or a jump to the left over a single whitc marble
into a vacant space, and for thc whitc marbles similar
moves to the right, The object is to intcrchangc the black
and whitec marbles, making only the allowed.kinds of meves,
It is possible to program the machine to work out hcw to
do this, and tc print out the seguence of moves,

This is a rather simple example, but will serve as an
1llustration of one kind of non-numcrical problem to which
the machine can be applieds
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, IV Digiltal Calculatlng Machines Used by C.S.I. P Q.
by T, Pearcey and M. Beard

Some three years ago the Division cof Radiophysics

Of C.S.I+R.0. commenced a programme of development and

investigation into the design and use of automatic com-
buters gnd éomputing methods to aid in computations for
SCientific research, This programme has two aspects,.

First, commercial calchlating machines of the punched
Card type were installed some two years ago and have been
in operation since that time following certain adaptations
Which were made to them by ourselves with the approval of
the British Tabulating Machine Company, These adaptations
Were intended to improvc the performance of the machines
Lor purposcs of 501cnt1fic computing. These machines have
Deen steadily at work and during the past year have en-
Countered fresh work at a grcater.ratc than it can be per-
formeg, Amongst the computations made are time series and

Sbectral density estimations, crystalographic Fourier

S¥ntheses, the tabulation of astronomical and mathematical
Yables of various kinds, rcduction of observations and the
Solution of intcgral and differcntial equations as wcll as
the Solution of sets of lincar algcbraiec equations,

The second and main aspccet of the Division's programme
fag been in the development ofan electronic automatic digital

*OMputer and I will concentrate upon a description of thet
dqvicc,

This computcr, known so far as the "Radiophysics
Mk, 7 Automatic Computer", is of the all-electronicé digital
ypo:_und operates in the binary scale, It is of thc serial
ype, thqt iy data arc transfcrred from point to point of
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the machine in a serial manner, or a.digit by digit manner,
commencing the transfer with the 1owest significant
digit and ending with the most significant digit,

All transfers of digits take the form of a train of
electrical impulses, carried over conducting cables, which
coincide with the pulses of a regular train of 'phlses
genepated'by a control timing device or '"clock",

In the binary scale numbers are roPresented by a scrief
of interspersed zeros and units, In the computer a unit is
represented by a pulse and a zero by the absence of a pulseés

2, Numbers and commands

Both commands and subject matter, or numbers, arec storﬂ
in the computer in the same manner, Thc length, that is the|

number of digits, comprising a command is thc same as that
for a standard number, nqmely 20 digits, A command looks -

like a number in the machine, it is howcver adoptcd for usl
by the control system of the computer in a Spcc1al manner
and according to a predetermincd convention Wthh is fmelied
by the design of the machine,

A number is a single group of 20 binary digits. Egch
digit is given a weighting factor equal to an integral poWd
of two, Digits of a numbcr are read on a wire just as a
nurber, normally written, would be read from right to lefd
not, from left to right, such a scheme simplifies the aritlh
metical operations, o 3

Negative numbers arc stored in a ”complcmontnr&" £ orit
that is, stored with all their units replaced by zeros, anf
their zeros replaced by units, and a unit is added to tHe
lowest significant plqcc. This is 111ustrqted in fig, 4.

The appearance of the lowest signlficqnt digit

INTE e~
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corrceponds to a clock pulse dencted by Dy and succeeding
digits correspond to the symbols Do s p3, etc, up to Poge
The Pog digit of a number corresponds to the sign digit,
Zero if positive, unity if necgative,

A command however is considered for the purpocse of
the computer tc consist of three ad jacent components,
Two of these components occupy the digit groups pq to
Py and Pg to p1o. The third occcupies the group P17 to
p20'

The first two groups servec the purpocsc of defining
the storage registcers which are to transmit and rcceive
data and to specify any arithmetical functions to be
bPerformed, The last group is devoted to indicating which
Position in the store is to be called upon for action if
Needed, Whilst the first two "addresses" specify a "source"

8nd a "destination", the third is purely a subsidiary
Addregg,

R Sequontial Arrangement

For the purposec of organising transfers of numbers
fingd ccmmands to and fro within the computer the regular
traln of clock pulses is broken up intec groups., A single
®lock period is three I secs. long and contains a pulse
Of;% 4 sec, length, Twenty such pulses cover a period of

0 . Msecs, known as a minor cycle, equal toc the length of
& Number op command, 51xtoon such successive periods con~
Situte g major cycle, A major cycle is the Longest period
Into Which digit trains are compiled, These pericds are

11u3tratod by Pigs 2,
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b Stovage

The main Yr high speed storc follows principles which
are well known, namely the use of ultra sonic acoustic delay
tubes., This storagec systcm ccnsists of a number of inGCpendﬂ
closed channels in each of which 416 numbers or commands can
be stored end to end in a circulating manner, The circulatict
time is equal: to onc majcr cycle, namely onec millisecond,

Up to 6h'channols are available incorporating 32
acocustic tubes filled with mercury and fed by 40 mes
amplitudée medulated pulses applied to resonant X-cutb
quartz crystals, The acoustic waves are detected at the
far end of the tubes by similar crystals, The signal is
amplified and the recctified output is used to "gate" a
fresh clock pulse back into the transmitting crystal and
S0 O,

Numbers may be "poad' out - of any ¢of the 46 positions
of any one circulation network during a mincr cycle in-
terval, cach major cycle, depending upon the actual posit-
ion required, Fige 3 illustrates the acoustic circulation
schemc, whilst fig, L shows the actual tubes in pcsition'
together with amplifiers on the 1left, gatos for reading
out and substituting fresh data in thc contre, and pulse
transmissiod equipment on the right, The tubes are about
five feet long, In all 4024 separate numbcrs can be stored
by‘this~moans. An auxiliary store is also incorpbrateds
THis consiste of a "magnétié drum", This is a cylinder,
which revolves at a rate of 6000 r,pim. ;' coatod ‘with a =
magnetisable surface and capablo of gtoring 1024 axially
placed rows of digits "around its circumference at a dcnsit

-

PERIODS.

of 80 words per circumferencial inchg = °*

The access timc for any one row of digits, i.c. @
word, is equal to 40 milliscconds, The drum is not
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synchronised with the specd of the mein computer but
possesses its own timing device which is couplcd to its
Specd of rotation, Fige 5 1llustratcs the principle upon
which the drum opcrates,

The capacity of the store is to bc extended to L4096
Words, tc bc grouped into four groups of 4024 in number,

5s  General organisation of the computer,

All commands or instructions are held during operation
in the main store or acoustic memory and are deoalt with
Serially., That is they arc placed into store positions in
the serial order in which they will normally bc acceptcd.

The computer consists essentially of a group of
Tegisters which arce capable cof rcceiving and/cr trans—
Mitting their contents when ordered to do so, Transmission
°f data is  made via & single channcl known as tho "digit
trunk!", All registers are connccted to the digit trunk via
their "function gates', These “"gates" allow digits to pass
%0 or from the registers and the digit trunk and are con-
trolleg by the main or "sequence control" unit, or by the
Units which decode the commands.,

Only two gates arc activated at any cnc time, onc gate
Which allows a selected register to transmit nnd'ancthcr
lowing o selectod register to receive, Arithmetical
fHHCtions are performed by the transmission of numbers into
Stitabie gates conncecteé to the "aprithmetdical organ" of the
“omputer,

The main storec and auxiliary storc arc connocto@ to the
qlglt trunk", the stcre position being at any timc under
tho Control of a "store cr memory control registcr', An
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"interpreter register! rccecives the commands one by onc and
decodes them.and prepares the sclectcd wfunction gates'" for
action, A "control or scquencc register" is a counting
rogister which stores at any timc the storc location of the
next command to be selectecd, Its contents is normally in-
crcased by unity after thc currcnt command is sclecctods

Two registors, the "input and output registers!" scrve
to make fresh data availasble to the machinc and %o providc
results to the operator,

A block schematic diagram of the computer is given in

Bz O,

6o The operation sequence

A regular routine of feour basic opcrations is pdrformed
in an unvaryihg manner. First the contents of the "sequence
register" is transferred via the digit trunk into thc storé
or "memory control register" whosc previous contents it re-
places, The. store is thereby preopared to read ocut the
quantity held in the position dencted by the sequencc
control register.

As the selected position appears from thc store its
contents, that is the new command, is trans ferred via the
digit trunk into the interproter rcgister where it is stord
and decoded by suitable networks which preparc two functio®

gates for actlon.

However the command may call for the store to tmnsmitf
or receive, so the third act is to transmit the 10 aigits
in the "interprecter recgistor" out via the aigit

P34 = Ppp
trunk intc the "memory control register' whose contents 19

DATA  CTI7SDEIN A ‘asa —aieter -
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replaces so that the store position called by the. command
is prepared for action.

The final act is tc allow thc transfer called for by
the command to take place as the period selectcd by the
‘B8tore control register occurs, This is the actual com-
buting operation. During this time the '"sequence register"
18 provided with'a unit count so that on returning to the
first stage the next command is withdrawn and so ons
Fig, 7 showa this sequencc of functions. The time rate
indicated therc is not ecxact since tho actual functions.
are performed considerably more rapidly than indicated,

.Z;_w_poggptation

- Pigse 8 shows part of the arithmetical crgan and shows

A 8ingle register or accumulator, This is an écoustic tube
capablc of storing only onc word of 20 digits,vand one
8dding unit is incorporated into its circulation network,
Thig tube itself contains 19 digits only, an extra delay of
One digit boing placed outside it so that digits may be

Pead out onto the digit trunk "onc digit early" which
18 equivalent to transmitting twicc the contonts of the
Tegister, similarly the contents may be read out via a
further unit delay thereby reading the contents out

1at0", equivalent to multiplication by two. 4 standard
Sate Tcads the contonts out to the digit trunk unmodified
"ilst g special gate is capablc of seclecting out the sign
Hgiy and transmitting that only. This latter function is

us
€d for all conditional functions,

Gates to the accumulatcr allow ontcrlng data to add
ohto the contents alrcady there, or to subtract from it,
to Substitute for it,
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For instance, if we wish tc double the quantity in the
accumulator we could crder the contents of this register to
read out into.the digit trunk and to travel along it and int?
the "add in" gate via which it would be added into itself,
For clearing the accumulator we could instead order the con-
tents out of the register and to enter the "subtract in"
gate thereby subtracting from itself and resetting the
register to ZET0,

Other adding registers are incorporated in the arifh-
metical organ and a complete multiplying network is included

Be Input and cutput

Commands and numbers are entercd into the computer viad
punched cards., These cards are read in a columnar fashion
by a row of twelve reading brushes and 20 digit words are
compiled out of groups of 10 digit numbers from the cardse
The assenmbly is organised by a special group of 20 command?
entered initially into the computer via a group of uni-
selector switches, These commands are known as the "primafy
input", |

T™wo means of recording results arc provided; first,
printed rcsults arc cbtained via a teleprinter unit which 4
capable of printing decimal digit symbols and letters; and
second, decimal data may be punched upon a Hollerith typé
card in a manner such that these may be listed on a stqndar
card machine or may be reinserted into the card reader fof‘
use in a future programme, Fig. 9 shows the punched card

input and output units,.




$3|24D Joley ¢

"AON3NO3S NOILYY3IdO 'L°Dld

‘(1) 03 uamay

‘pawioji2d purPwWOD) Aq P2J2pJo Jajsued)

b2y |0J43u0D) AJowapy O PP2J PURPWIWOD JO SS2JPPY [BD1J2WNN
*12124dJ23u] 03 AJouw2py Wwoudy pP24 purwiwoy

‘b2ay |043u0D AJowapy 03 pead ‘62 2ouanbag

s3)]24> ._o_oi A
! A*V AMV 1

"ANILNOY 3IDN3ND3S

——bupueApe aunj
0137

o (@) (D

_u_uxu Jofep| __ /ﬁ/

_u_u>0 ._o—oi_\\ y

7 0z O v?.o?_o se Jojsued | \~
“d $j043u0D "wayy 03 "dusju|

d-

s3940 Jofe 1

!_._‘J._-

o_uxu JOouln | " Nloz0

|
|
{daajuj 03° Eo! wouJy co:o?_unc__
i

~— d""d sjo13u0D "wap 01'6ay 2ousnbag

ANNYL 11D1a NO DNIYV3ddV S3SINd 40 13S VDIdAL

3124 Jofey 2

oJaz

J

|
T —
|

3
|

13194dJ33u] N0 peay
— Jaja4diaju] ul peay

~ : sjoJuo) AJowspy 19say

: —  $]043u0D AJOWBW U] peay

v : auo ppe ‘bay asuanbag

|
—_—
|

|

L

|
="
1

I

I

I

!

{

I

L

S ._Sm_wmm oucwavmm N0 peay

TOHLNOD ¥Od SIWWHO43AVM 3FOV.LTOA

: J2121dJayy) 1953y (IIIA
sajen Jajsued]l (lIA







H3L3UdYILNI

3ounos, <

NO¥4 SIADY.LI0A

(MHOML3IN DILIWHLIYY 40 1Y¥vd)

‘NOILYLNdWNOD '8°Dld

*2A131s0d 31 O no>_«eao: 31 uonyisod Oﬂn ur| ‘ba

“ Jo3°|nWNddY jo Jua3uod jo bip ubis ayj Ajuo jlwsues) (£

Z Aq papiAlp JojR|nwnddy jo jua3uod jwsued) (9
Z £q paljdiy|nw Joje|nwnooy J0 JUIIUOD JWsurd] (s

JO3R|NWNIDY JO JUIUOD JIWSUPL ]

«23%0 30maans RIA Jojejnwnody wodj 3oRagng (€
(2300 ppe, ®iA Joe|nuinody ojul PPy (2
do3e|nuindoy oul eIeq Ysals 3dasuf ()

~1 240 payedysnyjl suonviadg

939 ‘Kiowapyy ‘ 3ndino “3ndy;

¢12321d123u) “49)s1b2Y 043U0D —: S}iun Jo
3} U] “J9sibay |od3u0) s}iun Jayjo wodj pue o)

‘5228 f 09

10 sybip oz

si 3inod12 jo Kyoeded Jo Avjaq [P30L

*3iun Bulppy ue yyum Jay3aboy jun
KJowsy piepurig ® jo 3Py} 03 Jejlwis
3IN2JID UCIIRINDJID PUR 2gNj DI3sNOdY
AIN2JoW © jJo S3SISUOD JOIR|NWNDDY YL

T

Joje|nwnody ojul

u013d292. Jof sayen _§ §

D\ ..oﬁ.:E:uu(J

ANNYL

1IDI1a

ojul PPy
J03°|NWNIOY WO ul PPy
¢ UOISS|wsURI} Joj S23RD =
2 X300 B Hun 3ovNgng «ofe_n
~ T IO T J03R|NWNODY
Z X ano pesy un 03Ul 39vJd3qng
T J9ppy
N0 peo} °2|>
Climrm — T
) =
N0 pvey = s}b|p OZ = 2w} UoIIPINIIID=
Aejaq buoj =)
o uby Jun s3161p 6 oul) A»jaq ul peay
I HOLYINWNODY i
31bip UBIS 3n0 peay RIPQ MIN U] peay
% x 30 =
1
= [}
L /X ne peay

¥3LIHAYILNI
> (NOILVNILS3a,,
WOY4 SIDVLIOA







-

. ,
0 g e

y LA /¢ . okt
g f )

~—

Fig.9 - Punched card input and output units
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e Equipment

The general view of the equipment is shown in Fig.40.
The leftmost large cabinct contains the acoustic store
during assembly, the next to the right shows the arith-
metical equipment, whilst the next shows the main control
equipment, Fig. 44 shows a closer view cf these cabinets
in the top left of which the short accustic tube arith-
metical registecrs may be scen,

The final open cabinct in fig, 410 ccntains the input
and output and pulse distribution equipment whilst the
Closed cabinet is the power supply. To thc right of this,
the auxiliary store is held,

A total of about 1500 tubes is included in the
Cquipment, some of which may be eliminated at a later date
88 units of improved design are incorporated,
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Discussion on Papers I to IV

.Ds R, HARTREZ -~ in reply to a question by Professor
Astbury, dealt with methods of carrying ocut arithmetical
Cperations, choosing the process of addition as an‘example.
In adding two numbers a and b, three digits have to be
Added-at each stage except the first, They are the digits
°f & and b and the carry digit ¢ of thc preceding stage.
Profesgor Hartrece outlined the principle of cne device, due
%0 von Neumenn, for doing this (see ref, 20, chapter 8),

W, C, J. WHITE - drew attention to the use of ten
dgits 4n the C.S.T.R.0. digital computer for source and
dOStination. This appeared to him to be an unnecessarily

large number in view of the fact that the EDSAC used only
SQano

T, PEARCLY - stated that the principal reason for
90Ing this was to Pacilitabe the adding of extra functionsl
Wity 4p nccessary by including extra chassis, This machine
®ing an experimental one, the designers considered such a
DPOVisicn desirable, Coding was slightly complicated by the
Ot pg length of the code, Coding for source and destination
0nhances flexibility, and at the same time, the length of
8 Qumbep (20 digits) was made the same as that of a command,
"Bich simplifics the organiigtion.

D, R, HARTREE - continuing discussion on this point,
Saiq th

at the scurce and destination together cculd be
anrded as a épecification of a single operaticn, It seemed

i
;uikely that more than 2 or 27 operations would be re-~
uil‘ed

Woyy
th

» so that toc use ten digits to sbecify them.wasted

three a@igital positions in each instruction,  though

“;2 Night not be a so?ious disndvantége. The policy of
Tidge had been to aim at simplicity of engincering




possibly at the expense of programme length (see paper V,
section 4(d) )e Mr., Pearcey's remark about the C.S.IsR.0s
machine being experimental should not be taken to suggest
that the LDSAC and other machines werec '"production line"
models, With the exception of the Ferranti machine, all

cthers were cxperimental,

Professor Hariree extended his remarks when Mr,
Stewart suggested that three extra binary digits be used
for error-detecting codes, He considered that the use of
error detecting precedures at each operation of the machil
was a counsel of despair, Expericnce has shown that com-
puters do not go wrong cften encugh tc warrant this,

D. M, MYERS - said that cne point had had little
attention so far, Some compromise is necessary between
hardware and programming, With regard toc some processes
it is necessary toc decide whether they shculd be added
to the library of sub-rcutines, or pcrformed automaticalﬂ
by the computer., In the case of division, for example,'
cne must deeide whether to provide'increascd storage
capacity to provide for instructions in a division sub-
rcutine, or new functional elemcnts for dividing auto-

matically,

In regard to programming and coding, it was en—
ceuraging to see new ideas being wcrked cut for the sakeé
of experience, In scme years! time it would perhaps be
best to have a standard approach sc as tc have a standﬂﬂ
method of programming in different centres, Then an
amicable comprocmise betWeen programming and cnginecring

would be nocessary.

D, R, HARTREE - Mr. J, C. Stewart asked how bbunﬂaﬁ

conditiéns are provided for on the differential analys?’
professor Hartree said that the main part of the answe”
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18 that the various lead screws of the integrators and
Plctting tables must be set to some appropriate position
before the machine is started up, With one-point boundary
°0nditicns, this is straightforward as the dependent variable
and i1ts derivatives and any functions cof them are known at
tho beginning of the range of the independent variable,

Difficulties arisec hcowever when some values of the
8riables are given at one pcint and the remainder at another,
*Ce with two-point boundary conditions, For linear equations
e could evaluate a particular integral and a sufficient
Mmber of complementary functions, all satisfying the bound-
%y conditions at one end of the range, and forming a linear
*Ombination satisfying the conditions at the other end, His
“Xberience had becn that this method is more theorctical

v
1

than practical because of the sensitiveness of the soclution
® Initial conditions. In such cases the use of trial
801uti0ns is preferablec and for non-linear equations it is

¢ only way, This is not as laborious as it sounds as no
hange in the general programme cr set up of the machine is
Imcessapy but cnly a change in the setting of some of the
ntegratorso

G. NEWSTEAD - referred to the cquatlon solved by the

ifferentzgiughalyser during the demonstration of its use
éni 88ked whether it was known beforehand if periocdic

Vo Wiong existed, professor Hartree said noc, The problem
DPOposed by Dr, MacLachlan whe was interested in loud

8
Peaken performance, It was certain that there would be

ben

010010 solutions for small valucs of the coefficient of
8
Mg b He wanted to know whether sub-harmonic solutions

‘e DOS 1b10°

a3 G- E, BARLOW - described briefly a gonoral purpose
feI‘ential analyser at the Royal Aircraft Establishment,
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1t has been used chiefly for aircraft contrel and guided
missile problems where the independcnt variable is real
time, Tt has an overall accuracy of 1% - 1.5% and contaiff
15 integrators, 15 multipliers, 15 adding units and 8
cathode ‘ray tube units,

D. M. MYERS - drew attention to the difficulty aris it

in most clectrical integrating circuits, which integraté
with respect to real time, Thus the arpgument of each

integration must be the same and this adds greatly to the
difficulty in putting many kinds of equations on the

machine,

T, PRARGEY - said that thc use of sinuscidal

———e e

electrical quantities offered prospects for the solution
of cquations in a complex domain, particularly non~1ineé?
equations - an untouched field, It could also be used ﬁ

for inverse Laplace transforms with poles and singulafitj

0

W. R, BLUNDEN - felt that as scme of the delegatest)

this conference would not be attending further sessions £
comment on the relative scope and usefulness Of digital

and analogue machines should be madec at this stage.

The digital machine appeared tc be supecrseding the
analogue computing instrument mainly because of its
greater versatility and accuracy,

The analcgue class is limited by the degree of moc?
anical and electrical refincment of its ConStTuCtiOno'ﬁ
is ‘paradoxical that the ball and disc,.type integrators

which bridges the gap between the limit of a sum and @

A 0/

continuous integration and does in fact ocperate the_or’th
; d

ally perfectly, gives an accuracy of say 4 in 1000, thJ
16 "

a digital integrator using Simpson's Rule will evalué
integral to any prescribed precision, This difference

between the two methods illustrated above 18 fundamentg

o

=2 0
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and digital machines must be employed where hlgh accuracy 1is
Decessary, ittt

|
However, high accuracy is not aIWays required and there ‘VJ“
are many casee Where the accuracy of the data supplied to a ' i
Machine does not warrant great precision in computing. Also .
’ much time may be saved by using certain classes of_data given

in graphical form in its analogue form rather than converting

1t to aigital form.

Prom the point of view of versatility the digital machine AR
has eyvery advantage although it is worth remembering that the fl pr
differential analyser has a veryw ide field of application by ll i
Virtue of the great number of differential equations that Jf"
9'ise in all branches of scicnce and engineering, In this
felg 14 is universal, Also therc are some special problems
that require such frequent solution that a special purpose
d Machine 4s necesgary; for examplec, the anti-aircraft problem,

i D. R, HARTREE - drew attcntion to two points about‘ ;
4 digital machincs mentioned by Mr, Blunden - their versatility ,
ang accuracy, There is a third - their speed, In the case FU
of brcdictors, he thought that the instantancous results ‘
I‘C'(-lllilf'od might be given better by digital machines and aléo

t
° greater accuracy.

Difficulties arise in using digital machines when the
lnput is irregular or discontinuous, Analogue machinecs are
OnVCHicnt when the results of the calculation are needed in
ST8phical form, However, it would be quite possible to
Qvelop some form of digital-analogue converter to produce
urVO, on paper or on a cathode-ray tube, from data given

o?
In digital form,

7
g If numbers are small, there is no need to waste storage

ey
Dacity for several numbers can be packed into one storage
Oc
gng 8% ion (eege @& 20-digit location can be divied into L
W8 cach of 5 digits), it only needs sub-routines to
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do the paoking and unpacking, This is done with triple
Fourier series for crystal structures where the input

is only accurate to 1%.

Professor Hartree did not agree with the terminology
in which the differential analyser is classed as a "general
purpose" machine, It will solve differential equations, it
will add and subtract, with a 1ittle ingenuity it can be
used to multiply, with more it can be employed to ‘solve
éimultaneous equatiocns, but this is rather a sophisticated
way of dealing with this particular calculation,

G, E., BARLOW = said that one advantage of analogue
machines is that actual pieces of equipment can be put in
and tested, That has been done at the Royal Aircraft

Establishment,

T. PEARCEY - organic chemists require summations of
triple Fouricr series for electron distribution of a
molecule, They give a vast table of data and require
results in graphical form, which can only be done by hands
Often in the data the signs are nct known and test s umma b~
ions have toc be made toc find the signs. A fast method
should be available, Cathode-ray tube representation of
the output of a digital machine could be used bnt analogW?

methods seem more desirable,.
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V.  Introduction to Programming
‘'by D. R, Hartree

I shall be concerned in.this lectune not with automatic
digitgl calculating machines themselvesy but with the process
°f organising calculations for them, the process known as
"Drogramming". This will involve some ideas, and waysof
thinking, which will probably be unfamiliar; but there will
De Nothing difficult in this introduction to the sub ject.

It is possinle to talk in general terms about programming ,
Dut I think it is much more enlightening to see a few ex-
AMles worked in full; this will give some idea of the way
N6 hgs to think about calculations in order to program them,

I have alrcady emphasised (III, 86) that to the programmer
the most important things about a machine are not what is the
physICal form of the store or in what form numbers ‘are
Pepresonted in the machine, but first, what is the standarad
form oy instructions, secondly, what arec the standard in-
S50t § ong for single processes, and thirdly how does the
naChlne having carried out the operation specified by one
n°t1’uction, dectermine the next instruction?

In order to show some illustrative examples, I shall
havg to work in terms of a particular form of instructions,
"nd g particular way of writing them, and of detcrmining
© noxt instruction; but I do not think this matters because
?me the ideas involved in one system of programming have
‘o Brasped, it will be rclatively casy to change over to
OthGP system, provided it is not too complicated, I shall
Qscnt the subject in torms of the system of programming
;Cd on ‘the EDSAC, the machine at the Mathematical Laboratory
the Unlversity of Cambridge, both because this is the

Som wign which T am most familiar, and bécause it seoms

L
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to me the most simple and straight-forward that I know,

E proscnt it not as.the best system, but as onc which has
been tested by cxpericnce and practical application to
calculations of various kinds over a pcriod of two ycars.
‘It has proved simplc cnough for workers in other laborat ori¥
witheut previocus acgquaintance with the subject, to learn in
two or threce wWecks cncugh to program their own calculations
And it illustrates some of thc facilitics whioh must be
provided in somc way by any system of programming which 18
likely to be of practical valuc to thc user,

24 Coding of instructions foer the EDSAC.

In this machine, instructions arc represented in the
same form as numbers and are stored in the same store;
instructions are of the one-address type stored serially
(sce III, Bl4), that is, instructions arc normally stored
at addresses numbcred in the sequence in which they are 50
be. carried out,

. ; 0
Instructions are codcd'as follows, An instructicn, 14¥
a number, is reopreoscnted in thec machine by an ordored sot

of digits, each of ‘which may be 0 or 1:-

P g el B < e ol B S Y L e S Gl

Opcration | Addrecss ﬁ
| k i
Spare _ Terminal
digit

The digits in the five most significant digital position®
(including that which, in a numbcr, is used for sign

indication) spegcify, in ceded form, an opecration to be
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Carried out, such as an addition, or a transfer of a numbor
from the arithmetical unit to an address in the store, The
Noxt digital position is a spare, and the next ten specify,
in mogt ingtructions, the address in the store to which
this ocperation refers, Then there is a terminal digit with
"hich T shall not be concered; it will be zero in all the
®Xamples which I shall use.

One needs a form in which to writec such an instruction;
the form adopted is a letter representing the operation (A
for add, S for subtract, T for transfer from the arith-
MCtical unit: to the storc, etc,) followed by the address
"ritton in decimal form; for oxample, the instruction written
A 38 means "add the content of storage location 38 into the
QCCUmulator". This written form is closely related to the
form in which the instructions are punched on the input
taDe. The following are the written forms of the kinds of

"stryctions used in the examples I shall consider:-

Add o(n) into Acc,

Add =0(n) into Acc,

Transfer C(Acc) to n and clear Acc.
Transfer C(Acc) to n and hold in Acec,
Examine C(Acc); select the next instruction
ag follows:-

H o 3 o >
ol el st il s

if C(Acc)> 0, take C(n) as the next instruction
if C(Acc)< 0, proceed serially; that is, if the
ingtruction E n is in address k, take

C(k + 1) as the next instruction,
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G n Examine C(Acc); select the next
: instruction-as follows:=

If O(Ace)< 0, take C(n) as the next
‘ instruction,
If C(Acc)>0, proceed serially,

7 Stop.

The only way  in which the content of storage lpcationﬂ
can be altered is by an instruction T n or U n, which re-
places the previous content of this storage location by
the current content of the accumulator, The letter P is
reopresented by the digits 00000, so that the number n, in
terms. of the units digit of the address in an instructions
can be written, in the form of an instruction, as P n.

