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CONFERENCE ON AUTOMATIC COMPUTING MACHINES 

SYDNEY, ?th - 9th AUGUST, 1951

ADDRESS OF WELCOME

BY EMERITUS PROFESSOR SIR JOHN MADSEN, Et. , D.S°., B,E.

I have pleasure 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 
possible,to attend the first general conference to be held 
in Australia in this rapidly expanding 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 to my colleague, the 
Professor of Electrical Engineering, D, M. Myers, who has 
taken a keen interest in this field of work since his re­
turn from Great Britain in 193Besides initiating the 
action which has led to O.S. I.R.O, setting up aids to' math­
ematical computing, 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 and 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 correspondingly increasing 
requirement on the computer ; consequently, both the pro­
ducer and the user of mathematical theory have closed their 
ranks in stimulating the progress of computing methods and 
techniques.* The resulting progress can only be described as 
spectacular; so much so that its protagonists are at consid­
erable pains to keep abreast of it.

It is for these reasons that this Conference has been 
convened. The Conference is to take place in two sessions, 
the first of which is arranged primarily for the "user"; it 
is hoped that this session will serve as a clearing house 
for examining facilities in the light of requirements. 
Attention will naturally be given to overseas developments 
as an indication of what the future 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 applied to meeting Australia’s relevant needs. 
The second session is intended primarily for those who are 
directly concerned in computing and with computing devices.

In tracing the development of computing machines, one 
feels impelled to pay tribute to the contribution of the 
business machine manufacturers ; their inspiration and urge 
came, in the first instance, from commerce, and one of 
their major objectives was to achieve higher and higher 
speeds of computation. This was an obvious economic require­
ment of the large business houses in which calculations, 
admittedly simple as mathematical operations, had to be 
carried out in such vast numbers that they occupied an 
important place in the activities of the organization con­
cerned, It is instructive to observe how the quest for 
higher speeds has influenced the modern treatment of problemi 
of a more scientific nature. This aspect of computing will 
receive considerable attention during the present Conference;
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lot it suffice for the time being to acknowledge the extent 
to which the now thoroughly established types of computing 
machine, designed to meet commercial needs, have provided 
a sound foundation for the more recent developments aimed 
‘at meeting the demands of productive industry and scientific 
research. Much of the initiative in using standard commerc­
ial machines for scientific calculations came from the late 
Dr. L. J. Gomrie, F,R. S.

Before the last war, a great deal of progress was made 
in the class of machine known as "analogue”, radically 
different from the conventional class of "digital" machine 
about which I have just spoken. These developments took 
place mainly in the U.S.A. and Great Britain, but the second 
world war provided an urgent incentive which led to ; 
rapid progress in most parts of the world. Analogue machines 
already in existence were put to extensive use, and new 
machines, either for general application or for specific 
military purposes, sprang into being. It is probable that 
many of the more advanced of these devices are still known 
to relatively few people 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 progress was maintained in the field 
of digital machines, the main trends being towards greater 
flexibility, greater capacity and increased use of automatic 
and semi-automatic handling of computing routines, notably 
through the widening application of punched-card and punched- 
tape methods, together with the facilities offered by these 
methods for automatic sorting and tabulation.

All those advances resulted in a growing appreciation 
by industries, and by those engaged in physical and other 
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 machine, that mathematical 
computing can be said to have entered an entirely new phase. 
Again, the major developments have occurred in the U.S.A. and 
Great Britain.

During the short period of this Conference, a review 
will be made of the progress in world-wide development of 
automatic computing machines. We arc fortunate in having 
with us as an honoured guest, Professor D. R. Hartree, F.R.S., 
Plummer professor of Mathematical physics in the University 
of Cambridge, Professor Hartree has come to Australia on the 
invitation of C.S.I.R. 0, and of the" Australian National 
University, and has expressed his willingness to lead 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 Massachusetts Instit­
ute of Technology, was responsible for the establishment in 
1935 of the first differential analyser to be built in Great 
Britain. He guided the application of this machine to a wide 
range of industrial and scientific problems 'and his advice 
was sought in respect to new machines in Great Britain and 
even in Australia,

professor Hartree has also taken a most active part in 
the development of high-speed automatic digital machines, an< 
has travelled extensively in the U.S.A. and Europe 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 Hartree is singularly Well qualified
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to describe.
«'••••

And this brings us to the Australian scene. Wo are 
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 applied statistics. Apart from Government and 
other establishments which have set up facilities for 
specific purposes, there is also, within G.S.I.R.O. ,a well- 
.equipped Section of Mathematical Statistics, which serves 
the rather more general purpose of participating in co­
operative research with experimental laboratories, 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 been readily made available from time to time for 
scientific work.

The development of analogue and digital machines of 
the most recent automatic types has taken place mainly 
within G.S.I.R.O. A Section of Mathematical Instruments 
was established several years ago within the G.S.I.R.O. 
Division of Electrotechnology, and now has a separate 
existence within this Department 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 range of scientific and 
industrial problems. The Section is also concerned in high­
speed digital computing, and some of this work will be dis­
cussed during the Conference.

The G.S.I.R.O. 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 construction 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 electrical 
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
ion.

Examples of calculating machines are the standard desk 
machines such as the Brunsviga and Marchant, punched-card 
equipment such as the IBM Tabulator and multiplying punch, 
and the automatic general-purpose machines considered later 
(§3), 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 
variables. 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 aro constructed, and they can in principle be 
used for calculations of any finite degree of accuracy within ( 
their capacity,

3
d

2, The differential analyser,---------------------  g
An outstanding example of a mathematical instrument is o 

the differential analyser, an instrument for obtaining c
solutions of differential equations by mechanical means, A r, 
"differential equation" is the formal expression of a t}
relation between the rate of change of a variable quantity 
and the magnitude of that quantity itself. Consider, for sc
example, the motion of a «projectile through the air. Its
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acceleration, which is the rate of change of ita velocity, 
depends on the resistance of the air, which itself depends 
on the velocity; that is, the rate of change of velocity 
depends in a definite way.on the velocity itself. The ex­
pression of this relation is a differential equation.

Such equations arise in the quantitative treatment 
of problems in a wide range of scientific and technical 
subjects, for example vibrations and stability of 
mechanical and electrical systems 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 possible; however, in very many cases quantitative 
numerical information about the solution is wanted. Thus 
there is an important practical requirement to 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
ial equations, and its use can be extended to the approx­
imate solution of a more limited range of partial 
differential equations (7, 20)»

In solving a differential equation, the basic process 
is that of integration, which is carried put in the 
differential analyser by means of a-continuously variable 
Soar, if the gear has a gear ratio 1;n between the rotations 
of the input and output shafts, and is of such a mechanical 
construction that n can be varied while the input shaft is 
rotating, then for a rotation x turns of the input shaft, 
iho rotation of the output shaft is ^ ndx turns 
(4, 20). This principle has been realised practically in 
several forms (9, 20, 1*6),



- The differential analyser consists of an assembly of 
units for carrying out the various processes which may be 
involved in the integration of a differential equation. 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 equation, and provides a 
measure of that quantity. The analyser is set up in such a 
way that the relative rotations of the various shafts arc 
related in the way expressed by the differential equation 
to be solved,

3. Automatic general-purpose digital machines.

The main developments of calculating equipment in the 
last ten or twelve years have been in digital machines with 
two features, which are expressed by calling them automatic 
and general-purpose or universal, "Automatic11 means that once

—- -     "T--'-     'n"r

the.machine has been supplied with a specification, in 
suitable form, of the calculation to be carried out, it 
proceeds with the work without further attention on the part 
of the operator. This specification of the calculation may 
take various forms ; it may, for example, consist of a set 
of connections made on a plugboard and the settings of a 
group of switches, or a set of punchings on cards or on 
tape; in any case it may be considered as consisting of a 
set of operating instructions to bo taken in a definite 
order,

"General-purpose" or "universal" means that the same 
machine can be applied to a wide range of calculations of 
different kinds by providing it with the appropriate 
schedules of operating instructions, so that one and the 
same machine can be used, for example, for evaluating 
solutions of sots of linear simultaneous algebraic equations,
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for step-by-step numerical solution of ordinary 
differential equations, for summation of series, for con­
structing tables of prime numbers, and for many other 
kinds of numerical wcrkk

The general idea-of such a machine is not new. It is 
over a hundred years old and is due to Charles Babbage, 
whose projected "analytical engine" was to be a general- 
purpose digital machine, automatic except in one feature, 
concerned with the use of tables of functions. But it is 
only relatively recently that Babbage’s ideas have come to 
be realised, and then in a physical form much different 
from anything ho could have foreseen.

The first automatic general-purpose digital machine
I #

to be completed is the Automatic Sequence-controlled 
Calculator (Harvard Mark I Calculator) at Harvard 
University; this was planned before the war, but only 
completed during it. This machine in its original form 
has been fully described (21) and an account has also been 
published of various later developments (22), The first 
machine using electronic circuits, with the speed of 
operation they make 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 also been published of this machine* (3, 12, 19, 39),

Any automatic digital calculating machine must comprise 
a _store for numerical data, intermediate results, and 
operating instructions, an arithmetical unit for carrying 
out arithmetical operations on numbers transferred to it 
from the store, means of transfer of numbers between the 
store and arithmetical unit, and a control system to 
organise these transfers and the operations carried out 
by the arithmetical unit on the numbers transferred to it.
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It must also have an input unit for accepting from the out­
side world numerical data and operating instructions for the 
calculation, and an output unit for furnishing to the out­
side world the results of its work. These units may not be 
all physically distinct; for example, in the Harvard Mark I 
Machine, and in the ENIAC, the registers which form the store 
are also adding units and so form part of the arithmetical 
unit. And the store may not all bo of the same physical kind; 
for example there may bo one store for numbers and another 
of a different kind for instructions ; or it may be divided 
into a main store with direct access to the arithmetical 
unit and to the control unit, and an auxiliary store into 
which numbers or instructions which will not be wanted for - 
some time can bo transferred from the main store (see fig.1).

In both the Harvard Mark I machine and the ENIAG, and 
in others of the early machines, numbers and operating in­
structions are represented within the machine in quite 
different forms ; for example in the Harvard Mark I machine 
numbers are represented by the positions of sets of counting 
wheels, whereas instructions arc represented by punchings 
on a paper tape, and in the ENIAG numbers are represented 
by the states of sets of electronic valves connected to 
form counting rings, whereas operating instructions are 
represented by switch settings and by interconnections of 
its various units,

I4, Recent developments in digital machines.
Of the more recent developments, the one which is most 

important in principle is the use of the same form, in the 
machine, for operating instructions as for numbers. This 
has two consequences ; one is that the same store can bo used 
for numbers and operating instructions, and secondly, and
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much moro important, the machine can use the facilities of 
the arithmetical unit to modify its own operating instruct­
ions in the course of a calculation. It must of course be 
provided with instructions for making such modifications, 
and the possibility of doing this has such a profound 
influence on the process of organising calculations for the 
machine that I regard machines which provide 'it' as forming 
a now stage in the development of automatic calculating 
machines, essentially different from the first stage, now 
past, formed by the machines which do not provide it, it 
is incidentally, the main point of principle which was not 
foreseen a hundred years ago by Babbage,

Various machines forming part of this second stage of 
development have been built or are under construction, in­
cluding, in England,the EDSAG (Electronic Delay storage 
Automatic Calculator) at the University of Cambridge, the 
machine built by Ferranti Ltd, and recently installed in 
the University of Manchester, and the A.OVE, (Automatic 
Computing Engine) at the National physical Laboratory, and 
in Australia the machine in the Radiophysics Division of 
G* S. I,R.O, in Sydney,

r
Another important development, represented in all 

these machines, is the use of a storage system providing 
much greater capacity than the electro-mechanical counters 
°f the Harvard Mark I machine or the 20 electronic counters 
°f the ENIAC, without a great amount of mechanical and 
Gloctrical equipment. Three forms of storage have been 
developed for this purpose. One depends on the storage of a 
train of pulses as ultrasonic acoustic pulses (in most 
casos on a carrier wave) in a tube of mercury (43, 44» 55); 
&t 1 P sec, pulse period, the spacing of the pulses in the 
mercury is about 1-i psec. so that about 1.000 pulses can be 
stored in a length of 1 ^ metres of mercury, and this is
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enough to. represent about 30 numbers to hn accuracy of ten 
decimal digits each; only a small amount of electronic 
equipment is required for the circulation of the pulses and 
for providing gates for reading them into and out of the 
mercury column# This system is used in the ED SAG and AGE, and^ 
in the G. S. I.R.O, machine,, among others.

Another kind of storage is based on the use of a pattern 
of electric 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 P. G. Williams (58) at the University of 
Manchester, and is used in the Ferranti machine recently 
installed there; others, involving the use of special
cathode-ray tubes, are being developed in the U.S. A,

' ï
A third form of storage is based on the distribution 

of magnetisation of a magnetic material, which may be in 
the form of a wire, strip, or a film on the curved surface 
of a cylinder (’’magnetic drum"). This magnetic method of 
storage (see, for example, ref.30) is usually used for the 
auxiliary store, though in the Harvard Mark III machine it 
is used for the whole store, punched cards or punched tape 
can also be used for auxiliary storage, but use of them 
usually involves some handling by an operator, so that the 
process of carrying out the calculation is no longer fully 
a ut ornati c#
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II. ______ The C, S. I.R. 0. Differential Analyser
by D. M. Myers and W. R. Blunâen

• Introd action.

profess or Hartree (ï) has given a >rief outline of the 
principles employed in the differential analyser, A great 
deal of literature ^ 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 equation is due to Lord 
Kelvin (47, 48, 49).

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.R.O. 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 method of inter­

connecting its components. These components include ten 
integrators, six adding units, six gear boxes,, and four 
plotting tables, together with several auxiliary units.
Their interconnection is carried out by an- electro­
magnetic system of transmitters and motors, which replace 
the mechanical shafts and gears of the earlier instruments. 
The interconnections are made at a central control unit

& 4, 5, 17, 18, 34, 32, 40, 31 , 14 

/ See, for example, refs, 4,17
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by a set of plugs and sockets, ..This, :d.ev.ic,e allows unit, 
construction to be ad.opt,ed and result^ in a high degree 
of flexibility and mobility,

2. integrators, .

As,professor Hartree has pointed.out, integration may 
bo carried out by a continuously variable gear, A form of 
gear in fairly common .us.c .for the purpose consists of a
flat horizontal disc, rotating about a vertical axis ; in
contact with it is a small vertical wheel which is free to 
rotate about a horizontal axis co-planar with that of, the
disc. When the disc rotates > the wheel is caused 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 velocity of the wheel to that of the disc
is proportional to the displacement of the point of contact

from the centre of, the disc. This distance is determined

by a lead-screw which is arranged so as to.move the disc
laterally with respect to the wheel. Considering the shaft
of the disc as the input, and that of the wheel as the out-'
put, the mechanism is a continuously variable gear whose
ratio may bo set or varied by means of the lead-screw, it 
can therefore be used as an integrator, and it should bo
noted that ‘each of the three variables -argument, integrai 
arid integral - is represented in the form of a rotation of 
a shaft, '■i"i ' c

In the conventional design, the wheel rests lightly oi t 
the disc, so that the radial width of its contact with the c 
disc is very small compared with the radius of the disc, 1
and the displacement of the point of, Contact, is- déterminât1 b 
to a close approximation. .On the. other hand, the output
torque is small and the use of an integrator of this desi
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requires a form of servo-mechanism (see ref. 4) to enable 
its output 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 111orque amplifier", bridged the gap 
between Kelvin’s theoretical concept and Bush’s first

t. '■ . .■ ' .v : : :

realization of an effective instrument. The torque 
amplifier nevertheless introduces practical difficulties,

* particularly in regard to maintenance. In later instruments, 
) the torque amplifier has sometimes been replaced by a servo­

mechanism using electrical or optical phenomena as its 
'basis. Devices such as these arc usually satisfactory in 

d operation but require a considerable quantity of auxiliary 
o electronic equipment.
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The replacement of the servo-mechanism by an electro­
magnetic system of direct interconnection in 'the CVS. I.R.O. 
instrument affects the load on the output of the integrator. 
The transmitting unit of the system (to be described later) 
requires a driving torque which would be sufficient to cause*' 
slip in an integrator of the early type, and it was decided 
to use a type of integrator in common use in such equipments 
as fire control directors. The integrating wheel of the 
conventional integrator is replaced by a cylinder with its 
axis perpendicular to that of the disc and co-planar with

f f
it, with two hardened steel balls lying between the cylinder 
and disc, as shown in fig* 1 , which includes also an illus­
tration of the conventional type of integrator. The balls are 
contained in a cage which can be displaced laterally by a 
load-screw, and the whole assembly is compressed together 
by means of a helical spring.

In this case, the normal force is considerable at the 
Point of contact, which must therefore be considered as an
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arca of contact, and wo had some misgivings at first regard ir 
the accuracy of integration. Very extensive tests over a long 
period proved reassuring and the design was accepted. Purthei 
tests, carried cut after some months of running, showed that 
the total errors duo to this cause and to slip, in the ten 
integrators, expressed as an error in the displacement 
(integrand), were less than 0.1% of the maximal displacement,

Each integrator includes two gear-boxes, one in the 
drive leading to the-lead-screw and the other in the output. 
These gear boxes serve as multiplying units for the integrar 
and integral respectively; the former provides for simple 
reduction 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 output gear-box provides 
for the introduction of any desired ratio within reasonable 
limits, and will be described in more detail later.

3, Adding units.

Addition is carried out by means of differential gears 
the only departure from conventional practice being in dota 
of mechanical design. ... . 1

‘ 1
lu Gear boxes.

There are six independent gear-boxes of a similar typ£
*

to those in the output of each integrator. Their design is 
based on a device frequently used in such applications as 
the automatic feed of screw-cutting lathes. Each gear-box 
contains a double train of spur gears, the intermediate 
shaft being supported on an adjustable mounting so that it 
may bo clamped in any desired position, A book of tables if, 
available, setting out the gears necessary to achieve ove*1
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reduction factors lying within the range 0.3 to 1, and 
differing by intervals of 0,OOCH. The spur gears required 
for a particular ratio are selected from a gear "library" 
and placed on the appropriate shafts of the gear-box. The 
intermediate shaft is then moved so that the gears all 
come correctly into mesh, and is clamped in position.

Reduction factors outside the range 0.3 to 1 can 
also be achieved with negligible error.

5 » Plot ting tables.

plotting, tables are used for enabling functional 
relationships to be supplied to the instrument during the 
course of a solution, and for recording the solution in 
graphical form. They are conventionally known, in those 
two capacities, as input and output tables respectively.
In the 0.8.1.R.0. instrument, the plotting tables are 
identical in design, and their conversion from output to 
input form involves only the substitution of a cursor 
for* a pen and the connection of a handwheel. The position 
of the carriage supporting the pen or cursor is controlled 
by two lead-screws whose rotations represent the abscissa 
and ordinate of the function concerned. When used as an 
output table, both load-screws are driven by elements in 
the instrument whose rotations are measures of the 
variables concerned. When used as an input table, only 
the lead screw representing 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 
simultaneously drives an element in. the machine, its 
rotation thus being made to represent the value of the 
variable corresponding to the ordinate of the curve.
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6. Independent variable drive.

In order to set the instrument in motion, it is necess­
ary to provide an element to represent the independent 
variable of the equation, and to cause it to rotate at a 
suitable speed. This is done by means of a displacement- 
velocity servo-mechanism; this system achieves stable 
operation for a very wide range of motor speeds.

7. Interconnection of units.

The device used for interconnecting the various com­
ponents of the instrument is an electromagnetic system of 
data transmission commonly used by the Admiralty, known as 
M-type. transmission, in which the rotation of the trans­
mitting element 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 receiving element, 
which is in the form of a motor of special design. As the 
commutator rotates, the two battery leads are connected 
through it to either two or three of the remaining leads in 
a repetitive sequence. Those three leads go to the three 
windings on the stator of the receiving motor, and the flow 
of current in them establishes a magnetic field in the mote 
The direction of this field is determined by the connect­
ions between the leads and the battery. The sequence of 
these connections established through the transmitting 
commutator, is such that as the commutator rotates, the 
magnetic field in the motor rotates, in discrete steps, so 
as to copy the rotation of the commutator, within limits 
of angular error determined by the magnitude of the steps 
(normally 15°), A permanent magnet, forming the rotor of

■
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the receiving motor, follows the magnetic field.' : oV • x rcrvx -v'i:cr-'i- -

The error due to the step-by-step action is made 
negligible by a suitable choice of scale factors. The 
motor provides adequate torque for all requirements of the 
instrument, and the.interconnection of units requires only 
the plugging-in of a three-wire cable; reversal of direct­
ion is very easily achieved; there is no need for amplifiers 
or other auxiliary equipment and the system is very rugged 
and reliable. The interconnections necessary for the sol­
ution of an equation are carried out by means of short 
patch cords which can be plugged at both ends into sockets 
on the panel of the control unit. These sockets are 
connected to the terminals of the various M-type trans­
mitters and motors, in the instrument. The panel contains 
also a set of bus-bars with multiple outlet sockets, to 
allow a number of motors to be driven by a single trans- 
mittcr.

The connections to the plugs are such that a reversal 
of direction of a motor is achieved simply by reversing 
one of the plugs in its socket.

Demons t rati on.
An equation whose solution shows the occurrence of 

forced oscillations in a non-lindar system has been chosen 
for demonstrating the operation of the instrument. The 
oquat i on is ; ■ 1 - J ■ ’

I."' uno.;.
8 dx

bl.nO.v;

. , L:;v ' it
+‘

9 dt
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rj *jr
Por certain initial values of x and ^, the solution

shows the presence of sub-harmonics in x. We are indebted
to Professor Hartree for providing the initial values * of 

clxx and which lead to second sub-harmonics in the solution. 
With these initial values, the solution expressed as a 
graph of x against sin t, is of the form shown in fig* 2,

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

dx 8 i 2
- =3 14 sint - x - { x dt - C x dt

dt 9 J 20 )

The first step is to draw a schematic diagram to show 
how the components of the instrument should bo inter connect ei
For simplicity in explanation, we shall omit scale factors

8 iand also the constant factors (^, and2Q) appearing in 
the equation. Pig, 3 shows the instrument set up for the 
equation:

dx g
= sin t - x - Ç x dt - (x dt 

dt 3 J

2

C

P
X
b

In the actual solution, suitable gears wore included 
to take account of the numerical factors ; the diagram serves 
only to illustrate the principle of the solution. The con­
vention used follows that adopted by Bush (It), but it 
should be remembered that as the interconnections are 
electrical, the horizontal lines which represent longitudini

%

1]

Q£

Â t - 0, x = 6,02, Jjr = 12,12



2 6.

shafts in the conventional diagram must he .interpreted as 
electrical bus-bars in this case. Connections in the positive 
sense are represented by solid dots and in the negative 
sense 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 mentioned the sign of equality. 
There is no individual component to represent it; it is 
implied by the interconnection of units, which is such 
that the various components can rotate only in a manner 

appropriate to the equation being solved. Further explan­
ation of this point will be made in reference to the 
problem under discussion.

it e<

'VO0

L**-

Let us assume that the rotation of a particular shaft
----------- - flV

(or electrical bus-bar) represents the variable Another 

shaft-, that of the independent drive, represents the 
independent variable t, and may be made to rotate at any 

convenient speed.

Since the two variables t and -S are represented by 

dotations, an integrator may be used to integrate 

one with respect to the other, and thus to cause a rotation 
Proportional to ^ dt, i.e. x. The other functions . of 

x on the right-hand side of the equations can be evaluated 
cy moans of integrators and gear boxes. The function, sin t, 
May bo plotted on an input table in terms of t and so fed

* * 'A <. '

x*vto_ the analyser, but it is mero convenient to generate it 
as the solution proceeds, by solving the auxiliary equation:

ïïns:
d2y ■

b- + y = odt
w^lch, with suitable initial conditions, yields the
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solution y = sin t. ^ ...... - r., ,

The sum of the four terms on the right-hand:.side/, is
obtained from adding'' units , and their output must,, coincide 

clxwith if the equation is to be satisfied. Thus : the sign 
of equality is represented by connecting the output shaft
*. • a.

representing the .right-hand side of the. equation.to the input
* ' ■ - ■ ■■ 1 - •

shaft which was assumed to represent the left-hand sido,.^. 
The various shafts in,the instrument can then.rotate only 
in such a way that the quantities they represent are con­
sistent with the . equation being solved.. The solution is ob­
tained by connecting the shafts representing the appropriate 
variables (x and sin t in this case) to an output,, table.

Pig, 3 shows schematically how this is ■ achieved. Bus­
bar 1 , independently driven, represents the independent

... . 1 1 -

variable t, Bus-bar 9 will be assumed to represent.
Integrator V receives its input from these two bus-bars, 
and its output is fed to bus-bar it, representing x„
Integrator III provides the value of ^x dt for bus-bar 5* ' 
and using this integral as the argument and x as the 
integrand, Integrator IV evaluates ^x d j ^x dtj = Ç x dt, 
which is fed to bus-bar 6,

: ; • -• ■: ' ito . • ; ■ .. . ;r;

Integrators I and II are used for solving the auxiliary

equation £...?;+• y = 0 -, y = oin'fapf)e'aring on bus-bar" 3.
: dt^ ♦ 0-1: '0:0'

The quantities represented on bus-bars 3, 4, 5 and 6, 
are the four terms on the right-hand side of the equation. 
These are added in pairs, with due regard to sign, by means 
of three adding units, and the output from this operation 
represents the right-hand side of the equation, which must 
be equal to The sign of equality is thus represented 
by feeding the output of the addition (i, o» the right- 
hand side ,cf the equation), directly to bus-bar 9 (i,.e9 ,
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the left-hand side of the equation).

The output table presents the solution in the form 
of a curve of x plotted against sin t, the co-ordinates 
being derived from bus-bars 4 and 3 respectively,.

At this stage, the conference adjourned to see the 
solution being carried out on the differential analyser. 
The complete instrument and details of its various com­
ponents are illustrated in figs, 4 - 9.

The curve shown in fig. 2 is the analyser solution 
of the equation for the initial conditions;

t = 0, x = 6.02, g = 12.12

It is seen that the values
are identical with those at t = 0, within reasonable 
limits, indicating the existence of a second sub-harmonic 
in the solution.

A cknowlodgmon t s

Considerable assistance was received in the design and 
construction of the differential analyser, and wo wish to ack- 
howlodge the contribution of many colleagues in C.S.I.R.0, 
nnd elsewhere. In particular, wo arc grateful to the Metrology
division of C.S.I.R.0. for undertaking the tedious tests on 
ttxo integrators, the results of which gave us confidence in
carrying on with the design. The detailed design of the
integrators was carried out by the Commonwealth Aircraft 
Corporation, Lidcom.be, N.S.W. and they were manufactured by 
^hnt body and by the Government Small Arms Factory, Lithgow, 
D.S.W, The drawing office and workshop of the National 
Standards Laboratory took a major part in the project.
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III Automatic Digital Calculating Machines
"by D. R. Hartree

«

Some notes on terminology

The subject of automatic digital calculating machines . . 
is’a new one, and any new subject of significance involves 
hew ideas for which we require words. These may either be 
hew words coined for the purpose, or words already in 
current use, given a specialised meaning. In this subject 
the latter alternative is generally adopted, but although 
ihere is some general agreement, the terminology has not 
Eccome standardised, and rather naturally each group prefers 
bhe terminology which it has built up and found convenient.

The part of the machine' which holds numbers and operat- 
'hg instructions is usually called the "st ore" or "memory", 

avoid misunderstanding I think it is desirable to avoid 
use of words with biological implications, and for this 

heason I much prefer the neutral - and shorter - word "store", 
which incidentally was used in this sense by Babbage.

The specification to the machine of an operation to be 
carried out, such as the transfer of a number from the 
ar>ithmetical unit to the store, I shall call an "operating 
Obstruction" or an "instruction". Other terms for this are 
c^der" and "command"; the former is the general usage at 

Cambridge and the latter at the C.S.I.R. 0. group at Sydney,

The schedule of instructions for carrying out a cal- 
Ration is usually known as the "program" for the calculat- 
^0ïl> and the process of drawing up this program is known as 
Programming". A distinction has sometimes been made (by 

a^oelf among others) between "programming" and "coding",
0 former being the planning of the sequence of operations
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required to carry out a calculation, and the latter being 
the process of expressing'thèse operations 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 simple form. In simple applications of such machines,

..vi/.' ■/•V
one does not in fact carry out separately the two steps 
expressed by the terms ’'programming" and "coding" in this 
sense; one programs the calculations directly in terms of 
the operating instructions in the form in which they are 
furnished to the machine. And it is usually possible to 
break down a more involved calculation into a number of 
component parts each of which is simple enough to be 
programmed directly 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 are not wholly independent, 
but it ought to be possible to use one of these machines 
without knowing in detail how it does what it dees, just 
as one is accustomed to use a dial telephone without knowifl^ 
the details of the circuitry of an automatic telephone 
exchange by which dialling a number results in the required 
connection being made. To the potential user, with numeric^ 
calculations to be done for which he would like the assist''
ance the machine can provide, the second aspect is at leas 
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 aspect I 
shall be concerned later (§ 6 and V.)

t

Let me first recall the general organisation of an
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automatic digital machine (I, '§3)# 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 out 
by the arithmetical unit on numbers transferred to it. The 
machine must also have an input unit for receiving from the 
outside world operating instructions and numerical data, and 
an output unit for furnishing to the outside world the 
results of the calculations it has carried out.

As already mentioned (I, §4), in most of the more recent
machines numbers and operating instructions are represented
in the same form within the machine, and the same store is

.
Used for both. This store can be regarded as consisting of 
a number of storage locations in which numbers or instruct­
ions can be placed; these storage locations must be identify 
iabio in some way, and it is convenient to distinguish them 
V assigning to each a number, known.as its address or, 
tooro usually, the address of its content. The content" of a 
storage location is usually called a "word", when wo want to 
^cfor to it without specifying whether it is a number or an 
instruction. ,Thc difference between "words" representing 
bumbers and "words" representing instructions in such a 
échine lies in the way they are used, "words" representing 
b-Umbers being transferred from the store to the arithmetical 
ünit for arithmetical operations to be carried out on them, 
ab.d back to the store, whereas "words" representing instruct­
ors are transferred from the store to the control unit,
WtlGl>0 they determine the transfers carried out between the 
^0;cio and the arithmetical unit, and the operations carried 
^ the arithmetical unit. Numbers consisting of more 
1£its than can bo included in a single word are usually 
allea "double-length" or "multi-length" numbers.
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As already mentioned t (I, §4), use of the same form, 
within the machine, for numbers and for instructions has 
two consequences. First, the same store can bo used both 
for numbers and instructions so that the whole storage 
capacity can be partitioned between 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 machine between numbers 
and instructions, the facilities of the arithmetical unit 
can be used to modify the operating instructions them­
selves 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 experience in programming, but must be accept 
as a conclusion from experience; it introduces what might 
be called an extra degree of freedom into the process of 
programming, and makes this process one of great flexibil­
ity and versatility. On account of the importance of this 
feature I shall restrict myself to machines which do 
provide it.

3. Representation of numbers in the machine.

In our usual way of writing numbers in digital form, 
the number 3807, for example, stands for

3 8 0 7

- % 2
3 x 1 Cr + 8 x 1.0 + 0X10 + 7

'Gq

the successive digits being coefficients of successive
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powers of ten: this is called the "decimal" or. "scale-cf-ten" 
form of a number. But there is no particular merit, other than 
that of familiarity, in the use of ten as a base, and a con­
venient alternative base is the number two;.then the only 
Possible values, for each digit are. 0. and 1., and the number 
1101, for example, stands for

0 ■:>no x

that is, an eight, a four, no twos and a. one; the number which 
th our decimal notation we write 13. This is. called the 
'binary" or "scale-cf-two" form of a number. Use of the binary 

of numbers within the machine does not mean that the user 
ïl0°d have any working experience of arithmetic with numbers 
^pressed in this form. In using the machine almost the only 
°Perations for which it is necessary to remember that numbers 
uI>g expressed in the machine in binary form are those concerned 

^h loft and right shifts ; a left shift of one place ccrres-
Bcnda
of
iop

to multiplication by two not by ton, and a right shift
one place corresponds to division by two. Since multiplicat- . ■
and division by two are operations often required in the

^sq of a calculation, whereas multiplication and division
Qyj » » 4

°n are required relatively seldom, this is a convenience 
''«th;
%

l0r than a disadvantage of the use of the binary form. Al-
numbers are represented in binary f orm within the

^chino, they can be input in decimal form, and the results 
o^ded in decimal form, the decimal-binary and binary-

e
th

conversions being carried out by the machine as part 
0 input and output processes.
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Even though a machine is designed normally to work 
with numbers in binary form, it is quite possible to program 
it to work with "words" representing 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 contexts, in particular in working with multi-length 
numbers. I used to think that there was an advantage in 
having numbers represented in some coded decimal form within 
the machine, on the ground that they could then be easily 
displayed in decimal form, which would be useful both in 
testing the machine and diagnosing any faults in its 
operation, 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 
results on some monitor system, a procedure sometimes 
called "peeping". But for testing the machine this use of
a display in scale of ten has been found to be quite un-

' ' '

necessary, and. for testing and checking programs, "peeping" 
is a procedure which is so extravagantly wasteful of machine 
time that, if the machine is at all fully occupied, it 
should be most strongly discouraged; its place should be 
taken, as far as possible, by a system of testing and 
checking programs which uses the machine running at ita 
normal operating speed, recording sufficient intermediate 
results for the guidance of the programmer. An account of 
some such methods for testing programs has recently boon 
given by s. Gill (11) (see also ref. 57).

, Negative numbers can be represented by a sign 
indication and either the modulus or the complement of the 
number. Most machines use the complementary form, with the 
sign -indication in the most significant digital position, 
a zero indicating a positive sign and a 1 indicating a 
negative sign.
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^2 Representation of instructions,

• There are two main forms for the operating instructions, 
which I shall illustrate by an example.

I shall write C(n) for "the content of storage location 
h”» so that n stands for an address in the store and G(n)
^cr the word, whether number or instruction, which happens 

be located there at the relevant stage of the calculation, 
Suppose' now that we want the machine, as part of a larger 
calculation, to add the contents of storage locations 82 and 
^ and to send, the result to storage location 122, This could 

specified, in spme coded form, by a single instruction 
which : we might write . • • ... :

0(82)' + 0(84) to 122

sUch .an instruction, refers to three addresses,in the store,
Shd' this form for instructions is therefore called a "3- 

dross f orm". :

Alternatively, we could obtain the same-result by three 
coparate instructions each referring to a single address in 

store. Suppose the arithmetical unit contains a component, 
dually called an "accumulator", which accumulates the sum of 
humbers added, into it until an Instruction is given to clear 
ìt; I shall write C(Acc) for the content of the accumulator, 
'h°h the addition sum mentioned could be carried cut by the 

instructions

0(82) to Acc 
0(84) to Acc 
G(Acc) to 122,



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

But it is not enough to specify to the machine an 
operation to be carried out ; 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 to include in each instruction a specific­
ation of the address from which the next instruction is 
to be taken. If this is combined with a three-address form 
of specification of the current operation, we get altogether 
a four-address form of instruction, three addresses being 
concerned with the current operation and one with the 
selection of the next instruction.

Alternatively, the instructions can be stored normally 
at addresses numbered in the sequence in which they are to i 
be carried out. Then a counter whose content is increased 
by unity at the completion of each instruction can be used 
to determine the address from which the nf%t instruction 
is to be taken, without this having to be mentioned ex­
plicitly in each instruction. This is called "serial 
storage" or "sequential storage" of instructions, a,nd the 
counter whose content records the address from which the 
current instruction was taken is called the "sequence 
control register". An explicit specification of the addreS5 
from which the next instruction is to be taken is required 
only when one wants the machine to depart from the sequent 
in which instructions are held in the store, and a special g 
kind of instruction is necessary for this.

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

__
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general- form of instructions, the standard kinds of in­
struction, and the way Cf determining the next instruction, 
for which the control system is designed* Any calculation 
must be programmed in conformity with these standard in­
structions and tl}is way of determining the next instruction, 
and these are the aspects of a machine which matter most 
to the programmer*

5. Organisation of a machine using a one-address form,of 
instructions with sequential storage.

Pig, 1 shows in schematic form one kind of organisation 
for a machine using a one-address form of instructions with 
sequential storage; this is based on the EDSAG at the 
Mathematical Laboratory of the University of Cambridge (5 6)* 
The different units of the machine are shown connected to 
two bus lines ^ through gates, marked by crosses, which are 
formally closed but can be opened 'by the operation of the 
Control system. These gates can be divided into two groups, 
"source" (S) gates through which "words" can be transferred 
from the different units, and "destination" (D) gates 
through which "words" can be transferred to them. Most 
^Donations of the machine involve the opening of one S 
Sate and one D gate, by which the transfer of a "word" from 
°hQ part of the machine to another is effected.

Concerned with the control of the sequence of operations 
ni>G shown two registers, the "current instruction register" 
("c. i. register") for holding the current instruction itself, 
an<a the "sequence control register" ("s.c. register") for 
°Tding the address from which the current instruction was 
Qhon, The operation of this machine can be thought of as

forming a "digit trunk" in the terminology of the
S. I.R, o, group at Sydney,
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gate A is opened and the content of the sequence control 
register is increased by unity, giving the address from 
which the next instruction is to be taken. In the first 
stage of operation, this address is sent to the control

having two stages which take place alternately. Normally,, 
at the end of the operation specified by one instruction,

system, which then opens the appropriate S gate in the
store and the D gate "D I^st" to permit the transfer of
the instruction located at that address in the store to 
the. current instruction register,, in the second stage, 
this instruction itself is sent, to the control system, 
and opens the appropriate gates for the .instruction to 
be carried out; and on completion of it, gate A is opened 
and the content of the sequence-control register is. again 
increased by unity. Thus the machine alternately selects 
an instruction and carries it out. A special instruction 
is necessary to make the machine depart from.the serial 
order in which instructions are stored; this instruction, 
when transferred to the control unit, results in gate J 
being opened instead of gate A, and then the address 
specified in the current instruction is transferred to 
the sequence control register and determines the.address 
from which the next instruction is taken.

6, Programming

The individual operations which such a machine carried 
out are very simple ones, such as addition, subtraction ai^ 
multiplication of two numbers, transfer of a number from ^ 
accumulator óf the arithmetical unit to the store, and 
selection of the next instruction; and any calculation 
must be broken down tò a sequence of such operations b'cfof6 
the machine can be applied to it. ..The schedule of
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instructions for such operations is known as the program 
for the calculation, and in drawing up the program, it is 
necessary- to know at least -enough abeyt the calculation to 

able t o do it by hand, given the time. This is. a point 
which I think is not fully appreciated,,1 am sometimes 
asked to specify in general terms what kinds of calculation 
the machine will do, or whether it will solve problems in 
Borne particular branch of applied mathematics, such as fluid 
dynamics or electron optics. The only general answer I can 
giveis too general to be of much .use; the machine will do 
any calculation which some programmer is clever enough to 
logram' for it and which is within its capacity. And as far 

its application to problems in particular fields- of 
applied mathematics is concerned, the only thing - t.o-bc said 
ia that the particular scientific or technical context in 
v,hieh a calculation is required is quite irrelevant; what 

user of the machine is concerned with is the character 
°f the calculation, whether,for example, it involves the. .
8^ut ion of algebraic equations, or of ordinary or partial 
differential equations, or the summation of series or ..the 
8^%luation of correlation coefficients, and not its 
Sclontifio or technical contexte

The process of programming a calculation is considered 
a°ttie detail in V, but there is one important general 

^Ih-t to be made at this stage. If every calculation had to 
G broken down to details as fine as I have indicated, - 
Hamming would be a long and tedious process, and also ■ 

4Ï1° which would require extensive checking. But most extens-

ih

fVe
gp calculations can be built up to a large extent from
. Cu,Ps of operations for standard processes such as evaluat­
ion
ipv

°f square roots and trigonometrical functions and their 
iti 0ï>Ses' interpolation, and integration. The group of

■c bet ions for such a process is known as a sub-routine.

■
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One kind of organisation for simplifying programming is 
based on the prevision of a library of such sub-routines 
for standard processes, and facilities for using it. The 
library sub-routines can be worked cut and thoroughly 
checked once for all, and the program for a whole calculation 
may then consist of a set of sub-routines, perhaps some from 
the library and some made up specially for the particular 
calculation, and a master routine which is concerned largely 
with organising the sequence in which the sub-routines are 
taken. Use of library sub-routines both saves much time, 
labour and thought in programming a calculation, and it 
also saves many of the mistakes which might be made in 
programming the calculation in full, and also the programme? 
and machine’s time which might be spent in diagnosing and 
correcting these mistakes. The development of such a librai1/ 
is not a small matter,' but it is something which is likely 
to be required before one of these machines becomes 
practically effective as a general-purpose calculating 
machine, and this must be recognised by anyone who is con­
templating constructing or obtaining such a machine.

,
7. Non-numerical applications.

-, - - -, ’ ............ .

I have spoken so far as if the only things, these macb1'
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 not normally regard as numerical but 

..which can be put into numerical form and so made accessible 
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 fouf 
are initially occupied by black marbles and the left-hand 
four by white marbles. Allowed moves are as follows : for &



black marble a move one place to the left into a vacant 
space, or a jump to the left over a single white marble 
into a vacant space, and for the white marbles similar 
moves to the right. The object is to interchange the black 
and white marbles, making only the allowed kinds of moves. 
It is possible to program the machine to work cut how to 
do this, and to print out the sequence of moves.

This is a rather simple example, but will servo as an 
illustration of one kind of non-numerical problem to which 
the machine can be applied.
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IV Digital Calculating'Machines Used by C.S.T.R, 0.
by T. Pearcey and M. Beard

Some three years ago the Division of Radiophysics 
°f C.S.I.R.O. commenced a programme of development and 
investigation into the design and use of automatic com­
puters and computing methods to aid in computations for 
scientific research. This programme has two aspects.

First, commercial calculating 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 improve the performance of the machines 
for purposes of scientific computing. These machines have 
keen steadily at work and during the past year have en­
countered fresh work at a greater.rate than it can be per­
formed, Amongst the computations made are time series and 
sPectral density estimations, crystalcgraphic Fourier 
syntheses, the tabulation of astronomical and mathematical 
tabiog of various kinds, reduction of observations and the 
Solution of integral and differential equations as well ns 
the solution of sets of linear algebraic equations.

The second and main aspect of the Division’s programme 
has been in the development of an electronic automatic digital 
Computer and I will concentrate upon a description of that 
^OVico.

This computer, known so far as the "Radiophysics 
I Automatic Computer", is of the all—electronic digital 

typo, operates in the binary scale, It is of the serial

that is,, data are transferred from point to point of



the machine in a serial manner, or a digit by digit manner, 
commencing the transfer with the lowest 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'püiôeô 
generated by a control timing device or "clock".

in, the binary scale numbers are represented by a series 
of interspersed zeros and units. In the computer a unit is 
represented by a pulse and a zero by the absence of a pulse.

2, Numbers and commands

Both comanda and subject matter, or numbers, are stor0' 
in the computer in the same manner, The length, that is the 
number of digits, comprising a command is the same as that 
for a standard number, namely 20 digits. A command looks' 
like a number in the machine, it is however adopted for use 
by the control system of the computer in a special manner 
and according to a predetermined convention which is impili 

by the design of the machine,

A number is a single group of 20 binary digits. Each 
digit is given a weighting factor equal to an integral po^1 
of two. Digits of a number are read on a wire just as a 
number,, normally written, would be read from right to left' 
not from left .to right, such a‘ scheme simplifies the ariti*1' 
metical operations.

* * ’ -

Negative numbers are stored in a "complementary" fcf#'
that is, stored with all their units replaced Toy zeros, ^

■ ,
their zeros replaced by units, and a unit is added to the
lowest significant place. This is illustrated in fig. "1 *

»

The appearance of the lowest significant digit
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corresponds to a clock pulse denoted by p, and succeeding, 
digits correspond to the symbols p2, p%, etc. up to P2q«
The p2q digit of a number corresponds to the sign digit, 
zero if positive, unity if negative.

A command however is considered for the purpose of 
the computer to consist of three adjacent components.
Two of these components occupy the digit groups p^ to 
P5 and pg to P^ Q» The third occupies the group p-^ "fcc
p20*

The first two groups serve the purpose of defining 
tbo storage registers which arc to transmit and receive 
data and to specify any arithmetical functions to be 
Performed, The last group is devoted to indicating which 
Position in the store is to be called upon for action if 
deeded, WhiIst the first two "addresses" specify a "source" 
and a "destination", the third is purely a subsidiary
address.

3: Sequential Arrangement
For the purpose of organising transfers of numbers 

and commands to and fro within the computer the regular 
train of clock pulses is broken up into groups. A single 
aleck period is three U secs. long, and contains a pulse 
Df 5 u sec. length. Twenty such pulses cover a period of 
60 . Usees, known as a minor cycle, equal to the length of 
a humber or command. Sixteen such successive periods con- 
atitut0 a major cycle. A major cycle is the longest period 
into which digit trains are compiled. These periods are 
illustrated by fig. 2.



4. storage

The main ‘dr high speed store follows principles which 
are well known, namely the use of ultra sonic acoustic delay 
tubes. This storage system consists of a number of independei1' 
closed channels in each of which 16 numbers or commands can 
bo stored end to end in. a circulating manner. The circulation 
time is equal to one major cycle, namely one millisecond.

Up to 64 channels are available incorporating 32 
acoustic tubes filled with mercury and fed by 10 mes 
amplitude modulated pulses applied to resonant x-cut 
quartz crystals. The acoustic waves are detected at the 
far end of the tubes by similar crystals. The signal is 
amplified and the rectified output is used to "gate" a .• 
fresh clock pulse; back into the transmitting crystal and 
'so on. " ' -vv . I! " . . I

Numbers may be "read" out of any of the 16 positions 
of any one circulation network during a miner cycle in­
terval, each major cycle, depending upon the actual posit­
ion required. Pig, 3 illustrates the acoustic.circulation 
scheme, whilst fig, 4 shows the actual tubes in position 
together with amplifiers cn the left, gates for reading 
out and substituting fresh data in the centre, and pulse 
transmission* equipment on the right. The tubes are about 
five feet long. In all 1024 separate numbers can be stored 
by this means. An auxiliary ht ore is also incorporated.
This consists of a "magnetic drum". This is a cylinder, 
which revolves at a rate of 6qC0 r.p.m.', coated with a 
magnétisable surface and capable of storing 1024 axially 
placed rows of digits "around its circumference at a densi » 
of 80 words per circumferencial inch,'

The access time for any one row of digits, i.o. a 
word, is equal to 10 milliseconds. The drum is not
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synchronised with the speed of the main computer but 
possesses its own timing device which is coupled to its 
speed of rotation. Fig. 5 illustrates the principle upon 
which the drum operates,

• The capacity of the store is to bo extended to I4O96 
words, to bo grouped into four groups of i021| in number.

5. General organisation of the computer.

All commands or instructions are hold during operation 
in the main store or acoustic memory and are dealt with 
serially. That is they are placed into store positions in 
the serial order in which they will normally be accepted.

The computer consists essentially of a group of 
registers which are capable of receiving and/or trans­
mitting their contents when ordered to do so. Transmission 
of data is made via a single channel known as the "digit 
trank". All registers are connected to the digit trunk via 
their "function gates". Those "gates" allow digits to pass 
to or from the registers and the digit trunk and are con­
trolled by the main or "sequence control" unit, or by the 
uhits which decode the commands.

Only two gates are activated at any one time, one gate 
whieh allows a selected register to transmit and "another 
Allowing a selected register to receive. Arithmetical 
functions are performed by the transmission of numbers into 
Suitable gates connected to the "arithmetical organ" of the
Computer.