These are not all the kinds of instructions used in
this machine, but they arc the only ones I shall need %0
use; for the full set, see referecnces 56, 57,

s First examplec

NoWw consider, as a first.very simple example, the gol
of instructions to carry out the calculation

lo(6)| to UL,

this being considered as a part'of a larger calculationy
and these instructions being entercd with the accumulato?
clear, There arc several ways in which this could be doné!
and only one will be considered herc, th us write x for
G(6) for short,

We want the machine to carry ocut a different set of

opcrations according as x is positive or negativs, It cé®
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Only discriminate on the sign'of a number when that number
is the content of the accumulator, so the first step is to
Place x in the accumulator by the instruction A 6, Let this

instruction be located at address m in the gstore, so that we
h?‘t'Ve ®

Address Con*ent O(Ace)

m A6 X

O(Acc) here is the content of the accumulator after the
Wstruction -has been carried out.

The next instruction will be taken from address (m' + 1)
8N4 let us use an instruction of the type T n to discriminate
0 the sign of x:~

m + 4 E n Xs

Leg us first consider what happens if z is negative, and
leaVO the value of n, from which the next instruction is

taken if x is positive, unspecified for the moment, Since
% this cage C(Ace) = x is negative, the next instruetion

i
3 taken from address m + 2, In this case,

x| is ~X, S0
"o We want the machine to do is to replace x in the
“Seumyl g op by -x, which can then be sent to address L by
e‘instruction T L4, This can bc done in various ways:
?m Way is to use the two instructicns T g, which sends
%0 address q and clears the accumuln’or, followed by
9 Which places =x in the accumulator; it is often con-
wz?ient to use q = 0 as a temporary address for numbers
& °h arg going to be used again immediately, Thus we have

® Mstyuctions:~




m 4 2 1) 0 0(0) =x
m + 3 g *0 ~X
m+ 4 1w 0,

and these complete the calculation for the case when X
is negative,

Now consider what happens when x is positive., In this
casc the contont of the accumulator when the instruction
E n comes to be carried ocut is positive and is already the
quantity | x| which we want to send to address L, that is 0
say, when x is positive we want to follow the instruction
E n dircctly by the instruction T 4, But we already have
the instruction T L in address m + L, so that we can obtail
the result required by giving n here the value m + L4; so
that we finally rcach the group of instructions:-

Address Contont
m S IANG
m+ 1 E (m+ 4)
m+ 2 o)
m+ 3 S 0
m+ 4 ol

I have considercd the argument here in detail, as i¥ %
will be unfamiliar in charactor to some, It is not diffict
but it does involve an unfamiliar way of thinking and &
clear head, and some practice is needed before cne can
program morec complicated proccdures fluontly and corroctlw

If cvery calculation had to be programmed from goral
in as much detail as this, programming would be a lon

g an’




lf

63,

Sometimes laborious process, but as I have already explained,
(s §6), it can be lightened very considerasbly by the use
°f a library of sub-routines for standard processes, which
°an be programmed and thoroughly checked once for all, This
§foup of operations is too simple to be incorporated as a
11brary sub=-routine, but let us consider it as such, as it
MWlustratos in a simple form some of the general points
"hich arisce in connection with the formation and use of a
Ubrary of sub-routines., An objeetion has been made to the
"hole 1dea of using such a library, that it would be too in-
floxible; unless it were very large, one would find in
Practice that one usually waented not exactly the library
form of a sub-routine but scme variant of it, The answer to
s, 1 tnink, fs that the sub-routines should bé drawn up
In g form which does provide the required degree of flex-—
jbility, and that this can in fact be done.

These instructions arc not suitable for incorporation

Intoy 4 library as they stand, becausc the address in one of
Umm’ the instruction E (m + 4), depcnds on the position in
tho Store in which these instructions themselves are placed,
Ang to cover all possibilities we would either have to
Ibstpict ourselves to putting this sub-routine always in a
innite position or in one of a small number,of definite
pOsitions in the store, which would be an unacceptable
estriotion in a machine without an auxiliary store, or we
"oulq have to0 have in the library a whole lot of such groups

inStructions, cne for cach possible value of m, The first

0 in making these sub-routines flexible encugh is to draw
tom Up in a formwhich is indcpendent of the value which m
AVe in any particular use of them,

L ‘ThiS can be done in various ways; with the EDSAC 1t is
e Ty having the instructions punched on the input tape in




. road as it stands as the Address towhich that instructio®

.6}‘"

a form rether different than that in which they appear in
the store, and making the translation £ rom one form to the
other in the course of reading the tape., The instruction
already worked out as an cxample would be punched as

folloWs:—

Address Contont Entry on Tape
G S
m AL 26 A e BB
m+ 1 BE (m+L4) ol Ry
m + 2 T 0 A B
m -+ 3 S} 0 S B
m + U Ty s Sl o
m+ 5 Next instruction after calculatid

Ic(6)! to 4 complecteds

Bach instruction is terminated by a code lettor, which
happens to be F if the numeral in the instruction is to B¢

refers (address O docs not have to be punched explicit1YW
and 6 if the value of m has to be added to the numeral if
the address as punched, in order to give the address %0
which the instruction refers. Another way of putting thif
is that the terminal cecde lettecr 6 indicates that the
numeral represcnts a relative address, that is, an addros”
relative to the address of the first of this group of '
instructions, wherecas F indicates that the numeral ropI’O911

an absolute address., In order toc specify the value of M 1

be used in any particular application of these tructio

they arc prececded on the tape by the codc letters & K o
r06Z

which form an indication to the machinc that in the
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9§~£gggiqg_3§¢ tape the address into which the next instruct-
ion ig placed is to be recorded, for use in reading instruct-~
lons terminated by the c¢ocde letter 6.

This use of terminal code letters has put this group
ot instructions in a formwhich is independent of where in
the store the instructions themselves arec placed, This way
oL Naking sub-rocutines more flexible can be carried a good
%eal Pupthor, This group of instructicns, regarded as a sub-.
"Outing, is still too specific to bo suitable for incorporat-
o0 in q 14brary, in that it refers explicitly to the
Adregg 6 of the number whose modulus is to be found and
the 8ddress 4 where the result is to be placed, By an ex-
Msion of the use of terminal code lectters, these instruct-
ons oan pe punched in such a form that they can be used for
fny Calculation of the type

| 0(3) ! to k,

UWPValuos to be assigned to j and k in any particular

app1ication being specificd by punchings preceding this group

§§ nstryctions on the tape; for details see refercnces 52,

3 The ccde letters ¢ K, and the terminal code letters
» O

*» and others, do not appear in the instructions in the
8
‘iQPQ; they are indicatiocns to the machine regarding the way

Szwhich tape entries are to be translated intc contents of
ths

8 Stage, in order to convert the decimal form in which
a'.‘]dress
W

*Page locations, Some machinc operation is requirecd at

. €8 are punched on the tape into the binary form in

}hch they are represcnted in the store, and the further

b??ations involved in using the terminal code letters can
MCluded at this stage. The set of instructions for

on ling'tho machine to read the tape and dc these operations
D¢ entrics (52) can be worked ,out oncec for all, and the
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facilities it provides can then be used, in most cases,

without knowing how in fact the machine does carry out

these operations on the tape entries, Some machines require
that the addresses in their instructicns should be represeﬂﬁ
to the machine in a special way, in scale of 2 or 8 or 32
for oxample; it is worth putting on record that at Cambridé
there has never been any reason to consider presenting theil

in other than their decimal form,

The facilities which are provided in the EDSAC by
terminal code letters in the punched instructions, which
are interpreted in the ccurse of reading the tape, can
be provided in other ways, Onc way is to include in the
connecction between the currcnt instruction rcgister
(111, 85) and the control unit an adder, by which the
contont of some other register (B - registor) can bo added

5 regieter

| ec¢,1, register |——r— Adébr b 0 control
= 3 T system

to the instruction in the current instruction rcgistér
(see III, fig.ﬂ-) as it is passed to the control system;
a method of this kind is used in the Ferranti machine ab
the University of Manchester, though in this machine thé
B-registor has other functions as well, i

L, Second example

I have mentioned that in most of the more recent
machines numbers and instructions are ropresenfed in the
" machine in the same form, and that the most important

tt

Mg
dg
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fésult of this is that it provides the possibility of the
"achine gutomatically modifying its own operating instruct-—
long in the course of a calculation, The following provides "‘T
% 8imple example of the use of this facility, Suppose we i
"ant the machine to do the calculation:;—~ Add the contentsof

Storage location 100 to 14O inclusive and send the result

° location 170, or in symbols

- 140 _ If |
Yo Q(3)at0-4705 4z B (1) AT

% I
his'being one component of a larger caglculation, {

0 The simplest, and quickest, way of doing this is by
a8 of the sequence of instructions (entered with the i
8 i
“CUmulator clear):- 4

A0 A 100y A F02s wieiearss AiA3950A 4L05 T 4706, ... (2):

But: this is extravagant of storage space for instructions,
g Would be still more so if the number of numbers to be
Oog Were 100 or 200 instead of L4, Another way is to use
Deatedly the sequence of instructions (entered with the
Qn;lmulator clear) A 170, A n, T 170, which result in the
mment of storage location 170 being inoreased by the
g tnt _of stqrage location n, with n taking the values
ar0,101’ 102 ... Successively. Suppose these instructions
ey 8% addresscs (m+ 1)y, (m+ 2), (m + 3), address m being

lm;rVGd for a preliminary instruction as we shall see
Gp .
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Address Content
:;—'f—‘

m + 1 e
m + 2 “Anm
m+ 3 N I TA0)

Then what we want the machine to do is to take the
content of addrcss (m + 2) and add 1 to it, in thc uniss
place of the digits of n. Unity in this place (which,
a8 cxplained at thc end of 82, ie ‘reprosonted in the form
of an instruction by P 1) is so often wanted in just this
kind of context that it is kept as a permanent constant

content of awddress 2:-

and the required addition of unity to the address in the
instruction A N is achieved by tHe "three instructions

Address Content C(Ace)
A A (m+ 2) A n

rit prbE = A2 ' | A (n#1
m+ 6 ‘T (m + 2) : 0

Now the machine would be rcady to repeat the instfua’
ions in addresses (m + 1) to (m + 6) with the now valu® i
n, except. for this, that it has not been provided with o
means of determining when.to stop nepeating this soquonoa
of opcrations. There are several ways of providing thise

One method is to use one storage location as a countel?

n
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"hose content is increascd by unity for cach ropctition of
thig group of instructions and is tested each time to sce |
T the count is complete, But this is not nccessary; the g
Yariable instruction in sddress (m + 2) can itsclf be uscad

% a counter, The following is not the most clegant way of
doing this, but is probably thc easiest to followe.

When the addition is complete, the instruction A (& + 1) il
%CWly formed in the accumulator as a.result of the instruct-
0 in agdress (m + 5), will be A 141, whereas if the addit-
lon 4g incomplete, the address in it will be less than 144,
If we subtract from it the "word" which, written as an in-
“YPuction,, is A 141, the result will be n-1L0, where n 1s
ﬁm address of the last number to bec addcd; this is zero
lfthe addition is complecte and negative if it is incom- Wi

Dl |
J*tey and this can be uscd as :the basis for a discrimination, |

Let us thercfore replace the instruction in addrcss '
"% 6) by U (m + 2) s0 as to retain A (n + 1) in the
&mumulator, and subtract A 141, which we will suppose stored
N 8ddpesn D1

Address . Content C(Ace)

P A L4 y
m + 6 U (m + 2) A (g+ 1)

m+ 7 S p n-140
Now 1ot us discriminatc using an E instruction:-

mt 8 E q,

91
,nd
*ongiger first what happens if the addition is incomplete;
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then G(Acce) = (n~1l40) is nogative and the next instruction
is taken from location (m + 8), In this case we want to
repeat the addition process by rcturning to the instructioch
in (m + 2) ﬂlﬁﬁmfgp_Qggqmglggqg~g}§gg. We therefore clear

the accumulator:-

and, the content of the accumulator being now zero, the

~instruction
m + 10 ; : E (m+ 1)

Will now result in the next instruction being taken from
address (m + 1) to repeat the addition process with the
new addross in the instruction in address (m + 2). A
convenicnt address for thc "word" A 1441, used to test for
the completion of the addition, is immediately after theé
last of these instructions; if this.address is choson;
this fixes the value of p as (m + 11), and the next
instruction after the addition 'is complete can then be
in address (m + 12). If the'addition is complete, the
content of the accumulator is zero when the instruction
in address (m + 8) comes tc be carricd out, so the
address in this instruction must be (m + 12),

These instructions must bo cntered with addrcss 179
'clear, otherwise the initial contcent of address 470 wollld
Tbéfadded into the sum we want the machine to calculates
| Assuming the accumulator to be left clear as a result of
the immediately preceding instruction, this can bc done
by the preliminary instruction T 470s Hence Wwe reach
the following group of instructions, writton here both
in the form they take in the storec and in the form the¥ )
would be punched on the tapc so as to be formally indepf’11

ent of their location in thec storec:-
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YEREUE

Address  Content  Entry on Tape Notes
G K el
m T 470 T 470 F . Preliminary clearing |
Ty A 170 "A170 F gReralen
m'+.2 A 400 A 400 F{ The addition process 1
g S Y470 U470, F |
m 4 ' : Lo Y -
" : AR A 2'6) Advance address in .
Ui A2 AFa21 R instroction in ’
m 4 A . e '
7 8 (m + 11) 8 11 6) pest 1P addition
+ 8 E (m +.142) E 12 0). complete
L) T 0 dh F ) Return to instruction
2. % in (m + 1) with
70 Eom + 1) & T accumulator clear if gt
B Hy & : ity il addition not complete il
11 A 1l | Aty R ‘ }
fhh o Next instruction after addition complete !

~

This group of 1nstructions illustrates several general b
DOlnts~ : ' ;

(a) only the three instructions in address (m + 1),
m 4 2)y, (m + 3) are actually concerned with carry1ng out
the arlthmotlc of the a601t10n process with which the cal-
lllatlon is concorncd +the rest are concerned with organ-
1Sing how the calculatlon shall be done rathor “than in doing
1, .Thig is ChaPaCuOPlStiC of programmlng for m chines which
Drovide facilitles for carrylng out opurauions on their own
porat1ng instructions during a calculatlon, and ig also
e op tho most intecresting fcatures of thid programming.
‘10gramming a soguence of purcly arifthmetical opcraticons 1s
ually fairly straightforward .and rathor dull; programming
“Comeg really intcresting whon it becomes concerned with
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the more organisational featurcs of a calculatione

(b) A sct of the samc twelve instructions of this
form can be used to £ orm the sum of a group of numbers
in suocco31vc addrcascs, howcvcr many numbcrshavc to be

necesgarily incroaso W1th the scalc of the calculations
This again is characteristic of programming for machinee
which provide facilitics for making the machinc modifly

its own operating instructions,

(¢) A group of ten instructions & s from that in
address (m + 1) to that in addrecss (m + 410) has to be
carriecd out for cach numbcr to bc added in forming the
sum (1) Thus this process is about ten times as slow
ag the process reprcsented by the sct of instructions (2
Unless individual operations could be carriecd out fasty
we might not consider that wo could afford the time £Or
this slower process, This 1illustratcs onc advantage Oft
high speed of individual opcrations which the use of
clectronic. circuits makes possible. This high speed 18
important not so much for thc high ovecrall spced in Loné
calculations, as for what one can buy with it. One thiné
that can be bought with it is cconomy of storagec for i
structions, as mentioned undcr (b) above; anothcr thiné
ong can buy is simplicity of cnginccring, for if the
machine carrics out individual opcrations fast cnoughs.
one may be able to afford the time to carry out, by
means of programmcd sub-routines, operations such %Si
division, square root, decimal-binary and blnar;y'--dccima
conversions, for which onc would otherwise builld spGcia

£

pleces of hardwarcs

X By use of other mcthod for countlng and toqtlng’
the number of instructions in the repctitive grouP
can be reduced to seven or cights

o' > o

4
bl
h
&
oy
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(d) It is necessary to- transfer out of the accumulator
the partial sum formed at cach stage, in order to havc the
ACcumulator free for other vpcrations such as modifying the
instruction in address (m + 1) and tcsting whother the
8ddition is completic,, This could bec avoided if there were
o accumulators, one for.accumulating the sum to bc cal-
Cllated, and the other for medifying instructions and for
the testing process,. But. this weculd only suffice in a few
Cases; for less simple calculations we would feol the neced
for a third accumulator for other intcrmecdiate results,
Programming.qoﬁld certainly be shortencd, though I am mnot
Sure that 1t would be simplificd, by duplication of ‘machine
COmponents ‘in ‘this way,'and converscly the engineering can
be Simplified »y puttlng more on to the programming, Here
therg seems to be a differcncc of policy between the group
8% the Mathematical ILaboratory at Cambridge and the group
St CeSe I+Rs0. Radiophysics in Sydncy, The policy at Cambridge
84 simplify the enginecring at the cost of lengthening
the programming; one of the idcas behind this is that much
°F the programming will be incorporatcd  intc library sub-
*Outines which can be worked out: and checked oncc for all,
ang ¢ then need no testing or maintenancc, whereas hardware
heods both, The policy at Sydney is to shorten tho,program
o incorporating morc components in the machine,

(e) In this examplc as programmed, the address of the
lrst addend, which is the initial address in the instruction
(4 2), is lost, If this set of instructions has to be
ebeated, this address would have to beireplaced, or better,
nﬂertod by some further proliminary instructionse But there
: anOther, morc elegant way of wcarrying out ‘the count of the
umbOr Of repetltlons of the addition procoss 3’ in which the

Soé'réf, 57, appendix E on countiﬁg.r
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count and the test for the complction of the process are
combined, and into which thc sctting of thc address of the

first addend can be incorporated.

(£) The "word" A 141 in address (m + 11) is never
actually carried out as an instruction, it is only in-
corporated as a standard with which to comparo'the in-
struction A (n + 1) manufacturcd as a result of the in-
struction in addrese (m + 5), The number in the seguence
control register takes the successive valucs:-

cee (m 4 6), (m 4 7), (m + 8), (m 4 9), (m+ 10), i
] (m + 2), eee 1f the addition is incomplctc, or:-
eoe (M + 6), (m+ 7))y (m+ 8)y (M+ 12), oo ks
if the addition id complecte; thére is no way in which it i
can ever take the value (m + 44) which would result in the i}
instruction A 1441 being carried out, .

(g) The rclations between the form of the instructicd
as puhched on the tape and as contente of storage location?
are quite systematic, o the machinc itsclf can bc‘used %0
effect the translation from thc tapc form to the store Ad,
form, this is done automatically in the process of reading
the tapes, The space requircd for the instructicns for thif
pﬁrposo can be usecd for other purposcs once the instructimﬁ

tp

have been read from thc tape,

aQG

n

He Entering and leaving gub-routincs, n
ntering and leaving sgud-rout i "
The above group of instructions for the cvaluation = f u

of the sum (1) hasg been thought of as preccded by an

+instruction in address (m - 1) immcdiatcly preccding them?
and followed by an instruction in address (m + 12) '
immediately succeeding them, But this would not be con=

venient if this set of instructions had t¢ bec uscd sovCral N
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timos, with diffcrent points of lecaving and ro-cntering the
3in program, For this purposc wc want to draw up sub-
YOutings in such a form that they can be placed in the store
ite independently of the main program. This again can be
dene ip several ways, I shall cutlinc the method used at
Oambridge (52), as it provides ancther cxample of the process
0'llsing'the machine to modify its own opcrating instructions,
inthis case by altcring thc opcration spccified as well as

the addrcsse,

The instruction for cntering the sub-routinc is scmetimes
% as the "cue" and that for leaving tho sub-routine and
mmurning to the main program as the "link'", Consider the
8tructions for the DProcess

10 (6)] tok

e . ;
“dted as a closed sub-routinc, This is programmcd as follows:

ﬁ‘ddr‘ess

3

Gentient | Entry on:Daps:  O(Aec) ' Notes
U 2 U2F U = E=A
Main program

0 The following instructions arc entercd with the
*nul g 4 op clcar:-

n ,
n 5 N A m A m
m+_1 Gn . A m Cuc

e Next instruction aftcr process coveored by the

gsub-routine
Sub-routine
- A m On entry

| : , int 6 sub=routine’

A3 A 3T E (m + 2) Form Link




n % A T (0 + 7) e ) 0 Plant link
Nk 2 A b A 6F

n+ 3 E(n+6) B66 S EON35)

n + 4 415 1t 0

n+b S 0 ShNe 1 -0 {6)

n+ 6 T UL T4 P 0

n 4 7 A &G R Beoomes 1link ingtruct”

ion E (m + 2) as
result of instruction
in (0 + 1)

The instruction A m in addrcss m adds itsclf into
the accumulator;  the group of digits reprcsentcd by A
has a 41 in thc most significant digital pcsitlion, which
is the sign-digital position if thc "word" A m is
regardcd as a number, Hence thc instruction ¢ n results
in the next instruction becing taken from address n, the
®eginning of the sub-routinc, Thus the sub-rcutinc is
entercd with A m in the accumulator, Thelink instruction
for return to tho main program is E (m + 2), and this caf
he constructcd by adding to the accumulator the group of
digits which 1s rcprescntcd as an instruction by U 2, and
which is kept @s a permanent content of storagc location
for this purpose, Thc next instruction of the sub-routind
plants the link instruction, just formed, at thec ocnd of
the sub-routine, Wwhich in this casc is addrcss (n + 7)e
Then follow the instructions for the proccss '0(6) | to W
of which the last clcars thc accumulator, and whon thes®
arc complcted the link instruction, previocusly planteds
results in the next instruction being taken from addrese
(m + 2), with thc accunulator clcar, The instructions £08
 forming and planting the link instruction are part of tho

sub~routine, and all the programmcr needs to do is 10




e
Provide the tWwo 1nstructiono in thc mqin program for ontcrlng
the sub-routine.

The original content of stcrage location (n + 7) hore.
8 irrelevant to the program, as it is replaced by the link
Mstruction before G(a + 7) i8 ueed as an instruction. The
Stop instruction 7 is sometimes uscd, as here, for the
Mitial content of such a storago location, so that if the
Unk ingtraction is incorrectly planted, through a fault
Cither of programming or of machinc copcration, the machine
"111 stop with the scquence control rogister holding the
8ddresg gt which it should have boon plantcd, and this will
8lve o clue to the faults

Interpretive sub-routines.

I have alrcady mentioncd the organisational charactor
T fuch of the programming for a machinc provided with
I‘mclliticu for modifying its own cperating instructions,
‘ devk‘lopmcnt of this, cn which a good decal of werk has been
e Cambridge in the last ycar, is concerncd with what
Ve come to be called "interpretive" sub-rcutines, beccause

€ instruct the machine about spceial interpretations to

QingiVOn to its operating instructions, For cxamplc, one
Um-iOt aside two storage locations, say 6 and 7, to form

real" and "imaginary" parts of an accumulator for

o :
nmp10X numbcrs, and thon provide the machinc with a set cof

! 1

YPuctions to interpret the single instructionsh p as
anlng "add the contents of p and (p + 1), regardcd as the
ﬁziland imaginary parts of a cecomplex number, into the

melcx accumulator! and similgrly for othcr cperaticns on

X numbcrs, For addition, this mcans expanding the

8
tructiono A p into the group of gix instructions:-
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R BoA pp tmaBe A T AN (DR 1) BT
instecad of carrying it out dircctly, and this opecration
of "processing" thc instructions boforc carrying them outb
is. the kind of thing which thc machinc does in fecllowing
an interpretive, sub-routinc,

Other interpretive sub-routincs have bcen drawn up
to deal with numbers cxprcsscd in floating-dccimal f orm,
and in ocoded decimal form, and for opcrations on doublc
length numbers,

In conclusion, it should bc rccordcd that a book
(57) on programming containing copics of all the imp ortant
sub-routines in thc library asscciatcd with thc EDSKE '
at Cambridge up to the boginning of 1951 has rccently bodh
published; this forms a very considcrable store of
knowledge and expericnce in this aspcct of the use of
automatic digital calculating machines,

Disoussich

T, G, ROOM - asked Why it is nccessary to specify
the transfer instruction T (n + 7) in . the examplec in
scction b,

D. R HARTREE - pointcd out that the only way to

alter the contents of a storagc rcgistor is to put noW
data into it, With systcmatic programming this presont®

no difficulty,

~
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In reply to questicns by ME. Stewart on the possibility ‘

°f saving machine time by reducing the number of steps in the 45
SUb-routine for addition, Professor Hartree said that by the i
Process given in scct1cn L, the machlne would take about two '
thirgg of a second to ada LO numbers; to work out a less Ml
3Jﬁl’aig)htf_o:m.vard reutine, which however would be quicker for
the machine, would take much longer than this, It is often
Nere economical to take advantage of the machine's speed by
Sing simple procedures which are easy to program rather |
than elaborate routines which might save second or minutes Iin
°f machine time but take minutes or hours more to program, i
lie, Stewart then asked whother it would be necessary in
“U0ing (say) 500 numbers to hold them all in the store,
‘mplylng, Professor Hartree said that if the data, instruct- b8
lons ang working space Were within the capacity of the itk
"chine, 1t was the usual practice to read in all the data I
ang instructions beforec the calculation was started, However, {l
e this was not possible it might be possible to arrange

Ao Calculation so that some of the data or instructicns, 1
OI‘bOth could be read in and used and other data or instruct- I i
Ons read in later, For example, in calculations such-as the I

aluatlon of sums x2, y2, zé, 058 ey eaien - XYyt Xy Vs !
e'°°--...., the data could be divided into blocks, each

W
h:Ck consisting of one set of values Of X, ¥y, Zs eesees The
8 in

QaPPied

4

one block could be read in from the tape, operations

out on these data, and other blocks subsequently

b@ﬁted in the same way, It is posgible to print out the
St for one block before reading in data for the next,

v In replying to a question by Professor Cherry,
ap ®Ssor Hartree explained the mothod of specifying and
Ung yinG out multiplication, He said two steps are required - it

%0 put the multiplier into the multiplier register and
€cona to carry out the multiplication. The instructions

uhQ g
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used are:-
Hn : Trahsfqr C(n) intoiMultiplier Register
V n Multiply c(n) by"G(NoR.) and add into
: Accumulator
N n Multiply =C(n) by C(M«R.) and add into

Accunulator

Professor Hartree added that other arithmetioc
functions are right shift, left shift, round off, so
called "logical multiplication" (also called "ccllation"
and "conjunction"), Logical multiplication is useful,'for
by this means some of the digits of a number (the firat
five for example) can be separated from the rest,

In énSwering a question by Mr, Blunden on the use of
the term "accumulator", Profecssor Hartree said that in
early machines there was no sharp distinction between the
accunulator used ag a storage unit and as an adding unite
At Cambridge the accumulator is in the arithmetic unit,

3 In concluding the discussion on:this paper,
Professcor Hartree pointed out that complex numbers could
be dealt with by gsing‘cng accumulator and two special
storage positions and said that a full account of this, .«
is given by Wilkes, Wheeler and Gill (57).