The main store and auxiliary store arc connected to the 
(1j-git trunk", the store position being at any time under 

control of a "store or memory control register". An
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"interpreter register" receives the commands one by one and 
decodes them.and prepares the selected "function gates" for 
action. A "control or sequence register" is a counting 
register which stores at any time the store location of the 
next command to be selected. Its contents is normally in­
creased by unity after the current command is selected.

Two registers, the "input and output registers" serve 
to make fresh data available to the machine and to provide 
results to the operator.

A block schematic diagram of the computer is given in 
fig. 6,

6. The operation sequence
A regular routine of four basic operations is performed 

in an unvarying manner. First the contents of the "sequence 
register" is transferred via the digit trunk into the store 
or "memory control register" whose previous contents it re 
places. The. store is thereby prepared to read out the 
quantity held in the position denoted by the sequence 
control register.

As the selected position appears from the store its 
contents, that is the new command, is transferred via the 
giglt trunk Into the interpreter register where it is sto?5 
and decoded by suitable, networks which prepare two functi0*1 

gates for action.
However the command may call for the store to trans# ^ 

or receive, so the third act is to transmit the 10 digits 
Pii “ p20 ln thQ "interpreter register" out via the digi* 
trunk into the "memory control register", whose contents 1
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replaces so that the store position called by the. command 
is prepared for action.

The final act is to allow the transfer called for by 
the. command to take place as the period selected by the 
store control register occurs. This is the actual com­
puting operation. During this time the "sequence register" 
is provided with -a unit count so that on returning to the 
first stage the next command is withdrawn and so on* 
fig. 7 shows this sequence of functions. The. time rate 
indicated- there is not exact since the actual functions 
nre performed considerably more rapidly than indicated.

il Gomp station

- Pig. 8 shows part of the arithmetical organ and shows 
a single register or accumulator. This is an acoustic tube 
GflPable of storing only one word of 20 digits, and one 
95ding unit is incorporated into its circulation network, 
'LÍ1'e tube itself contains 19 digits only,, an extra delay of 
0rie digit being placed outside it so that digits may be
■^sad out onto the digit trunk "one digit early" which

*

equivalent to transmitting twice the contents of the 
Register, similarly the contents may be read cut via a 
further unit delay thereby reading the contents out 
^te", equivalent to multiplication by two. A standard 

Sute reads the contents cut to the digit trunk unmodified 
^ilst a special gate is capable of selecting out the sign 
^Sit and transmitting that only. This latter function is 
UQd for all conditional functions,

^ Gatos to the accumulator allow entering data to add
0 fhe contents already there, or to subtract from it, or 4.
G° substitute for it.
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For instance, if vue wish tc double the quantity in the 
accumulator we could order the contents of this register tc 
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 .-tzo zero.

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

8. Input and output

Commands and numbers are entered into the computer via 
punched cards. These cards are road in a columnar fashion 
by a row of twelve reading brushes and 20 digit words are 
compiled cut of groups of iO digit numbers from the cards. 
The assembly 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 "primal 
input ",

Two means of recording results are provided; first, 
printed results are obtained via a teleprinter unit which ^ 
capable of printing decimal digit symbols and letters; ah^ 
second, decimal data may be punched upon a Hollerith typo 
card in a manner such that these may be listed on a stand0** 
card machine or may be reinserted into the card reader 
use in a future programme. Fig. 9 shows the punched card
input and output units.
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9. Equipment

The general view of the equipment is shown in Pig,10, 
The leftmost large cabinet contains the acoustic store 
during assembly, the next to the right shows the arith­
metical equipment', whilst the next shows the main control 
equipment. Pig, 11 shows a closer view of these cabinets 
in the top left of which the short acoustic tube arith­
metical registers may bo seen.

The final open cabinet in fig, 10 contains the input 
and output and pulse distribution equipment whilst the 
closed cabinet is the power supply. To the right of this, 
the auxiliary store is held,

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

. D. R, HARTREE - in reply to a question by professor 
Astbury, dealt with methods of carrying out arithmetical 
operations, choosing the process of addition as an'example, 

adding two numbers a and b, three digits have to be 
added-at each stage except the first. They are the digits 
of> a and b and the carry digit c of the preceding stage. 
Professor Hartree outlined the principle of one device, due 

von Neumann, for doing this (see ref. 20, chapter 8).

W, C, J, WHITE - drew attention to the use of ten 
digits in the C.S.I.R. 0. digital computer for source and 
destination. This appeared to him to be an unnecessarily 
!arge number in view of the fact that the EDSAC used only
seven.

T, PSARGEY - stated that the principal reason for 
d°ing this was to facilitate the adding of extra functional 
j^Uts if necessary by. including extra chassis. This machine 

an experimental one, the designers. considered.such a 
■^Vision desirable. Coding Was slightly complicated by the

°hhi
ra length of the code. Coding for source and destination 
Ghees flexibility, and at the same time, the length of 

hUtiber (20 digits) was made the same as that of a command, 
^ich simplifies the organization.

Ï-0

P. R, HARTREE - continuing discussion on this point, 
that the source and destination together could be

8ahded as a specification of a single operation, it seemed 
1v 6 7Xitely that mere than 2 or 2 operations would be re- 

Gd, so that to use ten digits to specify them wasted 
tilro° digital positions in each instruction, though 

8 might not bó a serious disadvantage. The policy of
ttib^d go had been to aim at simplicity of engineering



. 52.
possibly at the expense of programme length (see paper V, 
section 14(0) ). Mr, Pearcey’s remark about the C.S.I.R.O. 
machine being experimental should not be taken to suggest 
that the HD SAG and other machines were "production lino" 
models, With the exception of the Ferranti machine, all 
others were experimental,

professor Hartree 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 procedures at each operation of the machi) 
was a counsel of despair. Experience has shown that com­
puters do not go wrong often enough to warrant this.

D, M, MYERS - said that one point had had little 
attention so far, some compromise is necessary between 
hardware and programming. With regard to some processes 
it is necessary to decide whether they should be added 
to the library of sub-routines, or performed automatical^] 
by the computer. In the case of division, for example, 
one must decide whether to provide increased storage 
capacity to provide for instructions in a division sub­
routine, or new' functional elements for dividing auto­
matically.

in regard to programming and coding, it was en­
couraging to see new ideas being worked cut for the sak° 
of experience, in some years’ time it would perhaps be 
best to have a standard approach sc as to have a stand#*" I 
method of programming in different centres. Then an 
amicable compromise between programming and engineering 
would be necessary,

ilD, R, HARTREE.- Mr. J, C. Stewart asked how bound# 
conditions are provided for on the differential anaiy6^ 
professor Hartree said that the main part of the answef
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is that tho various load screws of the integrators and 
Plotting tables must be set to some appropriate position 
before the machine is started up, With one-point boundary 
conditions, this is straightforward as the dependent variable 
aïl(3 its derivatives and any functions of them are known at 

beginning of the range of the independent variable.
Difficulties arise however when some values of the 

Variablos are given at one point and the remainder at another, 
1,e* with two-point boundary conditions. Per linear equations 
0ile could evaluate a particular integral and a sufficient 
Ptimber of complementary functions, all satisfying the bcund- 
ai>y conditions at one end of the range, and forming a linear 
combination satisfying the conditions at the other end. His 
experience had been that this method is more theoretical 
bfran practical because of the sensitiveness of the solution 
J° Initial conditions* In such cases the use of trial 
J°ltitions is preferable and for non-linear equations it is 

°nly way, This is not as laborious as it sounds as no 
Qbange in the general programme or set up of the machine is 
Accessary but only a change in the setting of some of the 
■’■PI egra tors*

G. EEWSTEAD - referred to the equation solved by theCliff, "------------1 esentisi analyser during the demonstration of its use 
^ asked whether it was known beforehand if periodic 
Actions existed, professor Hartree said no. The problem 

ap. ^r^posed by Dr, MacLachlan who was interested in loud 
'tikor performance. It was certain that there would be

r,-,„ °cic solutions for small values of the coefficient of 
COB f°» He wanted to know whether sub-harmonic solutions

^ Possible,
^ G*_Eq BARLOW - described briefly a general purpose 

i>ei'ential analyser at the Royal Aircraft Establishment,
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It has been used chiefly for aircraft control and guided 
missile problems where the independent variable is real 
time* It has an overall accuracy of 1% - 1»5$ end contain6 
15 integrators, 15 multipliers, 15 adding units and 8 
cathode ray tube units.

D. M. MYERS - drew attention to the difficulty arisi# 
in most electrical integrating circuits, which integrate 
with respect to real time. Thus the argument of each 
integration must be the same and this adds greatly to the 
difficulty in putting many kinds of equations on the 
machine.

T. PEARGEY - said that the use of sinusoidal 
electrical quantities offered prospects for the solution 
of equations in a complex domain, particularly non-lineal 
equations - an untouched field. It could also be used 
for inverse Laplace transforms with poles and singular!

W. R, BLUNDER - felt that as sane of the delegates J 
this conference would not be attending further sessions 
comment on the relative scope and usefulness of digital 
and analogue machines should be made at this stage *

The digital machine appeared to be superseding t^e 
analogue computing instrument mainly because of its 
greater versatility and accuracy.

The analogue class is limited by the degree of m°CJ 
anical and electrical refinement of its construction, ^ 
is paradoxical that the ball and disc, type integrator? 
which bridges the gap between the limit of a sum and c ^ 
continuous integration and dees in fact operate theprs 
ally perfectly, gives an accuracy of say 1 in i000, wiie 
a digital integrator using Simpson's Rule will évalua*6
integral to any prescribed precision. This difference ^ 
between the two methods illustrated above is fondarne#
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and digital machines must be employed where high accuracy is 
necessary.

However, high accuracy is not always required and there 
ai>e many cases where the accuracy of the data supplied to a 
Machine does not warrant great precision in computing. Also 
touch time may be saved by using certain classes of data given 
in graphical form in its analogue form rather than converting 
it to digital form.

Prom the point of view of versatility the digital machine 
has every advantage although it is worth remembering that the 
differential analyser has a very w ide field of application by 
vlrtuo of the great number of differential equations that 
ai,ise in all branches of science and engineering. In this 
field it is universal. Also there are sane special problems 
that require such frequent solution that a special purpose 
échine is necessary; for example, the anti-aircraft problem,

D, r, HARTREE - drew attention to two points about 
Agitai machines mentioned by Mr. Blunden - their versatility 
anâ accuracy. There is a third - their speed, in the case 
0f Predictors, he thought that the instantaneous results

red might be given better by digital machines and also
Sr eater accuracy.

Difficulties arise in using digital machines when the
lnPUt is irregular or discontinuous. Analogue machines are
lenient when the results of the calculation a re needed in
°Phical form. However, it would bo quite possible to 

<JOv

in
Glop some form of digital-analogue converter to produce 
cnrve, on paper or on a cathode-ray tube, from data given
digital form,

If numbers are small, there is no need to waste storage 
^ Ity, for several numbers can bo packed into one storage
Locat
Bn l°h (e.g, a 20-digit location can be divied into 4

Ups each of 5 digits), it only needs sub-routines to
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d© th© packing and unpacking. This is done with triplo 
Fourier series for crystal structures where the Input 
is only accurate to i%,

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 little ingenuity it can be 
used to multiply, with more it can be employed to solve 
simultaneous equations, 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 Fourier 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 hand» 
Often in the data the signs are not known and test summa*" 
ions have to be made to find the signs, A fast method 
should be available. Cathode-ray tube representation of 
the output of a digital machine could be used bnt analog^ 
methods seem more desirable,.
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V.____Int rod action to programm ing
'by D. R, Hartree

. I shall be concerned in. this lecture not with automatic 
digital calculating machines themselves* but with the process 
'°f organising calculations for them, the process known as 

Programming". This will involve some ideas, and ways of 
thinking, which will probably he unfamiliar; but there will 
be hothing difficult in this introduction to the subject. •
I’fc is possible to talk in general terms about programming,

I think it is much more enlightening to see a few ex- 
atnPles worked in full; this will give some idea of the way 
°n° has to think about calculations in, order to program them.

I have already emphasised (III, §6) that to the programmer 
most important things about a machine are not what is the 

Physical form of the store or in what form numbers are 
^Presented in the machine, but first, what is the standard 

i>0]?m for instructions, secondly, what are the standard in­
ductions for single processes, and thirdly how does the 
achine, having carried out the operation specified by one 

detraction, determine the next instruction? .

In order to show some illustrative examples, I shall 
8v° to work in terms of a particular form of instructions,

sua
the

a particular Way of writing them, and of determining
0 boxt instruction; but I do not think this matters because 

^ the ideas involved in one system of programming have°hco

grasped, it will be relatively easy to change over to
Mother 
Or08
^8 Pod
st
^t

system, provided it is not too complicated. I shall 
°nt the subject in terms of the system of programming 
°n the EDSAG, the machine at the Mathematical Laboratory 

University of Cambridge, both because this is the 
°m with which I am most familiar, and because it seems



to me the most simple and straight-forward that I know.
I present it not as the best system, but as one which has 
been tested by experience and practical application to 
calculations of various kinds over a period of two years.
It has proved simple enough for workers in other laboratori6' 
without previous acquaintance with the subject, to learn 
two or three weeks enough to program their own calculation^' 
And it illustrates some of the facilities which' must bo 
provided in some way by any system of programming which is 
likely to bo of practical value to the user.

2, Coding of instructions for the ED SAG.

in this machine, instructions are represented in the 
same form as numbers and are stored in the same store; 
instructions are of the one-address type stored serially 
(see III, §4), that is, instructions are normally stored 
at addresses numbered in the sequence in which they arc 
be carried out.

1 i KInstructions are coded as follows. An instruction, 
a number, is represented in the machine by an ordered sot 
of digits, each of which may be 0 or 1 :-

xxxxxxxx. . . . . . xxx

Operation j 
!Spare

Address

Terminal 
digit 1

The digits in the five most significant digital position^ 
(including that which, in a number, is used for sign 
indication) specify, in coded form, an operation to be
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carried cut, such as an addition, or a transfer of a number 
from tho arithmetical unit to an address in the store. The 
next digital position is a spare, and the next ten specify, 
ih most instructions, the address in the store to which 
this operation refers. Then there is a terminal digit with 
which I shall not be ccncered; it will be zero in all the 
examples which I shall use.

One needs a form in which to write such an instruction; 
the form adopted is a letter representing the operation (A 
f°r add, s for subtract, T for transfer from the arith­
metical unit to the store, etc,) followed by the address 
Whitten in decimal form; for example, the instruction written 
A 38 means "add the content of storage location 38 into the 
Accumulator". This written form is closely related to the 
form in which the instructions are punched on the input 
t£1pe. The following are tho written forms of the kinds of 
instructions used in the examples I shall consider:-

A n 
S n 
T n 
U n 
E n

Add C(n) into Acc,
Add -0(n) into Acc,
Transfer G (Acc) to n and clear Acce 
Transfer C(Acc) to n and hold in Acc.
Examine C(Acc); select the next instruction 
as follows:-

if C(Acc)> 0, take C(n) as the next instruction 
if C(Acc) 0, proceed serially; that is, if the 
instruction E n is in address k, take 
C(k + i) as the next instruction.
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G n Examino C(Acc); select the next
instruction as follows:-

If O(Acc) < 0, take 0(n) as the next 
instruction.

If 0(Acc)ih0, proceed serially,

Z Stop.

The only way in which the content of storage location 
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 
represented by the digits 00000, so that the number n, in 
terms of the units digit of the address in an instruction; 
can be written, in the form of an instruction, as p n.

These are net all the kinds of instructions used in 
this machine, but they arc the only ones I shall need to 
use; for the full set, see references 56, 57»

3» First example

No® consider, as a first very simple example, the so^ 
of instructions to carry out the calculation

10(6) I to 4,

t this being considered as a part of a larger calculation, 
and these instructions being entered with the accumulato? 
clear, There are several ways in which this could be donCJ 
and only one will be considered here. Let us write x f0? 
0(6) for short.

Wo want the machine to carry out a different set of 
operations according as x is positive or negative. It ca?
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°nly 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 store, so that we 
have ;_

Address Content O(Acc)

m A 6 x,
«

°(Acc) here is the content of the accumulator after the 
instruction has been carried outc

The next instruction will be taken from address (nr + 1), 
ahd lot us use an instruction of the type S n to discriminate 
011 the sign of x:-

m + 1 E n x,

^ ns first consider what happens if x is negative, and 
^eav° the value of n, from which the next instruction is 

aken if x is positive, unspecified for the moment, since 
uhis case G(Acc) = x is negative, the next instruction 
^aken from address m + 2:, in this case « j x ! is -x, so 

^at we want the machine to do is to replace x in the 
^Qürilnlator by ~x, which can then be sent to address h by 

0 instruction T U, This can bo done in various ways ;
Way is to use the two instructions T which sends 
address q and clears the. accumulator, followed by 

^ wilich places -x in the accumulator; it is often con- 
w^ lQht to use q - O as a temporary address for numbers 
th.Cil ar° going "fco be used again immediately» Thus we have 

Q instructions
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0(0) = x

and these complete the calculation for the case when x 
is negative.

New consider what happens when x is positive. In this 
case the content of the accumulator when the instruction 
E n comes to he carried out is positive and is already the 
quantity I x ' which we want to send to address 4, that is to 
say, when x is positive we want to follow the instruction 
E n directly by the instruction T 4. But we already have 
the instruction T 4 in address m + 4, so that we can obtain 
the result required by giving n here the value m + 4; so 
that we finally reach the group of instructions:~

Address dontont

I have considered the argument here in detail, as it
will be unfamiliar in character to some. It is not diffic 
but it does involve an unfamiliar way of thinking and a 
clear head, and some practice is needed before one can
program more complicated procedures fluently and correo;

If every calculation had to be programmed from sera 
in as much detail as this, programming would be a long arvd I d,
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8°ïïiotimes laborious process, but as I have already explained, 
(ill, §6), it can be lightened very considerably by the use 

ci‘ a library of sub-routines for standard processes, which 
Cab be programmed and thoroughly checked once for all. This 
S^oup of operations is too simple to be incorporated as a 
library sub-routine, but let us consider it as such, as it 
illustrates in a simple form some of the general points 
wMch arise in connection with the formation and use of a 
library of sub-routines. An objection has been made to the 
^holo idea of using such a library, that it would be too in­
flexible; unless it were very largo, one would find in 
luetico that one usually wanted not exactly the library

of a sub-routine but some variant of it. The answer to 
1 think, is that the sub-routines should be drawn up 

fb a form which does pr ovide the required degree of flex­
ibility, and that this can in fact be done.

These instructions are not suitable for incorporation 
lïito a library as they stand, because the address in one of 
f^em, the instruction E (m + 4), depends on the position in 

store in which these instructions themselves are placed, 
^ to cover all possibilities wo would either have to 
^triot ourselves to putting this sub-routine always in a 

lb.lte position or in one of a small number,.of definite 
^°sItions in the store, which would be an unacceptable

riot ion in a machine without an auxiliary store, or we 
have to have in the library a whole lot of such groups

Of j
Obstructions, one for each possible value of m. The first 

t Gk lb making these sub-routines flexible enough is to draw 
0tn up in a form which is independent .of the value which m 

bave in any particular use of them0

^ . This can be done in various ways; with the EDSAO it is 
^ by having the instructions punched on the input tape in



a form rather different than that in which they appear in 
the store, and making the translation from one form to the 
other in the course of reading the tape. The instruction 
already worked out as an example would he punched as 
follows

Address Content Entry on Tape

Next instruction after calculât!011 

!G( 6) i to It completed.

Each instruction is terminated by a code letter, whi° 
happens to bo P if the numeral in the instruction is to 
read as it stands as the address to which that instruct!0?1 
refers (address 0 does not have to be punched explicitly) ' 
and 6 if the value of m has to be added to the numeral i% 
the address as punched, in order to give the address to 
which the instruction refers. Another Way of putting thi5 
is that the terminal code letter 0 indicates that the 
numeral represents a relative address, that is, an addrcS8 
relative to the address of the first of this group of J 
instructions, whereas P indicates that the numeral repr°s 
an absolute address. In order to specify the value of m ^ 
be used in any particular application of these instruct! 
they are preceded on the tape by the code letters G K* 
which form an indication to the machine that in the pr°S^
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Spreading the tape the address into which the next instruct­
ion is placed is to be recorded, for use in reading instruct­
ions terminated by the code letter 6,„

This uso cf terminal code letters has put this group 
of instructions in a form which is independent of where in 
ihe store the instructions themselves are placed. This way 
°f making sub-routines more flexible, can be carried a good 
âoal further. This group of instructions, regarded as a sub- . 
Routine, is still too specific to be suitable for incorporat­
ion in a library, in that it refers explicitly to the 
^dress 6 of the number whose modulus is to be found and 
iho address It whore the result is to be placed. By an ex- 
ionsioH of the use of terminal code letters, these instruct­
ive can be punched in such a form that they can be used for 
Vy calculation of the type

I 0(3) 1 to k,
i^oValues to bo assigned to j and k in any particular 
^Plication being specified by punchings preceding this group 

0f instructions on the tape; for details see references 52,

The code letters G K, and the terminal code letters 
> and others, do not appear in the instructions in the

; they are indications to the machine regarding the way 
which tape entries are to be translated into contents of

st
tlUs

^VI'GSSeS are Punched on the tape into the binary form in 
Vh they are represented in the store, and the further

P0ï»n 4. .

h _ 1 °ns involved in using' the terminal code letters can

Vage locations. Some machine operation is required at 
stage, in order to convert the decimal form in which

deluded at this stage. The set of instructions for
^•hg the machine to road the tape and do these operations 

entries (52) can be worked .out once 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 cut 
those operations on the tape entries. Some machines require j j 
that the addresses in their instructions should be represent1! ^ 
to the machine in a special way, in scale of 2 or 8 or 32 I w 
for example; it is worth putting on record that at Cambridge ^ 
there has never been any reason to consider presenting them ^ 
in other than their decimal form.

The facilities which are provided in the EDSAG by 
terminal code letters in the punched instructions, which 
are interpreted in the course of reading the tape■ can 
be provided in other ways. One way is to include in the 
connection between the current instruction register 
(III, §5) and the control unit an adder, by which the 
content of some other register (B - register) can be added

me
ac

i B - register

i c.i, register |——>---- Adder '-------- - to control
------------------------------' " system

to the instruction in the current instruction register 
(see III, fig. i) as it is passed to the control system; 
a method of this kind is used in the Ferranti machine at 
the University of Manchester, though in this machine the 
B-registcr has other functions as Welle

i-U Second example

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

a%
a<3,
*6]
ac(
°0j

Q0t

10(

««■ç
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Result of this is that it provides the possibility of the
Machine automatically modifying its own operating instruct-
i°hs in the course of a calculation. The following provides
a 8impie example of the use of this facility. Suppose we
wabt the machine to do the calculation;- Add the contentsof
s^°rage location 100 to 140 inclusive and send the result 
to ,-Location 170, or in symbols

lUO .
T * 0( j). to 170;
i = loo

(1)

e being one component of a larger calculation.

The simplest, and quickest, way of doing this is by 
ans of the sequence of instructions (entered with the 

°cEmulator clear) ; -

Hie

A 100, A 101, A 102, , A 139, A 140, T 170. (2)

But this is extravagant of .storage space for instructions 
w°uld be still more so if the number of numbers to be 

6(3 were 100 or 200 instead of l#1. Another way is to use
eatedly the sequence of instructions (entered with the
*%Ulat or clear) A 170, A n, T 170, which result in the

100

%

Qrit of storage location 170 being increased by the 
0bt. of storage location n, with n taking the values 

f 1°1, 102 ... successively. Suppose these instructions 
addresses (m + 1 ) , (m +■ 2), (m + 3), address m being 

Gï"vod for a preliminary instruction as we shall see



Address Content

m
m + 1 

m + 2' 
m + 3

'A 170 
A n 
T 170

Then what we Want the machine to do is to take the 
content of address (m + 2) and add 1 to it, in the units 
place of the digits of n. Unity in this place (which, 
as explained at the end of §2, is -represented in the forti1 
of an instruction by P l) is so often wanted in just this 
kind of context that it is kept as a permanent constant 
content of address 2;~

2 P 1

and the required addition of unity to the address in the
instruction A h is achieved by the'three instructions

C(Acc)

A n
A (n + ^ 

0

ContentAddress

A (m + 2) 
A 2
T (m + 2)

m + 4 

m + 5

m '+ 6

n, except for this, that it has. not been provided w.ith 
means of determining when,to stop repeating this seqaeh
of operations. There are several w ays of providing this» 
One method is to use one storage location as a countehf
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whoso o ont ont is increased by unity for each repetition of 
^his group of instructions and is tested each time to see 
li* the count is complete. But this is not necessary; the 
triable instruction in address (m + 2) can itself be .used 
98 a counter. The following is not the most elegant way of 
5cihg this, but is probably the easiest to follow.

When the addition is complete, the instruction A (ri + 1)
^owiy formed in the accumulator as a result of the instruct-
lci1 in address (m + 5)? will be A 141, whereas if the nddit-
lcb is incomplete, the address In it will be less .than l4l.
If1 wo subtract from it the "word" which,, written as an in­

duction,, is A 141, the result will be -n-140, where n Is 
tllG address of the last number to bo added; this is zero 

the addition is complete and negative if it is incom-
and this can be used as the basis for a discrimination.

Lot us therefore replace the instruction in address 
61 +" 6) by u (m + 2) so as to retain A (n + 1 ) in the 
^Umulator, and subtract A 141, which we will suppose stored
^ address p
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then O(Acc) = (n-140) is negative and the next instruction 
is taken from location (m + 8), In this case we want to 
repeat the addition process by returning to the instruction^ 
in (m +• 2) with the accumulator clear. We therefore clear 
the accumulator

,m -,+■ 9 TO,

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 address in the instruction in address (m + 2). A 
convenient address for the "word" A ilM, used to test for. 
the completion of the addition, is immediately, after the 
last of these instructions; if this.address is chosen, 
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 thcaddition is complete, the 
content of the accumulator is zero when the instruction 
in address (m + 8) comes to be carried out, so the 
address in this Instruction must be (m + 12).

These instructions must bo entered with address 170 
clear, otherwise the initial content of address 170 woul^ , 
be added into the sum we want the machine to calculate. 
Assuming the accumulator to be left clear as a result of 
the immediately preceding instruction, this can be dono 
by the preliminary instruction T 170. Hence we reach 
the following group of instructions, written here both 
in the form they take in the store and in the form they 
would be punched on the tape so as to be formally indepu 
ent of their location in the store:-
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Address Content Entry on Tape Notes

to

to + I 
to'+ g 
to + %
ni + 4
to + 5 
& 6 
^ + : 7
% + 8 
to +. g

^ + 1 o

^ + it 
^+12

li

G K
T 170 P

■ a 170 f;
A 100 F<

' T 170 ?!
A 2 6 )

À ' 2 F
U- .2 6

S -11 6) Test if addition
E 12 0) complete
T F ) Return to instruction
E -ï g \ in (m +- 1 ) with

/ accumulator clear if 
addition not complete

A 14.1 F

preliminary clearing 
operation

The addition process

Advance address in 
instruction in 
(m + 1 )

1 170 
A 170 
A 100 
T 170 
A (m + 2)
A 2
Ü (m + 2)
S (m +11)
E (m +. 12)
T 0
E (m + 1)

A 141
Next instruction after addition complete

This group of instructions illustrates several general
Joints•- ■

(to

th

(a) Only the three instructions in address (m + 1), 
2), (m + 3) are actually concerned with carrying out

e arithmetic of the addition process with which the cal- 
c^ation is concerned; the rest are concerned with organ- 
lsl-hg how the calculation shall he done rather than in doing 

.This' is characteristic of programming for tra chines which
Dr cvide facilities for carrying out operations on their own
^orat

Dr

ing.instructions during a calculation, arid is also0 4 : :■ , . \  
°f the most interesting features of thiá programming.

^°gramming a sequence of purely arithmetical operations is 
^lly fairly straightforward and rather dull; programmingb oc °toos really interesting when it becomes concerned with
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the more organisational features of a calculation.

(b) A set of the same twelve instructions of this 
form can be used tof orm the sum of a group of numbers 
in successive addresses, however many numbers have to be 
added. Thus the space required for instructions does not 
necessarily increase with the scale of the calculation. 
This again is characteristic of programming for machines 
which provide facilities for making the machine modify 
its own operating instructions.

ir
(c) A group of ton instructions , from that in 

address (tri + 1 ) to that in address (m +• 10) has to be 
carried out for each number to bo added in forming the 
sum ( 1 ), ' Thus this process is about ten times as slow
as the process represented by the set of instructions (^) 

Unless individual operations could be carried out fast, 
we might not consider that we could afford the time fo? 
this slower process. This illustrates one advantage ox 
high speed of individual operations which the use of 
electronic circuits makes possible. This high speed is 
important not so much for the high overall speed in 1°^ 
calculations, as for what one can buy with it. One thi^ 
that can be bought with it is economy of storage for W 
struct ions, as mentioned under (b) above; another thi#^ 
one can buy is simplicity of engineering, for if the 
machine carries out individual operations fast enough; 
one may be able to afford the time to carry cut, by 
means of programmed sub-routines, operations such as ^ 
division, square root, decimal-binary and binary-dec^
conversions, for which one would otherwise build spo 
pieces of hardware,
A By use of other methods for counting and testing; 

the number of instructions in the repetitive group 
can be reduced to seven or eight.

cl*'

—
—

—
—

—
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(d) It is necessary to transfer out of the accumulator 

tho partial sum formed at each stage, in order to have the 
Accumulator free for other operations such as modifying the 
instruction In address (m + 1) and testing whether the 
Addition is complete,. This could he avoided if there were 
two accumulators, one for.accumulating the sum to he cal­
culated, and the other for modifying instructions and for 
iho testing process. But this would only suffice in a few 
cases; for less simple calculations wo would feel the need 
i'0r‘ a third accumulator for other intermediate results, 
^ogramming c.ould certainly be shortened, though I airi, not 
aure that it would he simplified, by duplication of'machine 
Components in this 'way,’and conversely the engineering can 

simplified >y putting more on to the programming. Here 
^here SGGms to he a difference of policy between the group 

the Mathematical Laboratory at Cambridge and the group 
^ G«S, I.R, 0, Radiophysics in Sydney, The policy at Cambridge 
18'to simplify the engineering at the cost of lengthening 

programming; one of the ideas behind this is that much 
0i> the programming will be incorporated into library sub- 
^cutin.QQ which can be worked out and checked once for all,
^ then need no testing or maintenance, whereas hardware 

is both. The policy at Sydney is to shorten the program
incorporating more components in the machine.

(e) in this example as programmed, the address of the 
*rst addend, which is the initial address in the instruction 
** (m + 2), is lost. If this set of instructions has to be 

^°Peated, this address would have to be replaced, or better, 
j, Gnted by seme further preliminary instructions,' But there 

Another, more elegant way of "carrying out the count of the 
of repetitions of the addition process ^, in which the 

■ ■ V‘ - f/bO: ' 00

%
‘ 00 nef, 57, appendix E op. counting.



count and the tost for the .completion of the process arc 
combined, and into which the setting of the address of the 
first addend can be ' incorporated.

(f) 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 compare the in­
struction A (n + 1) manufactured as a result of the in­
struction in address (m + 5). The number iti the sequence 
control register takes the successive values:-

... (m> 6), (m * 7), (m + 8) , (m + 9), (m + 10),
(m +.2), ... if the addition is incomplete, cr;-

... (m + 6), (m * 7), (m + 8), (m + 12), ... 
if the addition is complete; there is no way in which it 
can ever take the value (m + 11) which would result in the 
instruction A 'ihi being carried out, »

(g) The relations between the form of the instruction 
as punched on the tape and as contents of storage location0 
are quite systematic, so the machine itself can bb'used to 
effect the translation from the tape form to the store 
form, this is done automatically in the process of reading 
the tape. The space required for the instructions for this 
purpose can be used for other purposes once the instruction 

have been read from the tape.

5, Entering and leaving sub-routines.

The above group of instructions for the evaluation 
of the sum (i) hás boon thought of as preceded by an 

•instruction in address (m - 1 ) immediately preceding then1# 
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 to bo used sovei9’*'
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timos, with different points of leaving and re-entering the 
^in program. For this purpose we want to draw up sub­
routines in such a forto, that they can be placed in the store 
Suite independently of the main program. This again can be 
d°no in several ways. I shall outline the method used at 
Cambridge (52), as it provides another example of the process
Of Using the machine to modify its own operating instructions,
ln this case, by altering the operation specified as well as
thiQ address.,

kn
hot
in

The instruction for entering the sub-routine is sometimes 
cwh as the "cue" and that for leaving the sub-routine and
urning to the main program as the "link". Consider the 

stractions for the process

: C (6) j to 4

o&tod as a closed sub-routine,. This ié programmed as follows•

*^<38
8 Content .Entry pn Top! q_(Acc] Notes 

3 U 2 U 2 F U ss Er A

Main program

The following instructions are entered with the 
Emulator clear:-

A to Am
1 ‘ G n Am Cue

Next instruction after process covered by the
sub-routine

A 3

Sub-routine

A 3.F

A m On entry
into sub-routine'

E (m + 2) Form link

mm#



n + 1 T (n + 7) T 7 0 0 Plant link
n +• 2 • A 6 A 6 p
n + 3 E (n + 6) E 6 0 , (Ó)(6)
n k T 0 T F 0
n + 5 S 0 S F -0 (6)
n +• 6 T ti t h F 0
n * 7 Z z F Becomes link instruct"

ion E (m + 2) as 
resalt of instruction
in (n +• 1 ), ■

The instruction A m in address m adds itself into 
the accumulator;'the group of digits represented by A 
has a 1 in the most significant digital position, which 
is the sign-digital position if the "word" A m is 
regarded as a number. Hence the instruction G n results 
in the next instruction being taken from address n, the 
beginning of the sub-routine. Thus the sub-routine is 
entered with A m in the accumulator. The link instruction 
for return to the main program is E (m + 2), and this can 
bo constructed by adding to the accumulator the group of 
digits which is represented as an instruction by u 2, and

■í

which is kept as a permanent content of storage location ' j 
for this purpose. The next instruction of the sub-rout in0 
plants the link instruction, just formed, at the end of 
the sub-routine, which in this case is address (n +• ?)• 
Then follow the instructions for the process ;C(6) J to tir 
of which the last clears the accumulator, and when these 
are completed the link instruction, previously planted, 
results in the next instruction being taken from address 
(m + 2), with the accumulator clear. The instructions 
forming and planting the link instruction arc part of j
sub-routine, and all the programmer needs to do is to
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Provide the two instructions in the main program for entering 
'the sub-routine.

The original content of storage location (n + 7) here.
18 irrelevant to the program, as it is replaced by the link 
instruction before c(n + 7) io used as an instruction. The 

instruction Z is sometimes used, as here, far the 
^hitiai content of such a storage location, so that if the 
iihk instruction is incorrectly planted, through a fault 
°ither of programming or of machine operation, the machine 
,;ill stop with the sequence control register holding the 
heiress at which it should have boon planted, and this will 
Sive a clue to the fault,

6* Interpretive sub-routines,

I have already mentioned the organisational character 
f touch of the programming for a machine provided with 

fa°ilities for modifying its own operating instructions, 
development of this, on which a good deal of work has been 
^ at Cambridge in the last year, is concerned with what 
' Vq come to bo called "interpretive" sub-routines, because 

^ GSr instruct the machine about- special interpretations to 
° Given to its operating instructions. For example, one 
Qïl sot aside two storage locations, say 6 and 7, to form

ttiQ y
o Foal" and "imaginary" parts of an accumulator for 
,DtilPlox numbers, and then provide the machine with a set' of 
^ F actions to interpret the single instruction eA p- as ’ • 

anihg "add the contents of p and (p + 1), regarded as the 
Q ahd imaginary parts of a complex number, into the 
c ^^-Gx accumulator" and similarly for other operations on 

^Plex numbers. For addition, this means expanding the 

"Fuctions a p into the group of six instructions :-
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.cw;.,:.. T A A,P, T 6, A 7, A (p + 1), T 7

instead of carrying it out directly, and this operation 
of "processing" the instructions before carrying them out 
is- the kind of thing which the machine docs in following 
an. interpretive, sub-routine.

Other interpretive sub-routines have been drawn up 
to deal with numbers expressed in floating-decimal form, 
and in coded decimal form, and for operations on double 
length numbers.

In conclusion, it should be recorded that a book 
(57) on programming containing copies of all the importa^ 
sub-routines in the library associated with the EDSKE 
at Cambridge up to the beginning of 1951 has recently bod1 
published; this forms a very considerable store of 
knowledge and experience in this aspect of the use of 
automatic digital calculating machines.

Discussion

T, G, ROOM - asked why it is necessary to specify 
the transfer instruction T (n + 7) in the example in 
section 5.

D. R, HARTREE - pointed out that the only way to 
alter the contents of a storage register is to put now 
data into it, With systematic programming this presents 
no difficulty.
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In reply to questions by Mr. Stewart on the possibility 
of saving machine time by reducing the number of steps in the 
sub-routine for addition, Professor Hartree said that by the 
Process given in section the machine would take about two 
thirds of a second to a*dõ I4O numbers;, to work out a less 
straightforward routine, which however would be quicker for 
the machine, would take much longer than this. It is often
lnore economical to take advantage of the machine’s speed by
us
than

ihg simple procedures which are easy to program rather

Of

Mr,

elaborate routines which might save second or minutes
Rischine time but take minutes or hours more to program.
Stewart then asked whether it would be necessary in 

a<aâing (say) 500 numbers to hold them all in the store. 
■^Plying, professor Hartree said that if the data, instruct­
ions and working space were within the capacity of the 
bobine, it was the usual practice to read in all the data 
ahc! instructions before the calculation was started. However, 
''hen this was not possible it might be possible to arrange 
^ho calculation so that some of the data or instructions,

Cl> both, 
i°hs

could be read in and used and other data or instruct-
nead in later, por example, in calculations such as the 

- 2 2-Uation of sums x , y %y. xz, yz.

°ck
the data could be divided into blocks, each

Oat
consisting of one set of values of x, y, z. The

carp in one block could be read in from the tape, operations 
t led out on these data, and other blocks subsequently 
^°ntea in the same way. It is possible to print out the 

GsPlts for one block before reading in data for the next.

Ì>ì>
car
%

In
08 s

>yin
Of

8o0

replying to a question by professor Cherry, 
or Hartree explained the method of specifying and 
6 out multiplication. He said two steps are required - 
Put the multiplier into the multiplier register and 
ond to carry out the multiplication. The instructions
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as e 3 are:- U orni ;i' eni: ; ieri.'

N n

Transfer C(n) into Multiplier Register
Multiply c(n) by 0($f*R. ) and add into 
Accumulator
Multiply -C(n) by C('M.R. ) and add into 
Accumulator

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

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

In concluding the discussion on this paper, 
professor Hartree pointed out that complex numbers could 
be dealt with by using one accumulator and two special 
storage positions and said that a full account of this,,,' 
is given by Wilkes, Wheeler and Gill (57).

i



YI. programming for the- C.S.I.R. 0» Digital Machine
by T. Poarcey

Professor Hartree (v) has discusseci the principles of 
Programming procedures with particular relation to the
Oambridge machine, EDSAG. That these principles are fundamental

0 the design of programmes is evidenced by their appearance 
programming processes for other machines, in particular 

fcr the Mk* I Computer in the Division of Radiophysics.

Certain differences between the approach to programming 
f°r this machine and that for the ED SAC are due to the 
Afferent methods adopted for coding commands in the two 

^ oh in.es.

"^--JThe Command Code

The command system adopted for the Mk, I Computer is of
^ Edified two-address type, where two registers are specified

^ the performance of an operation. All operations are con­
fi
„ eï>ed as transfers of numbers from any one register, as 
^ curGe11, to any other one register, as "destination", 
^ication.of the source and destination occupies two 
_ eases. The main store is considered as a single address,
. a third sub-address is included to specify which pcs- 

» 1 ih the store is to be adopted if the store is called
as either source or destination.

Dil ^ command is transmitted serially and its digits appear
the digit trunk in a" prescribed order, reading from the 

•h'st
^igit denoted by p^ , through p2, p etc. to p2Q, the 

^ igit. . Each of these digits may independently be given
valuos 1 or 0,.
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Th o following groups comprise the addresses

Pj, to P5 

p6 t0 P10 

?11 t0 P20

Commands

specify ap'tó 32 destinations
. .

11 " 11 32 sources

" " " 102l|. sub-address registers
of the store

constituting a full programme are held witb^

the main store and are adopted for use in a sequential 
manner unless a command specifies otherwise.

3. 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 multiplica*" | ^

ion, that the binary point be between positions p ^ anb 
p2Q. If (Xj is the coefficient of the digit p ^, then p_j 
given the weighting 2+^"20, and a number is recorded as

N =
19 3-20

0

The digit p2o therefore occupies the place of a s>D' | 
digit, 0 if positive, 1 if negative.

(Xj = 0 or 1; 3=1,

ii
C(

Qc

4. Re g is t ers and Functi on ,,.Ga t os 5

To each of a group of computing registers there ^
5
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attached o number of 11 function gates". These gates are 
specified directly by the code of the command and subject 

incoming or outgoing information to numerical or logical 
transformation during'transfer, .

The main computing registers are denoted by the letters - 
A> B, g, D and H.

Register A is the main accumulator and possesses, among 
others, the function gates by which numbers may be added in, 
subtracted in or substituted into the register; and may read 
°li't and hold, read out and reset, and road out the sign digit 
Ci the contents. Those facilities are also possessed by 
Agisters C and D except that of "read out and reset".

^ Register B is a single storage register which can also 
0 used to hold a multiplier, whilst c holds a multiplicand. 
°ah also read out its sign digit, - :

■Register D can hold up to 16 numbers or words, the 
position being denoted by suffices, say. Register H is a 

digit register capable of reading and substituting in the 
lslt groups pJ to pjn, or p to pb , and reading out in 

uer of the same groups.

„ Serially positioned commands arc specified by.a 
°9.Uonce register", s. This is a 10 digit register operating

ih
c
<2

Positions p to p9 only. It receives a unit which is
0h>,4. 1 ‘

UG(3 into its contents prior to its use for selecting a 
^hd, it is also capable of addition and substitution.

^ Ah interpreter 
^nhl0' of reading 

20 Ohly.

register receives the commands 
out its contents in positions p 11

and is 
f t0"
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with the lettor symbols denoting the.transmitting and 
receiving registers. The contents of a- register is in­
dicated by a bracket notation surrounding the register 
symbol, and functions during transfer arc indicated by 

..arithmetical symbols associated with the appropriate 
registers.

An unbracketed number to the left of an arrow im­
plies that that number is written into the p - p2q 
address position and that the interpreter register is the 
source* Numbers in brackets denote the contents of the 
corresponding store position.

The symbols and Hu are used to denote the "lower 
group" p1 - p10, or "upper group" p^ - P2,Q functions of 
the H register.

c

2

b.

For example;-

(53) .A

(53)—} A

53-—7 A

implies clear register A and read to i* 
the contents of store 53
implies add into A the contents of stcfe

53
implies clear A and read the number
53 p into it from the interpreter 

1 1

Construction of Constants within Sub-routines

A frequent need is the use of special constants 
applicable to a current sub-routine. A number N2“^ +

^, where N and M are integers less .than 2^° can "bo 
compiled by means of the H register and the interpret oh 
as follows\
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-*~y Hu

N —T A

<H,)——7 A

Thus 'Hi11 is. read into a cleared A register by the second 
c°ttirnnnd,-whilst "N" is read into the H register by the first 

is in effect shifted to the ~ p position by the 
^ird command which adds m2-19 on to N2-9 which is already

A.

Frequently required constants are the p9n - p group
aigitá, ° I?

2. .Break of Sequential Commands

The sequence register, possesses the facility of addition, 
institution and counting,

A command may call for an immediate break in the sequent- 
^ .Routine by substitution of a fresh number into the 

TUoncc register. Thus the command 

A----"—y S implies reset register s and substitute "n" 
from the interpreter

Aoxt command is obtained from position "n".in the store.

br How
%d(

over a relative shift of the sequential routine may
10 either forward or backward by the command

tr.__ + '
S implying add to the contents of S the number 

i "m" frotn the interpreter

advances "m" positions forward beyond the position 
which the next command would have been withdrawn.
a. * ■ ■ I ,

°hditional functions can be achieved by use of the 
'^igit selecting gates On the registers A, B, C and D,
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Those functions will bo dcnct.cd by s(A) say, implying 
road out the sign-digit of the contents of A*

Thus a change to positions "n" or "m" depending upon
the sign of the contents of A can be made as follows*.'

8(A) —° S-j

n —---------- 7 S
m C

Q

if (A) > 0, shift to command in "n" 
S A if (A) < 0, " " ' " " "ma

c ;where >------/'8 denotes the counting function of S.

Usually the third command will be replaced by command5 
continuing the programme, whilst the second will frequently 
call for a return to an earlier part of the routine.

8, Examples of programmes

The examples to be discussed will be the same as thev 
just considered by Professor Hartree» First, the transfer 
of the modulus of (4) to 6, or

1(4)1----- 7 6.
This is performed by use of a single accumulator, At

so

and the counting and sign select functions- of S and A 
respectively, thus j-

Gommane position Command Function

n w ---- -V A (A) = (4)

n + 1 s(A) —4s-j test for (4) E 0

n + 2 ■1. -—% s ■ if (4)è 0, shift
to n + 4

n + 3 c(A) —..vAfJ A if (4)< 0, rovers
qign of (A)

n + 4 (A)'***—-*-..6

A c (A ) implies road out (A) and reset A.

or
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This short programmo may ho performed in other ways but 
110 saving in the number of commands is made.

In tho second example use of more than one accumulator 
la made. This programme requires the summation of the contents 

all positions from 100 to 140 inclusive; and the sum to be 
Placed in 170. A is the main accumulator; Dp is used to
Afilio the transmitting condition and 0n is used to adjust
th °

0 command which adds into A so as to traverse the correct
8G(lUcnce of positions;

Command

n

4 + 2 

^ + 3

n +

n

H fi 

'*8

(n + 3)-------- 7 0

40 p^ 7

(A) —----~7 A

(100) ——i,A
+ „

1 —------- G

(C)*~—7 n + 3

1 p15 .... "7D0

s(Dg) —4s-|

— — 6 —---- 7 s.

0(A)---- -rl70f

Function

sets adding command into 0

sets number to determine number 
of cycles
resets A prior to starting .

adds into A

increases (C) by unity

sets (0) in place of adding •- 
command
subtracts unit from D0

tests sign of (Dd)

repeats if z 41 additions 
performed
if 41 additions complete clears 
(A) into 170

ft It
°tn

will be seen that with the aid of relative shifts
. Cïle command to another, sign discrimination in computing

LSlat
Out Qr>s y etc. , many, short frequently used programmes can 

ihto forms which are invariant•with regard to their
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position in tho store and often also with regard to the 
subject data. Such programmes arc called "sub-routines » 
These arc distinct in the Mk. I computer from those 
programmes which cannot be put into a strictly, invariant 
form. These latter are called "routines". A certain 
saving in the number of commands is made with an invanii 
form of programme like the "sub-routine".

10. Routines

Routines which cannot be put into a strictly in­
variant form arc dealt with as the programme enters the 
computer. A special code number follows the insertion 0 I 
commands which have to be adjusted and each code numb of 
defines the modification to be made. This is scmc-what 
similar to the system of code letters us od in the punc^j 

of EDSAG programmes on to tape.
I

11. The Incorporation of Sub-routines into Programme*3

Essential to the usefulness of a sub-routine is 
ease of being incorporated into an extended programmo» 
The method adopted is to reserve the D^ position fcr 
storing the address to return to. This is done by two 
commands in the master programme which reads (s) in*0
D,R and transfers control immediately to the head of 

"1 -2
sub-routine say m. If command "n" calls for (s) 
then n + 1 is transferred to as a result.