Vo)
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VI, Programming for the C.S.I,R.0. Digital Machine

by T. Pearcey

Professor Hartree (V) has discussed the principles of
Programaing procedures With particular relation to the
Cambridge machine, EDSAG. That these principles are fundamental
to the design of programmes is evidenced by the ir appearance
I programming processes for other machines, in particular
for the Mk, I Computer in the Division of Radiophysics,

Certain differences between the approach to programming
for this machine and that for the EDSAO are due to the

different methods adopted for cecding commands in the two
machinos. :

2
~_The Command GCode

The command system adopted for the Mk, I Computer is of

: Modificd two-adaress type, wherc two registcrs are specificd
?P the performance of an operation, All operations are con-
i:dered as transfers of numbers from any onec register, as
OQPCC”, tc any other onc register, as "destination',
®Cification of the source and destination occupiecs two
;Zrcssos. The main store is considcred as a single address,
%ioi third gub-address is included to specify which pos-—

o in the store is to be adopted if the store is called
0

i . , 3
88 ¢ither source or destination,

5 thA Command is transmitted scrially and its digits appear

fhgte qigit trunk in a‘prcscribod ordecr, reading from the

hst él;it dencted by b, through p,, D ctce to by the

thg vdlglt° Each of these digite may independently be given
8lues 1 or o..
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The following groups comprise the addresscs:-

P, to p5 gpecify up 't6-32 destinations

Dg to p%o " L 2 80UrGeB

., §0 Py g " 4024 sub-address registers
3] ; of the store

Oommands constituting a full programme arc held with¥
the main store and are adopted for use in a sequential
"manner unless a ccmmand specifies otherwisc,

Je Numerical Code

The numerical code adopted is the straight binary
scale, with negative numbers recorded as complements, A
special convention is adopted in the case of multiplicat~
ion, that the binary point bc between positions p@ and

Ppoe If & is the coefficient of the digit py, then p i8

given the weighting 2+J—20, and a number is recorded as
19 320
N = ;( 2
0 _1 .
Cij =0o0r1; j=4,2, — 19
19 )
and -N = 2 - Zj(Xj23-2o
J=1

The digit Pog thercfore occupies the place of a'Sigp

digit, 0 if positive, 1 if nepative,

i, Registers and Function Gatcs

; 0
To each of a group of computing rcgistecrs there ar

/.(_77
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A%tached a number of "function gates", These gates are
Specificd directly by thc code of the comand and subject
the incoming or outgoing information to numerical or logical
iransformation during transfer,

The main computing registers arc denoted by the letters -
§7°8, ©, D and Hs hea

Register A is the main accumulator and bossoésos, among
othors, thd function gates by which numbcrs may bec added in,
Stbtracted in or szstitutod intoc the register; and may read
%0t ang hold, read out and reset, and rcad out the Sign digit
°f the contents. Thesc facilifies arc also poésessed by
Pogistch‘C and D cxcept that of "read ocut and reset,

Registor B is h single stordgc rogistbr which can also
® Used to hold a multiplicr, whilst C holds a multiplicands
® %an also road out its sign digilt, :

’-Rogistor D can hold up to 16 numbers or words, the
positi‘on being dencted by suffices, Dj say. Register H is a
69 digit registor capable of reading and substituting in the

lgit»groups D, 50 p;.s OF p,; t0 ps.s 8nd reading out in
City 1 10 11 20 e SR
€r of the samc groupss
. Serially positioned commands arec spccificd by . a
“CQuencg rogistor", S, This is a {10 digit register opeorating

i
IIDOSitions Dyy t0o Pog onlyes It receives a unit which is

Caps

cuntod into its contente pricr to its use for seleccting a

Oy ' - *
mm“nd. It is also capable of addition and substitution,

8 An interpretor register rcceives the commands, and is

sbnblG'Of reading out its contonts in positions p,, to

. 11+
20 only, A

S

; NOtatiqg

A transfer is dcnotcad by an arrow nctation connected




. plies that that number is written into the p11 — p20

.

~dicatcd by & bracket notation surrounding the register

.arithmetical symbols associated with the appropriate

8lia

with the letter symbols denoting the transmitting and
recciving reogisters, The contents of a register is in-

symbol, and functions during transfer arc indicated by

registeorse.

An unbracketed number tc the left of an arrow im—

address position and that the interprcter register is theé
gource, Numbers in brackects dencte thec contents of the
corrcsponding store position, ‘

The symbols H, and H arc used to donote the "] ower

it = 1" 1 e of
group p1 p1o, or "upper group p11 p2.O functions
the H register,

For cxamples—

(b4 implics clear register A and rcad to i
the contents of storc 53 :

; g
(53)——;'A implies add into A the contents of ;gof

53—y A implics clecar A and read the number
53 P,y into it from the interprecter

6  Construction of Constants within Sub-routines

A frequent need is the use of special constants
applicable to a currecnt sub-routine. A number N2+
M2-19, where N and M are integers loss than 210 can be
compiled by means of the H rogister and the interprotc®
as followgse v

I~

o2

fn

&121
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B ————S——— e — e

(5 ey | il

Thus "M" is read into a clecared A register by the second _
“Omand, whilst "N" is read into the H registor by the first
Md i3 in offecct shifted to the Py = D, Position by the
Fhird comnand which adds M2™12 on to N2~ which is already ’
in

.l‘\.

Frecquently required constants are the Pog — p&7 group
°f digits,

< il |
L\\\§£gak of Scquential Commands fi11#

The gequence register. possesses the facility of addition, ,’
Sub& : |
VS t1tytion and counting,

A command may call for an immediate break in the sequent-
: Outine by substitution of a fresh number into the

e

Wence register, Thus the command

a1 o

. implies resct register S and substitute "a"
from the interpretcr

hg
¢ next command is obtained from position "n".in thec storc.

by However a relative shift of the sequential routine may
"de ¢ither forward or backward by the command

n :
=" 3 Implying add to the contents of S the number
"m" from the interpreter

o Thig advances - "m" positlons forward beyond the position
I o G ¥
1 Which the noxt command would have been withdrawn.

8y Conditional functions can be achiéved by use of tho
Sdigiy Sclecting gates on the registers A, B, C and D,
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These functions will be denotied by s(A) say, implying
rcad out the sign-digit of the contents of Aa
Thus a changc to positions ”n% or "m" dcpending upon
the sign of the contcnts of A can be made as followss:~
S(A)—% S
n ~—— 8 if (A) > 0, shift’ to command in "n'" ‘

m — S if (A) < (0 i it 1 IR

where -—43‘s denotes the counting function of Se

Usually the third command will be replaced by command?
continuing the programme, whilst the second will frequentdd
call for a rcturn to an earlier part of the routine.

“

8 Examplcs of Programmes

The cxamplcs to be discussed will be the samc as tthb
just considercd by Professor Hartrcc, First, the transfer
of the modulus of (4) to 6, or ‘

() |[—— 6.

This is performed by use of a single accumulator, if

and the cocunting and sign select functions' of 8§ and A

rcspectively, thus:-

Command position Command | Function

n () == A (4) = (L)

n o+ 1 g(A) ~—= 8 tost for (L) 2 O

S 1, =g if (b)> 0, shift
ton + 4

n+ 3 c(A) —=A¢ & if (L)< O, rovors?

gign of (4)

n o+l (pwrists o .

¢

% c(4) implics road out (A) and rcsct A.

1




A
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This short programme may be performed in other ways but

nOvaing in the number of commands is made.

In the second cxample use of more than cno accumulator
I made, This programme requires the summation of the contents
L a1y positions from 100 to 140 inclusive; and the sum to be
p1”00d in 170. A is the main accumulator; D is usod‘tc
Iefine the transmitting condition and 0, is ‘used to adjust
the Command which adds into A so as to trﬁvorqo the corrcct
"Quence of positions:

&§i3193 Command Function

n (n + 3)——0 sets adding command into C
4 Lo p 5 ——— Dy S0ts number to determine number
; 1 of cycles

2 (A el rosets A prior to starting

= (100) ——— A adds into A
LR +
A sy (3 increascs (C) by unity

|

R5 (C)~—n + 3  scte (0) in placc of adding
N . command

r 6 1 Pys —Dy subtracts unit from Dy
hy
; 7 S(DO) —38 tests sign of (D,)

H

8 i 372 6 ————; g repcats if « 41 additions
B : performed
9 ‘G(A)~v——7170 if 41 additions complotc clears
(A) into 170

% :

~8Ub-routines

gy Tt will bo seen that with the aid of relative shifts

te., X command to another, sign discrimination in computing

“Big
be tCPS etc, , many. short frequently used programmes can

D
4t into forms which are invariant.with regard to their
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position in the storec and oftcn also with regard to the
subject data. Such programmes arc callcd “sub-routines's
Thesec are distinct in the Mk,I computer from those
pregrammes wWhich cannot be put into a strictly,invariant
forms These latter are called '"routines'. A certain

saving in the number of commnands is madc with an invarﬁﬁ

form of programmec like the "“sub-routine',

10, Routines

Routines which cannct be put into a strictly in-
variant form arc dealt with as thc programme enters tho
computer, A spccial code numbcr follows the insertion of
commands which have to be adjusted and each code numb 0F
defincs the medification to bec msde, This is somewhat
gimilar to thc system of code letters used in the pundﬁﬁ

of EDSAC programmes on to tapes

11, The Incorporation of Sub-routines into Programme®

Tssential to the uscfulness of a sub-routine is i
casc of being incorporatcd into an cxtended programnce
The method adopted is to resecrve the D, 5 position for
storing the address to return to. This is donc by WO
comnands in thc master programme which rcads (8) int®
D55 and transfers control immediatcely to the head of ¢
sub-routine say m, If command '"n" calls for (S)———’pr
then n + 4 1s transferred to D15 as a rcsult, ’

The first command in the sub-rcutine "m" calls foa
the addition of 1 p,, to D, and the last command "M

say transfers (D,-) t0 S, i.ce n + 1, thus restoring
15 hus}

0

sequence to the next command following the breaks T
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Master Programme

Sub—routine

n-1, (8)—D,;

~ i=maD;

1
t

n+ 1, |next commend| ¢————n m + =z, (]t &

oo,

e L

m-—— S

— m
!
1
1

This needs only four commands, two of which are in the’

Of'ten used sub-routine, Other methods are available,

12, Components of a Full Programme

Routines and sub-routines arc stored as-a library cf
Punched cards.’ Usually one card holds one routine or sub-—

fCutine, At proqcnt oach card is punchcd in 01nqry f crm,

A master programme is compiled which arranges the
°0nncctions to ﬂnﬂ from routincs and sub-routincs. ctc. and
8 punched on cqrds in a similar manner. The nccessary
Library cards arc cxtracted from file and asscmblod in a
®Peviopsly choscn order and are rcad into the computcr. The

SCQuence of recading data is as follows:—

1, Primary input; of 22 commands rccecived from prewircd

uniselector units, This instructs the mabhino how to

assemblec data from cards,

2, Input ccntrol routine: of 16 commands, instructs

machine how to deal with any controlling code
punchings which follow. (c.f. EDSAC's letter cocde).

3s Sub-routincs follow .

Ly Routines inserted

5¢ Mastor programmec
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Bs Docimal data inserted or held in reader for use

during computation.

In tho last case the programme calls for decimal
reading and involves a decimal to binary transformation

routines

Discussion

D. R, HARTREE - drow attention to the following poift”

1. In designing any of these machines, thecre are tWO
stages of operation in the arithmetical unit at which on¢
could arrange for clearing of the accumulator to be cqrric
out, These arc immediately before putting a number into
it énd immediately after reading cne outs The former
choice means two bossible instructionsfor each arithmetid

operation, corresponding to clear and to hold, for

oxémple:— ,
a( 1) clear and add
a(11) hold and adad
b( 1) clear and subtract
b(11) hold and subtract
c( 1) clear and count
c(i1) heold and count, and so onj
whereas the latter choice involves only a single pair:-
LR read out and clear
a(i1)  rcad out and hold,

and so seems morc cconomical,
2. With regard to programming a jump by a Spocifiod

number of places forward or back from the addross of thov
current instruction, some machines have differcnt instru




e

lons for an absolute Jump (jump to a specified address) and
% Telative jump (jump by a specified number of places), but
this 48 not necessary. Another method of effecting a relative
lamy’ 45 o add the amount (positive or negative) of the
Jump to the content of the sequence control register; this
PGQuires'facilities for transfer of theg content of this
"egistcp to the arithmetical unit,

3« The meaning of the term "program paramcter" appears
50 b intorpreted differently by the C.S.I.R.0e group and
the group at Cambridge. At Cambridge the "m" used in
Sz)ecifying the start of the set of instructions to perform
fie Calculation such as {C (6)| to L4 1s not called a
ZwEPam parametoer but a '"pre-set parameter!", Its value is

P

:mwn beforc the calculation is started, However, where a
glue of a parameter is inserted into a sub-routine in the
¢ EL LI
;Jgﬁg_gf the calculation and not in recading the tape, it

18
k'n wll dS a ”[)I’O}'I‘dm ‘){‘lI‘clmCtCI‘" SCC !'(A('. 53 .
- J L

J. C. STEWART - pointed out that in the examplec d emon-

" Yed on the C.S.I.R.0. Electronic Digital Computer the
%Pintin{r

Stra

£ time was about 15 times as long as the calculating
‘Jlm . »
© and agked whether that was typicals

lw%Ti_EEQEQQX - said that calculating time is surprisingly
Mmién a high speed digital computer, Printing is normally
th €d out as the calculations procced, In the demonstration
: Drinting appeared slow because thoc calculation was such

1y
imy] g one,

SMHQ:SWOPing a further question from Mr, Stewart and a
nmwm;? one from Miss Turner on what kind of checking
HQLPOISmS were used in the C»8.I,R.Cs machine, he said that
Qmmp Vision had been made for automatic checks, Program

]

Ls .
b 88 well as automatic checking mechanisms have yet to

A
MGm s
“lemod, The teleprinter wWill cventually be used more
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for checking than for printing final results as this will

be done on punched cards.

D, R, HARTREE - pointed out that in using a hand
machine checks arc made and this 1is equally nccecssary with
automatic machines. Checking procedurecs are important and
need to be nrogrammcd, However, this necd for checking muSt
not be taken to mean that automatic machines arc unrcliabd

The EDSAC has operated for hours without electrical or.

mcchanical brecakdown,
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VII. Automatic Calculating Machines and Numerical Mcthods

by D¢ Re Hartrce

L . Some differcnces betwWween calculations done by hand and
with an automatic machine, '

Although it will usually be posgible to program for an

A0tomatic machine the method onc would adopt in doing a cal-

Culation by hand, this method may not be the most effective
o use on the machine, This arises from scveral differcnces

bG”GWe'en calculations done by hand and donc with ap sutomatic

Maching g~

(1) The different balancc between the time reguired
0 plan a calculation and the time takon to carry out the
dithmetical steps of it., In a hand calculation it is often
W?rth spending some time working out special procedure to
Save arithmetic, whereas the automatic machine carries out
“Tithmotical operations so fast that it may be more effccte-

Ve t0 yse a large number of steps of a calculation involv-

°C & more complicated procedurc which might be preferred

8 simple proccdurc rather than a small number of steps

°® 8. hand calculation because it reduccd the amount of
a .
Pithmetic to be carricd out,

(ii) The finite capacity of the storc of an automatic
as compared with the indefinitely large capacity
°* the work sheets of a hand calculation, This is another
s;;SOn for preferring a large number of repctitions of a
Gompl? procedure to a small numbcr of repetitions of a more
SDapllcatod procedure which would requirc a larger storage
nmt;G for instructions, It alsc suggests a prefercnee for
iny °ds which are. strictly repctitive over methods which
_Olve occasional use of special proccdure for which a
“Clal set of instructions, and space in the store for
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thew, would be recguired, For eoxamplc, in some methods for
the numerical integration of diffcrontial'équations the
procedure for starting the intcgration is diffecrent from
the procedure adopted for carrying it on oncc it has got
under way, and a special prccedurc is nccessary if the
interval of integration is changed. This is no disadvantag®
in a hand calculation, but all the special proccdures
occupy storage space in an automatic machine, In & machin€
with an adequate auxiliary store this will not matter; it
is only serious in a machine with limited storago capacitys
' and even then it may not always be a serious difficulty,
since although the normal practicec is to read in all the
instructions first and then carry out the calculations,
it is possible to read in one group of instructions, carry
out the calculatiocn specified by them, and thon recad in
another group of instructions and placc them in the store
in the locations previcusly cccupied by the first group
(this is called "overwriting"); any special procedure
required to start a numerical integration of a dif’foron’ﬁia1
equation could be handled in this way., But there may be
other reasons in particular cascs for preferring a strictn
repetitive proccdure,

(1i1) In a hand calculation therc are advantages 3

4
working with simple numerical values of some of the quaﬁ“ﬁ
ntﬂg !

involved, wherecas with an automatic machinc thcse adya ]
3 i

often do not occur, For example, in cvaluating S? Ox ax
would be an advantage in a hand calculation to d%c simplm
and equally spaced, values cof X, such a8 x = 0(0s1) 1-“?
first because of the chock on the values of the integral
provided by their differcnces, sccondly becausc. of the
numerical adventage of the simple value s x = 0.1 for the
interval of integration, and thirdly because of the 5 4m0%

values of x> (which could probably be written down frof
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.
<
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Iemory, withgut doing any calculation) and the fact that the |

Values of e* for these values of x2 could be taken from a Uit
able without interpolating., But with an automatic machine il
®he would probably use a sub-routine to calculate e¥ from
Vy for example by means of the series, w ithout using a ' il
table, ang this, and multiplication by the interval of | “7

integration,is no simpler for one value of x than another;

M3 there are other means of checking, so that there is no

reat advantage in the use of simple numerical values of

%o Consequently methods which involve the use of values of ‘

* Which have not simple numcrical values, and are not l

fCcossarily cqually spaccd, and which arec therefore un- |
%tractive for hand calculation, may be quite practicable

00 an automatio machine, and may be preferrcd if they offer

%h@P advantages, In particular for integration of a given it
Yunetion of x the Gauss mcthod (ref. 53, chapter VII, |
8o, P-159) which offers the highest accuracy for a given

Wher of valucs of the intcgrand, becomes attractive,

(iv) Differcnces in the kind of mistakes that may be
r%dﬁa and for which checcks must be deviscd. Any calculation,
Meyey performed, nccds checking, and the devising of
d“Quato checks is as much a part of planning a calculation
i d0V181ng means of carrying out the calculation itself;

FLS appliecs ecqually whether the calculation is done by
Jdnd or

o, by mcans of an automatic machine, Further an overall

oSk done on final results is usually inadequate cxcept

8 caloulation so short that an automatic machine would

lo ably not be uscd for it; a current check is wanted, or
“9Pies of 6 urrent checks, to ensure that no mistake which

nh‘d Vitinte subscquent work is left undetected for long.

“Chs may depend on the kind of mistakes which are likely



to be made, and thecsec may be different in calculationsdone
by hand and with an automatic machingc, For cxample,.a numbcr
written into the "store" (in the form of the work shect) of
a hand calculation will not change while it is stored

(though if written badly it may bo misrcad when that numb¢
comes to be uscd lafer), whercas, with some forms of stoXf
used in automatic machincs, the content of a storage
location may changc 'as a result of a defect in the st oragd
system,

Purther, the programming, as well as the arithmetios
needs to be thoroughly checked, and, as already CXplainOd
(v, B3), this should be donc by some mcans that does nob

involve an extravagant use of machinc timc,

24 Integration of Ordinary Differcntial Equations

; I have already mentioned (I, p12), the frequent
cccurrence of differcntial cquations in the quantitative :
trcatment of a wido range cof scientific and technical ¢
problems, and the consecquent importanco and range of 0
application of methods of evaluating sclutions of such

iy
cguations, J 1

2

For a first-order equation, or sct of simultancouf

cquations, a method of the Rungc-Kutte type has been W@&ﬁ 8
out by S. Gill, (19). For a single equaticn dy/dx = f("’y b
the general ideca of this type of method is as followSs i &
Suppose the integration has becen carricd to (xo,yo) and © A
is requircd to carry it through thc inteorval n from i g
X ='xo to X = x1 = X, * h; a number of intermediate qwm ?0
Too T2 Jg2 oo are calculated, for example:- :E

iy
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ya = yo + 12' h f(xo’ ya) ‘
|

= + 2 h [£(x + £(x_ + th, ¥ ndid

¥ = Vg T s [ (%49 Vo) : ( DR =7 yoﬂ il

Vo = ¥, + b £(x_ + %h, yc) '

O]
Q
Il
O
o
+

3B [E(xg v,) + £(x,5 ¥,) 1 5
hepg Vor ¥y Are approximations to y, end a botter approximat- '
lon can be obtained by forming a linear combination of y_
and yd' : |
Methods of this kind are unattractive in many cases
for hang calculaticn, because of all the interpolation or
*tleulation involved in finding the scveral valuocs of i
f(X,y) required in integration through a single’interval; |
M0thods based on the usc of finite-difference integration
fOPmula are usually much more practicable, and easier to
Bsck, Byt a mcthod of thc Runge-Kutta typec may be very
“Mvenient for an automatic machine., The method Gill “has
l'vor"ked out for a sct of simultancous equations dy./dx =
fj(xay ...yk) involves thec use of only three storage
Ocntions for each equation, one for yj,.cno for dyj/dx

:m One for a sct of intermediatc quantities which can be
g

hQPCG successively at thc same addrcss in the course of the

integrati_on through oagh interval, The truncation error per

FmQQPVal is of order h”, and I know. no other method as
Urate ag this which neceds as fow storage locations per

giﬁti°n° This method has the further feature, which may in
..~ %@8es be an advantage, that the calculation for ecach
iopVal is independent of that for any other interval, so
1ﬂt therc is no ncccssity for a number of successive

“TVals to be all the same length, as is necessary for

mOat

Methods using finitc differences.
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For second-order equations withr the first derivative
absent, use of the formula (in central-difference notation)

2 2 \ 2!
6°¥o = B[ ¥o" + 11.-2-6 Yo - -2-&56“%"] + O(n° )

provides a very convenient process, and this 1is onc case in
which a method convenient for hand calculation also forms

onec convenient for an automatic machihc.

Rs As Brooker of the Mathematical Laboratory, Cambridg’
has recently made a study of varicus methods of using an
automatic machine for the determinaticn of the roots of |

polyncmial equations,
n: n
agk  H a X + 85 3 e + a X+ e = 0

and this section is a summary of the methods he studied

and his conclusions.

(a) Bernoulli's Method

Let a set of numbers Vi bec related by the receurrenct

relation

(2

aoyk' + ay + 8.2.7

175 =8

- B see *+ 8 y -*,'..‘r Y
k-2 n=1%-n41 ¥ “nfic-n

the coefficicnts being those of cquation (1). Also lotb

=~ &

V}k
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e, Fz ves +vs Do tho roots of cquation (1), arranged
in order of |z|s Then if ‘equation (1) has no multiple roots, il
the general solution of the recurronce relation (2) 1s

i = Wi CpihrE Sy s : (3)

ang el 2% | is appreeiably greater than[? |, then for &

€feater than some not too large value, the first term on the
Idcht_hnnd side of ' (3) will bc dominant, and then Ei is

8iven approximately by ’

E.= Tt/ Y

This'process fails when the'equation has-two dominant
0ot « of cqual modulus (for example, a pair of conjugatc
S0mp Tex roots) but ean be extended to deal with this:case,

The further extension to deal w ith the case of a number
i Oots of cqual, or ncarly cqual, mod ulus iu compllcntod
ng involvos a number of Special prococurcs, qnd from the

D
“lng op view of an automatic machine it is long and incon-
"enicnt,

(b) Root-squaring method,

iy This consists in forming successively the equations
waU Toots are the squares, fourth powers, eighth powers ...
thoge of ecquation (1) The cocfficients in these egquations

Qg
Cine large if the root-squaring process is repeated eight

Op
m‘ten times, and if all the roots are rcquired it is

Q
°88ary to rotain all the coefficicnts cven though their
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magnitudes may vary over a range of 101009. This can only
be done.conveniently if the coefficicnte arc kept in
floating-binary or floating-deccimal form, of which the
latter is much the most conveonient for output purposcs
and involves only a few cxtra instructions for arith-

metical processes,

The method determines the moduli | of tho roots,

Hj|
but leaves considerable ambiguity in their arguments,.

However, if.¢ 18 a ocnstant, which may be given any con-
venient value, and z = x - ¥, the machine can be used 10

evaluate the coefficients s in the equation for z:-
0 A e o + C ZE oLy Ol (M

and the root-gquaring process applicd to this equation
gives the valucs of]rjhyl for the roots of eguation (1)
This ‘can be donc for two differcnt values of Y, say ¥,
and Y, ; the roots arc then giveon by the triple intcr-
scctions of the circles in the x-planc with the dctcrmin&
values Cf]”jl»1?-~.x1[ and | .~ v ’ or by an cquivalmﬁ
JEGDN J 2
arithmetical procesg,

(c) Modified Newton-Raphson mcthod

The Newton-Raphson mcthod for the recal roots of ab
cquation f£(x) = 0 is an iterative mcthod depcnding on t89
formation of the soguence (x,) defined by

C
=

xk+1 = X,k: - f(xk)/f'(xk).




e
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It can also be usedhﬁo find the complex roots, provided
?hat the process is started from a compl§x value X5 (this
broviso is unnecessary if the coefficients in equation (1) |
are complex). Brooker modifies this formula by writing f"'

ka' =x - p £(x) /' (x) | | (6)

and mgking p adjustable in the course of the calculation
ACcording to certain criteria; if these indicate that the .
Yalue of xk+;given by formula (5) has overshot the root,

‘hen o value of p less than 1 is taken in (6);.if the

®Piteris indicate a sloWw convergence with p = 1, a greater

Valye ig takons It i8 of interest that—(6) is a second- ‘ !
®der formula for a root of multiplicity pe , L

(d) Minimisation methods

'AWe can attempt to find a solution of the equation
Sl (where z = x + 1y) by starting from some
?Pbitrarily chosen value of z and making successive changes
"1 X ang y alternately in such a way as always to docrcase
]i§2?|2; it can bg shown that if f£(z) is analytic the only
ima of |£(z)| © are its zeros, and these are the required

o
°0ts, This can be applicd in particular to polynomial
Qquations.

B Another way of finding the minima of ]f(z)]z is to

. OW out approximatcly a.curve of "stocpost descent" of
OQS function, that is to say, to make succcssive increments
If(:;P%ch in the local direction of maximum decrease of

5 Brooker has tricd all these methods on thc EDSAC and
m v ’
¢ to the conclusion that the medified Newt on-Raphson
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process: is the best as a practical general methed for an

afomatic machine,

L "Monte Carlo" processes

The term "Monte Carlo" process has been used to denot®
2 method by which.a statistical sampling process is used ©°
obtain an approximste result for a numerical problem which
is - not in itself statistical in character,

For example, suppose f(x) is & function such that
Of;f(x)6'1 for 0 x4, and it is required to evaluate
;f(x)dx (see . fige 1)s Let (x,y) be a:pair of random
‘ﬂﬁmbcrs; then if y - £(x) is positive, the point (x,¥)
docs not lie in the area representing the integral to beé
cvaluated, whereas if y - f(x) is negative, the point
(x,y) does lie in this area, If we take a large number of
pairs (x,y), randomly distributed, then

Number of pairs for which [y—f(X)]

Arca representing is negative - (e
Sf(x)dx Total number of pairs
approximately,

This is not a method which would be adopted’ for 4
cvaluation of. a single integral, but might be wvery efchtﬂ
for the evaluation of multiple integrals; it has been
cetimated that it might be the best methed for n-fold

integrals with n greater than about 5,

Another example is provided by various applicéﬁionsﬁ‘
‘1

of a "random walk" process, Onc such process is as £0110




i
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FIG.|. EVALUATION OF /o'i(gg)dx BY THE

“MONTE CARLO” PROCESS.
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4 point moves by successive steps of length a in the

(ny) plane, steps from (x,y) to (x i a,y) and to (x,y & a)
bOing equally probable, uncorrelated with the dircction of
the previous stops and being takcn at equal intérvals of
time t. The distribution of the prdbability of the moving
Point being at differcont positions of the (x,¥) planc after
D ateps satisfios a finite-difference form of the heat con-

duction equations—

et a8t | (7)

.

This can be uscd to obtain approximate soldtidns of
the random walk prcblom, On the other hand, rccognising
e relation of cquation (7) to the random walk problem,
"8 might vy to calculate a solution of oquation (7) by
Lvﬁluatlng cnough randomn walks to form an adoquaﬁo sample,
"8¥ 10,000 Wwalks of 1000 steps ocach,

) These are simple examples, but. they illustrate two:.

(1) To obtain an adequate sample, a large number of
C o
;‘U“ have to be cvaluated, and one would hardly contemplate
®ing g calculation on such & scale without the facilities

7]}_
‘ich an automatic digital machine provides for doing it.