H

The first command in the sub-routine "m" calls ^
the addition of j p,,, to D.c and the last command .11 1b
say transfers (D^) to 8, i.o. n +- 1 f thus restoring ^ 
sequence to the next command following the break.
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Master programme

% - i, (s) —tDi5
n , m—-—7 S

a +■ 1, next command | f-

Sub-rout ine

-> mt
t
!

■ m

- 1 P15
t
t

+ r f (D.J p;) — "7

This needs only four commands , two of which are in the 
often used sub-routine. Other methods are available.

-Ì2. Components of a Pull Programme

Routines and sub-routines are stored as a library of 
Punched cards. Usually one card holds one routine or sub­
routine, At present each card is punched in binary form,

A master programme is compiled which arranges the 
connections to and from routines and sub-routines , etc. and 
ro punched on cards in,a similar manner. The necessary 
horary cards are extracted from file and assembled in a 
Previously chosen order and arc road into the computer. The 
soq.uonce of reading data is as follows.

1. Primary input ; of 22 commands received from prewired 
uniselector units. This instructs the machine how to 
assemble data from cards.

2. input control routine: of 16 commands, instructs 
machine how to deal with any controlling, cp.de
punchings which follow, (c.f, EDSAC’s letter code),

V . •'

3. Sub-routines follow „ ■ ' ■ • ,i

4. Routines inserted

5. Master programme , . .

mm
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6, Decimal data Inserted or held In reader for use 
during computation.

In the last case the programme calls for decimal 
reading and involves a decimal to binary transformat loti 
routine.

Discussion

D, R, HARTREE - drew attention to the following pcl%^' 
1. in designing any of these machines,, there are two 

stages of operation in the arithmetical unit at which ono 
could arrange for clearing of the accumulator to be carri01' 
out. These arc immediately before putting a number into 
it and immediately after reading one out. The former 
choice means two possible Instruct lone for each arithmetic 
operation, corresponding to clear and to hold, for 
oxample:-

$

6( i) clear and add
a(ll) hold and add
t>( 1) clear and subtract
b(ii) hold and subtract
= ( 1) clear and count
c(ll) hold and count, and

hi

whereas the latter choice involves only a single pair:- 
d( 1) read out and clear
d(ii) road out and hold,

and so seems more economical.
2. With regard to programming a jump by a specifi°c

number of places forward or back from the address of tbe
current Instruction, some machines have different ins tr»6'

J
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ions for an absolute jump ( jump to a specified address) and 
a -elative jump (jump by a specified number of places), but 
^is is not necessary. Another method of effecting, a relative 

is to add the amount (positive or negative) of the 
^üttlP to the content of the sequence control register; this 
Quires' facilities for transfer of the content of this 
^Sister to the arithmetical unit,

3, The meaning of the term "program parameter" appears 
0 interpreted differently by the C.S.I.R.O. group and 

group at Cambridge, At Cambridge the "m" used in 
8deifying the start of the set of instructions to perform 

c calculation such as i C ( 6) | to i| is not called a 
j^cgram parameter but a "pre-set parameter", its value is 

' °wh before the calculation is started. However, where a 
Ue of a parameter is inserted into a sub-routine in the 

of the calculation and not in reading the tape, it 
^cwn as a "program parameter" (see ref, 53).

^ jjf, C, STEWART - pointed out that in the example d emon- 
on the C. So I.IÌ. 0» Electronic Digital Computer the 

^Ihg time was about 15 times as long as the calculating 
^ ahd asked whether that was typical.

PEAHCEY - said that calculating time is surprisingly-l 0
e ih a high speed digital computer. Printing is normally 

^ out as the calculations proceed, in the demonstration
Minting appeared slow because the calculation was such

'loiplc one,
^bswering a further question from Mr, Stewart and a 

Ho a:p one from Miss Turner on what kind of checking 
^ ' ^isms were used in the C.SsI.R.O, machine, he said that 

DVlsion had boon made for automatic checks, program 
b0 ^ as well as automatic checking mechanisms have yet to 

°ighod0 The teleprinter will eventually be used more
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for chocking than for printing final results as this will 
bo done on punched cards.

D, R. HARTREE - pointed out that in using a hand 
machine checks are made and this is equally necessary wit 
automatic machines. Chocking procedures are important and 
need to bo programmed. However, this need for checking muS 
not be taken to mean that automatic machines are unreliable 
The ED SAG has operated for hours without electrical or. 
mechanical breakdown.

i §
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____ Automatici Calculating Machines and Numerical Methods

hy D, R. Hartree

- Some differences between calculations done by hand and 
~~ with an automatic machine.

Although it will usually he possible to program for an 
automatic machine the method one would adopt in doing a cal­
culation by hand, this method may not be the most effective 
^0 use on the machine. This arises from several differences 
between calculations done by hand and done with an automatic 

chino

(i) The different balance between the time required 
Plan a calculation and the time taken to carry out the

arithmetical 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 
"rithmotical operations so fast that it may bo more effect- 
1Vg to use a large number of steps of a calculation involv­
es a simple procedure rather than a small number of steps

Of* n« more complicated procedure which might be preferred 
i‘0r‘ & hand calculation because it reduced the amount of 
''^ithmctic to be carried out,

(ii) The finite capacity of the store of an automatic 
^^hine, as compared with .the indefinitely large capacity
f tile work sheets of a hand calculation. This is another 

fop preferring a large number of repetitions of a 
^Ple procedure to a small number of repetitions of a more 

rnPlicatod procedure which would require a larger storage 
r c °G for instructions. It also suggests a preference for 

°ds which are strictly repetitive over methods which 
a ^ occasional use of special procedure for which a 

°cial set of instructions, and space in the store for
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them, would be required. For example, in some methods for 
the numerical integration of differential equations the 
procedure for starting the integration is different from 
the procedure adopted for carrying it on once it has got 
under way, and a special procedure is necessary if the 
interval of integration is changed. This is no disadvantage 
in a hand calculation, but all the special procedures 
occupy storage space in an automatic machine. In a machine 
with an adequate auxiliary store this will not matter ; it 
is only serious in a machine with limited storage capacity; 
and even then it may not always be a serious difficulty, 
since although the normal practice 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 calculation specified by them, and then road in 
another group of instructions and place them in the store 
in the locations previously occupied by the first group 
(this is called "overwriting"); any special procedure 
required to start a numerical integration of a differenti'-' j 
equation could be handled in this way. But there may be 
other reasons in particular cases for preferring a strie 
repetitive procedure.

(iii) In a hand calculation there are advantages in

working with simple numerical values of some of the quan 
involved, whereas with an automatic machine these ad variti

M -vf jt

often do not occur. For example, in evaluating V o
•>0 *10 f

would be an advantage in a hand calculation to use simp-1- 
and equally spaced, values of x, such as x = 0(0.1 ) 1»^' 
first because of the check on the values of the integral 

provided by their differences, secondly because of the 
numerical advantage of the simple value ô x = 0.1 for 
interval of integration, and thirdly because of the sl^P 
values of x^ (which could probably be written down frotl1

a
a
t
Ü
oi
it

a
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Memory, without doing any calculation) and the fact that the 
values of ex for these values of x^ could be taken from a 
^able without interpolating* But with an automatic machine 
°be would probably use a sub-routine to calculate ey from 
Vf for example by means of the series, without using a 
^hle, and this, and multiplication by the interval of 
integration, is no simpler for one value of x than another; 
and there are other means of checking, so that there is no 
gI>eat advantage in the use of simple numerical values of 

Consequently methods which involve the use of values of 
^ which have not simple numerical values, and are not 
^°Qossarily equally spaced, and which are therefore un- 
attractive for hand calculation, may be quite practicable 
^ an automatic machine, and may be preferred if they offer 
^hcr advantages. In particular for integration of a given 
Ration of x the Gauss method (ref. 53, chapter VII,

Pa 159) which offers the highest accuracy for a given 
^tttibop of values of the integrand, becomes attractive.

how 
5(3 
58

(iv) Differences in the kind of mistakes that may be 
, and for which checks must be devised. Any calculation, 

°vcr performed, needs chocking, and the devising of 
Q9.uato checks is as much a part of planning a calculation
^QVising means of carrying out the calculation itself; 

1 s applies equally whether the calculation is done by

Qhn
°r by means of on automatic machine. Further an overall

1. ic done on final results is usually inadequate except
Q

. ' calculation so short that an automatic machine would 
t,( ^ly not bo used for it; a current check is wanted, or
* of current checks, to ensure that no mistake which
^ Aitiate subsequent work is left undetected for long. 

Ghs may depend on the kind of mistakes which are likely
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to be made, and these may be different in calculâtionsdone 
by hand and with an automatic machine, Por example,,a nun­
written into the "store" (in the form of tho work sheet) °H 
a hand calculation will not change while it is stored 
(though if written badly it may bo misread when that numW 
comes to be used later), whereas , with some forms of store- 
used in automatic machines, the content of a storage 
location may change as a result of a defect in the storage 
system.

Further, the programming, as well as the arithmetic, 
needs to bo thoroughly checked, and, as already explained 
(V, §3) , this should be done by some means that does not 
involve an extravagant use of machine time.

2. Integration of Ordinary Differential Equations

I have already mentioned (I, p 12) , the frequent 
occurrence of differential equations in the quantitative 
treatment of a wide range of scientific and technical 
problems, and tho consequent importance and range of 
application of methods of evaluating solutions of such 
equations,

Per a first-order equation, or set of simultaneous 
equations, a method of the Punge-Kutta type has been
out by S. Gill? (id). For a single equation dy/dx = f(*
the general idea of this type of method is as follows.

>ose the integration has been carried to (x ,y0) ^
it

Supp Cu V, V —x, v-.e>* x. W J. W** “ xy V. 7 *•' Q /
is required to carry it through the interval n from .^ 

to x = x. = x0 + hj a number of intermediate Q.^x xo 1
?b' are calculated, for example:-

f
1
a:
8-
ii
il

ih;
i^
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S'a = I'd +- í h f(xn> y.,)o' va'

% = y0 + Í h [i(xo’ y0) + f(xo * ih- y’o)]
+ % f(%n + Fn)

Vr Yo ^ & y_) + f(x,, y_)l

hcr0 yQ, y aro approximations to y^ and a better approximat­
ion can bo obtained by forming a linear combination of yQ 
nna Ya.

Methods of this kind are unattractive in many cases 
for hand calculation, because of all the interpolation or 
calculation involved in finding the several values of 
r(x,y) required in integration through a single’interval; 
Methods based on the use of finite-difference integration 
^c^mula are usually much more practicable, and easier to 
chock. But a method of the Runge-Kutta type may be very 
covoni ont f<’or an automatic machine. The method Gill'has
^C]?hod out for a sot of simultaneous equations dy_./dx =
^(^>y #.,yk) involves the use of only three storage
cations for each equation, one for y., one for dy./dx

J 4 J
for a set of intermediate quantities which can be 

^ Cï>ed successively at the same address in the course of the 
Ggration through each interval. The truncation error per 
GI>Val is of order Ir5., and I know no other method as

lnt
*nt

ÜI,ate as this which needs as few storage locations per

'%lo
l°h. This method has the further feature, which may in

that

cases be an advantage, that the calculation for eac 
orval is independent of that for any other interval, so 

there is no necessity for a number of successive

ttio 0l>vaiB to be all the same length, as is necessary for 
Methods using finite differences.

at

mm
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Per second-order equations with- the first derivative
absent, use of the formula (in central-difference notation)

provides a very convenient process, and this is one case in
which a method convenient for hand calculation also forms
one convenient for an automatic machine.

3. polynomial Equations
R. a. Brocker of the Mathematical laboratory, Cambrì^0' 

has recently made a study of various methods of using an 
automatic machine for the determination of the roots of 
polynomial equations.

(1)0x + an "

and this section is a summary of the methods he studied 
and his conclusions.

(a) Bernoulli's Method

Let a set of numbers y^ bo related by the recurrence 
relation

the coefficients being those of equation (l). Also lot
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py :^2 r ty ... . "bo tho roots of equation (1 ), arranged 
in- order of | g |. Then If equation (1) has no' multiple roots, 
the general solution of the recurrence relation (2) is

k
+ tgE,

k

ahd if'|Ei g is appreciably greater than | £3 |, then for k 
Sweater than some not too large value, the first term on the 
fight-hand Side of'(3) will be dominant, and then is . 
SIvqh approximately by

p±~ ^k+l^k

This process fails when the "equation has:-two dominant 
ï'0°ts of equal modulus (for example, a pair of conjugate 
CoftlPlex roots) but can be extended to deal with this case.

-a-,
■ The further extension to deal with the case of a number 
foots of equal, or nearly equal, modulus is complicated
involves a number of special procedures, and from the 

^°iht of view of an automatic machine it is long and ine on— 
Venient.

% OBo
Of

(b) Root-squaring method.

This consists in forming successively the equations 
foots are the squares, fourth powers, eighth powers

1Qo
Of
So

thoose of equation (1). The coefficients in those equations 
large if the root-squaring process is repeated eight 
times, and if all the roots are required it is 

SQ-fy to retain all the coefficients even though their

ortie
ten
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magnitudes may vary over a range of 10^. This can only
be done.conveniently if the coefficients are kept in 
floating-binary or floating-decimal form, of which the 
latter is much the most convenient for output purposes 
and involves only a few extra instructions for arith­
metical processes.

The method determines the moduli J£^ | of the roots, 
but leaves considerable ambiguity in their arguments. 
However, if'Vis a constant, which may be given any con­
venient value, and .z = x - Y, the machine can be used to 
evaluate the coefficients cn in the equation for z:-

(H)B Ofz + cn-1 n

and the root-squaring process applied to this equation 
gives the values of |Efor the roots of equation Ó) 
This can bo done for two different values of Y, say ya 
and Yg ; the roots are then given by the triple inter­
sections of the circles in the x-planc with the deterrai*10 
values of IF j I ^ | and \e^-,X2\ > or by an equivale*1
arithmetical process,

(c) Modified Newton-Raphson method

The Newt on-Raphs cn methqd for the real roots of a** 
equation f(x) = 0 is an iterative method depending on 
formation of .the sequence (x^) defined by

%k-H = “ f(\)A'(xk).
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It can also be used to find the complex roots, provided 

that the process is started from a complex value x (this 
Proviso is unnecessary if the coefficients in equation (1) 
are complex), Brooker modifies this formula by writing

=k+1 = =k " B (6)

and making p adjustable in the course of the calculation 
according to certain criteria; if these indicate that the 
Value of x^^given by formula (5) has overshot the root, 
then a value of p less than 1 is taken in (6);_if the 
criteria indicate a slow convergence with p = 1, a greater 
Value is taken. It is of interest that (6) is a second- 
order formula for a root of multiplicity p,

(d) Minimisation methods -

Wo can attempt to find a solution of the equation
= 0 (whore z = x + iy) by starting from some 

urbitparily chosen value of z and making successive changes 
^ x and y alternately in such a way as always to decrease 
'2)| ; it can be shown that if f(z) is analytic the only 

'^hitna of ! f(z)| ^ are its zeros, and these ape the required 
c°ta. This can be applied in particular to polynomial 
Nations,

Another way of finding the minima of |f(z)jï 0] h t '
J-OW nnt fmr.-pnYÍmntnl v A nnrvn of '•fitnnnnst

is to
out approximately a.curve of "steepest descent" of 

8 function, that is to say, to make successive increments 
2 °aoh in the local direction of maximum decrease of

thj,
of

Snooker has tried all these methods on the EDSAG and
J, /

1,0 the conclusion that the modified Newton-Raphson
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process-, is the best as a practical general method fòr an 
automatic machine.

■4, "Monte Carlo11 processes

The term "Monte Carlo" process has been used to dene*6 
a method by which.a statistical sampling process is used
obtain an approximate result for a numerical problem which 
is not in itself statistical in character.

For example, suppose f(x) is a function such that 
0'> f(X)\N 1 for Os^x/l , and it is required to evaluate 
^f(x)dx (see fig. 1). Let (x,y) be a pair of random 

numbers ; then if y - f(x) is positive, the point (x,y) 
does not lie in the area representing the integral to be 
evaluated, 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

approximately.

This is not a method which would be adopted fo^ 
evaluation of a single integral, but might be very 
for the evaluation of multiple integrals; it has been 
estimated that it might be the best method for n-fold 
integrals with n greater than about 5»

An other Axnmnlo is nrovided bv various annlicát



HG. I. EVALUATION OF f Cx)dx BY THE 
“MONTE CARLO” PROCESS.
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A point moves by successive steps of length a in the 
(Xj>y) plane, steps from (x,y) to (x - a,y) and to (x,y - a) 
^eing equally probable, uncorrolated with the direction of 
the previous step, and' being taken at equal intervals of 
time t. The distribution of the probability of the moving 
Point being at different positions of the (x,y) plane after 
11 steps satisfies a finite-difference form of the heat con­
duct! on equation;-

..-^6 = ^—fì_+ à_Q_ (7)
at "èx3 ày3

This can bo used to obtain approximate solutions of 
bil° random walk problem. On the other hand, recognising 
t,ile relation of equation (7) to the random walk problem,
,1,e might-try to calculate a solution of equation (7) by 
°Valuating enough random walks to form an adequate sample, 

10,000 walks of 1000 steps each.

These are simple examples, but they illustrate two 
p°ihts

(i) To obtain an adequate sample, a large number of 
^'S°s have to bo evaluated, and one would hardly contemplate
°1:ag a calculation on such a scale without the facilities 

whi p-u
n an automatic digital machine provides for doing it,

^ (li) In order to be applied to such a calculation,
0 machine must be provided with either a table * of random 

ürs or means of generating them, »
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Discuss ion

T, M, CHERRY - referred to the importance of 
calculations in the complex domain and said that he hoped 

.designers were giving adequate attention to this matter. 
He was conscious of the fact that complex numbers could 
bo represented and manipulated in standard machines by 
appropriate sub-routines, professor Cherry then commented 
on the matter of checking and pointed cut that checking ^ 
programming the problem for solution by a different method 
was standard practice in most computational work.

J. 0. JAEGER - said that his main interest at this 
stage was with the effect of the high-speed automatic 
machines on computational methods generally and he was 
also anxious to hear some expression of opinion on the 
future scope of hand calculating machines. With regard 
to his first point he added that in his own view it 
appeared that the new machines would encourage more study 
and research on iterative methods in numerical mathemati^'

i oh
íií

D, R, HARTREE - in replying to professor Jaeger's 
second question, said that as yet it was too early to 
forecast accurately the eventual role of the various typ 
of calculating machines. However, he expressed the opi# 
that the advent of new, fast machines would open up so ^ 
now fields that existing machines would be required moVG ^ 
than ever. Most exploratory work will still be done by ^ 
machines. Punched card machines have special fields of 
usefulness in particular problems requiring sorting.

D, M, MYERS - in continuing the discussion, pointé 

out that when mathematical equations arc broken down 
a form suitable for a digital computer there will be a' 
requirement for the computer to deal with exponential8*
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reciprocals and sc on which involve division. Multiplication 
With* binary digits cah be achieved by repetitive addition 
together with iristl'uctions to shift and to examine individ­
ual digits of the multiplier. It can be shown that division 
ih the binary form can be carried cut by a somewhat similar 
b°qucnce of instructions and comparatively little extra 
°g.uipment would be required to do this"automatically. In 
GPito of this, in the"EDSAG for example, designers and 
others leave division to be.programmed. Professor.Myers 
aakod professor Hartree if he would comment’ on this and 
alao explain briefly the method of programming a division.

D. R, HARTREE - said that the question of putting in 
n division unit was an engineering one, and, apart from the 
^^poso of simplifying the engineering, he did not recall;vh,r

H one had not been incorporated in the EDSAC.

heth
We

Professor Hartree said that there^ were a number of 
ods of programming a division and certain,divisions

Gï’° better programmed by one. than another. Ho could net 
>Ghli them all in detail but mentioned a recurrence

K -, ■ I <;/ .. ‘j-1 . l i ....

o a^ion used for calculating, a reciprocal# The .reciprocal 
a humber "a" may be obtained by successive evaluations

yk = yk-1 (2 - ayk-1)

. Por calculation of 
e Relationship

exponentials use could be made of

a+b+c a b c 
o =000
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A more generally used, method is illustrated with 
the circular functions., por |xjz^/2» 10 decimal digit 
accuracy is given by the first iy terms of the Taylor's 
series for sin x. If only a limited range of x is requi^1* 
an expression of equal accuracy with fewer terms is givet 

by an expansion in Tchebyscheff polynomials

T (x) = oos (n oop_ix)

T. PBARGEY -'added a point to the discussion on th° 
employment of division units when he pointed cut that 
complications arise in the determination of the binary 
point when divisions arc being carried out,.

R, T. REYNOLDS - said that certain I.B.M. machines 
carried out division automatically by the method sugges 
by Professor Myers,

Mr, Reynolds took this opportunity to point out a 
misunderstanding in the use of the word Hollerith in 
relation to punched card equipment. It is in fact a tro 
name used for one make of punch card equipment and not 
be confused with equipment such as that produced by

10°

to



Vili. programming for punched Card Machines
by T. Pearcey

Before discussing punched card methqds, I would like 
to bring to your attention certain of the multi-register 
eQhipment kindly exhibited by some commercial organisations, 
Most of the devices contain a number of registers easily 
°aPable of accumulating information transferred to them. 
Usually about six registers are available. In most cases a 
Sihgle extra register, called a "cross-footer" is capable 
of subtraction as well as addition, and usually a number 
°ah be transferred and added to the cross-foot register

°m the keyboard or from any other register < and thencetr­
ansferred , added or subtracted, to any other register, 
during this process, printing of the transferred data can 
be made and the transmitting register may either reset or 
n°t as desired. A sequence of such operations can be set 
ut> and is put into the machine as a programme of action 
by suitable shaped "stops" placed along a "control bar".

operation can usually be made automatic, as will be 
S°Gh in the "sunstrand Model D" shown.

The "National Type 3000" is a six register machine, 
i°h is capable of transmitting cut of any one register 

receiving and adding into any group of the other five 
Sisters, in particular two of these registers can sub­
set and thereby act as cross-footer registers. A

^°Sramme of operations is provided in a non-automatic 
^hion. ' The reception of data is determined by the 
^ ahgernent of "stops" upon a "control bar", whilst the 
^ahstniSgion ang transmitting register is specified by the 
2 5?ai;ion of depressing certain keys at each stage of the 

0Sratnniei Whilst not fully automatic the number of programme
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steps required to arrive at the same arithmetical result 
on this type of machine is considerably 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 also 
possesses the facility for multiplication, and has the 
advantage that all functions can, for test purposes, be 
made via the keybôard 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:

Y" + P(x)Y = 0

using the difference expression

hi Yc -~éb S2y"

in which Í 2Yq is extrapolated to get a Yq and corrected 

on completing the cycle of computation, No auxiliary 
machine such as a Brunsviga is used.

The availability of a multiplying device extends thc 
effective use of a multi-register machine greatly, and

' ‘ . j.h6
experience seems to show that whilst six registers is
best capacity for machines without multiplication, the

, to
inclusion of a multiplier raises the capacity required 
about ten registers,
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One particular model of punched card machines must be 
mentioned ; that is the newly arrived I.B.M. type 602 A 
calculating punch. This device has been designed largely 
for scientific work. It contains 80 counting wheels and 
sight 12-digit storage registers and is fitted with fully 
automatic multiplication and division functions. The next 
important feature of the device however is its programming 
Properties, which follow the principles of programming, 
doalt with this morning." Following the feeding of a card 
and the consequent reading of data" into registers and 
counters the machine passes through a sequence of separate 
amigos known as "programme steps". During each programme 
stop calculating functions arc performed in a manner con­
trolled by the setup of an electrical connection plugboard. 
ÏWolve such steps are provided for in the machine; but the 
^Vico is so flexible that, following a card feed action, 
any one of the twelve steps may be called up, after which
the functions are traversed in sequence until a further 
°ard feed action is called for. programme steps may be 
Bhipped and recalled at will, and the number of steps may 
iïl effect be increased far beyond the twelve steps provided 
^calling electrical relays into action whose contacts

plugged to have the effect of rearranging the plugging, 
n‘h<3 thus the function to be called in the following steps,

, at step 12, relays may be called.up and step 1 may 
called to follow, and as the stops 1 to 1.2 are traversed 

* a°oond time, fresh functions are provided by the now 

o of the. relays, called upon on step 12, and held for 
following step. This device is important in the 

'-VQlopmont of low speed automatic computer, and is immensely 
^erfui for purposes of automatic computation.

The fiTsmnl n w h-i r>h hn.Q hnnn n nt nn nn +.hn 80? 4 machine

acc ording



•110.

to a condition of the results of current calculations. It 
will be seen computing square roots by a well known 
iterative process.

•^n.+-j = 2 + h/y ) ; Lt (X^ — N) =
n=0

A number N is fed via a card, and N/2 is used as the 
first approximation, X . to the square root. By a di vis ioP 
and addition and a multiplication by ^ the next approxin#*' 
ion Xn+1 is found from an approximation XQ whence Xn+1 - h\ 
is calculated. This is negative unless Xn+V] ■= Xn whence 
the sequence may be-stopped. This discrimination on the 
of a result decides whether or not the result is correct 
is to be punched ; the counters then being reset to zero, 
the next card fed.

To proceed now to punched cards in particular, I shf 
try to indicate to how much detail a computing problem 
must be considered in its relation to the available opc^ 
ions provided by punched card machines and by describing 
in detail how to do what appears to be a very simple com­
puting job. The sequence of operations may appear some' 
.complicated but is not so in practice once the operator 
gets familiar with the routine.

I must first discuss the particular features of 
punched card methods and the functions of the machines 
themselves, and my remarks will apply in particular 
machines used in the Division of Radiophysics of the
0.3.I.R.O.

>1

H

Clip
oà

A punched card computing system consists of a gr 
separate and distinct machines. Each machine is design0' 
to perform a group of functions and the actual action^
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Which it performs are controlled by the network set up on an 
electrical plugboard. The plugboards are removable and by 
Replacing one by another the functions of any one machine can 
Quickly be readjusted to suit different needs. The standard 
Machines were originally designed for commercial accounting 
Purposes', but have recently been taken over and adapted to 
Scientifio computing,

A card about 8" x 3" in dimensions is punched with 
Suitably positioned holes to represent decimally coded digits, 
Shd up to eighty such digits can be held on one card. A single 
o&ra therefore acts as a simple store for information which 

he transferred from one place to another. More than one 
Putnber can be punched into any one card, but it is usual to 
^uçe 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 to x = 1 say at intervals of io”5. We should punch the 

Púbere o, 1, 2, ................ to 1000 corresponding to x. 10^
Oh

each of 1001 separate cards in the same columns, say 
» * 3 and 4. Then on the top card we punch the value of

°K the next f(O.OOl)', f, say, and so on to f,___ at x = 1
f-L. • IUUU

u 6 same columns from If. onwards, say. We could also punch
eveh central differences say $ on the card

in- n n
^ Shat od by n in the first four columns, and the file could
s eïl be used for purposes of interpolation to values of x

g between the tabular entries. Such a file of cards is a
°i’ a function table and is called a "master file".

sv To 
Qhe

<3at

come back to the machines: the function of each
" •' . h

is to accept a card from a file provided to it and 
°hm a limited but controlled sequence of acts upon 
a held on the card accepted, and then to feed another



112

card and repeat the performance and so on. The action of 
each machine might be likened to the traverse of a sub­
routine of a larger programme over and over again. Thus 
the machine performs the specific functions, often repeated 
of the nature of sub-routine functions whilst the human 
operator who removes or replugs plugboards and passes files 
of cards from one machine to another has the effect of 
connecting sub-routines together in a prescribed fashion 
particular to the full computation, and thereby take the 
place of the master programme in an automatic computer.

There is a striking difference between the use of 
groups of punched card machines and an automatic computer# 
and that is due to the fact that a card once passed through 
a machine cannot be recalled, and that it is economical t° 
pass many cards through a card machine for each plugboard 
setup. Further the amount of effective storage on a card 
file is unlimited.

Thus, because in an automatic computer the storage 
capacity is limited by the size of the machine, a lengthy 
computation would be made by passing immediately from cne 
sub-routine to another until the final result is obtained

' " j- $

and then recommencing with fresh data. This corresponds 
working with pencil and paper and desk machines in a 
"horizontal" manner over the worksheet, with punched 
machines however, a large block of data stored in a

• jrt

sufficiently large card file is dealt with item by item 
a strictly repetitive manner; this corresponds to workih# 
"vertically" down a work sheet instead of "horizontally1 '

Any computation must be moulded into a form for
punched card work, so that "vertical" working is possi 
As an example of how this affects the approach to a pi*0^ 
consider the solution of a set of differential equation
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h

°f the form

Il + q>(y, x ) = t(x, fl )

whero (p and ijr functions not necessarily linear in y or x, 
oha where X and |i are parameters , for a range of which 
solutions-are required. Normally we should treat each 
Parameter pair separately, and solve each equation hy step 
°y step processes. Suppose wo require 50 values of X and 
1°0 values of p that is, 5000 solutions , a fairly large 
^ask, ,

We should treat these by punched card methods, all at 
^ho same timo. We should construct tables of the functions 
^'&hd , for the various values of x and jj, over the expected
^hge of y and x, on cards in a manner described above*
Th
th

ose could frequently be computed by punched card machines
omsolvcs. Then we could select from these tables the

nPpropriate value of <P and * for the various values of X
nhd p in pBirs at the commencement of a stop of integration,
°alculate itr © and multiply by Ax, the interval of x to ób- 

v " ( n)
increment in y^x/^jX for values X

(%)

(n+1)
yjk

nAx'% (x"pu)
J

( n) ( n )
yjk +

■^ÿ-vï

All r.

K “>0°0 equations could be treated for a single step of
Q n'y, , *

* oration at the same time. Repetition of the process 
^ continue the integration. : ' ' : ' ' '

Turn now to the actual functions performed by the



114.

punched card machine.

2. The Sorter

Sorting is an essential feature of punched card
manipulation, since the data on one card is related to thc
data on one or more other cards, and the data must he
arranged in a prescribed order so that a regular sequence
of action made on the contents of the top card can be
directly related to similar actions made on the contents
of the next card and so on. The sorter has a device whicil :
accepts a card file, card by card inspects the digit.pUb^H
on a prescribed column and passes each card into one of ^

A ifi'l

pockets according as the punched hole corresponds to a I 
0 - 9 or x or Y. These last two punch positions lie abcv° 
the 0 position. By repeated sorting and handling a fiIe °\, 

cards may bo ordered in ascending or descending sequence 
the data in any one field of columns.

3» The Reproducer

The reproducer is a device whereby selected data
&oone card file may be transferred card by card on to a 

card file. It is provided with two independent card f°° 
hoppers - one for reading and one for punching. See fi#' 
Cards arc fed in similar positions from both feed stati0, 
and pass under control reading brushes which detect th0 
presence of X punches. Such punches may be used to con 
functions at later times. Cards A,A' pass on to B,Bf ? 
that on the reading side passing through an 80 column 
reading station and that on the punching side through 
80 column punching station where punching takes pin00* 
The cards then proceed to 0,C' each through a reading

OC'

$

tíon
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s t fv t ■

"Nation, a nel thence to the output, stackers. Cards and fed" 
continuously and at any one timo cards lio in all positions 

and AnS'G'o .1... ' % , . .' " % . ' ;i:\

All '"brushes and: punòhos arc led to a plugboard where 
Orwirlng between bhushds and punches can be made. Thus 

°y wiring the brushes heading a field in the final ' reading 
^tion via the plugboard to any field in the punching 

s^tion, dàta is automatically transferred from the field of 
Qard passing through the reading station and is punched 

°ntO"tho card under the punching stations'Normally the 
1-00chd reading and punch reading stations are wired to read 

u compare and thus to detect errors*of transfer,

A valuable feature of the device is that data may bo 
uBombleè from a sequence of reading station cards onto 

^-ch station cards, .Thus if a. card file is sorted into
S Q n ] • 4- yj

Wonue, the n ' card containing f say,. and wo wish to
semble.f , .f , f . on to a single card for each value Dj n+i n n-1

• A then wo may read f from the second reading brushes
the punches. As f_ is punched so f which is punched dm n n-m

0 the prior card by the same action, is road at the punch
f ring, station .and transferred to the punches„ Further
vHl rna.y be read at the first reading station and., punched«. 
'‘Has "
h,, ' eventually f , . 9 f ? f . is punched onto each card,n+1 n . n-*i • . .., :.rl:

may bo extended to greater groups of data.

no Oollat'or
•8 > ,r 't0 ‘UUiRotlines it is necessary to sorb two files of cards

a hor, both' of which contain values of''a variable ,!x"

la ^ chc fields are ones on s*0 as to coincide the sorting 
cù6, ^ioient', This coincidence of fields is however not 
la ^ ^ Pop Bible or convenient, in which case the collator 

0ossary; The collator provides uPimarily Lhn function
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of merging two card files. This is clone by reading a des­
ignation from one field on the top card of the first or 
primary file, and the corresponding field from the top eh 
of the second or secondary file possibly from a different 
set of columns. The values are then compared one against
the other. The collator may be plugged so as to feed pri^1 
cards whilst their values are less than and possibly oguol 
to the next secondary value, and to feed secondaries whilst
their values arc lower than the next primary and so on. 
This forms a uniformly ascending sequence out of the two 
separate packs. Each field must be previously sorted in 
order of the variable,

5. The Tabulator
A

The tabulator is the main computing device. In our cil
it possesses six counters. Each counter can accumulate
a' card, as a card is road via a pair of successively pl°c^
80 column reading stations. Following one or more card fcC^
operations a sequence of internal functions can be perf°iBl

t úPusually a succession of up to eight steps. During each ^ 
a set of additions, and/or subtractions between selected 
counters can take place, according to a plugboard set-up» ■

In cur case certain modifications have been made 
which the stops may extend beyond eight,may be recalled 
or repeated either indefinitely, or according to the sl^ 
of the content of any counter. Counters can be made to ^ 
into themselves. This may bo done on standard machines f 
although to simplify plugboard wiring the function of 
duplications’ has been added.

Counters may Transmit cut (denoted by t) A
Subtract cut (denoted by 8,1, o. , 

mit a complement)
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Accept (denoted by A# i,e, , add in)
Reset (denoted by 0)

Results from any or 'all counters may be printed out 
°Ut0 n shoot of paper and may be punched out eventually 
°bto a card. The counters are connected to the punches 
°f a reproducer in order to perform the operation known as 

summary punching".

Subtabulation to halves

As an example of the combinations of all these devices 
°chsider the «problem of subtabulation of a function table 

halves. Suppose we are provided with a long list of 
v"luos of a function f(x) at values x or at uniform intervals 

h, and that we wish to form a table containing all values 
f(x+h/2). We assume that the table is such that 14th 

differences are less than 1.0^ units in the last decimal so 

throw-back methods are valid.

%n<3o.

The method to be adopted will be that using differences. 
Advantage is that errors are detected easily wherever 
• The expression used is

%ere
f =.4 [( + f0) - .KM.i "+ Mr

Mg = &o - ÕQ
2 2 4

M1 = ô1 - 0*184 01

n

% ,1.
modified second differences of f.

We have first to compute the differences, then convert
h 2 2to 0,1846 and hence obtain M from <5., Then the data
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found.

We first punch the successive values of f and the 
associated value of x onto cards, one card per entry, 
using tho same fields on each card. The x's and f’s 
should thon ho printed out on tho tabulator and proof 
read and corrected if necessary. Any errors missed will 
be detected and corrected later,

Next the file, now called file A, is sorted into 
sequence on the field "x". These are fed through the • 
tabulator in reverse order and the differences of success" 
ivo values computed, The even differences will be indepen^ 

of the backward ordering of the file and are of the same s 
as if the file were passed from the front. Fig* 2 shows 
inter counter transfers needed to compute differences on 
tabulator.

Since only the backward row of differences can be 
calculated on the data from the last card passed, the 
differences obtained at each stage will be the advancing 
diagonal differences of the table f as if it were tabulo^ 

from the front, second and fourth differences are summary 
punched together with f and the value of x, at the same 
time the f value from the previously punched card passif 
the punch reading brushes is punched onto the following 
card on the reproducer. Wo thus obtain on a summary car<3 
corresponding to a function fQ and variable x the valu00.

d,



This newly punched file will be called the B file.
■ h

The S 41 s must now be associated with 0.184$,. * Since 
S^<1000, a master file in the form of an initial table of 
0.184^ may be compiled, a file say 0,, of 184 cards only, 

wÜh the following sequence of data :

designation 0, -f 84£ cr it ical S

^°8other with an X punch on say column 80, so that these 
°ai><3s may be distinguished from cards of file -B as constructed, 
^°h Q fxxG xs of frequent use and would normally exist in 

G files of a computing laboratory* File b is sorted into
o'y ■

6^8
0

of field S \

Pile B is now sorted into sequence of field S ^ and is

sod through the collator as the secondary file, whilst file
* used as the primary file, and both are collated or merged 
ihe field Í The first card of file C heads the combined 

f e With the B cards for which %4 = 0, 1,2, following. Then 
6°1o»b the next card of 0 followed by B with 5"^ = 3, 4, 5,

' * 8 and s o: on* * '

The combined file is now passed through the reproducer 
feed. The X punched on column 80 on the 0 cards area Qt8+ GGtbd by the control brushes, which are plugged so as to 

0% ^he punching on X punched cards, i.e., 0 cards. As a C 
Passes through the punch reading brushes, the value of
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, 184o is transferred to the following B card. As this B 
card proceeds past the reading station the .1845^ is punch^ 

onto 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 value of ,184S^ is read off this 

0 card onto the following B card and so on. On our B cards 
we now have the data

x.

h

V Í12’ Í2’ V 0-^ki2

where . 18^^ is correct to the nearest unit.

The 0 file is sorted out on column 80 and the B fil°
resorted into sequence in x, and a reproducer run assemb^

the information ready for the computation of f±,
2

Por this we arrange to read 6 ^ from the previous
and punch it onto the next card via the punch reading
brushes, and to transfer , 184£^ twice by this means. ThuS ,

&W0.l81iS>o is transferred from the xq card to the x^ card 
thence to the x^ card. We shall now have the following ds

on the x card

xo- fc’ i2h, q, ?n2, o„i’1 akC

of which fQ, f 1 ; 5"c2> íft 0.184$"^ ana 0.184Í.,14 aro to 6 

used.

A tabulât 
punched onto a
value which may be calculated at the same time. Both % 
are punched in the same fields as are the correspondit

i/or run now computes f ±. which may be su^ ' 
filo D together with iis associated x +
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valuos in filo A. Fig* 3 shows the transfers involved, the 
^plication function being used to obtain the product 
0*0625 (M^ + M^) and 0.8 (f, + fg)

The file D is merged with the file A in the field x 
sorting and the combined file is differenced by the 

t&bulator and the differences printed for even checking.

Discussion

T, PEAROEY - in reply to a question concerning the
. “ .. -r-TM-mnr«i -f li.irir-f . .

ypos of problem which the C.S.I.R, 0* punched card machine 
been used to solve, said that it had been used for 

ùtions of Fourier series, numerical differentiation 
^0 integration as well as for the construction of function 
dalles,

D, R. HARTREE - Mr. Pearcoy described the "vertical" 
^hner in which operations are carried out with punched 

machines, it appears that herein lies their strength 
^ also- their weakness. They are useful if one operation 
^ a whole set of data can be carried out without reference 

0 Previous results, otherwise they are net so suitable.

It was mentioned that a round-off should be. added
Í Qy>

Positive numbers and subtracted for negative numbers. 
askod Mr. Poarcey whether the round-off should not be 
0(3 for negative numbers also.

T. PEAROEY - replied that the reason for the procedure
0 X >Vfh yx ^ ^ ' 'Tr" ' 'JM1 -1- l-JJ

^ 1 is that the machine is made to deal with negative
02?a represented as 3's complements, not 10’s complements.
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D. R. HARTREE - Mr, Pearcoy mentioned an actuarial
reference for the modification of differences' by the

' i.:',r ;>’!•: <"throw back" method. Another reference which would
probably be more accessible hero is the second volume
of Chambers’ 6-Figure Mathematical Tables (1950).

; : o':.:': !'. " : i--, .. ..professor Hartree then made a general remark con-
• ; 1 L '-..I'.'. V •' • r ."-Mh-v . If., .■ . r Mcorning the complexity called for and ingenuity required

to program relatively simple problems on punched card 
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. Ri REYNOLDS - agreed with professor.Hartree and
said that hip company,ye^lisçd this, for they.are 
developing electronic machines. The Sequence Controlled 
Electronic Calculator is already in production.

T. PEARCÈY - replying to a question on why the 
sorter is not used for merging, said that functions to 
be used for.merging may be on different packs. Use of 
the reproducer to put them on the one field 'would, be 
too wasteful in time.

In reply to another question- on the desirability 
using optimum interval tables, Mr. pearcoy said that 
bobause of the general value of master tables for cthet 
purposes, special tables with their extra figures would 
be uneconomical*

Concluding the discussion, Mr, pearcoy said it vV£L0 , 
clear that the advent of the high speed automatic mac*1^ 
had restricted the role of punched card machines. N
tholess, there wore many jobs for which they wore sui*' 
able, especially in view of the fact that there will ^ 
a long list of complex problems waiting for the eloctrof1°

machines.
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IX. The1 —------- pearoeyby T.

of before proceeding to any discussion of the pros and cons 
letVar*°US Particular methods of design for automatic computers 

us first study what is the general organization of a com- 
Qv’ which shall possess all the necessary and simplest 

te -g63^*68* but only such as arc sufficient to supply the 
a â S* ^P°n ^hc basis of such a discussion vie may build up 

ùlSh for a computer of more practical utility,
Pirst, what is a computer to consist of and what actions 

dnyr, iri Sonerai perform? Wo have already in the past two 
hy actual examples, what is to be expected of a

^Ohabl^' °nC ^client point being that for commands to be 
c0ttl 0 i3° arithmetical adjustment during the course of a 
lb ° lon> both commands and subject matter must be held 
9i>q ^ 02?e °f the same kind, and that by consequence commands 

°^dcd in essentially the same manner as is the subject 
C0ïlvOhtOtÎ1 Gotnmnn,(3s nn<3 subject data arc subject to different 

< in the design of the computer.C^tl Gommnnds and subject data axu u .■L°hs implicit in the design of the computer.
or must contain a main store consisting of a

—.4-0i-n both commands andmust omtnln a main sior„ ....... ..f| dnt^^hich will contain both commands and 
. aaa * position will be associated with a serial

má win v
cc o oi> 0 capable of reading out its digit contents

— ub°tituting fresh data according to any current

'•''«muter will consist of a
u--Tte:

8o Th ----- jtlnS fresh data0^^QbcQ operation of the computer will consist of a
^ °°loCt0^ organised transfers to and fro of the contents
j) ^ op * ore ^positions between the store and a small

0:p ^ °^°rs outside the store. In order that a com-
• -eanciated or transformedâ trin ^^Slstcrs outside the store, in oruw^ Proceed data must be associated or transformed

_ nriQit from one register to another.

•UIq ^ ^ +vinnqf‘nps will bo doto:
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component of the computer which provides the overall con­
trolling functions. The computer will thereby perform a 
repeated standard set of operations which will not vary. 
During the performance of each set of operations a command 
must be selected from store, suitably treated to determini 
its implications and its demands satisfied, when a further
command may be selected and so on. Only one command will 100 
accepted and satisfied during any one basic set of operai"
ions. This set of operations we may call the 
routine".

1 c omp ut or

The main component of the computer will consist 
therefore of the "store" to which is directly connected 
some device for selecting any one of the store registers 
for transfer, that is a "store selector", A single 
register may bo included called the "function register"? 
with which are associated transfer gates which define 
transformations and transfers which take place between 
store and "function register"; those are the "function 
gates", A register must bo provided for holding the 
current command ; this is the "interpreter register", T° 
this will bo attached a "function selector" which shall 
decode part of the command and thereby select the appr0p 
function gate for transfer. A further register will be 
necessary in order that a position selected in-the stof6

$may be hold in action over the period of transfer. This 
the "store control register", Certain gates are ncccsso^
for transferring data into the store control register.

Two further registers and their associated gates oil

bo needed. First the "input register", whereby data
v°

entered into the computer and on "output register" whcrc 
data may be transmitted out.

Wo shall assume that the number of available stof° 
positions is so large that wo need not consider need

hi

%
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ücenemy in storage space, and that the binary scale is 
"dopted, thus reducing the complexity of the necessary 
^Actions to a minimum.

2.
ttlQ

that
Bor
%

Computing Functions

We shall presume that the computer is provided only with 
minimum of the simplest possible functions. This implies 
neither addition, multiplication nor counting is a 

mis alb lo function in this theoretical design since all 
°tions can be constructed from only two more fundamental

°gical functions.

Those logical functions are those of conjunction and
l8dunct

Mt

to)

ion. The first of these is likened to digit by digit
iplication. Disjunction is otherwise known as logical 
Qtion, If propositions A and B possess truth values 
er 0 or 1, then their conjunction (C) and disjunction 
satisfy the following four relations;

A B D

^ .'Pr'om these relationships, any arithmetic, and in 
'o0 0htGì?QU^ar binary arithmetic may be constructed. I shall not 
pjf here into the details of such constructions but it

\ 0 Possible to construct a programme, using those and
two other functions so that arithmetic may be performed,

A special function which is essential to the fully
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automatic function, of tho machino is a discriminative test 
of some kind whereby decisions may bo made concerning tho 
course of tho computation through the programme according 
to tho results of past computations. In the case of this 
machine, since there is no direct arithmetical function 
a test must be made of tho presence or otherwise of any 
digits held in the function register. According ns one or 
more digits are held or none are held so tho selection of 
the next command may be made*

3, Address Code

The single address code system, in which commands a*10 
accepted serially, possesses simplicity from an engineer*1^ 
point of view but implies the presence of counting and 
adding functions in the machine, since such functions do 
not apply to the theoretical device, wo aro forced to ad°P 
a two address system, A command will bo thought of as cofl" 
sisting of three parts corresponding to numbers f, m and 111 
The f-numbor will define the function to be performed; th° 
m-number will define the store address to which the f-nu# 
refers, except in tho conditional case; whilst tho n-n^^ 
will define the address of tho next command to be accept' 

except again in the conditional caso.

If the f-numbor calls for the conditional function? 
affirmative condition will moan that tho n-number is to 
retain its usual moaning; whilst if in the negative, the 
m-number is to take the place of the n-number; then "n" 
denotes tho location of the next command.

Detailed Functions

Not more than seven separate functions are required'
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They aro together with a symbolic representation, as follows;

1»

2.

3.

4.

5»

7,

Of

5,

Dm; replace the content of the function register by 
its disjunction with regard to the content of 
the store location "m".

Cm; replace the content of the function register by 
its conjunction with regard to the content of 
the store location "m",

Rm; transfer the content of the function register to
store location "m" and clear the function register,

Im; transfer the content of input register to store 
location "m" and reset the input register, and 
set up next datum,

Om; reset the output register and transfer the content 
of the store location "m" to the output register 
and record,

Zm; test the content of the function register for
presence of non-zero digits. If non-zero accept 
the next command from store location "m",

T; a command signifying "cease operation".

The last of those commands is not essential, but may 
considered necessary to the fully automatic functioning
the machine.