(li) In order to be applied tc such a calculation,
© Machine must be provided with cithor a table-of random

Umb ¢ :
b epg or means of generating them,
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Discussiocn

Ts Mo CHERRY - rcferred to the importancc of
calculations in the complex domain and said that he hoped

designers were giving adcquatc attontion to this matters
Hc was conscious of the fact. that complcx numbers could
be reprecsentcd and manipulatcd in standard machines by
appropriatc sub-routincs, Profcssor Cherry then commented
on the mattcr of checking and pointcd cut that checking by
programming the problcm feor socluticn by a different mcthCd
was standard practice in most computational work,

Je Ce JAEGER —~ s8ald that his main interest at this
stage was with the effect of the high-specd automatic
machines on computational methods gencrally and he was

also anxious to hear some cxprecssion of opinion on the
future scope of hand calculating machines. With rcgard

‘to his first point hc added that in his own view it
appeared that the newtmachincs would cncourage more study
and rescarch on iterative mecthods in numerical mathomﬂtiw'

D, R, HARTREE - in recplying tc Profcssor Jaeger's

second question, sald that as yct it was too carly to
forccast accurately the cventual role of the various typﬁ
of calculating machincs., However, he expressed the opiniw,
thét the advent of new Past machines woculd open up Sorwm
new fields that existing machines wculd bec required moré i
than ever, Most cexploratory work will still be done b¥ o
machines, Punched card machines have specinl fields of

usefulness in particular problems requiring sorting,

De M, MYERS - in ccntinuing the discussion, point‘}d

: . 10
out that when mathematical cquations arc brokcn down iP
a form suitable for a digital computer there will be &
requirement for the computer to deal with exponentiald?

th,
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Teciprocals and so on which involve division, Multiplicatisn
With' binary digité'Cah be achieved by_repetiﬁive addition

together with inbtructions to shift and to examine individ-
Vel -digits of the nultiplicr, It can be shown that division

_1n the binary form can be carricd out by a somcwhat similar

chucncc of instruct1cn and comparauwvoly 1ittlc cxtra
SQuipment Jould bc roquwrc@ to do this automatlcqlly. In
Spite of this, in the EDSAG foricxamplc, designers and
Othepg lcave division to bc.programmecd, Profcssor Myers
A8ked professor Hartrce if he would comment. on this and
s explain briefly thc methed of prcgramming a division,

Ds R, HARTREE -~ said that thc question-of putting in
% division unit was an ongincering ono, and, apart from the
DurDOSo of Bimplifying the cngineering, he did not recall
hy cne had not been incorporated in the. EDSAC.

Professor Hartrcc said that there were a number of
ncthcdo of programming a division and ccrtain divisions
Yere better programmed by cnc than ancther, He could not

Ifeﬂll them all in detail but, mcntioncd 8, PECUrrence
1ﬂt10n uscd for calculating a reciprocal,:The reciprocal

: & number "a" may be cbtained by successive cvaluations
e

T et ST )

fy For caleculation of cxpenentials use could be made of
5
felationship
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N moro gcncral1y used method is illustratecd with

~the circular functions, For VAT 200 deoimal digit
_accuracy is given by the first 17. tocrms of the Taylor's
scrics for sin x, If only a limitecd range of x is requl
an cxpresaion of cqual accurnoy with fower terms is gl veP

X

I’GGJ

by an expansion in Tchebyscheff pelynomlals
-
T,(x) = 008 (n 008" 'x)

T, PEARCEY -’ added a point to the discussion on tho
cmployment of division units when he peinted out that
complications arisc in the dctcrmination of the binary

point when divisions arc¢ being carried cuty

R, T, REYNOLDS -~ said that certain I, J M. machine®
carricd out division 1utcmnti0ﬂ11y by the method suggos’G

by Profecsgor Myers,

Mr., Rcynolds took this opportunity to point out @
misundcr%tnnding in the use of the word Hollerith in
relation to punched card cquipment. It is in fact a T
name used for onc mqu of punch card cqulpmunt and nott
be confuqoﬂ with cquipment such as that producecd by To D

ad?

g

for

X
§
D
f
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VLT, Programming for Punched Card Machines
by T. Pearcey ,

Before discussing punched card methgds, I would 1ike
to bring to your attention certain of the multi-register
eQuipment_kindly exhibited_by some commercial organisations,
Hos+ of the devices contain é number of registers easily
Capable of accumulat ing information transferred to them,
USually about six registers are available, In mecst cases a
Single extra register, called a 'crosg=footer! is capable !
°f subtraction as well as addition, and usually a number
%N be transferred and added to the cross-foot register
feom the keyboard or from any other register, and thence
tI"amt‘!ferred, added or subtracted, to any other register,
Du?ing this process, printing of the transferred data can [
® made and the transmitting register may either reset or
flot 88 desired, A sequence of such operaticns can be set
® ang is put into the machine as a programme cf action
¥ Suitable shaped "stops'" placed along a "control bar",
b Operation can usually be made automatic, as will be
“Sen in the "Sunstrand Model D' shown,

o The "National Type 3000" is a six register machine,
ich ig capable of transmitting out cof any one register
g Teceiving and adding into any group of the other five
egisters. In partidular two of these registers can sub-

fact ang thereby act as cross-footer registers, A

%ramme op operations is provided ‘in a non-automatic

::hion.'The reception of data is determined by the

hhangement'¢f "stops" upon a ”control bar', whilst the
Bmisgion and transmitting register is spccified by the

SV s S i

Pation of deprossing certain koys at each stage of the

0

gramme. Whilst not fully automatic the number cf programme
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steps required to arrive at the same arithmetical result
on this type of machine is ccnsiderably less than on any
other multi-register machine., The two National machines

exhibited are set up to perform the acts of differencing

and sub-tabulation,

The "Burroughs M 200" model exhibited is a six
'register device with a single cross-foot register, It als®
posscsses the facility for multiplication, and has the
advantage that all functions can, for test purposes, be
made via the keyboard with a skeleton '"control bar', The
inclusion of a multiplying device improves the flexibility
of the machine, The model exhibited has been set up to
tabulate the solution of a second order differential

equation of the normal form:

DALES P(X)Y =

using. the difference expression

on [5'2 ilgges ~ T - —,}05 Y"]

3 1"t 1
in which §2YO is extrapolated to get a Y and corrccted
on ppmpleting the cycle of computation, Nc auxiliary
machine such as a Brunsviga is used, ;

The availability of & multiplying device extends B¢
effective use of a multi-register machine greatly, ﬁnd
experience scems to show that whilst six registers is the
best capacity for machines without multiplication, the

inclusion of a multiplier raises the capacity POqulPCd

about ten rcgisters,

=2 o°
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_One particular modecl of punched card machines must be
Mentioned; that is the newly arrived I.B.M. type 602 A
Calculating punch, This decvice has been designed largely
for scientific work., It contains 80 coun%ing wheels and
Cight 12-digit storage rcgisters and is fitted with fully
futomatic multiplication and division functions. The next
Important featurc of the device however is its programming
Propertics, which follow the principles of programming,
doqlt with this morning.” Following the feeding of a card
814 thc conscquent reading of data’ into rogisters and
Cunters the machine passes through a sequence of separate
Stages known as "Progfammo steps", During cach programme
Step calculating functions arc performed in & manner con-
trOllod by the setup of an electrical comnection plugboard,
Wolye such stepe are provided for in the machine; but the
&Vice is so flexible that, following a card feed action,
My one of the twelve steps may be called up, after which
the functions arc traversed in sequence until a further
targ feed action is called for, Programme steps may be
ékippod and rccalled at will, and the number of steps may
N effoct be increased far beyond the twelve steps provided

v Calling elecectrical rclays into action whose contacts

g Plugged to have the effcct of rearranging the plugging,
™3 thys the Punction to be called in the Following.stepss
hus, at step 12, rclays may be called.up and step 1 may

® %alled to follow, and as the steps 4 to 12 are traversed
S€eong time, fresh functions are ﬁrovidcd by the ncw

8te of the relays. called upon on step 12, and held for

Q

® following step. This device is important in the
VO1°Dmont of low speced automatic computer, and is immensely

We
Crful for purposos of automatic computation.

o The example which has been set up on thc 602 A machine

b g the property of reccalling programmc steps, according




to a condition of thc results of current calculations, I

will be secen cocmputing square roots by a well known

iterative process,

Bppy = %(Xn + N/Xn); .t (Xﬁz M =0

n=0

A number N is fed via a card, and N/2 is used as the
first approximation, X, to the squarc root, By a divisio®
and addition and a multlpllcation by + the next ﬁpproxﬂmt
ion XKoo 4 is found from an approximation Xn whence Xﬁ o %
is calculatcd, This is negative unless Xn T Xn whence .

_the seguence may be- stoppede This discrimination on the 57
of a result dccides whether or not the result is corrcctﬁr
is to be punchcd; the cocunters then being reset to zeros

the next card fcd,

el
To procced now to punched cards in particular, I gha?

try tc indicate to how much detail a computing problem
must be considered dn 4ts relation to the availabile opail
jons provided by punched card machines and by describing
in detail how to do what appears to be a very simple coi=
puting jobs The sequcnce cf opcrations may appecar s omeWhe
complicated but is not so in practicc once the operator

gets familiar with the routine,

I must first discuss the particular features of
punched card methods and thc functions of tHe machine®
themsclves, and my rcmarks will qpplv in particular to ¥

machines uscd in the Division of Radiophysics of the

CeSeIsRaOs /
o

A punched card computing system c onsists of a gfmm
separate and distinct machines, Bach machinc is dcsignc
to perform a group of functions and the actual actions
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Which it performs are controlled by the network set up on an
Slectrical plugboard, The plugboards are removable and by
reDlacing one by another the functions of any one machine can
quickly be readjusted to suit different needs, The standard
Machines were originaliy designed for commercial accounting

puPDOSeS, but have recently been taken over and adapted to
SCientific comput ings

A card about 8" x 3" in dimensions is punched with
uiﬁably pos it ioned holes to represent decimally coded digits,
ang up to eighty such digits can be held on one card, A single
tarq thereforc acts as a simple store for information which
"8Y be transferred from one place to another, More than one
W ¢ can be punched into any one card, but it is usual to
Mace closely related data on the same card,

Consider for example a file of cards used to represent
tabulated function, Thus suppose a table of the function
X) of the independent variable x be recorded at intervals

=0 tox = {1 say at intervals of {0"2, We should’ punch the
Mt ¢ 1, Oy 15 25 eesesnse T0 1000 corresponding to x.40°

fach of 1004 separate cards in the same columns, say
1y 2

Y » 3 and 4, Then on the top card we punch the value of
0)

» the next £(0,001), £, say, and so on to £ 000 88 * =1

tm:he same columns from L onwards,zsayL We could also punch

e Sven ccntral differences say Sn ,S on the card

ulignatod by n in the first four columns, snd the file could
% be useq for purposes of 1ntcrpolat10n to values of x

84 ng between the tabular entries, Such a file of cards is a

Ore of a function table and is called a "master file",

70 come back to the machines; the function of each
S ne i5 ¢ acccpt a card frcm a file provided to it and
thperfOPm a limited but controlled scquence of acts upon

8 held on the card accepted, and then to feed another

¢ dag
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card and repeat the performance and so on, The action of
cach machine might be likened to the traversc of a sub-
routine of a largem programme over and over again, Thus
the machine performs the specific functions, cften repoatcm
of the nature of sub~routine functions whilst the human
operator who removes or replugs plugboards and passes file®f
of cards from one machine to ancther has the effect of
connecting sub-routines together in a pfcscribod fashicn
particular to the full computation, and thereby take the
place of the master programme in an automatic computer,

Thére is a striking difference between the use of
groups of punchcd card machines and an automatic computcre
and that is due to the fact that a card once passed throug?
a machine cannot be recallcd, and that it is economical 19
pass many cards through a card machine for each plugboard
setup. Further the amcunt of effective storage on a card

file is unlimited,

Thus, because in an automatic computer the storage
capaclty is limited by the size of the machine, a length¥
computation would be made by pd551ng'ihhcdlatcly from oné
gub-routine to another until the final result is Obtolncd
and then recommencing with fresh data, This cofrCSponds i
working with pencil and paper and desk machines in a
"horizontal" manner over the worksheet. With punched card
machines however, a 1argc block of data stored in a
sufficiently largo card file is dealt with item by iten w
a strictly repetitive manner; this correspcnds to worklng
"vcrtlcqlly” down a work sheet instead of ”horlzonta11Y'

Any computation must be moulded into a form for
punched card work, so that "vertical" working is pcsslbl 0
As an example of how this affects the approach to a pfobo
consider the solution of a set of differcntial cquation?

2

4
W,
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Of the form

1 %% + ¥y, n) = W(x,pn)

Where ¢ gnd ¥ functions not necessarily linear in y or x,
i0d whore N and u.are parameters, for a range of which
Solutionsarc required. Normally we should treat cach
Paramcter pair scparately, and solve each equation: by step
oy step processes, Suppose We require 50 values of )\ and

100 valucs of i that is, 5000 solutions, a fairly large
tasyk

: We should treat thesc by punched card methods, all at

he Samc time, We should construct tables of ‘the functions
-Ang

Pango

: ¥, for the various values of % and L over the cxpected

of y and X, on cards in a‘'manner described abovcs
could frequently be computed by punched card machines
hcmselvos. Then we could select from these tables the
ppl"Oprlatc value of ¢ and ¥ for the various values of A
5
nd p in pairs at the commencement of a step of integration,
qlculate I . ¢pand mu1t1ply by Ax, the interval of x to ob-
aj :
0 increment in.yJﬁAYJX for va}ues Ay s uj
| ’ ) A a vk
M EE A;Y Ax ﬂvr(xnu ( )
i ik ' ) ( Tk N )]
5 g | , 3 J Kk’ 4

Qn+1) (n)Re e i)

il

1l

& i |
h} 5000 cquations could be treated for a single step of

wcigrﬂtion at the same time, chctition of the procoss
Qg

o
continue tho intogration.'

Turn now to the actual funcﬁionslﬁcrformcd by the
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punched card machine,

2e The Sorter

sorting is an essential feature of punched card
manipulation, since the data on one card is rclated to 8¢
data on one or mcre other cards, and the data must be
J arranged in a prescribed order so that a regular sequencd
~ cf action made on the contents of the top card can be
directly related to similar actions made on the contcnts
of the next card and so on, The sorter has a device which;
accepts a card file, card by card inspccts the digit pund?
on a prescribed column and passes each card into one Of1
pockets according as the punched hole corresponds to a o1
0 -9 or X o Yo These last two punch positions lie abovl
the O position, By ropcated sorting and handling a file O,
sards may be ordered in ascending or descending scquoncoo
the data in eny one field of columns.

e The Reproducer

The reproducer is a deV1ce whereby selcctcd data fri
onc card filc may be transferrcd card by card on to @ 50;
card filc, It is provided with two independent card fcodh
hoppers -~ onc for reading and one for punching, Scc flg’
Cards arc fed in similar positions from both feed statio

and pass under control reading brushes which deteet tho

presence of X punches. Such punches may bec used to cOntr
functions at lator times., Cards A,A' pass on to B,B';
that on the reading side passing through an 80 columi
reading station and that on the punching side through of
80 column punching station where punching takes plac®e
The cards then procced to G,C' each through a rcading
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o 2 ' 5} r? o
“tation, and thense to the output. stackers. Cards arc fed
‘0h+inuoua1y and at any onc time cards liec in all positions

B ] iAo
v and; AdBLat,

(T‘

A11 brushos and pﬁnchos arc led to a plugboard Where
hmcrwiring between brushes and punches can bc made, Thus
by Wiring‘tho brushcs‘roadlng a ficld in the final reading
Station via‘the plugvoard To any ficld in $ho punching :
Station, data 1% aunzvomatically $rsmsferrcd from the ficld of
the eard passing thiough the roading siation and is punched
"o the card under 'the punching ntau¢ov Norma¢¢w the
“Ceong reading and punch reading stations are wired %o rcad

E‘\‘ L 2 . ) -
ad Comparce and thuse to detect orrors’®of transfor,

A valuable featurc of the device is that data may be
A ) i o ‘
“Sembleq from a scquence of reading station cards onto .
DUPcH .

L=

ct

ation cards, Thus if a.card.file is sortecd into
qublbop tho n-" eard containing £ say, and we wish %o
?"Cmblg fn+1’ fn’ fn—1 on to a single card for cach value
i‘n thcw We may rcad fn frem the second rcading brushos

o

5 ) tho punches, As £ is punched 80 fnm1 which is puanched

o the prior card by thc same action, is rcad at the punch

:ﬂd"hg atation ave transferred to the punchess Furthexr

:“H mgr'iu IUWO a4t the Tfirst rcading station and., punched .

5;: Cventually f1+19'fn, rn ) is punohcd'ongo.cduh cards
May be scxtended o greater groups of data,

T’:'\ 0 - oA
~~1Ihe goliaton

s e - —
iy Somotimes it is necessary te sord u”O 1’W¢H cf cards
8] .
8¢ , ] ol
8y tnhf botl’ of which contain valucs of a wvarisbilc Mx"
oo O :

s L the fields are choscn s© as to coincide the sorting
N
u) n
G i “iciont’, This coincidence of fieclds is however not
Ays - : ;
fy " Bossible or convenient, in which case the collator

Cog ' T
®C8zary, The collator provides primarily the Tunction
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of merging two card files., This is dcne by rcading a des-
ignation from onc ficld on the top card of the first or

primary file, and the corrcsponding field from the top car!
of thc second or secondary file possibly from a different
sct of columns, Thc valucs arc then compared one against
the other, The collator may be plugged so as to feed prilnﬂry
cards whilst thcir values arc less than and possibly cqll81
te the next sccondary valuc, and to feced scoondaries whifb"'lG
their values arc lower than the ncxt primary and so on.

This forms a uniformly ascending sequence cut cf the two
secparate packs, Each field must be previcusly sorted in

order of the variablec,

He The Tabulator

The tabulator is the main computing device, In oul o
it posscsses six counters. Each counter can accumulate fch1
a card, as a card is rcad via a palr of succesgively plﬁw
80 column rcading stations. Following onc or morc card fo@é
cperaticns a sequence of internal functions can be pcrfoﬂw
usually a succession of up to eight steps, During cach Stw
a set of additions, and/or subtractions between selocted
countcrs can take place, according tc a plugboard set-up¢.

In our casc certain medifications have been made PY
which thc stcps may cxtend beycnd cight,may be recalled
or repcatcd ecither indefinitely, or according ‘to the pig?
of the content of any counter. Ccunters can be made t0 3@
into themselves, This may bc dene on standard machines:
although to simplify plugboard wiring the function of

duplications' has becn added,

Counters may  Transmit out (dcnoted by T)

Subtract ocut (dencted by S,i.c.y
mit a complcment)

trﬂﬂs’
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atl

L7

Accept (dencted by A, iseey add in)
Reselb (denoted by C)

Results from any or ‘all counters may be printed out
o a shect of paper and may be punched out eventually
Mo a card, The countors are conncéeted to the punches
°f g reproducer in order te perform the coperation known as
‘%ummary punching",

&

~____Subtabulation %o halves

A8 an cxample of the combinations of all these devices
*®Msider the:problem of subtabulation of a function table
tohhalves. Suppose we are provided with a long list of
Yﬁluos of a function f(x) at values x or at uniform intervals
"% h, and that we wish to form a table containing all values
L £(x+h/2). We assume that ghc table is such that Lth

tlffercncoé are less than 10~ units in the last dcoimal so
B85 thpon-back methods are valid,

The method to be adopted will be that using differences,

i Advantage is- that errors arec detected easily wherever

N8d3e .
"G4 The expression used is

o £, =% [(£1.+ To) - $(Mr "% 1)
Spe 2 !
MZ - 52 - 0+184 52
Mj = 6? - 0+184 a:
i "he modificd sccond differcnces of f,
o We have first to compute the differences, then convert

‘g
' 5™ %o 0.18146u and hence obtain M2 from 6?,.Then the data




118,

to compute 51/2 must be assembled and f1/2 fopnd.

We first punch the successive values of £ and the
associated value of x onto cards, one card per entry,
using the samec fields on each card., The x's and f's
should then be printed ocut on the tabulator and proof
read and corrected if necessary. Any errors missed will
be detected and ccrrected later, '

Next the filc, now called file A, is sorted into
scquence on the field "x", These are fed through the
tabulator in reverse order and the differences of success” |
ive values computeds, The cven differences will be indopcndaﬂa
of the backward ordering of the file and are of the samé s
as if the file were psssed from the front, Fig, 2 shows
inter counter transfers needed to compute diffcrences on g

tabulator,

Sinece ' only the backward row of differences can be
calculated on the data from the last card passed, the
differcnces obtained at cach stage will be the advancing
diagonal differencecs of the table f as if it were tabula®®
from the front, Second and fourth differcnces are surmaly
punched together with £ and the.value of x, at the same
time the f value from the previcusly punched card passiné
the punch reading brushes i1s punched onto the following
card on the reproducer, We thus obtain on a summary card
corresponding to a function £ and variable x_ the valuds!

T i P

pod!

the valuc £, being obtained from the previous card pun®

1
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Thig newly punched file will be called the B file,

ThesL“s must now be associated with O, 18&5“. Since
S-<1OOO, a master file in the form of an initial table of
0, 18u5 may be compiled, a file say.C, of 184 cards only,
¥i%h the following seguence of data:

designation 0.18145“ Al
0 0
1 3
2 g
5] 14
etc, etece -

°8ether with an X punch on say column 80, sco that these

Ardg may be distinguished from cards of file ‘B as constructed,
Weh & 110 is of frequent use and would normally exist in

© files of a computing laboratory, FllC C is sort@d in%o
“CQuenge of fmldsLl L FRELRR a2 ZOEER

File B is now sorted into sequoncc of flc;ld«S'Ll and ig
P8geg through the cocllator as the secondary file, whilst file
918 used as the primary filc, and both are collated or merged
glth@ fielad Su. The first card oﬁ file ¢ heads the combined

© With the B cards for which§ ' = 0, 1, 2, follow1ng. Then
Sllows the next card of 0 followed by B with §4 = By 57
"5 8 ang S0 Ons :

Duch'l‘ho combined file is now passed thrcough the reproducer
fecd, The X punched on column 80 on the C cards arc

eteeted by the control brushes, which are plugged so as %o

Sy the punehing on X punched cards, i,e., G cards, As

a C
Pa8ses through the punch reading brushes, the value 'of
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.18u5h is transferred to the following B card, As this B
card procoeds past the reading station the .18h5h is punchad
ontc the following B card on the same field. This goes' on
until a 0 card is detected when the punching on this card
is inhibited and the new valuec of 1848~ is read off this
0 card onto the following B card and s0 on, On our B carde
we now have the data

2 L L
Xor £o0 8,75 6o » £ys 0s18L0,

where .18&82u is correct to the nearest unit.

The 0 file is sorted out cn column 80 and the B file
resorted into sequence in x, and & reprcducer run asscmblﬁ

the information ready for the computation of f,,
2

For this we arrange to read §2 from the previous card
and punch it onto the next card via the punch reading
brushes, and to transfer .18u6u twice by this means, ThU?
O.‘IBL;SOLl is transferred from the x_ card to the x, card &
thence to the x, card, We shall now have the followingdEitz

2
cn the X, card:

!
2 2
Xor 1 6,00 §00r £ 0u18U5,", £ %, 0u18ug,?, 0s18MEg

of which fo’ 15

uscd,

2 2 o
47 50 ’ 51 ’ O.18h§oh and (‘)_.,'181451,4 are %0 }

2
A tabulator run now computes £ 4 which may be Sumzﬁ
punched onto a file D together with ifs associated - % 4!
value which may be calculated at the samec time, Both x @

arc punched in the same fields ae are the corresponding




~

169

1214

Values in file A, Fige 3 shows thco transfers involved, the
duplication function being used to obtain the product

00625 (1,° + u Z) and 0,8 (e ey

The fllC D is merged with the file A in the field x
by Sorting and the combined file is differenced by the
Yabulator and the differcnces printed for even checking,

Discussion

T, PEARCEY ~ in rcply to a question concerning the
t¥DCS of problem which the CsSe¢IeRe0s punchdd card machine
fag been uscd to solve, said that it had been uscd for
SWmations of Fourier scrics, numerical differentiation

MA integration as well as for the construction of function
tobl
bleg,

D. R, HARTREE - Mr. Pcarcey described the "wvertical
"Wy 1n which operations arc carried out with punched

‘arg machincs, It appcars that herein lies their strength
’\nd

also- their weakness, They are useful if one operation

0

G Whole sct of data can be carried out without reference
g Previougs results, otherwise they are ndiso suitable,

I was mentioned that a round-off should be.addecd
{
gl POsitive numbers and subtracted for negative numbers,
askoa Mr, Pecarccy Whether the round-off should not be

A
9ed fop negative numbers alsos

% T, PEARCEY ~ roplied that the reason for the procedure
;VOn is that the machinc is madc to deal with negative

mbers represcnted as 9's complements, not 10's complcments,
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D. R, HARTREE - Mr, Pearcey mentioned an actuarial
reference for the medification of diffcrchqéé by the
"throw back" method., Another refofﬁhcc Which would
probably be more accessible hérc is thé second volume
of Chambers' 6—F1gure Mathcmthcﬁl Tables (1950)k -

.([Professor qutree non que a goncrsl romark con—
cerning the complexity called for and ingenuity roquarcd
to program relatively simple problems on punched card
i machines, He felt that such problems could be done much

more simply on an electronic machine and asked represent’
atives of the makers of punched card machines what they
thought,

T« Re¢ REYNOLDS = agreed with Professor- Hartrcc and
said that hig company realised this, for they are’
developing clectronic machines, The Sequcnco_Controlled
Electronic CGalculator:is alrgady in production,

T, PEARCEY ~ replying toc a question on why'the
sorter is not used for merging, said that functions %0
be used for merging may be on different pecks. Usc of

the reproducer te put- them on the one field woulﬂ be
too wasteful in time,

In reply to another questions on the desirability
" using optimum interval tables, Mr, Pearcey said .that
betause of the general value of master tables for othé”
purposes, special tables with their extra figures would
be uneconomical, |

Concluding the di{scussion, Mr, Pearcey said it wa? o
clear that thc advent of $he high speed automatic mﬂohi
~had restricted the role of punched card machines. ﬁcvof
theless, there werc many jobs for which they were -suil”
able, especially in view of the :fact that there will beia
't a long list of complex problems waiting for the elect?’

machines,
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IX. The Functional pesign of an Automatio Computer

by Te pearcey

ofva‘Bef‘ore proceeding to any giscussion of the pros and cons
letl;ious partipular methods Of gesign for gutomatic computers
Mmers ?1?st study whab is.the general organization of a com-
Wwpe;;ﬂuCh ghall possess all the necessary and simplest
. ies, but only guch as arc Sufficiunt £0 §upply he

« Upon the basis of such & discussion Wwe may puild up

o dQs .
ign for a computor of more practical atilitye

gt First, what is a computor t0 consist of and what actions
1% in gencral perform? We have alrecady in the past two

Ay

Cizuzzzn by ﬂCtuﬂ} cxamplcs, what is to be oxpocted of &

&mmmbleatono salicnt péint being that for C?mmands to be

SOmp g g o arithmetical adjustment Juping the course of &
e ipny bosh commands and aubjcect matter must be held

a st
ore of the samc kind, and that by conseqoence commands

3\ (3 iIl CL;».'\(;].lt' y Sa ¢ a i th s b'CCb
S J ; 1&111 thC D:_\mo mdnnCI’ 3 15 (%} su J
t(

le B
“WWQn;mh'comm“ndS and subjoct data arec aubjcet O aiff
ions implicit in the design of the computors

A ¢
om . _
putecr must contain a mailn atore consisting of &

2

8 QU:D of Teoi

W0 joet gistors which will contain both commands and
nmmer data, BEach pOSition,will be associatod with & gerial
: ntents

o

ng . B4 wil) be capablo of roading out 118 aigit ©©°

o 180 o gyp ; rront
Oty ubstituting fresh data according to any ©Y

o

ang
Yene. The operation of the compuber will consist of &

Ug

ce .

0 0 !

s f organiscd transfcrs to and fro of the contents
ond @ small

BQl
S AT
i d storc positions botweon the store
) J T _ ¢ -
2mm ogistors outeidp the 8UOFCe mn order that 8 oo

iy » transformed

mﬁy
-) .
Procecd data must DE ~agocintcd ©

&

ty
ane 3 _
81t from onc rogistor to anothers

¢
8oquenco of transfors Will be getormined by & special
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v

component of the computer which provides the overall con-
trolling functions. Thc¢ computer will thercby pcrform a
repcated standard sct of opcrations which will not varys
During the performance of cach sct of opcraticns a ¢ ormman?
must bc sclecected from storc, suitably troatoq to detecrmind
its implications and its domands satisfied, ‘when a furthé®
command may be sdlected and sc on, Only one command will P9
acéoptod and satisficd during any onc basic set of cpcral”
ions., This set of opcrations we may call the "computer

routine!,

, The main component cof the computer will consist
thercfore of the "store" to which is directly connected
some device for selecting any onc of the store registers
for transfer, that is a "store seclector'", A single
register may be included called the "function register's
with which are associated transfcr gates which definc B8?
transformations and transfers which take placec between
storc and "function rcgister"; these are the "function
gates", A register must be provided for holding the
currcnt command; this is thc "interpreter register'. 70
this will be attached a "function sclcctor" which shall v
decode part of thc command and thercby select the appfopr
function gate for transfor, A further register will b€
necessary in ordcr that a position selected in. the stOfev
may be held in action over the period of transfer. Thif
the "storc control rcgister", Certain gates are noccssmﬂ
fory transferring data intc the store contrcl registcls

. . H
Two further rcgistcrs and their associated gatcs wpo

bc nceded, First the "input rcgister", whercby data may
: ‘ ; 0
entercd into thc computcr and an "output rcgister" whe*

data may bc transmittcd cut,

: (5}
We shall assumc that thc number of available st or

e

: : of
positions is so large that we nced not consider necd £

3
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D g ‘ . 2
CCnomy in storage spacc, and that “the binary scale is
'ﬂoptod, thus reducing thc complexity cof the necessary
furlction.s to a minimum,

2 - ] :
< Computing Functions

We shall presumec that the computer is prov1dod cenly with
the Minimum of thc simplest possible functicns,. This implies
Bt neither addition, multiplication nor counting is a
p(“l‘mlosiblc functicn in this thcoretical design since all

unctlons can be constructcd from only two more fundamental
°glcal functicns,

These logical functions are those of conjunction and
b linotion, The ripst of those 35 1ikensd fo digit by digit
Smmlpllcqtion. Dis junction is otherwise known as logical
1:2’t10n. If propositions A and B possess truth values

¢ 0 or 1, then their conjunction (C) and dis junction

Satisfy the following four rcolations:

| =
|
Q
g

K@) Ko
= O O O
_L__\..—&o

p%% From these rclaticnships, any arithmetic, and in

“mm Culap binary arithmetic may be constructed. I shall not
g * herg into thc detalls of such constructions but it

B, = Possiblc to construct a programme, using those and

Op
Wo othop functions so that arithmetic may bc performed,

A SPeeial function which is essential to the fully



automatic function of the machine is a discriminative test

of some kind whercby decisions may be made concerning the
course of the computation through the programme according
tc the recsults of past computations, In the case of this
machine, since thore is nc dircct arithmctical function
a test must be madc of the proscncec or otherwise of any
digits held -in the function register., According as oneg oF
morc digite arec held or nonc are hcld so the selcction of

the next command may be made,

Se Addrces Code

The singlec address code system, in which commands areé
accoptod sorially, posscsscs simplicity from an ongineerit®
point of view but implics thec prescncc of counting and
adding functions in the machine., Sincec such functions do
not apply to the theoretical devicc, We arc forced t0 ndop
a two address systoms A command will bec thought of as cOA”
sisting of throce parts corresponding to numbers £, m and ¥
The f-numbor will definc tho function to be porformed; HY
m-number Will definc the store address to which the f_nmﬂo
rofers, cxcopt in the conditional casej whilst the n-num?’
will define the address of the next command to be acceptcm
except agaln in the cenditional case.

If the f-number calls for the conditional 1‘.‘unc1:101’1!{'1
affirmative condition will mean that tho n-number is 10
retain its usual mecaning; whilst if in thc nogative, the
m-number is to take the placc of the n-numbor; then "n"
denctece the looation of the next command,

L, Detailed Functions

Not morc than seven separate functions are roquirod'
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They are together with a symbolic recpresecntation, as follows:

T

'Dm;

Cm;

Rm;

Im;

Om;

Zm;

T;

replacc the contcnt of the function recgister by
its dis junction with regard to the content of

the storc location '"m", ;

replace the content of the function register by
its conjunction with regard to the content of

the store location ”ﬁ".

transfer the content of the function registecr to
store location "m" and clear the function register,
transfer the content of input register to store
location "m" and reset the input register, and

set up next datum,

resct the output register and transfer the content
of the store location "m" to the output register
and record,

test the content of the function register for
prcsence of non-zero digits, If non-zero accept
the next command from store location 'm'",

a command signifying "cease operation',

The last of these commands 1s not essential, but may

¢

b Considered necessary to the fully automatic functioning
the machine,

3y
.. Organisation of the Computer

A Fig, 41 shows a block schematic diagram of the computer

sOssing the functions listed, Selector units are drawn
0;rlﬂngular figures, Function signal outputs numbered O
2y 8re taken to the similarly numbered inputs in the

Qtlon gates DigrlCiy Ry Ly Oy Dy and s (numbor 6 bOing




unused)

of standard wave form shapes and are taken to controlling’
gates marked with the same lectters,

from the point following the completion of the operation .
satisfying the last command,

i.

o

iii,

ive
Vo

vie

wvide

called, In thec case of a T function-a signal "g

132,

The control unit provides signals a to h, which are
The sequence of functions 1s now as folloWws; commcanofulg

Normally the signal Mot occurs first and transfers t0°
number "n" or "m" through the gates A or B rOSpectiVely
to the store control register, Suppose '"n" is so tran”
ferrcd, Then the store selector decodes the number !
and preparcs position numbered "n" in the store for
action.

The "n" address is held in the store control registé®
and the interpreter register 1is resct by the signal
Hpn, .

The gate "E" is opened by signal "ec", so that the
contents of store position "n" is transferred to the
inforpreter registier,
The store control register is now reset by signal ng'h
The "m" address is now transferred via gate B from
the units position register to the store control
register by mcans of signal "e', g
The signal "f" is now applied to the functioﬁ solaota
cutputs tc activate thc selected function.gate 80 it
a transfer from or to storec may be made, or in the
cascs Z and T, for special actions t0 take places 1
The store control register is again resect by'signal
and the sequence rcturns to stage 41 to repeat the
cycle of opecrations,

()
This cyele is modificd only if T or 2 functions waﬂ
0
1] is 811
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through the function gate T activated by function output 7
ad thereby inhibits the cperation of the control unit and
Stops the sequence at stage vii., above,

In the cﬁso of 7Z; a signal from the function register
feaches the gate only if a non-zero digit exists, If such a
*tndition applies, signal "h" from the control unit covering
the Operation periocds vi, vii, and 1 above are transferred
to the gates A and B, Hence when stage i1 is reached and this
Signal gets-to the gates by virtue of the non-zero centent
*f the function register the transfer of the "n" address is
inhibitcd, whilst the "m" address 1s transferred to the store
“ontrol registor,

Signal "g" may be used for resetting the function input
?m Cutput registers as their function gates are callcd as
Nlustratog in the function register, The stops of the wave- '
s and their time scquence of occurrcnce is illustrated
& fig, 2, No time scale can be indicated,

§
~_Adaption to a Practical Computer,

Spg.It will be seen that with this theoretical computer a
®ific routine must be constructed whereby addition of any
nui:tccmplote numbers can be pcrformed; and that this itself
Nigg be made without the facilitics of addition which is so
b depended upon by existing computers. Such a routine can

0onstructed but would bec tediocus and slow to use,

Y Further, it is scen that cight functions are possible
Ut increasing the f-number digits beyond three, so that

ngiding or subtracting a function could be incorporated to
mﬁiccto the eight permissible functions, Once such an arith-
) al function is incorporated there is no argument against
mhoquontial method of storing commands, and such a methoed

"0y
Yy 8implifies the command code, reducing it to a onc—
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address system.'A special counting "sequence register"
must be provided however, This register would receive, a
unit digit count during each-rperformancc of the computer
routine, Further, the store control register may be
dispénscd with so long as the sequence control register
may be connected to the store selector during pericds i,
iirand iii, while the interpreter address is connected 10
the store selector, during the periocds v, vi and vii, The
7z function could, if addition or subtrabtion is incorpora
be more usefully converted to a test for negative sign,
and if this function is called, and the contents of the
function rcgister is negative, the interpreter addrcss is
transferrcd to the sequence register, otherwise not, This
corresponds tc the E functicn of EDSAC. These adaptationﬁ
illustrated by figs 3, ?he same notation being used for

el

controlling signals,

So far as the.choicc between addition and subtractioh
is concerned, subtraction should be given prefercnce, g inc?
an addition can be constructed out of two subtractions,
whilst a subtraction cannot be formed from additions.

= I"
The need for further functicns will be discussed‘lﬂto

Te Numerical Scale

The numerical scale usually adopted is the straigh?
binary system in which subject data digits arc given
weightings of integral powers of two, Command addressc®
are thosc usually cxpressed ecach by a similar sonventi o

The binary scalc is adopted, firstly becausé of 18
simplicity in its arithmetical laws, and seoohdly beCﬂu_a6
1t is the scale which 1s most economical in oqﬁibmontr
although the length of a binary number is tho groatcs?t
possible, being about 3 times longer than an,oquivélcﬂt
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|
; | Interpreter to store control.
'l

]

o
R T

Reset interpreter.

1]

| |
|

Store to interpreter,
command extracted.

EL_A

Reset store control register.

Q.
——

o] e B

||

Function address ‘m’ to i
' store control register.

(

| Function gates &
function transfer.

l 1_ Reset registers it called by
|| function gates & ‘stop’signal.

—T

||

|
|
l | Carry over signal for
|

h
| il | | Z function.
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FIG.2. CONTROL SIGNALS.
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“Ccimal number,

It weuld, howevecr, be possiblc to adopt a decimal scale,
¢ ¢von to usc a mixcd binary dccimal scale in which decimal
Ygits arc ropresentcd by their binary cquivalent. Such a
S¥8tem 1s, howover, lcss cconomical,

The represcntation of numbers can bc made by modulus
“0d sign, or by complement for ncgative quantitics. The
1attcr has the advantage that thc addition and subtraction
ODCI‘ntions arc simplec, the fermer introducing operations
Oepending upon the sign diglt, Converscly the former is more
(m°n0m10ﬁ1 for multiplication and divisiocn, However, s ince
u“ Tirst two functions arc by far the most frequently used,
h“ complemontary convention should be adopted; the sign
81t being the most significant aigit, O for positive and )
fo? negative quantitics. ouch a conventicn is particularly

1t”blc to scrial machincs,

8
N Parallcl and Scrinl Organisation

80 far nothing has becen implied about the way transfers
;C BCrformed., Twc rrothods arc possible, in genecral, either
;}tiigits of a numbcr arc transfcrred at the same time,

CY arc transferrcd onc by one,

In the former or "parallcl casc, a considofnblo increase
"Decd is attnincd over the latter or "serial®" case; @
hh:°f0P beoing pcrformod in little more time than it takes to
Dr‘sfor a single digite It has, however, the disadvantage
by nflolelllty, any ncw function which may be desired to
Ty ncorpo atcd requiring a ncw componcnt and digit channel
Cagh digit position,

ﬁnv The scrial systcm, nlthouyh slower, posscsscs the
nthO of requiring lcss cquipment since all digite can be
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transmitted along a single channel, and also lcads to a
device of more fleoxible design than can be achieved with

a parallcl machinc,

Another point distinguishing thc two systems is that @
large store and a very small group of functions is suitabl®
for parallel devicecs; Wwhilst in machincs of limited store
capacity programmcs can bc shortcecned by introducing more
functions as is possible in a scrial type machine.

9, Word Longth and Addrcss Systoms

The number of digits por datum or "word" has so far
remained unspecified, We would, however, desire to have
a sufflclently large number of digits as well, providing
sufficicnt accuracy for the grcat majority of calculator®
without tho nccessity to programmc for the combining of ¥
or morc werds togother, A typ109i cheicec is an CQuivalcnt
of ten decimal digits corrcsponding to 30 to 4O binary
digits,

'

Howcver, it appcars that the average storec-capacity ¥
of the ordor of 10° such:-scts of digits, although one oud o
likc to have an indefinitely large store, A command thorot’
of the one address type is likely to occupy betwecen 13 =4
digits only, and any incrcasc in the number of addressoc® 6
will inercase this by dbout 10 digits for each extra add®

1o

Thus - if a 40 digit word length is adopted, it would |
economical in digit capacity to adopt a three address ;
aystem, Howcver, practicc in programming tonds to show e

a . substantial numbor of commands would not use all thro@

addresscs thereby wasting capacity, and further it 1is
believed that computcr techniques are not yet ripe for &
change to a multi-nddress systom of such a sizoc,
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Another procedurc is to adopt a cne-address system which
® have seen to be very convenicnt, and to allow %two commands
Ated end to end to cccupy the same space as a full number
qtum If we adopt -say 20 digits per ccrmand, we may adopt

O > :
© of the follcwing alsernatives,

(&) retain a basic word length of 20 digits, and
pregramme for joining words togcther
(b) to rotain a 20 digit Werd and %o transfor an
extra 20 digit grovp according tc the command
conti ol
(¢) to adopt LO digits as the basic word length
for transfer and o place two ccimands into
each store position
i Of thesc alternatives courec (a2) has been adopted for
uecaou,pl“° s I, machine, whilo thec Cambridge EDSAC uses
& Course (P), '

10

~~Spociajl Functions

o SC fap only the functicns of addition and subtraction

C true arithmetical types cof operation have been dis—

%n .

by ied, However, although multiplication can be nrogrammed
| ! ]

o Sequenco of additions, It is commnon t0 Supply a scparate
Ilp Ving unit

15 o . - 5 s . .
Hf The Punction of multiplying ian hirary scale is not
1

O ’ . -
g PUlY %o mecpanise and is comsidercd worth the effort
e+ h W \ Panitin )
B Vra Mhardugret, There 48 o dofinite point in providing
S0nd . S J -
%% ~al Machine with a limited storc capuacity with a

ls Plior, althongh in parnllol mrchines using large stores,

rlc1L1$ion may be of dcubtful ecccnomy,

R e s . el . ;
%uh.ivlulon is s0 1little required that dividing units are
SHA

¥ Dot incorporated, There arc further arguments against
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such devices; first, divisicn can be pecrformed by mualti-

-

cation by the reciprocal of the divisor, and a ror*lpI’GCP

pli
1 itself can be determined by a scrics of multiplicationse
Furcher, division is complicated by the binary point con~

vention, already fixed if a multiplicr is installed, and

by the relative size of divisor and dividend, Thus, first

the divisor must not be zoro, otherwise division is meanifs
' less; second, the quoticnt must bec within the register
" capacity. Fer instancec, in machinecs which decal with numbo*
divisor must be greater thab

lying betwcen 1 and -1, the
1 division, All thes®@

the dividend prior to performing the

cenditions must be satisfied., and it therefore scems

preferable to programme the tests, fellowing which the
division itself may as well be programmed also, SimilaZT
argumente apply to squarec-rocting deviccs,

\ Regarding the use of a multiplicity of function

registers and gign-discriminating functions, no deccipiok
£0
U

can be made at this stage. It may be found werth while

; ; . ; A - pé
szmp11fy programming by this means; and may cventuallyd 19

; : d
convenient to make the entire store capable of adding al

' subtracting and so on, On the other hand, it may be fous

bettor to simplify machinc designh, and placec all the

Uuu

rcesponsibility for cperation upon the programme d csigi

Discussion

: 90
D, R, HARTRE® - in opening the discussion, refer*"
aid

to the simple machine described by Mr. Pearcey and &

that addition being such a simple and basic CpgratiCﬂ iﬁ
. 70
arting P

|
3
1
N
\

i numerical work might well be regarded as the st
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in funetional design,

Profesqor‘Hartree then commented on the relative merits
°f scrial and parallel machincs and said that reliability
d case of maintenance did not depend s6 much ‘on ‘the tctal
WMoun't of equipment in a machine as on minimising the number
°f different kinds of units, Parallel machines use &
Wltiplicity of similar units and maintonance could therefore
¢ reduced to a fairly simple proccdurc. The engineers at

QMbrldge werc considering parallcl opcratlon for the Mk II

Commenting on the use of a small high specd store in
OnJunctlon with a large auxiliary store he said that whilst
% wag functionally quite a sound idea it would complicate
DOgramming. He also mentioned "optimum programm1ng". With
\delay 1ine storc, time is wasted between one completion
» 80 operation and the appecarance of the ncxt instruction,

tth Optimum programming this is minimiscd but it is
lff1Cult to dc with a one address type of machine, The
nC, B¢ at N,P.L, is designed to facilitate the use of
iimum programming, This woculd be used for sub-routines,
tnmfor groups of operaticns which would be repeated many
0p § in the course of a calculation, for which the saving
ime would offsct the increased complexity of programming,

“h L. PEARCEY - in recplying to a question by Professor

by y, Who asked whether the increase in speed made possible

1

L € new machinceg made- complicated programming for still

brg, °C 8poed worth while, said that he did not think so at
Qn-t

tmm Qi R.'HARTRE@ - gupported Mr, Pearcecy's view, saying

g I.eliability if the principal factor dofcrmining the

Proq ® of work that a single machine can accomplish at
Cnt;

* In reply to a further question on the loss of
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digits in transfer opcrations, he said that Raytheon haV®
proposed a scheme for forming a "weighted sum'" of the
digits befeore and after transfer of a number,

J. C, STEWART - explained a simple check system £t
had been included in the Bell System Relay Computer, TBE
digit "O" is carried along.with the number if the sum o
ite digits is cven and a "" if odd, Alteration of a
gingle digit may then be detecteds A system has been
worked out using extra digits for determining where the

errcr has occurred, These digit groups have been called
"error correcting codes',

C. B, SPEEDY - said that the first system doscI’ibG:
by Mr. Stewart is a simplification of the weighted coW
system, The completeness of a checking system is relabl

to the redundancy present in the recpresentation of
numbers., It is possible to approach an ideal system BY
using sufficient digits. The weighted count system che’

all arithmetical cperations except division.

W. R. BLUNDEN - indicated that the main factors b

be considered in the design of a modern high speed dlgi
al computer are

(a) choice of numeral scale (binary or d601m81)

(b) mode of transfer of data inside the machiné

(serial or parallel)

(¢c) address code '

(d) type ond capacity of the store

The following table gives the results of a Pecent
survey covering nine machines in operation or und€r
construction in the United Kingdom and the C.S.I.Rfo'

it
Mk I computer. It shows clearly that a great aivers*
£0

as

of opinion exists, when specifying a computer,
the best choice of the alternatives offered abovee
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Machine (a) (b) (e) (a)
WLk ) o S =)
Ferranti binary serial single electrostatic
and magnetic
4 drum
EDSAC binary serial single accoustic
& delay line
ACE binary serial double accoustic
v ol ' delay line
Harwe11l decimal | parallel |double scale of ten
counting
i ok T A valves
TRE binary parallel |single electrostatic
and magnetic
~. e drum
EQ%Iis binary serial quadruple] delay line
i
}L
Clrbcck binary serial double magnetic
;' Lyons binary serial single accoustic
\:;Co. delay line
RAman
ALSECC decimal { parallel |triple magnetic
\E\“ drum

(o]

“IRO Mk T | binary serial double accoustic
delay line
and magnetic

N drum







4, gome neow developments in equipment for high speed

digltal machines

oy Dy M, Myers, D, L. Hollway, G, B. Speedy and B, F, Cooper

D¢ M. Myera:;. Introduction,

Wo have now discussed the various procedures necessary
f&’solving a mathematical problem with the aid of an auto-
10 ‘3digital machine, and we have scen something of the
I'i"ﬁnlzn‘c:ton of such a machine from the point of wview of the
unctionnls1gnificance of its various components, The
T@turo would not be complete without at least a passing
Cnthn of scme of tho techniques omployed in carrying out

¢ arithmetical and logical functions involved,

Scme of these techniques have already been dcucr1bod

thig conferenceg, and more dotailed accounts arc available

. Peferences already givon, In particular, the electronio
v1008 which have been suoccsqfully used for storage of
mePS and instructions are described in considcrable

“Chnggag detail, We propose thereforc to confine our remarks
VSGVOI"il developments in which we have bcen pcrsonally
neernod and which will thcreforo be available for your

Sam
My "nat1on during the course of the confercncc, in their

floug stages of complction,

"

<\
Sdegnotio ewitohing

0p In any type of storagc device, ‘there oxists the *vroblem
%Qﬂinlng rapid access to the contents of a specifind storage
®0s This requircs the use of a form of switch which will
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provide an elcctrical path bctween that location and the
particular scurce or destination of the word which has £0
be transferred to or from the store., The switch should
clearly otperate at such a*speed that the- time lost. in-
switching is rather less than the interval between clock
pulses, and for this reason clectrcnic switching has bhooh

generally prcfcrrod.

) However, subjoct to achieving sufficiontly rapid
cperation, there are advantages to be gained by thc us€ L
magnetic elements. for switching, and an investigation ha?
boon carried out on the usc of saturable magnectic corese
A core made of an alloy with suitable characteristics moy
be brought to magnetic saturation by a .relatively small
magnetising force, The effective inductance of a coil:
wound on the corc will be very much lcss in the saturﬂtwq
than in the unsaturated state of the core, Thus the pﬂﬁw
of direct current in a magnectizing coil may bc usecd 49
reduce the impedance of ancthcer coil to a varying cuI‘I'on6
such as a current pulse, passing through it, assumingtn
the amplitude of the pulse is insufficient to affect the
saturation of the core, The wholc dovice may therefor ;
uscd a8 a switch, operated by the application of & Do 0 g6
potential to the magnectizing coil, The cffectivencss
switch depends on the ratio of unqaturatod to saturatedtw
inductance, and its spced of oporation 1s detormined by
time constant of the circuit containing the mngnotizing
winding.,

It is possible in a grain-oriented nickel-
by careful attention to the purity of componcnts nnd ﬂ
heat-treatment, to achieve saturation at about ? 6 wdﬂ/
sqem, With a magnetizing forcec of lees than 20 amp tu¥

metre, ‘ & ‘

It may be roadily shown that the timé constant ©

tron allow U
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m‘"‘&nc,-‘cizing winding depends, inter alia, on the volume of
Werinl in the core, which must bc madc very small if
fmscnably high switching specds arc rcquircd. Experimental
"k has not yot progresscd far enough to indicate the
nmuting sWwitching speed attainablc in practicece but it
1%GHPS that thc design of a magnectic switch suitable for
icwith a magnetic store having a pulsc rcpetition freguency
f‘tho ordcr of 10 ke/s would be practicablc., The experimental
:ﬁ;lts obtained so far indicate that further dcvelopmont
BﬁTib? rcquired before the switching spcecd can bc made
thhclcntly high to deal with pulsec repctition frequencies
5 MMO order of 4 Me/s, such as occur in cecrtain clectronic
%80 dcevicces,

lkm The advantagc of a magnetic switch of the type described

| in the fact that a single magnetizing winding may bc

ng_to centrol a core containing a large number of pulse
Ngs, This allows the usec of a "matrix" system of

.

"tohs

:ntchlng, in which a grcup cof n cores, each provided with

LT

by mhgnotizing winding and n pulsc windings, can provide
Cot + 2 1

ty Ctive switching for n storage locaticns, In thec more

Vor+ s
Ny “Ntional "radix" or trec system of switching, the same
\ ; 2 :
%\CP (n ) of storage locations wculd require (n2 -~ 1)
8t \ .
v 8b1le glectronic clements., This comparison is of course

*hp !
Ximate Hut illustratos the principle involved.

%hlln Comparing the two systems, it is necessary to take

MM.HQCOunt also their relaticnship to the techniques
Cyrey .
g, Ved gencrally in the machine, It may well be that the

Vo
h "‘ntr .
"y '‘8C of the magnetic system in rcgard to component

\ i3] y . X :
“h@ flents and gimplicity is only an apparent one, and no

My S8scssment of its morits can be made until it has been
n G
e 4 and tested in full oporation, HoWwcvor, there arc
g
ihﬁ Advantages in a switching system which can be sealed

S s
Mglc contniner and which should require 1ittle



maintenance, and it is hcped to develop the system more

fully in the near future,

e Switching, gating and counting

The contrcl and arithmetic units of a calculating
machine depend on thc use cof components which allow a
number or inetruction, cxpresscd usually as a group of
electrical pulscs, to pass from a prcscribed scurce t@

a prescribed destination, An elcctronic "gate!" is widel¥
used ror this purpose; the gatc is openod or closed to e
pagsage. of incoming pulsce according to the presence or
absence of an electrical "gating" potential, .There are
sovcrnl well-known clectronic devices for this purposee

The gating potential is usually provided by a bi=
stablec device, such as a multi-vibrator, actuated in the
first instancc by a 'pulse, which is the signal to commCnc
carrying cut the instruction, On receiving the pulse, the
bi-atablc element provides a gating potential, which nold
the appropriate gate open until, at the conclusion of 1o
operation, g furthcr pulsc applied toc the bi-stable Olomolq
rcmoves the gating petential and so closes the gatce Alﬂwr
this proccdure may be variced according.toe the orgqnizﬂtio
of the machine, it is in very gencral use in oxisting 8%

projccted mnchlnoa.

The bi-stable olcmbnt and gatc- -togethocr form a aﬁ'

2]
functional unit; in mest medern machincs ‘thore are many
units each of which, in its conventional f orm, contain®

considerable number of circuit componcnte. It was thoughbo
worthwhile to consider the possibility of combining thod
of the functional operations of the bi-stable element gl
gate, so that they may bc carried ocut in. a single Vﬂcuum
tube, which Mr, Cs B, Speedy will describe to you thif




1&6.

Morning, This tube, at present in the experimental stage of
chelopmcnt, is intendecd as a substitute for the conventional
tlrcyita asscoiated with switching and gating operations,

The dcvice follows an elecctronic beam t ube which
e Hollway has developed for decimal counting and
"1 goseribe soon, This tube, which was designed in the
tht place for an entirely different purpose, will have
llmitcd significance in a machine which cperates in the
binﬂry sealc, but in associntion with the input and ocutput
"Ochanisms of such a machinc, or in a dccimal machine it
tay have ndvantagos over existing circuits for counting
°f SWitching,

AL\\Mggnetio storage"

Thé demonstration of the clectronic calculating machine
nthO Division of Radiophysics provided an opportunity for
Qing in operation a storago system based on the usec of
Qus‘Gic delay lines. In association with this, an suxiliary
*fh:PQ will be uscd to hold function tebles and other data
um°h may be called on from time to time for transfer to
Mg in storecs The auxiliary store is in the form of &
anetic drum, which has rcgquircd: considerable ingenuity
1sit8 design and in its interconnection with the machine

0lf- Mr, Bs e Codpor will give you a brief description
thiB dovico. '

E§~E:_Hollway: A Boam Tubc for Decimal Counting

48 a contrast to the complex questions with which
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this conference has occupied itself during the past two
days, the devicc to be described is, in principle, very
siﬁplo; It is a single electron tube scale~of-ten countor
whfbh'has'beon'dévolopod for general ‘use in <cdounters:,
chronographs frequency dividers and so on, -A slightly
different form of the tube would be suitable also for somF
applications in electronic computing -equipment, S

The countor is an clectrostatic high vacuum tubc in
which counting is accomplished by succossivo'displacomonte
of a deflected electron beam through a number of stable
posiﬁions (27). The operating principle may be explained
by considering the simplified electrode arrangement shoWd
in £igs 1s

An electron beam enters, along the axis, a system of
five similar deflector plates maintained near the potontd?
of the final anode by five equal series resistances, TBE
beam forms a focussed spet in the plane of the collecting
scgments, each one of which is directly connected to the
correspondingly lettered deflector,

If: one. deflector, B, is lowered mbmcntarily in
potential, an electrostatic field .is formed which dof1eo?
the beam away from plate B and moves the spot in the
directien of the arrow.B!, The beam current Which then
flows ‘to collector B will.lcwer: the potential of the
ccllector, and hence of the deflector, sufficiently fo,
maintain the deflection., A similar stable condition 18
possiblc at each of the other collectors, aftor initial
deflcction, Now imagine the deflector plates to be £ urn®
about the axis onc tenth of a revolution clockwises D°°
flection of  the spot in. the new direction B" will caug?
part of the beam currcnt to flow to collettor o, which
turn moves the spot further across plate C. There are ne
stable regions and the spot rotates continuously in the




TO ANODE POTENTIAL

Fig.1 - Simplified arrangement of counter electrodes i

v/

& VOLTSJ’?SO

Fig.2 - Section of counter tube
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“lockwisc dircction., Similarly, if the deflcetors arc re-
fargeqg in spacc phasc with respcct tc the collcctors, to

Rty 5 ¥
211 ) the motion is reverscd, !

In the completo ccuntcr tube shown in scetion in fig, 2,

twg Secparatoc scts of collcctor plates arc uscd,

The fronﬁ group O is phascd, with rcspcect to the de-
Hectors, for clockwisc rotation and the back group Q is
Dha806 for rcoversc rotation., Opcenings arc cut in the front
*0up as shown in fig. 3 so that the beam wherever it falls
A the front syston, Will move clockwisc until part of the
%Ot overlaps the radial lcading cdge of a slot and passcs
bhIffa‘ugh to the back collccters shown in fig, L. Further
"Voment rapidly rcduccs the influencec of the front systom
fng inercases that of thc back, so that a state of angular
%milibrium is recachcd, and the rcsultant deflcction is “
chly radial, Thercfeorc thc becam moves cutwards until it
i Partially intcrcopted by the inside cdge of the ring M,
?%h 2, the "positive ring", which is maintained at the
:?Wntial of the final ancdc. Any further radial deflcection
“®Toages the proportion of the bcam which rcaches the
:Elcctors, and the deflecting potentials arc similarly
WEQCCd. Thercforc a conditicn cof cquilibrium is rcachecd
R the beam is partly intcrcepted by the positive ring,

~N
Qi

Ce; . -
Pi’usc the beam cross scction is small in the planc of the

n')‘ : .
Sy the radial decflcction remains almost unchanged by

N

SiNe

chult variations, or by the normal cyclc of decflcctor
&
ﬁpcntial changes which take placec during thce counting
(S Qc .