Go

to

.Organisation of the Computer

Pig, 1 shows a block schematic diagram of the computer
Ss°asing the functions listed, selector units are drawn 
triangular figures. Function signal outputs numbered 0
7 n:po taken to the similarly numbered inputs in the
Gt’ion gatos D, G, R, I, 0, Z, and T; (number 6 being



132.

unused),

The control unit provides signals a to h, which are 
of standard wave form shapes and are taken to controlling 
gates marked with the same letters,•

The sequence of functions is now as follows; commeno 
from the point following the completion of the operation , 
satisfying the lost command.

i. Normally the signal "a" occurs first and transfers tbe
1 y

number un,f or ,,m,f through the gates A or B respective 
to the store control register. Suppose "n" is so tro115 
ferrod. Then the store selector decodes the number 
and prepares position numbered "n” in the store for 
action»

ii. The "n" address is. held in the store control register 
and the interpreter register is reset by the signal 
"b".

iii. The gate "E" is opened by signal "c", so that the
contents of store position "n" is transferred to the 
interpreter register,

iVo The store control register is now reset by signal 
V, The "m" address is now transferred via gate B from 

the units position register to the store control 
register by means of signal "e". ^

vi. The signal "f” is now applied to the function sel°° , 
outputs to activate the selected function gate so 
a transfer from or to store may be made, or in the 
cases z and T, for special actions t_o take place, 

vii. The store control register 5s again reset by sigh8 
and the sequence returns to stage 1 to repeat the 
cycle of operations.

This cycle is modified only if T or z functions

nd1

ii

called. In the case of a T function a signal "g" is o lio

m ■ 111 1IIHÉHWIII
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trough the function gate T activated by function output 7 
aAd thereby inhibits the operation of the control unit and 
8^°ps the sequence at stage vii, above.

In the case of Z; a signal from the function register 
Caches the gate only if a non-zero digit exists, if such a 
c°hdition applies, signal "h" from the control unit covering 

operation periods vi, vii, and i above are transferred 
the gates A and B, Hence when stage ii is reached and this 

s^Shal gets to the gates by virtue of the non-zero content 
0i> the function register the transfer of the "n” address is 
-^hibited, whilst the "m" address is transferred to the store 
c°Utrol register.

Signal "g" may be used for resetting the function input 
^ output registers as their function gates arc called as 
^Ustrated in the function register. The stops of the wave- 

^tis and their time sequence of occurrence is illustrated 
^tg. 2, No time scale can be indicated.

oj

'Adaption to a Practical Computer.

It will be seen that with this theoretical computer a 
^io routine must be constructed whereby addition of any 
Complete numbers can be performed; and that this itself 

^ Do made without the facilities of addition which is so 
k depended upon by existing computers, such a routine can 

Constructed but would be tedious and slow to use»

tty0

X, further, it is seen that eight functions are possible
^ 0li^ increasing the f-numbor digits beyond three, so that 
%ndaing or subtracting a function could be incorporated to 

c^° the eight permissible functions. Once such on arith- 
Ei function is incorporated there is no argument against

^u°ntial method of storing commands, and such a method 
^ simplifies the command code, reducing it to, a one-



address system. A special counting "sequence register" 
must be provided however. This register would receive, a 
unit digit count during each-performance of the computer 
routine. Further, the store control register may be 
dispensed with so long as the sequence control register 
may be connected to the store selector during periods i, 
ii and ill, while the interpreter address is connected to 
the store selector, during the periods v, vi and vii. The 
Z function could, if addition or subtraction is incorporato^' 

be more usefully converted to a test for negative sign, 
and if this function is called, and the contents of the 
function register is negative, the interpreter address is 
transferred to the sequence register, otherwise not. This 
corresponds to the E function of EDSAO. These adaptations 
illustrated by fig. 3, the same notation being used for 
controlling signals.

So far as the choice between addition and subtraction 
is concerned, subtraction should be given preference, sisci/ 
an addition can be constructed cut of two subtractions, 
whilst a subtraction cannot be formed from additions.

ffíf*
The need for further functions will be discussed is

7» Numerical scale

The numerical scale usually adopted is the straight 
binary system in which subject data digits are given 
weightings of integral powers of two. Command'addresses 
arc those usually expressed each by a similar convention»

The binary scale is adopted, firstly because of tto 
simplicity in its arithmetical laws, and secondly becouS 
it is the scale which is most economical in equipment, 
although the length of a binary number is the greatest 
possible, being about 3 times longer than an, equivale*1*
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Reset interpreter.

Store to interpreter, 
command extracted.

Reset store control register.

Function address *m* to 
store control register.
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Carry over signal for 
Z function.
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teimai number.

It would, however, be possible to adopt a decimal scale, 
Cl> oven to use a mixed binary decimal scale in which decimal 
digits arc represented by their binary equivalent. Such a 
system is, however, less economical.

The representation of numbers can be made by modulus
'hid sign, or by complement for negative quantities. The
•^ttor has the advantage that the addition and subtraction
derations are simple, the former introducing operations
^Pending upon the sign digit. Conversely the former is more
c°°homioal for multiplication and division. However, since 
th 0 first two functions arc by far the most frequently used, 

complementary convention should bo adopted; the sign 
ngit being the most significant digit, 0 for positive and
"j f*

0I> negativo quantities. Such a convention is particularly 
Stable to serial machines.

parallel and Serial Organisation

So far nothing has boon implied about the way transfers 
performed. Two methods are possible, in general, either
a v ...
Ulgits of a number arc transferred at the same time, 

th10y are transferred one by one.

Ih the former or "parallel" case, a considerable increase 
3Poed is attained over the latter or "serial" case; a 
^for being performed in little more time than it takes to

I'hfl

*n

Of 4
b0 ^flexibility; any now function which may be desired to 
f^forporated requiring a now component and digit channel

G:r a single digit. It has, however, the disadvantage

Gfioil digit position.

The serial, system, although slower, possesses the 
of requiring less equipment since all digits can be
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transmitted along a single channel, and also leads to a 
device of more flexible design than can be achieved with 
a parallel machine.

Another point distinguishing the two systems is that a 
large store and a very small group of functions is. suitable 
for parallel devices; whilst in machines of limited store 
capacity programmes can be shortened by introducing mere 
functions as is possible in a serial type machine.

9. Word Length and Address Systems

The number of digits per datum or ’’word" has so far 
remained unspecified. We would, however, desire to have 
a sufficiently large number of digits as well, providing 
sufficient accuracy for the great majority of calculators 
without the necessity to programme'for the combining of 
or more words together. A typical choice is an equivalent 
of ten decimal digits corresponding to 30 to i|0 binary 
digits.

However, it appears that the.average store capacity 15 
of the order of 10^ such sets of digits, although one vvou^

Q>
like to have on indefinitely large store. A command there

a ï
of the one address type is likely to occupy between 13 " 
digits only, and any increase in the number of addresses 
will increase this by about 10 digits for each extra add^

Thus if a 40 digit word length is adopted, it wcul° 
economical in digit capacity to adopt a three address { 
system. However, practice in programming tends to show ^ 

a substantial number of commands would not use all three 
addresses thereby wasting capacity, and further it is 
believed that computer techniques are not yet ripe for a 
change to a multi-address system of such a size.



h
W'R

Another procedi uro i 
have soon to be very convenient , and to allow two commands 
°od end to end to occupy the same space as a full number

Hum,
°Uo

course (o)r

(S Boa, T.

a

Bo*, ul>a "hardware110
l^'^l machine with a limited store capacity with a

although in parallel machines using large stores, 
elusion may be of doubtful economy0

N6^V"^Slon 1° so little required that dividing units are

hot incorporated, There are further arguments against

c If wo adept - say 20 digits, per command, we ma.y adopt 
of the following alternatives

(a) retain a basic word length of 20 digits, and 
programme for joining words together

(b) to retain a 20 digit were and to transfer an 
extra 20 digit group according to the command 
contici

(c) to adopt hO digits as the basic word length 
for transfer and to place two commands into 
each store position

Of these alternatives course (a) has been adopted for 
0'8.I,R,0, Mk machine, whilo the Cambridge ED SAG uses

.SpeclaEpnct ions

c? 8o far only the functions of addition and subtraction 
th true arithmetical typos of operation have been dis-US

However, although multiplication can bo programmed
% " sequence ef additions. It is common to supply a separate 

jl^J-yin.g unit -

^ Tho function of multiplying in binary scale is not 
V1CS02t to mechanise and is considered worth the effort

definite point in providing
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such devices; first, division can be performed by multi­
plication by the reciprocal of the divisor, and a reciproci 

itself can be determined by a series of multiplications, 
Further, division is complicated by the binary point con­
vention, already fixed if a multiplier is installed, and 
by the relative size of divisor and dividend. Thus, first 
the divisor must not be zero, otherwise division is incanii 
less ; second, the quotient must be within the register 
capacity. For instance, in machines which deal with numbed 
lying between 1 and -1 , the divisor must be greater than 
the dividend prior to performing the division. All these 
conditions must bo satisfied, and it therefore seems 
preferable to programme the tests, following which the 
division itself may as well be programmed also, similar

t

c
1

arguments apply to square-rooting devices.

Regarding the use of a multiplicity of function 
registers and sign-discriminating functions, no decisi01* 
can bo made at this stage. It may bo found worth while u° 
simplify programming by this means ; and may eventually 106 
convenient to make the entire store capable of adding 
subtracting and so on. On the other hand, it may be foU'3 
better to simplify machine design, and place all the 
responsibility for operation upon the programme d esiguo

o;
Üi
H
A.

Hi
Of

Discussion

%

t>iv

D. R, HARTHDD - in opening the d 
to the simple machine described by Mr 
that addition being such a simple and 
numerical work might well be regarded

is eus si on, refs^i e<3

Pearcey and sa1
basic operation ^ > 

as the starting

H
%

91

&
0L
Qg



functional design.

professor Hartree then commented on the relative merits 
cj\ serial and parallel machines and said that reliability 
w:n-d ease of maintenance did not depend só much 'on the total 
aracuti't of equipment in a machine as on minimising the number 

different kinds of units. Parallel machines use a
^Itipiicity of similar units and maintenance could therefore
bQ ■
^3 Rib

reduced to a fairly simple procedure. The engineers at
ridge were considering parallel operation for the Mk II

Echino.
Commenting on the use of a small high speed store in 

^junction with a large auxiliary store he said that whilst 
Was functionally quite a sound idea it would complicate 
°gramming. He also mentioned "optimum programming". With 

tl d°lay line
Of ■ »„ ah operation and the appearance of the next instruction, 
*lth 
5

store, time is wasted between one completion

optimum programming this is minimised but it is
li>f,icult to do with a one address type of machine. The

A<:
at N.P.'L, is designed to facilitate the use. of

lai üm
JiRioa

programming. This would be used for sub-routines,
for groups of operations which would be repeated many

Of in. the course of a calculation, for which the saving
Jittie would offset the increased complexity of programming.

Qh Íí__PEARGEY - in replying to a question by professor
by who asked whether the increase in speed made possible
bi hew machines made complicated programming for still ■'■ghn-n
w x speed worth while, said that he did not think so atsont.

' HARTREE - supported Mr. pearccy’s view, saying 
V ^^isbility if the principal factor determining the 
W °f work that a single machine can accomplish at

' ' i . if.• In reply to a further question on the loss of
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digits in transfer operations, he said that Raytheon ha^c 
proposed a scheme for forming a "weighted sum" of the 
digits before and after transfer of a number.

J, G, STEWART - explained a simple check system th&“ 
had been included in the Boll System Relay Computer, Tb° 
digit "0" is carried along .with the number if the sum 
its digits is even and a "1" if odd. Alteration of a 
single digit may then be detected. A system has been 
worked out using extra digits for determining where the 
error has occurred. These digit groups have been called 
"error correcting codes".

C, B, SPEEDY - said that the first system describe 
by Mr, Stewart is a simplification of the weighted c 
system. The completeness of a checking system is relate 
to the redundancy present in the representation of 
numbers. It is possible to approach an ideal system by 
using sufficient digits. The weighted count system ch6° 
all arithmetical operations except division.

, JrQW. R. BLUNDEN - indicated that the m'aih factors... -...... . , xy
be considered in the design of a modern high speed d-i© 
al computer are

(a) choice of numeral scale (binary or decimal)
(b) mode of transfer of data inside the machine 

(serial or parallel)
(c) address code
(d) type and capacity of the store
The following table gives the results of a rs°en 

survey covering nine machines in operation or under 
construction in the United Kingdom and the 
Mk I computer. It shows clearly that a great diversi 
of opinion exists, when specifying a computer, t0 
the best choice of the alternatives offered above»



Machine (a) (b) (c) (a)
Ferranti binary

sM
serial single electrostatic 

and magnetic 
drum

ED8AC binary
i

serial
......  ....................

single accoustic 
delay line

ACE binary serial double accoustic 
delay line

Harwell decimal parallel double scale of ten
counting
valves

tre binary parallel single electrostatic 
and magnetic 
drumiuils binary serial quadruple delay line

^Irbeck
^allege

binary serial double magnetic
drum

f' Lyons 
. & Co. binary serial single accoustic 

delay line
RAEscc decimal parallel triple magnetic 

, drum
^SlRO Mk I binary serial

---- -------------------

double
---------------------------------
accoustic 
delay line 
and magnetic 
drum
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W_. Some now developments In equipment for high speed 
- : digital machinos

^ D, M. Myers, D, L. Hollway, G, B. ■ Speedy and B. P, Cooper

D-3 Myers;, introduction,

Wo have now discussed the various procedures necessary
C2? solving a mathematical problem with the aid of an autc-

d 
op

digital machine, and wo have seen something of the 
Ssnization of such a machine from the point of view of the

Wot
Mot
Wt

lonal significance of its various components„ The
Uro would not be complete without at least a passing

urvUon of seme of the techniques employed in carrying out 
W arithmetical and logical functions involved.

1%

Some of these techniques have already been described
this conference, and more detailed accounts are available

Wb

References already given. In particular, the electronic 
, °es which have been successfully used for storage of

to
w

ors and instructions are described in considerable 
hioal detail. We propose therefore to confine cur remarks 
lQvcral developments in which wo have boon personally . 

Coi,ned and which will therefore be available for your

n
ion during tho course of the conference? in their

0118 stages of completion.

Wjfegh-etio switching

Of ûny typo of storage device, there exists tho *p fob lorn
rapid access to the contents of a specified storage

%ti 0;ri* This requires the use of a form of switch which will
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provido an electrical path between that location and the 
particular source or destination of the word which has to 
be transferred to or from the store. The switch should 
clearly bperate at such a* speed that the-time lost-in- 
switching is rather less than the interval between clock 
pulses, and for this reason electronic switching has bod1 
generally preferred,

' a : wvv ,-r
However, subjoct to achieving sufficiently rapid 

operation, there are advantages to be gained by the use 
magnetic elements for switching, and an investigation 
boon carried out on the use of saturable magnetic cores*
A core made of an alloy with suitable characteristics 
be brought to magnetic saturation by a.relatively small 
magnetising force. The effective inductance of a coil

of

wound on the core will be very much less in the saturato1ô

than in the unsaturated state of the core. Thus the pa9£S 
of direct ,current in a magnetizing coil may be used to

k

reduce the impedance of another coil to a varying curro11ii

tufsuch as a current pulse, passing through it, assuming 
the amplitude of the pulse is insufficient to affect tke 
saturation of the core. The whole device may therefore
used as a switch, operated by the application of a D*u* ^ 
potential to the magnetizing coil. The effectiveness
switch depends on the ratio of unsaturato*d to saturato Jjj 
inductance, and its speed of operation is determined ^ 

time constant of the circuit containing the magnetiz 
winding.

It is possible in a grain-oriented nickel-iron 0 H of

by careful attention to the purity of components and to
heat-treatment, to achieve saturation at about 1» 6 vVC
sq,m, with a magnetizing force of less than 20 amp 
metre.

tu

It may be readily shown that the time constant of
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ignoti zing winding depends, inter alia, on the volume of 

Otorini in the core, which must be made very small if 
r°nsonably high switching speeds are required. Experimental 

Cl>k has not yc-t progressed far enough to indicate the 
llfoiti

HR

ing switching speed attainable in practice, but it 
°nrs that the design of a magnetic switch suitable for 

G with a magnetic store having a pulse repetition frequency
th

lGs
HU

^fi

o order of 10 kc/s would bo practicable. The experimental 
ults obtained so far indicate that further development

Of
n

he required before the switching speed can be made 

ciently high to deal with pulse repetition frequencies
iho order of 1 Mo/s, such as occur in certain electronic

it»

go devices.

Qe
Us

The advantage of a magnetic switch of the type described 
ih the fact that a single magnetizing winding may be

Htta
control a core containing a large number of pulse

$

it
\

6|] 1hgs, This allows the use of a "matrix" system of
Qhing, in which a group of n cores, each provided with 
ignotizing winding and n pulse windings, can provide 

%°C^ÌVG switching for xi' storage locations, in the more 
Ustionai "radix" or tree system of switching, the same 
bj 03? (h^) of storage locations would require (n^ - 1 )

c electronic elements. This comparison is of coursestable

oV

fl

°kimnto but illustrates the principle involved.

^ comparing the two systems, it is necessary to take 

aCc°un"t also their relationship to the techniques

goner ally in the machine, it may well bo that the 
''go of the magnetic system in regard to component 

^rjI'Grncnts and simplicity is only an apparent one, and no 

FlBaoasmont of its merits can be made until it has been 

nnd tested in full operation. However, there arc 
v q u a 5 vantages in a switching system which can be sealed 

■^glo container and which should require little
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raaintonan.ee, and it is-hoped to develop the system more 
fully in the near future,

, ' • ■ / ' :

3. Switching,, gating and counting

The control and arithmetic units of a calculating 
machine depend on the use of components which allow a 
number or instruction, expressed usually as a group of 
electrical pulses, to pass from a proscribed source to' 
a prescribed destination. An electronic "gate" is widely 
used for this purpose; the gate is opened or closed to tb6 
passage of incoming pulses according to the presence or 
absence of an electrical "gating" potential,.There are 
several well-known electronic devices for this purpose»

The gating potential is usually provided by a bi­
stable device, such as a multi-vibrator, actuated in th° 
first instance by a pulse, which is the signal to commcn°c 
carrying out the instruction. On receiving the pulse, tb6

1$bi-stable element provides a gating potential, which h° 
the appropriate,gate open until, at the conclusion of tb° 
operation, a. further pulse applied to the bi-stable oic^^y 

removes the gating potential and so closes the gate,
, fid1this procedure may be varied according.to the organize 

of the machine, it is in very general use in existing 
projected machines.

The bi-stable element and gate together form a ’j 

functional unit; in most modern machines there arc many 
units each of which, in its conventional form, contain5^ 
considerable number of circuit components. It was thou# a 

worthwhile to consider the possibility of combining ^ 
of the functional operations of the bi-stable element n*1 
gate, sc that they may be carried out in a single vac^ 

tube, which Mr, G, B., Speedy will describe to you thie



Corning. This tubo, at pros ont in the experimental stage of 
c'°velopmcnt, is intended as a substitute for tho conventional 
circuito associated with switching and gating operations*

The device follows an electronic beam t ubo which 
b. Le Hollway has developed for decimal counting and 

^lll describe soon. This tube, which was designed in the 
flr,st place for an entirely different purpose, will have 
limited: significance in a machine which operates in the .
13Ihnry scale, but in association with the input and output 

e tQG°hnnisms of such a machine, or in a decimal machine it 
have advantages over existing circuits for counting

Dïl ^witching.

r

& ■ I^Magnetic storage-1

• '■ . : /'ÏO ' : I
The demonstration of the electronic calculating machine 

lhe Division of Radiophysics provided an opportunity for 
°°lhg in operation a storage system based on the use of 
°üatic delay lines, in association with this, an auxiliary 
0i>q will be used to hold function tables and other data 

^ Gn may be called on from time to time for transfer to 
0 ^Qin store. The auxiliary store is in the form of a 

photic drum, which has required1 considerable ingenuity 
j l^s design and in its interconnection with the machine 

Mr, B. F. Cbo'per will give you a brief description 
thls device,

-îi«Le Hollway*. A Beam Tube for Decimal Counting

a contrast to the complex questions with which



this conferonee has occupied itself during the past two 
days, the device to be described is, in principle, very 
simple. It is a single electron tube sea le-of-ten counter 
which' has been developed for general "use in -counters:., 
chronographs frequency dividers and so on, A slightly 
different form of the tube would be suitable also for som° 
applications in electronic computing equipment.

The counter is an electrostatic high vacuum tube in 
which counting is accomplished by successive displacement 
of a deflected electron beam through a number of stable 
positions (^7), operating principle maybe explained

by considering the simplified electrode arrangement shown 
in fig, 1.

An electron beam enters, along the axis, a system °* 
five similar deflector plates maintained near the potent^' 
of the final anode by five equal series resistances. The 
beam forms a focussed spot in the plane of the collecting 
segments, each one of which is directly connected to the 
correspondingly lettered deflector.

If one deflector, B, is lowered momentarily in 
potential, an electrostatic field .is formed which dc-f 1°°^ 

the beam .away from plate B and moyce the spot in the 
direction of the arrow.B’, The beam current which then 
flow's to collector B will. lower the potential of the 
collector, and hence of the deflector, sufficiently %° 

maintain the deflection, A similar stable condition 
possible at each of the other collectors, after initial ^ 
deflection. Now imagine the deflect or plates to be tuih 
about the axis one tenth of a revolution clockwise* D0*' 
flection of . the spot in the now direction B" will oau.s0 
part of the beam current to flow to collector 0, which

jit
turn moves the spot further across plate 0. There srs 
stable regions and the spot rotates continuously ih
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[to anode potential

Pig.1 - Simplified arrangement of counter electrodes
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Fig. 2 - Section of counter tube
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clockwiso â iroction. Similarly, if tho deflectors are re-
4.

spded in space phase with respect to the collectors, to
B' I !

tin

, the motion is reversed.

In the complete counter tube shown in section in fig. 2, 
0 separato sots of collector plates arc used.

The front group 0 is phased, with respect to the de- 
doctors, for clockwise rotation and the back group Q is 
Mktaod for reverse rotation. Openings are cut in the front 
^oup as shown in fig, 3 so that the beam wherever it falls 
^ the front system, will move clockwise until part of the 
^ot overlaps the radial leading edge of a slot and passes
thCough to the back collectors shown in fig, I4. Further

oment rapidly reduces tho influence of the front system 
increases that of the back, so that a state of angular

dtiilibrium is reached, and tho resultant deflection is

■is

Got
"leases the proportion of the beam which reaches the
CcUc
da

°ly radial. Therefore the beam moves outwards until it 
Surtially intercepted by the inside edge of the ring M,
• 2, the "positive ring", which is maintained at the 
Ohtial of the final anode. Any further radial deflection

outers, and the deflecting potentials arc similarly 
UCC(2f Therefore a condition of equilibrium is reached

0ïl ^hc beam is partly intercepted by tho positive ring, 
j, n,lASc the beam cross section is small in the plane of the 

the radial deflection remains almost unchanged by 
5ot°U3‘"t: "variations, or by tho normal cycle of deflector 
^ Cïl^^Ql changes which take place during the counting 
' ^088.
o -*-h this way the angular position of the spot is always 

°^.od by the deflector potentials and is sensitive to

^(3 GcHoctcr currents, but these can have no effect on the
All Pos it ion.



The radial position is .controlled .only by the trig#01" 
electrode, N, fig. 2, a short, cylinder which receives tho 
signals to be counted, " .