QSB.

me In thisg way the angular position of the spct is always
fh_rollcd by the deflcetor-potentials and is scnsitive to

ph]collcctcr currents, but thecse can have nc cffect on the

a4
AL position,
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The radial position is.controlled .only by the trigsd®
electrode, ‘N, figes 2, a short cylinder which rececives the

signals to be counted,

When a positive going sipgnal appoars, the spot moves
radially outwards from thc position ™", fig, 3, until 0o
outer cdge of the sleot.is reachcd, Boyond this point the
anti-clockwise restraint from the back collecctors is ré=
duced and the spot moves .clockwisec to the cuter oﬁening
44" which is gtablc for this,'and higher, .trigger
potentials, The beam.is held in posifion 4" until the
removal of the input signal moves the spot inwards, onc®
more on to a clockwisc region, causing a further rotatio®
to position ”2"

Therefore cach input signal moves the beam from oB°
inner stable position te thec next, incrcasing the stoI'Cd
count by one unit, and ten waves causc the spot to col~
pletec a full revelution and rcturn to the initial poslti

: : ut
Becausc the intermediate states arc stable, the inp

signals may be of any duration and amplitude above the

minimal values neccessary to rcgister a count. 4

A second function of the trigger is the suijprossion6

sccondary emission from the front plates, Some inﬁérchwzw
of secondarics is permitted between adjacent plates 1B
front and back systems in order to develop currcnt Wav&}m
Porms corresponding to smoothly rotating deflection £3°

but complote suppression of sccondarics between the WP
groups of collcctors, and betwcen the collecctors an
other electrcdes, is csscntial, This 18 ensured by
the trigger at a lower potential than the collectorss ﬂﬁu
by insorting a suppressor (P, fig, 2) at cathode potcn
between the front and back collectors, The supprcsqor
slots to match thosc in the front collecctors, Tho outi o

3 Vel
:koepiz
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Fig,3 - The front collector segments (The arrows
show the direction of beam deflection for each
of the five deflectors)

b
\\A A

Fig.4 - The back collector segments
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: mm are larger than those in the collcctors, so that the

"Tang |
numltt@d beam rcmains in geod focus., At the inncer openings.,

uuf‘flcl
thg

the supprcssor is so formed as to divergc the beam
ontly to cover arecas of thec back ccllectors in which
Lciflﬁurc 0 to 9 are cut, corrcsponding to the count
i10ns, Blectrons passing through the number openings
TQHUC to diverpge, and projcct the number imago, enlarged
g times, contrally on the fluorcsccnt end of the bulb,

BA Thig method of number projection is prefcrable tc an

{tp

{ o form using cleetrostatic projection lenscs, beeause
r

'n S8ults in a simpler collector systcm and only tho small

sacti ‘ ~ 1 a 98

log an of the beam which passce through the numbers is

s om the back platcs, Also the images aroc always in

T focus

ﬁwi, and satisfactory projcction is maintained for
G

fange of triggor potential,

In Opcration 750 volts is applied to tho positive

e anodc and a sclf bias rosistance is used in the

i lead, The resistancc valuc is chosen to cnsure
‘W-tzomo positive ring currcnt flows at all stnblo’statcs.
mcr tonth pulsc the beam moves into the 9% position and
C]'00,%1“““’ ring currcnt is transferred to the carryover
T i o) shown in fig, 2 (R), producing a negative pulsc,
mﬂmﬁaftor amplification by a singlc triocdc section,

Q%nt o Doteontial of the trigger of the gucceeding

%Q T in the chain, and incrcases its count by one unite
tht i "trigger! circuit nceded with multiple tube counters
thcngin{ from zero frecqguency upwWards is not rcquired, as
Qllc = “88ry discontinuity rosults from thc form of the
fwmeg__ Plates, Thus the changes occur at fixed potentials
%tﬁt ¢ Uppor and lower cha nzcover pointd. 4t an anode
lmﬁbl”l °f 750 velts, the trigger may rigec above the

v as 360 volts before

b a |
e by al “ECover point at 120 volts fa
gimilarly thec count

P
Sount states become unstable,
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states are stablc between the upper changecver, at 480
volts, and - 300 volts,

The counter is sot to zero by dropping, momentarily!
the potential of the appropriatc deflector. Any ovcn‘
number may be sct in this way, and any odd number by
lowering an adjacent pailr of decflcctors, '

, In each state the bcam is contrclled by "error
actuatcd" feedback to the deflectors, and by the limitﬂg
action of the positive ring, Thesc controls compcnsatc.ﬁ
normal inaccuracics in construction, variations in the
collector resistances and changes in the applicd voltaﬂw

A completc counter, excluding thc power supplys
having four scalc-of-tcn stages is shown in fig. 5e gad
tube is Li" long and 14" in diameter, At prescnt the
highest operating spced is approximatcly 4100 ke/s,

The principlc of beam switching botweon stable stﬂf
may be eoxtended to a numbor of tubecs for speeial purpﬁw'
one of these is a reversible counter which will add OF
subtract signals from the storcd ccunt. Either theiro‘
versiblc form, or the ncrmal ccuntcr, may be conatruct®

with two or morc trigger rings instcad of one, This Wou;
allow signals form.tWwo or morc sources to add or subtrwv
from the.count, whilc maintaining complete eloctrical
igolntion betWween the inputs, Coincident opposcd Siﬂnaw
would canccl and produec nc chanse in.the counte

B piae e d
By ‘a medification tco the ecllccteor system it w ou

. 0
be pessgible to acceopt without crror coincident posiﬁivqt
signals from a pair of trigreors, combinations of pOsit

and negative, and coincident nogative signals,

A scale-of-tcn counter having ton plates inste
five, may bo noccded 1in avplications rcquiring a s
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QutDut line for each digit, Thec complication of the five
307 1

ﬂltional plates may be coffset by the use of a different,
chr clectrode structure, which howecver is nct suitable

11f1V(, plate counters,

Scalc-of=N counters may bc constructcd, cithcr by
nflnp the number of stablc statcs in cach collector or
changlnr the number of collcctors and dcflectors, AS N
POOucod the allowablc becam currcnt and thc highest count=

{ 8peed rise, because of the increasc in the size of the
taby openings.

My The counter forms part of the research program of the ;

Iislon of Electrotechnology, C,S.I.R»0. The work was carried

:“’ In the ¢.8,I.R.0. Valve Iaboratory, It is wished to

kbord appreciation of thec interost and cncouragement of

LfOSHor De M, Mycrs, contributions madc by Mr. A. Mo

05 o (CeSeIsR.0,) and the co-opcration of the staff of
Valve Laboratory undcr Mre R. E. .iitchison, of the

,;

g
Vers ity of Sydnecys

C. B, Speedy: A Binary Gating Tube

iy A brige description is given of a vacuum tube which is

Dposont undcr development at the Elcoctrical Engincering

\
ﬁ{wtmbnt of thc University of Sydncys The tube is intended
ubarily for use in digital computing mechanisms where it
Qiorms a combined storagec and switching functions The
lplc of the tube in its precscnt state of development is
1Q ibod although it 1s anticipated that changes in the
1h~Poae asgembly and possibly in clecetrical principles

%

RO found desirable as the work procseds, It is however




unlikcly that the operational rcquirecmonts will be moaifiol
To indicatec thc manner in which it is anticipatcd that the

tube will function in computing mechanism, mention is madd
of circuits for a number of standard computing component®?
(such as counters) using the proposed Binary Gating Tub®e

It is observed that in a computing mecchanism therc
are essentially only thrce basic elecments, From an
appropriatc asscmblage cf these elements it appears pcssﬂw
to construct any computing or switching circuit at prcSent
built from passive circuit elcments and conventional yacl

tubeg, The three basic elcmecnts are:

the bistable clement (storagc element)
the gate (control clement)
and the diode (onc way clement)

: Cd
Pulsc delay units are oftcn used, however, since an Owﬂvi
b v
o

é
volo?

alent rcsult can be obtaincd using a combination of th
stable and gate clements, it is not considered herc as
basic elemecnt, The object of the prescnt work is to de
a single tube which combines the function of a bistabl® o
clement and & palr of gates, TWo pulse inputs to the bif
section are provided thus enabling the device to be SCtip
a particular state, The tube is designcd sco that one gat?
is open and the other closed, depending upon the staté Z
the bistablc scction,

In ﬁovoloping the. tube it is appreciated that O be
of any value in the computing field, it must compete Wit,
existing circuit clements, In the design of tho tubes

cmphasis ‘has becn placed on the nccessity for easc and 4
gimplicity of construction, The tubc decsign in its P
form consists of several clcetrodes of simple shape Whio'
could be manufactured by blanking and pressing Opcrﬂtio'rl
The opcration of the tubec is not critically depende

ros?”

nt up?
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e clectrode configuration, thus enabling wide manufactur—
g tolcorances’ to bo assigned to cleetrode size, shape and
Po81tioning.,

The speed and reliability of the Binary Gating Tube
“pears, from the nature of its construction, to be similar
"th that of existing electron tubes using oxide cathodes,
Steayse this tube can perform functions which normally
'oQuire several conventional tubes, it is probable that the
tensive use’of the speecial tube would increase the overall

"oligbility of a computing mechanism,

The usc of the Binary Gating Tube has the advantage of
simplifylnr: the construction and maintenance of a computing
Wstem by reducing thc nurber of different circuit com-
®onents, 1t is anticipated that the bulk of the tubes in a
“omp e would be Binary Gating Tubes and diodes, the re-
r’L"il’ldor being heavy current tubes used as cathode followers,
-ﬂch Bi inary Gating Tube requiros in general, two resistors,

® values are not critical and of the order of several
ngmma These resistors are connected to the input deflect=
1m3318tcs of the tube. They precvent the potential of these
QQC*rodos from "floating! when they arc connected to an
"oon gato of another tubc. The cathede followers would
Qquil"o a cathode load rcsistor, and the diodes would require
® Pesigtors, Because of the beam deflection principle used
nthe proposed tube, direct connections between the output

®ne tybe and the input to another is possiblc, As a
;mult, capacitors would nct be requircd at any point in

® eircuit, Honce circuifs using the special tube would
a1y of only five component: iteomss

bilary gating tubes
diodcstubcq
heavy current tubes
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registors of the value approximately 5 megohms
cathode resistors of approximately 20,000 ohms

The ratio of resistors to tubes would be of the order of
2:10

,é- Principle of Operation

The form of the Binary Gating Tube which appears.al
present to be most promising is shown in figs 1. The drals=
18 not to scale, and the voltages shown are approximaté
_values, The clectron gun is of the pPierce type in which'th
emission is space charge limited, Two sets of x--c]eflectofE
are shown, The pair nearcr the gun are brought out t0 Pins
in the base, while the second set are concerncd with the

maintenance of the stable states, Four collectors and fou
targets are also shown, TWo of these are part of the bi=
stable section of the tube, The remaining collcotors and
targots form gates denoted by Gate A and Gate Be

The state of the tube depends upon the location of ¢ ﬁ
electron beam in the tubes The geometry of the tube is s%
that bhe beamsusy Strike: el ther the Left o the vicoiile
targets depending upon the particular state in which the
tube is existing, As shown in the diagram the left nand
targets are being bombarded. The two f ront targets (thos
nearer the gun) are connected to one ancther and to the ﬁ.
right hand deflector plate of the second pair of def-"-‘-ec,os
There are no other electrical ccnnecctions to these tar8’

in which case they are electrically floating. The targ’
ich

are good secondary emitters, and the potential to wh
they adjust themselves 1s that of the electrode which itﬁ
collecting their secondary electrons. As shown, this 8
adjuste itself to the potential of LOO volts., Since the
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left hand deflector plate of the pair being considered is
COnnected to 500 volts 1t follows that the beam will be de-
fected to the loft as shown, The amount of this deflection
epenas upon the geometry of the tube, When thc beam is in
""he right hand position thc targets assume the potential of
S0 volts, a condition which rcesults in the beam being held
% the right, Gonsidering that doflcctors 4 and 2 are normally
% 500 volte it follows that if the potential of the deflector
QOTlnoctod to terminal 2 be lowered sufficiently, the beam may
b forced from the left to the right hand side of the tube,
F“follows that a negative pulse on tecrminal 1 will leave the
*8m in the left hand position, while a pulse on terminal 2
"11 1cave the beam in the ri sht hand position, In this way
ovision 1s made to change the statec of the bistable sect-
ton of the tubc. Oowing to the manner in which the deflections '
T obtained it follows that tho actual location of the beam
g stable state depends upeon the magnitude of the supply
vﬂi&gos and the tube geomctry, It is independent of the
ma5‘5nitudc of the beam current and of the value of the
Wget sccondary cmission ratio, provided this is greater
an tnity, The speed of operation however depends upon the
e Pequired to charge the circuit stray capacitances and

13
dependent upon the beam current and seccondary emission

tio

th Since high beam currcnts arcec required to obtain high

b thnv gpecds, it is undesirable to have a fine focus
Wuse of the hot spots which would be formed on the targets,

. Tact, g well defocused beam is desirable, In addition to

%froﬂuin{ the beam current density, a large diameter beam

”{lan additional advantage. The location of thc beam is

f, _ved by stray magnetic fields, and if the beam diameter

In?“qﬁ large the misalignment of thé bcam is made relatively
ALl
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Two gates are shown, these are rcferred to as gate A
and Gate B respectively, Bach gate consists of a collector
and, a target, Portion of the bgam striking the front target
passes through a slct to the gate targets This targctluﬂor

bombardment assumes the potential of the collector surrowﬂ'

ing ite If & ncpative pulse be applied to this collectory &
similar pulse will appear on the target, Under this condi®

ion the gate is "open"; a pulse applied to its input appears

at its output. Gate B under this condition is "closed'. Tho
potential of this target is independent of the potentialat
terminal 5,

To make conncetions tc the tube an 14 pin base is
rcquired, Thrce power supply connections are required and
these are 400, 500 and 600 volts approximately, '

Visual indication of the state cof the tube is availe

able by allowing portion of the beam to pass thrcugh the
gate targets and to strikec a fluorescent screen.

e Applications

Nemenclature

Denote a storage element by S.
Denote the contents of § by ¢(8),
C(8) = 0.or 4

Digit representation, Digits are transmitted by mea?
of a Digit.-Bus consisting of twe lines referred to as b0

D and the 1/D lincs respectively,

Digit 1 is reoprescnted by a pulsc on the D line
and no pulsec on the 1/D line,

Digit O is represcnted by a pulse on the 1/D line
and no pulse on the D line

In the absence of a digit no pulse appears on either ¢

—

Uy,
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D or the 1/D lines, ,
{te: This method .of pulse representation of the digits is
10t csgential to the operation of the Binary Gating Tube

0t i Pound to simplify the circuits,

Olock'period.‘This is the fundamental interval of time
inthe computing circuits. Dcnote this by T,

Clock pulses These are pulses genérated in the computing
?mhanism at times no.T, where n = 0, 1, 2, «ssse €t0, Denote
¥ pe, |

Shift pulses. Cccurrence times (n + £)eT

Denote by ps,

Quartcr pulses, Occurrence times (n + 14).T

Denote by pd.

Three—quarter pulses. Occurrence times (n + £).T
‘ Denote by pb,

—

Counters, Denote input pulses by pie

Denote output pulses by po,.

Denote the number of input pulses by (pi)
Denote the number of output pulses by (po)
An N-stage counter is defined by:

(p1) = N.(po)
Binary counter N = 2

Decade counter N = 10

Ring gounters

8., The general case of an N-stage counter is shown in
Sy A :
% e Provision is made to clear it to zero by a clear-to-

0
0Q1 Pulse at time n.Teo The effect of this pulse is to set
‘JUI.\()} tO unitvi‘ and G(SZ)? G(SB); ooooO(SN) to ZEBY' O, The

o
% Pa arc gquarter pulses applied continuously at times
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(n + 1)4Ty Following the clear-to-zero pulse, the pa

pulse sets OQ(A1) to unity and G(A2), G(A3)s ses C(AN)

to zero., An input pulse pl transfers 0(A1) to S2, The
following pa pulse transfers 0(82) to A2, Hence the resull
of & eingle pi pulse is to.transfer C(A1), which 1s unityy
to A2, The result of (N -~ 1) pl pulses is to transfer the
C(A1), which is unity, to AN, The N-th pil pulse transfers
C(AN), Whiph 1s unity, to Afs In doing so an output pulse

.....

Gating Tubes are required for an N-~stage counter,

A binary counter can be derived from the N-stage oount?
of fige 2 by making N = 2, This would require four Binary
Gating Tubes, A simplified binary counter is shown in
fige 3 Which requires two Tubos.ﬂprovision is made to
enable the counter to be cleared to zero,

In fige 4, a simplified decade counter is shown, It
consists of twelve Tubes, The first two are connected as
a binary counter stage. Pulses pa are applied continuous 1Y
at times (n + 1).Te Input pulses pl are applied to this
binary counter stage. The output pulses from this stage
are alternately applied tc. the lower and upper lines of
the main counter, In clearing-to-zero, G(S1) 1s made
unity and 0(S3), C(S5), G(S7) and 0(S9) are made zeros B¢
binary stage is set by the clear-to-zero pulse so that 125
first pulse from it passes to the lower line of the maill
counter, In doing so it transfers ¢(81) to 82
Subsequent pl pulses transfer 0(s2) to 83

0(s3) to skb, etos

The tenth pi pulse passes through 510 to form the outpu?

pulse po,
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N-stage Shift Registex

The shift registcer which is used in computer mechanisms
b0 Staticise and dynamisise digital information may be con- '
Structed with Binary Gating Tubes, Such a circuit is shown
Jlfig. b Digits enter and leave the rcgister via the
D“‘t Buse, A number copsisting of N binary digits, staticised
bytho register; is stored in the storage clements S1, 825 sess
o, To dynamicise a storcd numbcr, the pulses pi and p2 are
“®Wlicd to the rogister. The pulses pa arc being applied
Q(’n'ﬁinuously at times (n + 1),7. Pulse pf tranifers,

0(s1) to A2
6(82) Lo A3

L I I I I )

0(8N-1) to AN
h i
o Process continucs, cach digit appearing in succession
l 0
}mn the Digit Bus at a clock pulse time, Notec that Auring
t, 03

18 pProcess, cach digit on reaching SN is transferred to
4
1 * A8 a recsult the information in the register is retained,

Gynamioising, a similar process occurs, Pulses p2 are

A0

applied and the new incoming number replaces the old one,

As an example of the usc of the Binary Gating Tube in
ntPOL circuits., a Pulsc Generator for thc shift Register

i 5 S
hﬁ’n in £igs 6. The particular case chosen is that in
e gy _

4
)
. DOley cxactly. the properties requircd of the shift

= 10, Before designing such a circuit it is necessary

Specifications

The ghift registeor is to connect to the remainder
Of the computing mechanism by mcans of,

(a) Dipgit Bus, This bus, consisting of two lines
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D and 1/D, transmits digzit pulses either to oOF
. from the register,

(b) " Read Bus. A "read pulse" applied to this bus
initiates the transfer of the N-digit number
from the register to the Digit Buse.

(¢) Write Bus, A "write Pulsc" applicd to this
bus initiates the transfer of a number from
the Diglt Bus to the register,

3 6
Be Reading and Writing, During recading, thc number in

i~
rogister is to remain unaltered, During writing, the incoP
ing number replaces the number previcusly held in the

register,

Coe Timings Diglt pulses, rcad pulscs and write pulses
appecar if at all at times n,T., During cither reading o
writing an initiating pulsc (a Read or a Write pulse)
prececeds the first digit of the N-digit number by one c10°
periods, (It is convenient to consider the initiating P¢wel

(A
«to appear at time O and as a conscquence, the least sign’

icant digit at time 41 and thc most significant digit atb
time N )s The pulses requircd and fhe times at which 0¥
occur are shown in the table of fige 6, External connect’
ions are made to the Pulsec CGencrator by means of four bub
bars, These carry the Read, Write, pi and p2 pulses. The
Generator contains a 6-stage binary counter which hag
provision to accept a clear-to-zero pulse, Connected 50
each stage of the countecr i1s a Binary Gating Tube which
at all times rcprescents the statc of the binary countcr
These tubes form a sct of coincidence gates and connoctos
as shown, allow a pulsc to pass when the counter registor
the number 4O, (binary number 1071000 ),

In opecration, cither a Read or Write pulse open? 2
gate which admits pe pulses (shift pulscs at times




"HILSID3IY L4IHS 3DVIS-N SHOId

*L°'u sawiy e sas|nd

‘L'(%; + u) sawny 3@ sasind Yiys,

.._..n¢\_ + U) sawiy e Ajsnonuijuod p2ijdde sasind
‘Ju2w2j2 26eioys 3161p

‘qu2w2j2 2b6eloys Aaejjixne

sng 1idia a

1o

i
9
fv






H3ILSID3Y Ld4IHS Y04 HO1VH3IN3D 3S7Nnd "9 'Old

#V i /HV 0422z 0} 402D

ed

—
—
—
e
—

>—
—
et
P
—
—
( 7

|

— OO -0 O O O |
d

P 3

Buniam Bulanp pa2iesauab sasing

_ﬂ_

| AR, 19 S <4
Toam] = U sas|nd
! T ind 116iq iLﬂ
5 T 2s|nd 2314M q 4
| e
Buipeaa buiunp p23eaauab sasjng .
=] T ‘ sasind 316ig ( J po \
# L e |d N~ A od
gl Tk z2d =0
—_ m Y S zd
_ A , T 2sind peay =0
N O Bl -2
Ton) R T 2|e2s 2ulf
oV 6¢€ € e o _ = 24101210 =0

2sind peay







— =
== — = ——

162,

(0 + 1)4T) to the binary countor. These same pulses pass o
the p1 Bus since p{ pulses are required during both reading
"Md writing, Having counted 4O pulses, the counter coincidence
€ateg pagg & pulse which is.returned to the input gate and
®loses 1t, In this way LO p4 pulscs are counted cut., During
the reading process, p2 pulses are alsc required, In response
t g Read pulse, a gate is opened which admits pq pulses to
%885 to the p2 Bus. The pulses pc, ps, pa and pb are applied
Qontinuously to the points indicated in the diagram,

Binary Adder

The Binary Adder circuit, shown in fige. 7, comprises

g coder and decoder circuits commonly used in ¢omputing
freyy tg, Digit input pulses appear simultancously at A
" By The corresponding digit of the sum appears one clock
L)Qr‘iod at Ds An internal loop transfers the carry digit,
denoted by C), suitably delayed, from the output of the

"er o the input of the decoder. Bither one of the A, B,
Ve digits will open a gate which passes a shift pulse to
Hm decoder; Depending on the state of the gates in the

“%0der input, which are set by the digits A, B and O, the
alse ps will pass to one of the eight output lines, Two
ats Of diode coders are includcd, cne of which forms the sum
mfit Dn and passes it to the digit output and the other
I%z: forms the carry digit Cn and returns it to the decoder

4
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Bs Fe CooOper: A Magnetio Drum Digital Storage System

1 Introduction

Storage of binary digital data on magnetic drums i8
now well estabTished in modern eclectronic computing practic®
Features which have led to the adoption of this form of
store include: (1) compactness of the store, (2) non-
volatility of the stored information, permitting indeflnit
retention of the latter even when the equipment is shut
down, and (3) ability, notwithstanding the latter featuré?
to.alter the information at will, Opposed to these threé
advantages 1s the disadvantage that mechanical motion- 18
involved and access to the stored information is, therefo?”’
slow in comparison with the all-clectronic storage systaﬁ
However, the magnetic drum usually serves as an auxiliary
store to which relatively infrequent reference is madé: B8
that a small accesg time is not of great importances
om int0
1

op

Integration of an auxiliary drum storage syst
the structure of the main computer can be approached in
ways, depending on whether or not it is desired to gtore
the drum programme data which will ultimately be rcquircd-

8
at high specd, When such material is stored the systel im
utati

organised in such a way that the progress of a comp
can be tcmporarily halted while'a large block of informa
ion is transferred from the Arum' to the high speed stor?”
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thig can bhe done during one drum revolution occupying say

j) S8econd, so that if the transfér operation is only required
i intervals of several seconds, the lengthening of the com-
wtation on this account will be negligible, An arrangement
?fthis typc has been adopted with,the Manchester machine (29)
% 1t poguires that the design of the high-speed and

Wil a1y stores should be carcfully integrated ab initio,

~ In the case of the Radiophysics machine the drum store

‘A designed as an adjunct to the main computer when the
itop was almost complcte, and it was required only for the
#Oragc of data to which sclective reference might be made
?tinfrcquent intervals, A capacity of 1024 numbers each
¢F20 Aigite was initially called for, later to be extended
30h096 numbers, Compleote frecdom of transfor between the

JI\ =
M ang any register in thc computer was also required,

. These requirements have led toc the design which is now

a5 o .
€ deoscribed,

)

\The Experimental Magnetic D rum

ly Fig, 1 is a photograph of the experimental nngnotiq
%H‘ The rotor has a diameter of LI" and a length of 3",
%ave power being provided by an internal D,C. motor which
1“Q:ﬂken from an aircraft gyroscope. This motor provides

b, Tunning at a speed of 6000 rep.m, A coating of a

i QI'Gially prepared magnetic iron oxide lacquer is Sprayed
%50 the surface of the drum to serve as a recording medium,
h ®%io iron oxide with a high ratio of coercivity to
%Q:Gnee ls vsed herec to ensure high digit packing densities

igh resistance to accidental demapgnetisation,
y Thg

3 drum surface is divided into 21 tracks each served
Mg

Enetising head which functions for both reading and




recording. For ressons of mechanical convenience the heads

arec mounted in two gtaggerecd rows, Of the 24 tracks, 20
have numerical data rccorded on them and on the 24st is &
permancntly recorded timing waveform which serves to inde#

the recording positions on the drum,

A number of 20 digits is rccorded as a row of magnelil
"marks" spread transverscly across the drum with one aigit
in each track, 1024 rows spaced pcripherally at 75 per
inch make up the full capacity of the drum,

This gencral scheme of "parallel" recording has bech

described previocusly by Booth (2) and by Hill (26

Although the main computer opcratecs in the serial
mode, that is, numbers arc transmitted as a serial trail g
pulsesa on a single circuit, thec serial mode of opcrating
the drum, i.e, with adjacent digits on a track grouped
together to form numbers was not adopted for the followils
reasons. In the first placc the computer timing relation®
ships are basecd on a mercury declay linec store with a digit
pulsing rate of 333 Kc/s and a circulation time of 4 mi11%”
second.A8 it was considered too diflficult to match this
speed in the drum system it was decided to operatc the 0%
asynchronously with a buffer storage system interposed
between the drum and thce computer for the tcmporary hOldﬂﬁ
of numbers being transferred. This being the case, the ar
system could operate in whatever mode was best suited 50
its structurec and.it is casicr to perform seclection iR on’
step from one of 4024 rows of numbers than to perform 5
selection in two steps: (a) by track and (b) by position

the track,

e Recording method o

nst??

The manner of recording digits in a track is 111
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M more detail in fig, 2, which is a diagramatic crossg-
¢¢tion of a track and its recording head, A recording
%ad'consists of a single strip of .003" mumetal suitably
00n"G'to shape and carrying a {100 turn magnetising winding

% 36 B'& g wire, Pole tips are scparated by a .0015" non-
maEnetic spacer and a clearance of ,0015" 1s maintained
etWoen the head and the drum, Operation in contact is not
Dmsible because of the high peripheral speecd, Each head is
®ovideq with a thyratron pulser, as shown in figs 3,

QaP&ble of delivering a positive or negative current pulses
OI'I'Ocox'ding binary.-"Oo" or "4" digits, The duration of these
DuJ-Bes being about 4" micrcsecond, is short enough to
ff"3013:Lvely "freeze" the motion of the drum, and the peak
uI’-'f‘en’c employed, namely 1 ampere, is sufficient to produce
l%al magnetic saturation in the recording mcdium. A

Recording positions or "cells" on the tracks are defined

he intervals of the clock track and are identified by
unting from a small gap in which nothing is recorded, The

plls are ideally discrete but at the adopted spacing of 75

h:‘inch they actually overlap somewhat. Initially the tracks

o 2enetised uniformly to the "o" level by passing DeCe

1, S€ative polarity through the heads while the drum is
ating. After the initial preparationa "4" may be recorded

;h My ce11 by the application of a positive current pulse

?hthe head at the apprOprlate instant as shown in fig. 2a..

1 S Yesults in the residual magnetism being locally reversed,

e ing a small hump; in the flux pattern, subsequent recording

%Pations on this cell will have a negligible effect if a

fep "4 45 pecorded but if a "OM is recorded the flux

®'n will be restored approximately to its initial state,

byt

Ett

)
¥
N0 gpecial erasing operation is required,

T0 read the content of the cells the voltage induced in
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the head by the flux pattern is amplified and fed to
suitable reading circuits, Fig. 2b shows the flux waveform
induced in the head by thc passage of cell numbers 4, 2,
and 3, which have had digits 1, O, and 1 recorded in thele
The vceltage waveform induced in the hcad is the time-
derivative of the flux waveform so that a waveform of the
shape indicated in fig. 2c appears at the amplifier output
terminals, The amplifier output is applied to one input of
a coincidence gate circuilt, into the other input of whioch
is fed a short position—seléctor pulse, derived in a
manner which will be described later, and phased relative
to the smplifier outpht as shown in Pig, 24, If the por i
selector pulse coincides with a positive peak in the am-=
plifier output, resulting from the previous recording of 2
"4", an output is derived from the coincidence gatc which
sets an ouﬁput "Plip-flop" to the state ™", If the cell
containg a "O" the small residual ripple in the output
waveform cannot actuate the ocoincidence gate, An oscillO”
graphic record of the amplifier outnut waveforms resulting
from various diglt configurations is shown in fig, L. TBH®
peak to peak voltage ‘delivered to the ampliflcr by the
head is 5 millivolts,

i, Auxiliary electronic equipment

erate

A block diagram of the equipment necessary to op it
h

* the magnetic drum in conjunction with the computer i °

u
in fig. 5. Contact with the computer is established ﬁhroimﬁ
a "drum sequence unit" which controls the cycle of oper?

whenever a drum transfer is called for,
a

In the case of a transfer from computer to drumls
"drum destination" control line is made active by the
computer coentrols and a 40 digit binary number specif

yiﬁg

/[
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"hich ocne of the 1024 rccording positions is required appears
h the digit trunk followed by the actual 20 digit number to
be recorded, Thc position digits are routed to a 10 digit
Position register of the static or flip-flop type through
What 1t will sufficc to describe herc as serial to parallel
Bates, Similarly the numerical digits are routed to the 20
digit input register which prepares the reccording thyratrons
to deliver the appropriate positive or negative current
Pulses, In tho drum timing circuits there is a 10 stage
binary counter which counts clock pulses starting from

%ro in the clock track gap, A coincidcnce detector is
"eanwhile continuously comparing the content of the counter
Q- the position register and when coincidence is reached

the pulse previously refcrred to as the "position selector

| Pulggn is fed as a trigger to the writing thyratrons, This
‘Cmpletes the recording operation and a pulsec signifying

thig fact is sent to the computer,

‘ In the case of a transfer from drum to'computer, &8
'Wrum source" control line is made active and the position
rH&’;i‘cg are again transmitted to the position register, When,
TMXt’ coincidence is reached the position selector pulse is
| mlowea to open the rcading gatos, permitting the contents
QI'tho selccted position: to enter the cutput register. At

hig point a further gate is opened, transmitting the con=
.Qnts of the output rcgistor to the digit trunk via parallel
EOSOPial gates and is closcd when the .required destination
Iltho computer has rcccived them, These operations take a
r%ximum of 40 milliseccnds, corrcsponding to one rotation
IE%10G, or 5 milliseconde on the average for random drum
ar@rences. To this must be added an extra millisecond or

0
: for the decoding of the rclevant instruction in the come-
{Ut op

A total of some 280 valves is used in the above




circuits, and this number cculd be cut down to 200 by
eliminating the input, output and position registers and
sharing certain registers in the main computer, However,

the provision of separate registers has led to flexibilit¥
in testing the experimental system. It is estimatied that
cxpansion of the drum capacity to L4096 numbers will re-
quire the addition of only 60 - 70 valves.

De Reliability tcst

Little experience has been gained so far in actual
computing opecrations with the'd rum but as a test of its
reliability it has been run for several weeks on a closed
cyclec of opcrations, In this test the sequence unit is
connected to perform writing and reading operations on
alternate reveclutions, i,es at 50 cycles per second and
the position register is connected as a counter with uni®?
being added to its contents at the beginning of each
writing cycle. After a rcading operation the contents of
the output register are immediately transwmitted into the
input register with a left shift of one digit positions

Initially a number 00000,00000,111114 11114 1is seb
intc the input register and the cycle is shtarted with 017
number being transmitted to position "O". As the cycle
progresses the numbcr 00000,00001 414141511110 should appeﬂ
in position 1, 00000,00011+11111,11100 in position 2, and
80 on, "End:around carry" froan thc 20th to the 10t disit
position being permitted, so that the spiralling effect
continue indefinitely., Aftcr 1024 cycles rcquiring apprmv
imately 20 seconds the pregression of numbers shoyld rot ¥
to position O with the number 00000,01111 544114 40000 b"’?zus
inserted therc, provided no errors have occurred in Pnoviwf
reading and writing operations., After 5720 cycles the nut

cé




ol
2

Medium Uniformly
Magnetised to

"Read Out Waveforms.
Magnetic Drum, 6000 RPM, 75 Digits per Inch,

Fig.l4 - Oscillographic record of output from magnetic drum
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00000,00000,11111,11111 should reappear in pesition O and all
20480 digit positions on the drum will have experienced an
dlteration of their content from O to 4 to O or vice versa,
In 3 pericd of 8 hours 1.4k x 106 separate numbers involving
2,88 x 107 digits are transferred,

Initial weaknesses revealed by this test included
Sdurious reading out of a "{" wherec a "O" was present, This
Tag mainly due to some recording heads having faulty shaped
bole pieces which caused poor restoratlon off MMty S0
‘b"'S, tOﬁCthCP with sllcht uncvcneSo in the drum coating
"hich caused °1gna1 amplitudes to vary with angular position
ot the drum, Thus if the amplifier gain wes made sufficient
tO.handle the weaker signals the "O" level in other parte
% the track might be high enough to be recad oubt as a
Sbury ous "M,

‘ After such matters had been attended to the system
ou1g gencrally run without ,error for a complete 8 hour
E;Picd and sometimes for twWo successive 8 hour pericds,

G Temaining fa ult which did occur were equally linble.
° be the p1ck1ng up of a 4" or loging a '"1" for no
Dbarent I'eas O,

§

1
~._Conclusion
8 Magnetic drums of the typc described in the foregoing
ot Very well into the requirements of an auxillary store

L
o

% Clectronic computcers., The number capacity cf this type
g Store’ can be increascd to any value which is likely uO be
gq“lred with little increase in engineering complexity.

%OzhOrmoro since CbnnldbluDlC time is consumed in lcading a
. © Of high capacity the feature of retention of '‘the stored
Tmat i on during a shut down should prove o be a consider—
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able advantage,

Discussion

B, F, C, COCPER -~ replying to guestions, explained
that the transfer of information from the magnetic drum
to the main store in the CesSsI«ReO¢ machine is not
carried out systematically in blocks but instead, individ-=
ual numbers arc read from the auxiliary store, As the druf
is used principally for storing function tables, this doef
not reduce the overall speed of the machine seriously, MT¥e
Cooper asked Professor Hartree if he would explain in somé
dstatl the eumotions) of the aurilisvy store in the VaLo L
machine and also the method of programming transfers
between main and auxiliary store,

D. R. HARTREE - said that he was not familiar in dote?
with the Manchester machine but conmented generally on
magnetic storage. In the Harvard MKk, III machine the mag~
netic drum is used as a main store, It uses a number of
comparative}y large magnetic drums which are mechanicall¥
coupled, and each track has 2 to 4 reading/writing heads
to reduce access time, The EDSAOJ, on the other hand, haf
no subsiduary store, Commenting on special tubes, he gaid
that a binary adding tube is about to be produced commero”
ially in Canada. However, before any special tubes are
acceptable for computers they must be of proved rcliabiiity
and also in rcady supply,

DJ M. MYERS - saild that the binary gating tube

described by Mr. Speedy could be a practical produotion :
The adder being produced overscas is rather more comple®*




K. S, BROWN ~ stated that the Canadian tube is. now
Availgble commercially, It is called the Additron, ‘He paid
& tribute to the Hollway tube, pointing cut that it is. the
first high vacuum decimal counter tube to be produced, . It

& most ingenious and further development would be sure to
Iproye . ite upper frequency limit, Gas~filled counter tubes
8re commercially available but their upper countlng limit
18 of the order of 20 to 30 Ke/s,

C, B, SPEEDY ~ replying to a question on the use of
CCystal triocdes in computer work said that they appeared

Ao offer promising possibilities, He knew of no overseas

maChincs that werc as yet empleying them, although crystal
diodos werc being used in great numbers, No crystal triodes
ere being used in Australia because of shortage of supply.

G, E, BARLOW - asked whether anything had been done

l°0a11y to synchronise the pulses from a magnetic drum with
tho master clock pulses of the C.S.I,R.0, machine,

B, *, C. COOPER - s8mald that synchronisation had nct
®en gttempted. The master pulses have a freguency of 330
KQ’/S and the pulse repetiticn rate of the magnetic drum is

F the ordecr of 100 Ke/s, so that direct synchronisation is

not'pos:si‘ble. 1 it were, it would require rather a complex

SQPVOmechanismo Tn the C.Se. I.R.0. machine, transfers between
UM gnd the main store were carried cut in two stages, via
Static register.

W, R, BLUNDEN - incicated that work had been done on

18 problem in the CsSe IeReOo Mathematical Instruments
®Ction where an clectrostatic storage tube is being built,
® bulse rate for the electrostatic store is about 120

¥/ and a 7-inch drum, rotating at 6000 Tepsm., storing
cut 55 digits per inch, gave a similar pulse rate. Direct
Chronisation is being attempted. The drum is driven by a

§
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velodyne which, in addition to its main first derivative
fecdback’ circuit, emplecys a special -synchronising circuil
which produces a signal proporticnal to the phase dlffefdw
between drum pulses and the reference pulscs, At prcscnt
the results were not very promising, mainly because the

velodyne being used was rather too small for the jobs

D, L. HOLLWAY -~ replying to another questicn from

Mr, Barlow said that the input impedance of the countel 1
lS 10)‘}&F.

1
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XTI, Some Analogue Computing Devices
by Ds Mo Myers

1
¥__The Role of the Analoguc Machine

During the last decade, the reclation between the use
neuiigital and analogue machines has undergone a very pro-

Ced change in favour of the former, as a result of the
z:sl?pmonts in automatic digital computing which hgve been
m%trlbOd in the early discussions at this Conference. It
hﬂutnow be conceded that, with few cxceptions, a numerical
qmcyion of a mathematical problem can be carried out more
ana*ly and more accurately by a digital machine than by
apDl?alcguc machine, Furthermore, & digital machine can be
N €d to the solution of any problem which can be trans-

g Y
d into a series of simple arithmetical and logical
G :
Patlons, and this is possible in the case of most

) Sc_
3 ontipge problems of practical significance. The modern

«éntal machine is a general purpose machine which, with its

Q
0
v 4 ang accuracy, -is becoming a most valuable tool in the

S Of regearch and industrys

"hey What, then, is the role of the analogue machine? Under
m@t °ondit1 ons is it preferable to the digital machine, and
thg 8 1tg future, in the face of the increasing power of

Attepe

%y PO £4na an answer to thesc quostions, we must look
0

th nd the mathematical problem itself, and consider its
y leay context., As a simple example, let us consider an

0 .
DQTQ?QO machinc which is well-known to all of us, and which
e S continuously a rather intricate set of mathemat ical

DQP
‘ at10118. T refer to the electricity meter, which determines

Mach We must pay for heating and lighting our homes.

ly
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Superficially, it simply measurecs the amount of energy -
the numbcr of kilowatt-hours consumed., In order to do thiSe
it accepts data in the fofm of threc continuously variablé
guantitiess voltage, currcnt and time; it multiplies the
first two of these together and integrates the product with
respect to the last, And it does all of this for an extrel
ely low cost of production, It is most unlikely that the
electricity meter in its present form will be superscded
in the foreseeable future by a digital machine., This meter
is digital only in the presentation of the results of it8
computations, and fundamentally it is a machine of the

analogue class,

This is perhaps an extreme case, but it illustrate
a significant factor, Multiplication and integration cal 2
done easily and rapidly by digital methods; the reason £
the cholcc of an analogue device lies in the context, 1P~
cluding the form of presentation of the data, These dat8
voltage, current and time - are constantly varying quantl
which appear in a form suitable for immediate digestion vy ©

-

436"

analogue machine, Theilr conversion to digital form would
itself be a considerable problem,

A more advanced illustration of the same point ocoWr?
in the case of railway schedule computations, for whichk @
form of differential analyser has been speclally dcsigned
and built in the U.S.A. The problem occurs frequently ﬂlaﬂ
country with a rapidly developing railway network, and ﬂwo
are ocbvious advantages in using a machine which roquiI“’/‘S
special setting-up each time the problem occurs,

the
arti®

Another consideration of similar importance is
formulation of the problem itself. Many problems, P
ularly in engineering practice, are readily suscoptib16
treatment with the aid of a convenient analogys. TO goLve

y

=~ =r o =
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them by digital methods requires their re-statement in
Tathematical symbology, so that they can be brcken down

‘into arithmetical routines, This is sometimes impracticable,

In gencral, the position may be reasonably stated as
011 owg s =

(1) The digital machine has the overall advantage in
generality, speed and accuracy, :

(2) The analogue machine is designed for a limited
purpose, but in serving that purpose, it
frequently has the advantage owing to the context
of the problem and the form of presentation of
incoming data or of i1ts’ output,

As a corollary, the scope of tﬁo analogue machine i1s
usUally greatest where either the data or results appear
U the form of continuously varying physical quantities or
"Merg tye problem involves relationships which cannot readily
¥ Converted to symbolic form,

This point should be stressed because 1t suggests a
"athep different way of examining the relative merits of
nqlogue and digital machines, Machines may be classified
COI‘dlng to the types of mathematical problem to which they
e applied:- e,g. harmonic analysis, differential

ﬁmations gonoral purpose, c¢tcs On the other hand, they may

Csubdivlded according to their "user" clasgification:
%E- erystal structure analysis, determination of railway
®dules, electron path plotting, ectc, In my earlier re-
1Pksy I have suggested that the role of the analogue machine
hls mainly in solving problems in the lattor classification
; 1% 1g appropriate at this Confercnce that a brief
Ulount should be given of some of the more important of
nmse; the former classification is becoming more and more
Province of the digital machine,




ATTe

2¢ Machines for Special Applications

A very widespread type of analéguc machine d csigned
for a specific practical use is the anti—aifcraft predic
or more generally, the whole raﬂge of instruments used £
determining continuously, from observations of a targebs
the necessary data for the projection of missiles to dest?’
ite The problem is a continuous one in real time and cann’
be treated with detachment as a mathematical exercise 0
be solved in the laboratory when convenient, Each s olutio®
is required within a very small fraction of a second aftcr
acceptance of the data on which it 1s based, and in a £o&
suitable for immediate use, The analogue machine mects 1
requirements very well, and has been almost unopposed 1% 2
this field up to the present. There are cbvious difficulmﬁ
in the use of digital machines for this purpose, but they
do not appear to be insuperable, and it is reasonable 0
predict that analogue machines will be replaced, at 1685
in part, by high-specd digital machines for gunnery oonmw

t0L!

in the future.

It is reasonable to include also the electrolytio

tankvx among those dovices used to satisfy a "user! r6-
quirement, In general, its usual purpose is to solve thiﬁs
t
0

Laplace equation for given boundary conditions, and © ;
extent it may be regarded as applicable to a specifiC Kﬁ;y
of mathematical problem, However, a great deal of ingcﬂu
has_been applied to the method of presentation of the
solution in such a way as to satisfy particular "uSG?"
requirements, One example of this is the determinatio®

the path of an electron when passing rhough a systen 3f
electrecdes such as c¢xists, for example, in an e%ififfi/////

k FPor fuller detalls, see refs 33a, pps 112 et S6ds

/

0o
Dot

mea
ing

%ﬁ
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T?mdscope or a lineal acceleratiors 1f the electrode system
‘8 represented t0°@ suitable scale in the clectrolyte, the
Wientigl of any point in the field may be determined DYy
:?Surement and analogye Equipotentials can then be plotted,
AG from them the electric intens ity determined at any point.
Akh@WlCdge of both the potcntial ond intensity enable the
]izh of an electron O be found, Varlious devices have been
0nQ('lto avoid the need for the plotting and computing, and
5mnsuCh device, due o Mre D, Ls Hollways ijs available for
) onstration during the conferences This instrument,
2£achod to a pantagraph which locates the probe 1n an:
mm;ér01ytic tank, enables an operator to trace an clectron
theq éireouy, without auxilialy olotting or computings by
ring thc jnstrument across o drawing board in such a Way

iy
to maintain a null peading Cn an indicating instrument.

be In the cascs Jus® aescribed, the problem cen usually
im:;tated in reasonably gimple mathomatical form; the chief
tQEGSt in the machines 1168 in the methods of accepting

i g ata and presenting the results The analoguc machine e
%ngial gpplication glso tO +hose problems which cannob be
Qmm?nicntly stated symbolically, cither because of their

y ~-ication or, for oxample, Pecause of the nature of their

oy
%;m&ry conditions. Mam of these problems are solved g

mm:uco by direct analogys us ing ponvonion& scale.factors,
§ 88 in the acrodynaniic wind tunnel and the towing tanks -
Ea::fmli of grecat practical jmportance is't?e networi>
Qerir , which is used for th?.st?dy of interconnec ed
QfSi cal gencrating gystemnse This {nstrunent solvos a set
%ttzultancous cquations, psually in complex variables,

Iy e statement of the probleim jn such a form would usually

8 3 A
task of considerable magnitudc; this is s1mpl1fled by

Q - v -
» for examples refSe 23, 51»
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the use of the network analyser, Most instruments of thif
type depend on a scale model of the system, sometimes
operated at a comparatively high frequency to reduce the
physical size of the components, The analogy used may b€ (”
an indirect one, as in the case of the Blackburn analysér
in which transformers are used to replace the normal circ

elements,

Many analogue machines built for particular practical
requirements embody components which may themselves be
classed as analoguec machines of more general application
to mathematical problems, It is desirable at this stagé
to outline very briefly the way in which some of the Simpl
mathematical functions may be represented in analogue £oIm

Be The Simple Arithmetical Functions

Analogue devices for performing the simple quthmcti
coxﬂ“

processes, such as additicn or division, are in such o
oV

use that their mathematical significance is frequentld °
looked, The differential of a motor car constrains the

il
rotations of the two rear wheels in such a way that the?

sum is proportional to the roctation of the driving Shaft'
joB

without imposing any cmstraint on the relative rotab 138
ad

of the two wheels, Thus it is basically a device for
(or subtracting) two quantities expressed as rotationse

In the automatic totalisator (28), familiar %O ra¢
goers, this principle is used, together wi'th a number of
dividing mechanisms based on the properties of gimilar
triangles, to carry out a rather more complicated pfobl
consisting of repeated additions and divisions,

oﬁ'n
The slide-rule and the planimeter arc too well kK

n
to require description, The planimeter and the integrap
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havebcen extended by various workers to evaluate not only
Cfinite and indefinitec integrals but also first, second and

i@her moments, and even to integrate differential equations
mhin a limited field,

All the above operations can be carried out, either
hwctly or by finite difference methods, by digital machines;
© Choice of method is usually based on convenience,

4
S~ Simultancous equations

| There is considerable practical interest in the mechan-
-.Qal

§
oty frequent oceurrence and of the tedious nature of their
%

Solution of simultancous algebraic equations because of

4 lon by conventicnal methods if the equations are in
:%@ than four or five variables. Several analogue devices
%s-bcen built for this purpose, the best known being that
%sto Mallock (33) at the University of Cambridge. This
Tment depends on Faraday's law of electromagnetic

q“i;tion and consists of a number of transformers, each e
bya 5 & number of tapped windings. The equation is represente
i Witable interconncction of the windings and the number
b Wng gp cach winding is set according to the appropriate

S
mctOPu in the equation,

%h‘A Mechanical device, duc to Wilbur (54) in the UsSsAes
Sty or o set of tipping plates,mutually constrained by

g
W%em Of pulleys and steel tapes,

%W\In Machines of this kind, the physical size depends
Y on the squarc of the number of variables, so that
h%‘actlce there is a 1limit of nine or ten variables. This
‘%h JUlty may be partly overcome by using an iterative

N 0¢

Q%t( °f solution in a device which can deal Wit? one
R only at a time, However, the solution still becomes
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very tedious if there are many variables, 0y
It Seeﬁs at present that digital methods are to be ?GI
preferred for the solution of simultaneous eqdations; bhc
however, the principles of the machines described are Of e
interest and may well be included in analogue devices £OF
special applications,. Pee
: Ng+
T Iny
| He Fourier Analysis and Synthesis; Solution of Po}gﬁﬁ@g/ o
The synthesis of a periodic function from a serief of | vay
» harmonics, and the analysis of such a function into 1%P 0]
! harmonics , rcquire very similar tcchniques, In an analoguw Ohg
solution, the first requirement is the generation of all Yol
harmonics involved., A Fouricr analysis requires also & R
product integration, These functions can readily be carri® | thg
out by cither electrical, mcchanical or other methodes a1 Fut
a great deal of ingenuity has been applied to the use of ?H
various analogios x. The problem of analysis occurs VOZie :he
Coy,

frequently in the practice of elecctrical engincerings
function to be analysed being presented in the form of &
variable voltage., An ana1y51s by electrical methods 18 vio KQ

| o |
‘ convcnlontly used, and several types of electrical halm O

analyser arc available on the market, l U g

g

When the data are photographic records or in graphi U

o 10}

form, mechanical methods of analysis are often morec Cond' wh

0

venient, and a number of such methods have been doscriPe 5 u
m((l

0
In the solution of polynomlal equations, it is & cfﬂ

¢l
practice to evaluate the polynomial expression for Spoadﬂj Qig
values ‘of the modulus of the variable, and this can ¥° o

X For cxamﬁlc, sce refs, 6, 15, 16, 25, 37, L41, U5y b
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oy done by harmonic synthesis, Thus, a machine capable of
rforming harmonic synthesis ean be used in the solution of
the pblynomial; Such a device, in mechanical form, is the

& Ograph (8, 36)0

A special reguirement for Fourier analysis arises from
‘ecent work in crystal structure analysis by diffraction
’Fthods, To those engaged in this work, the time and tedium
Wolved in the interpretation of diffraction patterns needs
n(’cmphasis. The problem is cne of Fourier analysis in three
hriablos, and its solution involves the exadmination of trial
Imlecules and the comparison of the results with experimental
QbServafions of the molecule under examination, The time in-
v“&ed in the computations relating to a single molecule,
?ing normal facilities, is such as to impede very seriously
he Use of the results of diffraction experiments, The com=
pmations themselves could undoubtedly be carried out very
?nckly‘if a highnspcca digital computer were available, but
g Dresentation of the results in the form of a series of
meour maps is itself an undertaking of some magnitude,

To overcome these difficulties, a device known as
i?AC (38) has been developed during the last few years by
dofgssor Re Popinsky at Pennsylvania State College in the
%i‘A. It is a large and expensive machinc, bqt it can present
%'hin several hours, on a cathode-ray screen, a series of
,ntGHr maps relating to a crystal structure analysis, which

U k
“ulg take many months to obtain with existing methods.

5 It is possible, of course, that future developments will
8,

qfﬂ 1% practicable to carry out such a ccmputation on a
}%ital machine, and this possibility must not be overlooked,

18y
wgertheless, the desired presentation is in "analogue" focrm,

;I\ i

thepe will obviocusly be a considerable demand for the use
N8truments such as the X-RAC for a long time to come,
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6« Differential and Integral Equations

The widespread occurrence of differential equation®
in scientific and industrial, problems of all kinds gives
the differential analyser a special place,amongst analog®
machines, As this subject has already been dealt with &b
some length during the conference, there is no need at
this stage for more than a passing mention, The types of
differential analyser already described depend on a con
tinuously variable mechanical gear to carry out the pI’°°es
of integration, Several instruments have been designed (1
use other methods of integration, and clectrical device?
have had considerablle application for this purpose, ThC
relation between the charge on a condenser and the curro?
flowing into it provides a convenient basis for 1ntegfat
The principle of the electricity meter has also been Uﬁed
ag also has the velodyne, an electric motor which I’Oﬁates
at a speed proportional to an esm.f, applied to ife Th@ﬁ
lattor devices allow integration only with respect t0 2% "
time, which scriocusly limits the flexibility of a dlffcrIl
ial analyser based on any of them,

Brief mention should also be made of the solutiol OE
integral equations, for which comparatively little w or¥
been done towards the development of analogue deviccS'A{
machine known as the Cinoma Integraph (24) was proauccdiogl
the Massachusetts Institute of Technology, using an op® o
analogy, and appears to be the only important c:on’or'ilf’ulﬁi
in this field,

Te Statistical Analoguecs 7
t

In conclusion, I should like to draw attontion ¥° nwﬁ
possible use of analogies between statistical and con?

1'1'

Dp
th,

Vi

uu]
th,
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functions as a method of evaluating the latter., There is, for
CXample, the statistically derived cquation of the "random
Wﬁlk", which is analogous to the diffusicn equation which
CCurs in many physical contexts. The use of this property
fag been put forward as a means of deriving sclutions of the
41 fPusion equation by digital methods. It is possible that

A Simple analogue device could be developed for this purpose,
"4 it ip suggested that the examination of statistical
Malogiecs may provide new bases of calculation by either
Ygital or analoguc machines,

It has been possgible to give only a brief resume of the
bpiDCiples and methods involved in computing by devices of
the analogue class, and many such devices have had to be

wutted. However, there is an extensive literature on the
"W joet, and the intention to-day has simply been to present
the facts in perspective against the background of the most
fCeent developmentsa
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XITIe Digital-Analogue Conversions
by We Re Blunden

Itroduction

Much has been said during this conference of the scope
3 application of digital and analogue machines. Develop-
"ents in both fields have been spectacular so much so that
the analogue computer and the digital computer are now
8Ccepted tools for mathematicians, mathematical physicists

"d engineers, Although the fields of usefulness of both

these basic types separate out rather naturally, there
e ars to he a very promising new field for machines com-
lning certain features of each, In order to effect this
Omblnation, it is essential to examine the posgibilities
% conversion between the numeral scales which are the
wol‘king medium of the digital machine and the continuously
ariahie physical quantity by which variables in the anal-
“8ue machine are represented,

Before proceeding to discuss methods of digltal—
nalOgue conversion, i,ee conversion of digital information
"o analogue form and vice versa, a little more should be

"aig of the "promising new field" menticned aboves

2 . :
*\~4§1§16 of Application of Digital Analogue. Machine

The application of the digital and analogue machine
N0t baged so much on the particular way in which these
Dnr“tc machines work but rather on the nature of the
blem to be solved by them and in particular upon:-—
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the accuracy required

speed cof solution

)
)
¢c) the form of the input data
) the manner in which the answer is to be presented
)

whether or not the oolutlon is to be carried oub
in "real" time

This latter point is very important for if a prcolel
involves real time as the independent variable, it become?
part of an actual physical process and the computing machif’
becomes one clement of a more comprchensive control gysbem
For example, the stabilizing of a position control servos :
mechanism often demands that the mathematical operation® @
diffcrqntiation, integration and weighting and avcraging 5
with respect to real time be carried out on the error sigh

Care should be taken to apprcciate'the significancé ¢
real time in relation to speed, One generally assumoS'that
digital machines werk very rapidly and analogue mgchine®
slowly, However, in real time procblems analogue deviceP
often provide instantaneous solutions, In a digital devic?
there must be necessarily some timé delay between accf’JPJGing
the data and providing thé results, This time delay may °
made very emall and a digital device will perform the col”
putations to any prescribed accuracy standard and there
thus appears to be scope for conversion of physical daté iw

direct to digital form and then carrying out the corﬂputriJG

numerically,
6
As well as real time problcms there are other probldgw

requiring sclution by numerical means in which the inp!
is most readily available in the form of curves and gre?

and in which the answer is required in thc same forml
Problems of this type are comon in cngineering practic

)
81
uf
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Another application is the employment of a digital type
Store for storing function data for an electronic analogue
differential analyser,

In addition to computing there are possibilities for
the employment of the high speed, large capacity digital
| Store in control and transmission problems generally and
"ans must thercfore be provided for converting the stored
| r]i&*i’cal data into its analogue equivalent,

],QL\‘EE%nCinos of Digital Analogue Conversions

Much work has already becn carried out on techniques
for effecting digital-analogue conversions especially in
Pelation to pulse code modulation equipment (13,35) and
leo for coders and déchcrs, Although it is usually
IleCessary tc affect conversion both ways, the digital
Mmloguc conversion is the direct process whilst con-
®5ion from the analggue to the digital form is indirect
g Usually involves scine ferm of disceriminator, The

\ rincipal.of direct conversions will therefore be con-

a-
“dereg rirst, :

ime In many cases the analoguc data is generated

| tehanically and although mechanical methods may be used

‘ Oughout the. conversion processes it is usual to use s ame

| °fm Of transducer to change the mechanical moticn into

| ®®trical form and a servomechanism for the reverse

| MQCQSS of changing the elcctrical signal back to mechanical

Qeion. The digital analdguo conversions are then performed
®trically.

W The gigital quantity is storcd in some form of statio

(' o - 0 -
gi°ter such as a binary dccade counter or shift register,

%
1S'w011 known that the wave-forms from succesglve stages
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of a binary decade if added in the ratio of ascending power
of 2, Will produce a staircase wave-f'crm with a rise eqﬂal

to:

KV
e

g!
where V is the voltage excursion of the plates of the Cowﬁgd

stage, n is the number of digits in the number to be conver
and K 1s a scale factor,

For example, we may wish to convert five digit binary
numbers, V could thercforc be 16 volts and with X equal 8°
unity the staircase wave-form would rise in steps of 1 de
to a maximum of 2V - 4, i.ce 31 volts, If the counter Weré
set to represent 410001 a voltage of 47 would appear at 10
output of the summing amplifier. Fig, 1 shows a s chemat 1€
diagram of a digital analogue converter for five digit bﬂw:
numbers, The precision of thec conversion depends on n and
is apparent that the accuracy of the conversiocn process
depends directly on V, Stabilized supply voltages, limitil1g
and clamping circuits may be cmployed to establish V to @

high order cf a ccuracye.

In addition to the storage register and the summing
amplifier, a control circuit is neccessary, Its primary .

functions are to contrel the entry of the digital data in

W ae®

the rogiétor and ensure that it is cleared prior toc n¢
being fed in,

A 69
The inverse process of converting analoguc quantiﬁl p

. eR
into a numerical ccde may be carried out with the cqulpm

described above together with a discriminator and additio
to the control circuit. The analoguc quantity is prcscnto
tovone side of the discriminator and the output from théidw
summing amplifier to the other, The control signal inib3e

\0'

0

\
\
|
04
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the conversion process opens a gate Which feeds pulses to
the counter decade which builds up & staircese wave-form
intil the butput of the discriminator changes sign, This
ehangeover is used to close the gaté through which pulses

%0 the counter pass and the counter then records the digital
Squivalent of the analogue quantity, A schematic diagram of
the esgsential units of such a converting device is shown
% Pig, 2, |

One should note that the digital analogue.conversion
Procesg is carried out instantaneously as any configuration
%% 0's and q1's in the storage register gives rise to the
appropriate voltage levels in the staircase wave, iﬁ spite
°C this, the actual generation of an analogue quantity from
digital data does 1in fact proceed in finite steps as a time
delay must occur in clearing one number and setting the
nQXt. The inverse process on the other hand requires a
Unite time for execution as it is necessary to clear the
“Ounter and count pulscs into it until the output of the
aleifier coincides with the quantity to be converted, This
bime is quite small and is related to the precision of con-

VQPS i On.

Suppose we wish to convert some analogue quantity and

ntain an accuracy of O«1% This would require that
13= 10 and result in a staircase wave with 41024 steps. The
eonversion of the maximum amplitiide would need approximgtely
%m thoygand pulses, If a pulse frequency of (say) 500 Ke/s
8 USed, then such a conversion would tak@ approximately

mi3] 4 secs, and the average time for converting a quantity
T¥ing between zero and a maximum with an accuracy of

% 1000 would be of the order of {1 milli-gecond,

s ‘he step by step nature of the conversion means that o
moothing or integrating process is nceded in the output of




190,

the digital analogue devices and sampling of the input to &b
analecgue digital converter must be carried out., Both thesé

requirements place limits on the maximum rates of change of
the data used in converting equipment.

Ls  Applications

The general fileld of application of digital analogu€
converters hags been indicated already. Some particular examp
will now be given in order to make clear the way in which
these devices may be used in computing and control equipme?™!

They ares-—

(a) Digital analogue techniques for Electronic Digital
Computers

(b) Digital store for electrical analogue computers
(¢) Digital Elements in a Control System

(a) Analogue Technigues for Digital Computers

The fundamentally new approach to computing techniques

that has followed the intrcduction of the automatic digité
computer has resulted in scme kind of bias towards the usé
of the practices already well established for analogﬁe ool

puters,
This bilas, natural enocugh in the early stages of the
development of a new method, is now beginning to disapp®é 5 |
50
The Manchester digital machine uses an analogue adder iP i

of one of the various forms of loglcal adder, Ag a ma’t?bcree11
fact, in binary arithmetic there is 1little to choose bc’ﬁwery
v

analogue and digital principles as the tolerance on thetiml
few separate gquantities that require physical rcproscntaM"
may be large, An analogue adder rcqulrco that the digit

i

be represented by the amplitude of an appropriate 518’1’15‘166rl
(say) a pulse of amplitude 400 volts, Zero could be rep??

th
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by no Signal'aﬂ alle Taking account of the Wearry!" signal
the adder must combine three signals, ecach of which may be

| 0 or 400 volts, and give four voltage levels at the output

(0; 100, 200, 300 volts) which would be used to discriminate
the various conbinations of regident and carry digits. It is

| Slear thet no specislly accurate device would be required o

8chieve this. ol

Even w hen more voltage levels are produced as in the
%8¢ of g staircase Wave-form, the procedurc described above
dermits the establishment of as many as 1000 voltage levels

With g preligbility normally expected in digital devicess

This fact has been made use of in the mechanism for
Belecting words in the memory of the Manchester machines
e d1estrostatic storage tube stores words of forty digits
hlSingle lines across the face of a 5" cathode ray tubes
® to 6l words may be written and stored in such a tubey:
e above the other and access to them is made by deflecting
mm reading/writing beam by means of the nytt geflection .
&ystmn. The address of & given word is specified in the
nstI‘uction and is written in decimalor binary form,” If
Cimgl notation is used then preliminary conversion to
s binary equivalcnt is necessary before sending 1t on to

® §electing mechanism, From thon on the selecting process
: Simply a matter of direct digital analogue conversion.

® given codc establishes & voltage amplitude which when
sblied 6 ‘the Y plates of the tube deflects the beam %o

® appropriate storage 11nCe

() Qigital store for an Blectrical Analogue Computer

¥y A problem that hitherto has defied a completely
rtiafactory aolution is that of providing functional data
On ;

4, 20 electrical analoguc computer spch as an electronlc

I“3I’e:r1tial analysers Mothods already used include the
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winding of special potentiometers, a Fourier synthesisels
cathode ray tube mask and sundry other devices,

The employment of a digital store would provide a
rather elegant sclution tc the problem especially firom
point of view of versatility. Here again the direct conver?
from digital to analogue would be required and this shotll‘d
present no unduly difficult problem, The whele unit wouldbe
rather elaborate when account is taken of the selecting
mechanism and it would be necessary to make.a oareful g0
of the conversion rate and its relation tc the maximum rat?
of charge of the functional data, bearing in mind that 8%
data are uswally functions of real time,

thé

(¢) Digital elements of a Control System -

Mention has been made above of the many applicaﬁionsn
of mathematical computation to real time problems and tno%
occurrence in control system, In addition to control syst@
that perform executive functions, there 1s a large clash

: g
instruments known as "simulators" which are half computerﬁﬂ
and half control systems, In all these the storage of dis
data is of importance. '

Before prcceeding further it is worth noting the .
particular virtues of a digital store of the types reco”
developed for high speed computer Work. They arez=-

(i) Large capacity

(1i1) High speed opcration or small access time
<orel ary
(iii) Precision in representing data and as a 00?52%0

the ability of associated devices to manip4
the data without deteriloration

5y
the prop%

The large capacity of a digital stcore is o
i

that may have the greatest influence on the use of aig tgd
methods in the control field, An obvious example 18

relf
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to g class of machines known as profile or contouring
Tachines, A% present jigs and dies used for pressing auto-
fobile panels are operated from master cams which must be
"ade by nand, The "three dimensional" cams used in service
0mputlng instruments are made by the laborious process of
s‘Gabbing" and hand finishing, A great advance could be

| ™de in this field if the co-ordinates of a surface were
toreg in a memory system and called forth and converted to.

f8logue form to contrel the cutting head of the machine as
b moves over the works

On the score of their potentialities for high speed
Dcration cther control system problems arise, Many production
kPOCCSS€° in industry are now carried out at speeds in excess
i the capacity of mechanical and relay counters, Although

untlng itself does not call for conversion mechanisms there

Pe Other applications where rapid access to stored data
"y introduce refinement to control processes,

The arbitrary precision that may be established with a
vgital Standard cannot of course be maintained in the con-
aqSion process, In spite of this, however, there are slight

Mtages in being able to establish a reference in a uni-
’dr 8l form and quite often the dynamic mechanism linked
; ®Ctly with the process to be controlled may not suffer
lwgm Ageing" effects in the same way as say a voltage

hﬁ lisheg by a battery or the setting of a bl-metallic
: 1p‘

ty The ability to retain the initial precision when
hmgiulﬁtion of digital data is carried out is of great
% tancc, Manipulation may refer of course to physical
%uafer of data or to its algebraic or arithmetical man-
% tiOn. The development of pulse code medulation in

ication systems illustrates the possibilities resulting
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former interpretation, As mentioned ecarlier,control system?
of sorts require units to carry out differcntiation, '
integration and date smoothing and the advantages of carlr
cut these operations by . digital means are very real, In all
these applications it is usually necessary to carry oub the
ﬂlroct and inverse conversions, i

yiﬂg

He Conclusion

The summary given abovc of the principles of digital
analogue conversion is not mecant to be exhaustive, The
principles only have been dealt with and it should be no
‘that a number of specialized dCViCeu( 2l have alrecady beo?
developed for effecting conversions at higher speeds, 8r°8t
accuracy and-with less valves and standard circuit o 1ement®’

ted

The remainder of this paper which sccks to show the
possibilities for using these devices to extend the scop
and usefulness of automatic computating machines has nob bes
prcsented with any special desirc to be realistic, The pap°
tends to probe a little into the future especially in vioV
of the fact that the two major types of computing equipmé”
have had to date a complectely separate background and
history, It will be surprising indeed if mating of the
digital and analoguc techniques does not produce some ¥
while progeny, However, 1ts exact characteristics will
remain for sométime yet a matter for conjecturc,

orth”

Apart from these gencral rcmarks this brief s arvey o
scoms to indicate that therc is greater scope for conver?
from digital to analogue form than is the case .for the i
vorse process, This is fortunatc for the former proccss 16
the more simple and in addition a conversion may be car’
out in just the time neccssary to ostablish tho digital
number in the counter registeor, If this time is still £00

gr
[k
G
s
g
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| reat, a ring of registers may bo ugsed and the conversion

| time w11l only be delayed by the

| Conneet the summing amplifier to

| Yepister, After any one rogister

switching time needed to
an adjacent storage
has becn sampled, steps

May be takon to clear it and reset it to the (n + x), the

. Value of the stored data where n

is the value just sampled

Bd x the number of registers in the ring.
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& RE LT, An Analogue Computer to‘solve
Polymomial Equations with Real Qoefficients
by By Os Willoughby;, G.:A. Rose and W. G. Forte

Introduction

This paper describes an instrument built at Adelaide
University for solving polynomial equations up to the fourth
degree. It uses magslip resolver units and commercially
4Vailable auto-transformers (variacs) for its principal
Comput ing elements.,

It is basic to the soclution of this type of equation
that equations of odd degree have at least one real root,
81d roots other than real roots for both odd and even order
CQuations occur in complex conjugate pairs,

Cons ider the general polynomial equation:

) n
1) (Z) :ao +-81Z+32Z +...oooo:t..‘?nZ':o
Op % . jo
More conveniently, if z = re s
_ 1%) ) 10
p 9 20 24 n njo
(Z) = e ar jy:a0+a1r‘o +32ro +,,,,,anro =0

I p(z) is displaycd as z is scanned over all possible
va1ues, then the n zero values of p(z) indicate the n roots,
he Computer displays p(z) coswt (where w/27 is a fixed

Dply frequency, t.is time) through a narrow time gate,
Dcn When cos wt = 1. Hence, p(z) is diSplayod corrcsponding

® %he yalues.of z at b = 0, 27/, YT/w 4 ssess, 88 2 i8
*neq in polar form, A typical display is qhown in fige 1e
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The number of points' defining the. p(z) path is equal
to the scanning period divided by the supply period, The
scanning period. is. the time taken. for © to change by 27,
The amplitude, r, is varied manually but must be held ¢ ons 8%
for periods of 277/w so that z can assume all possible value®
There is a minimum number of points necessary to define the
p(z) path, Hence the spec of operation is dependent
directly on the arbitrary supply frequency,

L

2o Description of Instrument

The instrument consists of four computing units.
They ares-

- (a) The "p(z) cos wWt" generator

The function p(z) coswt is produced by (n + 1)
identical resolvers operated as shown in table.d, The
table indicates the circuit e.m¢f.'s., assuming that the
je

input variable z = re is fixed,

(b). The et unif‘..

The voltages anrn cos wt, are supplied from n
identical variacs which are ganged together, The inpub
impedance of the variacs is raised by suitable parallel
tuning capacitorg, The variac connections are shown in
fig, 2., The pﬁysical arrangement for varying r limits T
to less than unity,

The computer operates in the range O;1<:P<1. A 168
‘simple transformation of the polynomial coefficients D&
roots within the ranges Frife

1Ok—1< r<1gk ? (k :;O, "-t ;ly i 2 ooo‘oi"“)

to be located,
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(c) Coefficients

The polynomial coefificicnts, 8n, arc simulated by
a1t0rnators and a scale factor must be introduced in ‘order

4. '
‘hat theip numerical values should be always less than
Wity

(d) The Display Unit

The comyf,'s., x cos Wt and y cos ©f arc applied to

%
he hOPizontal and vertical deflection platcs of a C.ReOe

4t he

displacement of the spot is thercfore p(z) cos “t,
Tho time

gateo moohanism roduces theo display to p(z).

‘ To £ind a zero in p(z), the spot representing the
|, Polym

omial must pass through the origin, This requires
QeCuPato

i in gaq
Cn, D(

alignment of axes and stable tube mounting. However,
ition to p(z) a spot at p(-z) is also displayed,
z) is gzero when the two spots coincide,

3 A

°

bei 516 accuracy of the instrument depends upon the equation
S 80lved, It is possible to specify the percentage crror
eso‘;ho eocfficients a, a,, ctc,, the powors ?f r,‘thf
ImSOIVOP Shaft angles and the departure from 31nus01da' :

OVep Etion cf the resclvers, Hach pcrcentage o?rorjv??i; T
8op 4 o range; c.gs. a given percentage error in r~ wi :
¢ °F for small values of o, However, the overall erro

8 © Production of p(z) can be calculated, given the
WM¢iOn and z
]

fop
L

r%pe The ACcuracy of the roots detecrmined by the ccmPut::ve
Qrp(zs diroctly on the accuracy of p(z) a?d the derigin )
%y vli in the vicinity of the roots, If p ?z) =0 ;

;S LY over g comparatively large range without producing
N difforence in p(z)s Equations with multiple
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roots display this property, Honce a maximum error can be
specified for the production of p(z), but it is not posgibi®

to specify the error in finding the rcots., Inaccuracics duq
to small p' (z) are readily obscrved by thc opcrators
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Discussion on papers XI, XIf, XI1T,.

DlngkyRmafﬁRmRDE ~ refcrred to a quostion on the use of the

fayg b ine for double and triple Fourier summations, and

Whent Hnot having used the machine he would refrain from

”ﬂﬁnd Waowcvor, tho installation of such & machine in

T the Cavs at present under consideration, and one of the staff

Comantcgdlsh Leboratory is in U.S.A. studying the machinc.

J“mtions cd also on the cinema integraph for solving intcgral

" Whien 1:nd said that it had never becn developed to a stage
was satisfactory in practico,

g 2§32h;rsubgcct of digital=towanalogue conversiocns, he
the ® o Blunden might have given the imprcssion that
Imed L conversicn was of no practical smportance, He
.\yscr - that a machine known as MADDIDA, a differential
laty ang as been produced commcrcially, It accepts analogue
integrates digitally using a magnetic drum ey DAL

Uput
is recorded graphically.

He

v bcxplalnod a method of converting shaft position into
20 14 inary code by a simple switching arrangement. A
o innary code is used with such a mechanism thore arc

ng 8teps (for example, changing from 3 ©0 L) where a

ty . OF Oigtt

g s gits change in going from one number to the next.
Mo g Y lead to serious inaccuracy if those digits do mob all
{ e

y Xactly together, A medificd binary scalc may o used

kvo
19 this trouple:-

ltP

Decimal Binary Mggigigd
0 0000 0000
1 0001 0007
2 0010 0011
2 0011 0010
L 0100 0110
5 0101 0111
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General Discussion

T. M. CHERRY - in opening the diecussion, referred
to the "Monte Carlo" methods and indicated that the randd®
walk method of solving partial differential equations had
been investigated by Dr, J, Todd, who had found that ap
accuracy of 2% to 3% could be cbtsined with two to threé
hundred walks., Professor Cherry alsc indicated that the ;
random numbers Were generated by the "middle of the s@ﬂf@
method, i,e. by extracting the middle 8 digita from the

square of an 8-digit number,

D, R. HARTREE ~ said that hc was surprised at the
-accuracy described by Todd for as few as two to three
hundred walks, Tt appeared too good,

He then rcferrcd to g question on round-off crror?
in a binary machine and said that he knew of no work ﬂw;’
had boon done on the subject, Huskey (59) has made & sfi;
of the accumulation of errors occurring in the integra™
of differential equations for which exact solutions were
known and has shown that a departure from randomness = .
rounding errors may occur in some circumstances, Pfofﬂw:
Hartree thought that the new machines themsclves could

no
usefully applied to the study of the accumulation of [
cffects of rounding errors, g
1o
0
MISS H., N, TURNER - said that it was not oleaX U0
Whether sub-routincs could be constructed which woul atﬁﬁ
indepcendent of the actual addrcsscs of the. storagé® =8

referred to in the instructions of the sub-routines i
0 i

D, R, HARTREE - indicatcd that such sub-routinobst
18ﬁ:

; (7

bc constructed by claborating the programming, HE ilo
7

the principles involved by goncralising the simple P

86

Ty
Iy

u&
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o ]
0 the opcrationlic(6)] to L (papor v, §3), AR LE
"ogram rop la()! to Kk,

The sub-routine for the specific
(ot
“Aample 4g,._

G K ,
m A'6 F
i E Lo
I m+ 2 T 0 F
m+ 3 SOF
m +-4 T L R

‘Ron There gre various ways in which this program might be
SG C
raliscd. For the EDSAC at Cambridge, this is done by an

b ong 4

The "8lon of the use of torminal code lectters, as follows,
umu;nstruCtionS are presented to the machine punched on the
¢ 1"

g 8pe in a form slightly difforont from that which they
“izgi: the store, the translation from one form to the other
the " Arricd out in the course of rcading the tape; and in
5ana 80 of this translation the values to be ascribed to
hmOPpopin 8Ny particular application of the sub-routine azc 0
long . 8%ted in it, For the operation lo(j)| to k, the instruc
.mQQOGedercssos m and m + 4 have to be A j and T k; t?éy

i %rg o 83 A O Hand T O N*(punched as A H and T y, siice
g a ddress docs not have to bo indicated explicitly on
«m°d§§)’ and the set of instructions beginning ?ith A Hti:
Vnto by g set of tape entries specifying the 1nto?prc St
fhfieulc glven to the terminal code lotters H and N ?n‘any
hﬁbuct 8 application of this sub-routinc. The set of in-
'ffmwbu M8 under which the machine is opcrating while rcading
| o Jtons £ron tapc 18 such that a terminal ccde letter
th;atts i C<u5> being added to the instruction as punched,

€ 1n the course of reading the tape the number




J (punched as P J F, sce paper V, -end of §2) has been
placed in address 45, the instruction punchdd‘On the tap® |
as A H becomes A J in the coursc of being read in, and

this is the form in which it is placed in the store and !
used in the calculation; similarly terminal code letter (
N results in C(L6) being added to the instruction as

punched, and other tcrminal code letters are availablees n
Thus the relation between tapc cntries and contents of

L
storage locations is as follows:- 3
B
Address Content Tape Entry Noteg
% W
G
W
J L5 K ¢
: 5 £
el H-paraf 5
P kT N-parar® |
T 7 p
m A3 A H gl
m o+ E (m + U4) E Lo o
m o+ 2 T 0 T F t
m+ 3 S 0 8 7 01
m + 4 RRTOREC IR
k Numbers (j, k) specified in fOIIOW1ng tape entries o br
be stored in addresses L5, L6, dg
£ Next group of instruct1ons to bec placed in a set Ofmﬁl th
consecutive storagc positions beginning at m (dotGr t
by an earlier tape entry). : : "
8
lg

v' 56

In such a simple example as this, this extonded uﬂx

of torminal code lectters may scem a complication, bub. - o i,
large pregrams it rcsults in a very substantial gimpil iy

ion of the process of programming, 0p

. "
For a fuller account of the ways in which va 1ue? Sop
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PArameters can be incorporated in a program for the EDSAC,
56e references (52) (57)s An alternative way is by means of
the auxiliary register. knoWn in the terminology of the

I“nchgotor machine, as.the "B-register" (see paper V, end
°f §3),

R, A, SACK -~ found it hard to understand why the Gauss
Wthog of integration, using unequal intervals, should be
Peferable to Simpson's Rule, Automatic computers appear
Jdmir&tbly suited for repetitive proccsses even at the ex-
%onse of. time, .

" D, R, HARTREE - said that the Gauss method had been
‘“Tk@d out as a library sub-routinc, hence no difficulty
Mg Gxperienced in incorporating it intc a program. And
o & given number of ordinates it gives a much higher:
LCuracy than Simpson's rule,

Replying to a question on the number of high-speed
umomatic computers in existance to-day, he said there would
¢ aboyt thirty., Tweniy of these arc probably located in
¢ United States and tho remainder in Burope and Australias
: thGBO about twelve could be regarded as complcted machines.

bro In answering another unSticn on the time taken to
stam a problem, Professor Hartree said that it was
{2cndcnt on the library available and the cxperience of
th People concerned with the programming. The program for
integration of a simple differential cquation, using

8ty |
1 Ndarg sub-routines, might be set up in a few hours,. or
JBS. :

| th,, Lo B, THOMAS - said that ho was intorested to hear

\-———————
3 the mogt failures in the Cambridgoe machine occcurred
thhe clectro-mechanical units and in the passive elcments
15 theo Glcctronic circuits, This showed that valves,

Ny

ionly regarded as fragile and unreliable, werc not the |
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most likely source of failure; nevertheless, cven greator
reliability could be obtained by using speccial valves cOH=
structed for telephone rcpeaters, Mr, Thomas said also thal
the reliability of the electromechanical units would be
improved by using cold cathode gas-filled tubes, The post
Office was introducing such tubes into new equipment.in -
place of the electromechanical relays that have for so 1on8
dominated the field. There was also a possibility that 8887

filled tubes may be useful in the electronic circuitse

; L tho
D, R. HARTREE -~ in roplying to Mr, Thomas said that o !

Cambridge group has examined the possibility of using £8°° :
filled tubes in certain elecctronic circuits, The concluSio

arrived at was that their speed of operation was someWhat X
too low and the extra reliability did not warrant the 2

(
sacrifices in spced, expecially as future developments in f
computers will tend towards higher copcrating speedses k
Commenting on valve failures gencrally, Professol b
Hartree said that most walve failurcs occurrcd during i :
first few hundred hours of their life. Precliminary to8b8 §
. on new batches of valves would therefore remove the fadwy §
ones, He also said that there scems to be considerabl®
disagrecment about factors influencing valve life, Sudlas 1
the effcct of switching thom on and off, In
Rcferfing to a question on automatic chccking, &
Professor Hartrece indicated that he had had no cxpcriencio f'
with machines with autcmatic ohccking facilities puild fj
them,. In general, he¢ continued, most errors in a machi®® G
which operates on its own instructions are likely to
produce results which are quite clearly nonsense, ABY pod b
t 8 t)

machine provided with an error correcting codec migh
more time correcting itself than solving problemss

Professor Hartree concluded his remarks by pefor?
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to the electrolytic tank and mentioning the difficulties
hat o group at Cambridge had encountered in designing a
“0itable probe. He asked Mr. Hollway whether similar trouble
824 been met with locally,

D, L., HOLIWAY - said that trouble had been cxperienced
Driginally from surface effects at the probes, and this led

to Measurements of impedance betwecn the ligquid and test
"Tobes made from different materials, OFf these, copper was
foung 4 give the lowest and most reproducible impedances
i CCpper was not satisfactory from a mechanical peint of
vieW, beryllium copper Was used instead, The amplifiers are
“'ranged to avoid appreciable electrical loading of the
,DPObGS; the potential probe is connected directly into an
CthePWiso open circuited grid and the effective resistance
fhcing the gradient probe is greater than 50 M A.The feed-
%k circuit ensures that both probes remain near earth
potontial. The error in the gradient measurcment caused by
o Menjiscus is minimised by sctting the gradient amplifier
iﬂin before use by moving the probes into a test cell in
"hich the gradient is known.
, The uncertainty in gradient measurcments is approx-
mhtcly k) 1% or * z% When the probes are completely sub=-
ﬂmpged. This is sufficiently accurate for tracing electron
%th in beam deflection electron tubes but it is notb
TﬁTicicnt tc allow measurement of aberrations in electro-
ic lens systems of long focal length and this may have

Oja‘t
en the class of problem investigated at Cambridges

o

.. W« R, BLUNDEN - saild that he had been impressed by

the .

Otentialities of the "Monte Carlo" procesges, He thought
hkzmethod seemed so powerful that special purpose machines,

' Necesgarily digital ones, should be made to exploit the
®88, They would be extremely uscful for solving ccrtain

.‘)I\OC
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partial differentiacl equations of common occurrence in

mathematical physics. He pointed out that considerable
work had already been done in aﬁ allied field on high
speed correlation of statistical data in prediction

theory. As a matter of fact, the C.S.I.R.0., Differential
Analyser had been used successfully to predict unwanted
frequencies in a paper making machine by evaluating auto”
correlation and spectral density ccocefficients from grﬂphicﬁ
records of the thickness of the paper made by the particuuw
machine. This work is normally not suitable for a mechanicg
differential analyser as it is too slow. :

[
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Exhibition of Egquipment and Demonstrations

During the conference therc was a display of computing
®Quipment in the Drawing Officc of the Electrical Engincering
Department and in the CeSeIeReOs Radiophysics Laboratory.
lfuch of the equipmecnt was loancd by various manufacturers
nd distributors of commercial type calculating machines,

The fellowing wereé included in the dcmonstration:-

At the Univorsity

The C.SeIsR.0, Diffcrontial Analyser by CeSe IsReOe
Mathematical Instruments Scction

* National, Type 3000 - Spccially modificd and exhibited
by Cy8eToeReOs adiophysics Laboratory

5 Typical new model multi-registor machinc by National
Cash Register Cos

g Type 2000, multi-register machinc by National Cash
Register Co,

o Class M 200 6 register and a 10 rcgister machine by
Burroughs,

6

* "Sunstrand" Barly Mcdcl D by Stott and Underwcode ;
Messrs, Stott and Underwood arc exhibiting this model

¥ special rcquest as it is a “"vintage" machine and

T special historical intercst,

ls
Various hand machines by lMcDougalls

8

x ?-B.M. 602 A Calculating Punch - Multi-counter
Multi-pegister Plug board sequenced Machine by IeB.Ms

%

Multiplying Punch

Tabulatop

Full Cocunting Sorter

Univoraal Automatic Key Punch by Kalamazoo (Auste) Litde




At the Radiophysice Iaboratory

10e CeSeIsReO, Mark I Electronic Computer by CeSeIsRe0¢
Radiophysics ILaboratory

11« Hollerith Punch Card Maching by C.Se. IsRe0s
Radiophysica Laboratory
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