When a positive going signal appears, the spot moves 
radially outwards from the position "1", fig, 3 y until 
outer edge of . the slot is reached. Beyond this point the 
anti-clockwise restraint from the back collectors is re­
duced and the spot moves clockwise to the outer opening 
"1Ì" which is stable for this, and highertrigger 
potentials. The beam , is hold in position until the
removal of the input signal moves the spot inwards, one0 
more on to a clockwise region, causing a further rotati011 
to position "2",

Therefore each input signal moves the beam from eh° 
inner stable position to the next, increasing the stored 
count by one unit, and t,on waves cause the spot to com­
plete a full revolution and return to the initial posi^^

Because the intermediate states arc stable, the ihf 
signals may bo of any duration and amplitude above the 
minimal values necessary to register a count,.

t

A second function of the trigger is the suppress i oh

secondary omission from the front plates. Some interch^^ 
of secondaries is permitted between adjacent plates
front and back systems in order to.develop current wa^0
forms corresponding to smoothly rotating deflection 
but complete suppression of secondaries between the 
groups of collectors, and between the collectors and

0'

th°

IcggP0other electrodes, is essential. This is ensured by « 
the trigger at a lower potential than the collectors y j, 
by inserting a suppressor (p, fig, 2) at cathode 
between the front and back collectors. The suppress01"

j. rfp
slots to match those in the front collectors. The
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a$o larger than those in the collectors, so that the 
Emitted beam re,mins In good feces. At the Inner openings, 
^er, the suppressor Is sc formed as to diverge the beam 
Efficiently to cover areas of the back collectors m which 
thc figures 0 to 9 are cut, corresponding to the coun

::™=—E=5E=r 
:~=E:ESB=

aetion of the beam, which passes through the 
».

ti,

frS^it> f m íh° bacIc Pratoso Also the imagos aro always in 
9 1vÌc)q °U° an<^ satisfactory projection is maintained for 

ahgo of trigger potential,

ana°^a^8tion 750 volts is applied to the positivo 
c°’thog( ano^0 and a self bias resistance is used in the

lat
«xxoao and a self bias resistance upvu - 

load, Tho resistance value is chosen to ensure
/lt th0 ^ P08 it ivo ring current flows at all stable states, 

p0eit^ Pblso tho beam moves into tho 9^ position and 
'^cw .. V° rihg current is transferred to the carryover
^ ioh aft7 K1'ìrì0vln ih fig, 2 (h), producing a negative pulso, 
c ^Qe th0 amplii‘iGatioh by a single triode section,
^ ^Qi. ^ potential of tho trigger of tho succeeding 
t|-Q ^Uqi „ ìl° GÎ1Qih, and increases its count by one unit, 
t^^ihg jigger" circuit needed with multiple tube counters 
0>oQGs/rom zero frequency upwards id net required, as 

discontinuity results from tho form of thc
>ttlQâ +Z blatos. Thus tho changes occur at fixed potentials 

bppor and lower changeover points. At an anode 
750 volts, the trigger may rise above the 

W’“f3oV01’ point at 120 volts far as 3^0 volts before 
°bht states boccmo unstable> similarly tho count
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states aro stable between the upper changeover, at -f80 
volts, and - 300 volts.

The counter is sot to zero by dropping, momentarily 
the potential of the appropriate deflector. Any even 
number may be set in this way, and any odd number by 
lowering an adjacent pair of deflectors.

In each state the beam is controlled by "error 
actuated" feedback to the deflectors, and by the limits 
action of the positive ring. Those controls compensate 
normal inac.ctirades in construction, variations in the 
collector resistances and changes in the applied voltai

A complete counter, excluding the power supply, 
having four scale-of-ten stages is shown in fig. 3. Eacl1 

tube is Ipt" long and 1^" in diameter, At present the 
highest operating speed is approximately 100 kc/s.

The principle of beam switching between stable 
may be extended to a number of tubes for special purp 
One of those is a reversible counter which will add oi 
subtract signals from the stored count. Either the re­
versible form, or the normal counter, may be. construct0^

with two or more trigger rings instead of one. This 
allow signals form.two or more sources to add or sub*1*9 

from the count, while maintaining complete electrical 
isolation between the inputs, coincident opposed signB 
would cancel and produce no change in the count.

By a modification to the collector system it w0^ 

bo possible to accept without error coincident pos 
signals from a pair of triggers, combinations of 
and negative, and coincident negative signals.

A scalo-of-ton counter having ton plates instead
five, may bo needed in applications requiring a sopai*

of
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^Put line for each digit, The complication of the five 
'^Itional plates may he offset by the use of a different, 
Spi or electrode structure, which however is not suitable 
^ five plate counters.

Scale-of-R counters may be constructed, either by 
^Glng the number of stable states in each collector or 

^hanging the number of collectors and deflectors. As N 

, Educed the allowable beam current and the highest count- 
^ speed rise, because of the increase in the size of the 

openings.

k

\h

The counter forms part of the research program of the 
^iaion of Electrotechnology, C.S. I.R.O. The work was carried 

ih the C. S. I.R.O. Valve Laboratory, It is wished to 
0l>d appreciation of the interest and encouragement of 

0iess or D. M. Myers, contributions made by Mr c A. M„
0tllPs on (0.8.I.R.O.) and the co-operation of t he staff of% 

%° ^Ive Laboratory under Mr, R. E. Aitchison, of the 
Ghs it y of Sydney.

0, B, Speedy: A Binary Gating Tube

|0t ^ brief description is given of a vacuum tube which is
tk Qa°ht under development at the Electrical Engineering 
^^i^imont of the University of Sydney, The tube is intended 
|L c"^by for use in digital computing mechanisms where it 
in?»01,1118 a comblned storage and switching function. The

of the tubo in its present state of development is 
although it is anticipated thau changes in the 

1°c_lG assembly and possibly in electrical principles
0 found desirable as the work proceeds,, It is however



153.
unlikely that the operational requirementg will be modifié1 
To indicate the manner in which it is anticipated that th° 
tube will function in computing mechanism, mention is ma^c 
of circuits for a number of standard computing components; 
(such as counters ) using the proposed Binary Gating Tube.

It is observed that in a computing mechanism there 
are essentially only three basic elements. From an 
appropriate assemblage of these elements it appears possi^ 
to construct any computing or switching circuit at preset 
built from passive circuit elements and conventional va01^ 

tubes. The three basic elements are ;

the bistable element (storage element)
the gate (control element )

and the diode (one way element)

Pulse delay units are often used, however, since'an cqp-^' 
aient result can be obtained using a combination of the 131 
stable and gate elements, it is not considered here as a inp
basic element. The object of the present work is to dcv° 
a single tube which combines the function of a bistable p 
element and a pair of gates, two pulse inputs to the bi0Í‘ 
section are provided thus enabling the device to be set * 

a particular state. The tube is designed so that one Sa 
is open and the other closed, depending upon the state ^ 

the bistable section.

In developing the- tube it is appreciated that to bc 
of any value in the computing field, it must compete wl* 

existing circuit elements, in the design of the tube* 
emphasis has boon placed on the necessity for ease and ^ 
simplicity of construction. The tube design in its vrC&
form consists of several electrodes of simple shape whi

or
0%

could be manufactured by blanking and pressing operati0*1^

rho operation of the tube is not critically dependent



electrode configuration, thus enabling wide manufactur­
es tolerances to bo assigned to electrode size, shape and
Positioning.

The speed and reliability of the Binary Gating Tube 
spearsr from the nature of its construction, to be similar 
eth that of existing electron tubes using oxide cathodes, 
ecause this tube can perform functions which normally 
I'0q.uiro several conventional tubes, it is probable that the 
°*tonsive Use‘of the special tube would increase the overall 
^liability of a computing mechanism,

„ The uso of the Binary Gating Tube has the advantage of 
Simplifying the construction and maintenance of a computing 
Astern by.reducing the number of different circuit com­
ments, it is anticipated that the bulk of the tubes in a 
Q°ttiputer would be Binary Gating Tubes and diodes, the re­
minder being heavy current tubes used as cathode followers. 

Binary Gating Tube requires in general, two resistors.
%
too

Q values are not critical and of the order of several 
Sohma, Those resistors are connected to the input deflect— 

^2 plates of the tube. They prevent the potential of those 
tetrodes from "floating” when they are connected to an 

gate of another tube. The cathode followers would 
luire a cathode load resistor, and the diodes would requiret-o

Because of the beam deflection principle used 
e proposed tube, direct connections between the output

^081 st ors
l»th
Of

°he tube and the input to another is possible. As a 
^ 0lt, capacitors would not be required at any point in 
Q ° circuit. Hence circuits using the special tube would 

sist of only five component- items:

binary gating tubes 
diodes tubes 
heavy current tubes
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resistors 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
2:1.

2, principle of Operation

The form of the Binary Gating Tube which appears .a* 
present to be most promising is shown in fig* 1. The 
is not to scale, and the voltages shown aro approximate 
values. The electron gun is of the pierce type in which 
emission is space charge limited. Two sets of X-deflect01’1' 
are shown. The pair nearer the gun are brought out to 
in the base, while the second set are concerned with the 
maintenance of the stable states. Four collectors and f°u 
targets are also shown. Two of these are part of the bi­
stable section of the tube. The remaining collectors afld 

targets form gâtes denoted by Gate A and Gate B*

IB#

the

ofThe state of the tube depends upon the location - *
electron beam in the tube. The geometry of the tube is 5 ^ 
that the beam may strike either the left or the right 
targets depending upon the particular state in which 
tube is existing. As shown in the diagram the left hah5 ^ 
targets are being bombarded. The two front targets (th°5 
nearer, the gun) are connected to one another and to ^
right hanp deflector plate of the second pair of defle°
There are no other electrical connections to these
in which case they are electrically floating. The taF86 
are good secondary emitters, and the potential to whi0*1 

they adjust themselves is that of the electrode which ^ 
collecting their secondary electrons. As shown, this 
adjusts itself to the potential of 400 volts. Since



600 V.
500 V,
400V.

Collector

Target

Gate A

Gate B

SYMBOLIC DIAGRAM

FIG. I. BINARY GATING TUBE.
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^■°ft hand deflector plate of the pair being considered is 
connected to 500 volts it follows that the beam will be de­
flected to the left as shown. The amount of this deflection
Cl O'Gpends upon the geometry of the tube. When the beam is in 

right hand position the targets assume the potential of 
^0 volts, a condition which results in the beam being held 

the right. Considering that deflectors 1 and 2 are normally 
^ 500 volts it follows that if the potential of the deflector 
c°hnected to terminal 2 be lowered sufficiently, the beam may 

forced from the left to the right hand side of the tube.
It follows that a negative pulse on terminal 1 will leave the

0,lRi in the left hand position, while a pulse on terminal 2 
leave the beam in the right hand position. In this way 

°vision is made to change the state of the bistable sect- 
of the tube. Owing to the manner in which the deflections

to

6 obtained it follows that the actual location of the beamtoi
^ a stable state depends upon the magnitude of the supply 
^Itc 
%

%

sages and the tube geometry. It is independent of the 
Ghltude of the beam current and of the value of the 
*8ot secondary emission ratio, provided this is greater
on unity. The speed of operation however depends upon the

ìtiif

la 16 required to charge the circuit stray capacitances and 
dependent upon the beam current and secondary emission

in

Since high beam currents are required to obtain high 
°hing speeds, it is undesirable to have a fine focus 
tiso of the hot spots which would be formed on the targets.

, a well d of oc used beam is desirable. In addition to
^ °aaing the beam current density, a large diameter beam
^a
Off
Is

ah additional advantage. The location of the beam is 
c'ctQ(3 by stray magnetic fields, and if the beam diameter

large the misalignment of the beam is made relatively



Two gates are shewn, these are referred to as Gate A 
and Gate B respectively. Each gate consists of a collector 
and, a target. Portion of the beam striking the front targe* 
passes through a slot to the gate target. This target undo? 
bombardment assumes the potential of the collector surround 
ing it, if a negative pulse bo applied to this, collector, 8 
similar pulse will appear on the target. Under this condi*"1 
ion the gate is "open"; a pulse applied to its input apP^^ 
at its output. Gate B under this condition is "closed", T*10 
potential of this target is independent of the potential at 
terminal 5.

To make connections to the tube an 11 pin base is 
required. Three power supply connections are required an*1 
these are hOO, 500 and 6oo volts approximately.

Visual indication of the state of the tube is avail' 
able by allowing portion of the beam to pass through the 
gate targets and to strike a fluorescent screen.

3» Applications

Nomenclature

Denote a storage element by g.
Denote the contents of g by C(S),

0(8) = 0 or 1
Digit representation. Digits are transmitted by mea^ 

of a Digit-Bus consisting of two lines referred to as 
D and the i/D lines respectively.

Digit 1 is represented by a pulse on the D line
and no pulso on the 1/D line.

Digit 0 is represented by a pulse on the i/D lino
and no pulso on the D line 

In the absence of a digit no pulse appears on either
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^ or the 1/D lines»
l£tej This method .of puls.e representation of the digits is 
^t essential to the operation of the Binary Gating Tube 

is found to simplify the circuits.

Clock period, 'This is the fundamental interval of time 
^ the computing circuits» Denote this by T,

Clock pulse. These are pulses generated in the computing 
^ohanism at times n»T, where n = 0, i, 2, ,,,,, etc. Denote

p=.

ghift pulses » Occurrence times (n + 1) ,T 
Denote by ps„

Quarter pulses» Occurrence times (n + i),T
Denote by pd.

Three-quarter ptilses, Occurrence times (n + f),T
Denote by pb.

Counters, Denote input pulses by pi.
Denote output pulses by po.
Denote the number of input pulses by (pi) 
Denote the number of output pulses by (po) 
An IT-stage counter is defined by:

(pi) = N. (po)
Binary counter N = 2
...... .................. .......................... ",...... TT-!-——'-------------

Decade counter N = 10

Counters

h The general case of an IT-stage counter is shown in
p

^ Provision is made to clear it to zero by a clear-to-
0(g mea at time n0T6 The effect of this pulse is to set 

1 -L° unity, and 0(s2), 0(S3)? ....0(SN) to zero. The

Pa are quarter pulses applied continuously at times

31 ) t,



(n + ^).T* Following the clear-to-zero pulse, the pa 
pulse sets 0(A1) to unity and 0(A2), 0(A3)# ... 0(aH) 
to zero. An input pulse pi transfers G(A1) to s2. The 
following pa pulse transfers 0(s2) to A2. Hence the result 
of a single pi pulse is to.transfer o(A1 ), which is unity, 
to a2. The result of (H - 1 ) pi pulses is to transfer the 
C(A1 ), which is unity, to AH, The H-th pi pulse transfers 
G (AH), which is unity, to Ai. In doing so an output pulse 
po is produced,' in this circuit it is noted that 2H Binary 
Gating Tubes are required for an H-stage counter,

A binary counter can be derived from the H-stage ooun 
of fig. 2 by making H = 2. This would require four Binary 
Gating Tubes. A simplified binary counter is shown in 
fig. 3 which requires two Tubes, provision is made to 
enable the counter to be cleared to zero.

In fig, 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 continuously 
at times (n + i).T, Input pulses pi are applied to this 
binary counter stage. The output pulses from this stage 
are alternately applied to the lower and upper lines of 
the main counter. In clearing-to-zero, c(S1 ) is made 
unity and 0(83), C(S5)> 0(87) and 0(89) are made zero, Tne 
binary stage is set by the clear-to-zero pulse so that t^ 
first pulse from it passes to the lower line of the maih 
counter. In doing so it transfers C(S1) to 82 
Subsequent pi pulses transfer 0(82) to S3

0(83) to sU, etc.
The tenth pi pulse passes through 810 to form the output 
pulse po.







FIG.3. SIMPLIFIED BINARY COUNTER C N = 2).
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Hostage shift Register

The shift register which is used in computer mechanisms 
1,0 Gtaticiso arici dynamisisc digital information may be con­
ducted with Binary Gating Tubes, Such a circuit is shown 
^ fig, 5c Digits enter and leave the register via the 
^Sit Bus0 A number consisting of N binary digits, staticised 
^ the register>, is stored in the storage elements 81 , g2,

To dynamiciso a stored number, the pulses pi and p2 are 
spiled to the register& The pulses pa are being applied 
c°Utinuously at times (n + -L) »!'& Pulse pi transfers,

0(81) to A2 
0(82) to A3

0(8N-1) to AN

Process continues, each digit appearing in succession 
^°h the Digit Bus at a clock pulse time. Note that during 

la process, each digit on reaching SN is transferred to

I

k
As a result the information in the register is retained, 

^ÿhamicising, a similar process occurs. Pulses p2 are 
applied and the new incoming number replaces the old one.

As an example of the use of the Binary Gating Tube in

J.6

*»h

*ol circuits, a pulse Generator for the Shift Register 
cwn in figes 6, The particular case chosen is that insh

]\j _ 1 g, Before designing such a circuit it is necessary 
® Po cif y exactly the properties required of the shift 

“«la tar.

specifications
K -----------------

The shift register is to connect to the remainder 
°f the computing mechanism by means of,

(a) Digit Bus, This bus, consisting of two lines



D and 1/D, transmits digit pulses either to or 
from the register,

(h) Read Bus,. A "read pulse" applied to this bus 
initiates the transfer of the N-digit number 
from the register to the Digit Bus,

(c) ' Write Dus, A "write Pulse" applied to this 
bus initiates the transfer of a number from 
the Digit Bus to the register0

B. Reading and Writing. During reading, the number in tilC 
register is to remain unaltered. During writing, the ino0111 
ing number replaces the number previously hold in the 
register,

0, Timing, Digit pulses, road pulses and write pulses 
appear if at all at times n.T. During either reading or 
writing an initiating pulse (a Read or a Write pulse) ^ 
proceeds the first digit of the N-digit number by one d0
period, (it is convenient to consider the initiating pdsC

if''■to appear at time 0 and as a consequence, the least si 
leant digit at time 1 and the most significant digit at 
time N, ). The pulses required and the times at which tW 
occur are shown in the table of fig, 6, External connect" 
ions are made to the pulse Generator by means of four 
bars. Those carry the Read, Write, pi and p2 pulses. 
Generator contains a 6-stage binary counter which has 
provision to accept a clear-to-zero pulse. Connected to 
each stage of the counter is a Binary Gating Tube whi0*1 
at all times represents the state of the binary counted* 
These tubes form a sot of coincidence gates and connect0^ 
as shown, allow a pulse to pass when the counter regi0 
the number I4O, (binary number 101000)*

in operation, either a Road or Write pulse opens a 
gate which admits ps pulses (shift pulses at times
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(ü + -g-)eT) to the binary counter. These same pulses pass to 
p-f Bus since pi pulses are required during both reading 

aUc1 writing. Having counted 40 pulses, the counter coincidence 
Sates pass a pulse which is.returned to the input gate and 
GI°ses it. In this way 40 pi pulses are counted cut. During 

reading process, p2 pulses are also required. In response 
a Read pulse, a gate is opened which admits pi pulses to 

'^s to the p2- Bus, The pulses pc, ps, pa and pb are applied 
c°Utinuously to the points indicated in the diagram.

Binary Adder

thi
The Binary Adder circuit, shown in fig, ?, comprises 

,Q coder and decoder circuits commonly used in computing
ouits. Digit input pulses appear simultaneously at A 
B, The corresponding digit of the sum appears one clock

Gorioa
(a

at D. An internal loop transfers the carry digit,

Gog

%

onoted by 0), suitably delayed, from the output of the 
or to the input of the decoder. Either one of the A, B, 
G digits will open a gate which passes a shift pulse to 

s decoder* Depending on the state of the gates in the
"Ocoa 
%

or input, which are set by the digits A, B and 0, the
86 ps will pass to one of the eight output lines. Two

of diode coders are included, one of which forms the sum

lni

^t Dn and passes it to the digit output and the other
forms the carry digit On and returns it to the decoder

-Agkn ow lodgments 

Q. It is a pleasure to acknowledge the interest, and
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L. G-. Bellamy (G, S.I.R.O. ) for the manufacture and



1 $3.
assembly of experimental tubes, The technical assistance 
and co-operation of Mr. D. Holiway (G, S. I.R.O. ) , Mr,
R. E. Aitchison (University of Sydney) and the staff of 
the Valve Laboratory, is gratefully acknowledged.

B. F, Cooper: A Magnetic .Drum Digital Storage System

1 « introduction

Storage of binary digital data on magnetic drums is 
now well established in modern.electronic computing practi°c 

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 indéfini*0' 
retention of the latter even when the equipment is shut 
down, and (3) ability, notwithstanding the latter feature; 
to alter the information at will. Opposed to these three 
advantages is the disadvantage that mechanical motion i0 
involved and access to the stored information is t thenefot 
slow in comparison with the all-electronic storage systeriv‘
However, the magnetic drum usually serves as an auxili8^

a o
store to which relatively infrequent reference is made# 
that a small access time is not of great importance.

Integration of an auxiliary drum storage system °^0
the structure of the main computer can be approached i#
ways, depending on whether or not it is desired to stor°
the drum programme data which will ultimately be requie ,

*0
at high speed. When such material is stored the system

. j- ^ OP
organised in such a way that the progress of a compute 
can be temporarily halted while-a large block of inf01*1119 
ion is transferred from the drum'to the high speed sto1*0
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P1 is can bo dono fluring one drum revolution occupying say 

5q second, so that if tho transfer operation is only required 
intervals of several seconds, the lengthening of the corn- 

nation on this account will be negligible. An arrangement 
this type has boon adopted with,the Manchester machine (^9) 
it requires that the design of the high-speed and 

biliary stores should be carefully integrated ab initio.

In the case of the Radiophysics machine the drum store 
designed as an adjunct to tho main computer when the 

'lUor was almost complete, and it was required only for the 
°^age of data to which selective reference might be made 
Infrequent intervals. A capacity of 1024 numbers each

Of 0
d0 digits was initially called for, later to be extended 
^096 numbers, Complete freedom of transfer between the

HOl and any register in tho computer was also requiredo

These requirements have led to the design which is now 
described.

^The Experimental Magnetic Drum

1 is a photograph of the experimental rmgnetio
The rotor has a diameter of 4^" and a length of 3"

G power being provided by an internal D.O, motor which 
-, ^uken from an aircraft gyroscope. This motor provides 

tunning at a speed of 6000 r.p.m. A coating of a%
to

\ ^^oially prepared magnetic iron oxide lacquer is sprayed
the surface of the drum to serve as a recording medium.

VTUi0 iron 0x100 with a high ratio of coercivity to 
^ ^hco is used hero to ensure high digit packing densities

resistance to accidental demagnetisation.
Th^ 0 ^rum surface is divided into 21 tracks each served
^ghetising head which functions for both reading and
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recording. Por reasons of mechanical convenience the heads 
are mounted in two staggered rows. Of the 21 tracks, 20 
have numerical data recorded on them and on the 2-jst is a 
permanently recorded timing waveform which serves to index 
the recording positions on the drum,

A number of 20 digits is recorded as a row of magneti0 

"marks" spread transversely across the drum with one digi* 
in each track, 102I4 rows spaced peripherally at 75 per 
inch make up the full capacity of the drum,

This general scheme of "parallel" recording has been
(2) (26)described previously by Booth v ' and by Hill v ’ .

Although the main computer operates in the serial
mode, that is, numbers are transmitted as a serial train 
pulses on a single circuit, the serial mode of operating 
the drum, i0e, with adjacent digits on a track grouped 
together to form numbers was not adopted for the followmS 
reasons, in the first place the computer timing relation

of

ships are based on a mercury delay lino store with a dig if
pulsing rate of 333 Kc/s and a circulation time of 1 mil^ 

second*As it was considered too difficult to match this 
speed in the drum system it was decided to operate the 
asynchronously with a buffer storage system interposed 
between the drum and the computer for "che temporary hold 
of numbers being transferred- This Doing the case? the 
system could operate in whatever mode was best suited t° 
its structure and - it is easier to perform aoloction in ^
step from one of 10214 rows of numbers than to perform 
selection in two steps* (a) by track and (b) by positi033 

the track.

Recording method j
ytt'

The manner of recording digits in a track is iHu

3
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111 more detail in fig. 2, which is a diagrammatic cross- 

.on of a track and its recording head. A recording
Gs<a consists of a single strip of .003" mumetal suitably 

to shape and carrying, 'a fOO turn magnetising winding 
0f 36 b & S wire, pole tips are separated by a .0015" non­
magnetic spacer and a clearance of .0015" is maintained 
°hveen the head and the drum. Operation in contact is not 

^°asible because of the high peripheral speed. Each head is 
^°vided with a thyratron puiser, as shown in fig. 3,
c&£abio of delivering a positive or negative current pulses 
foi>

Wi;
Wi
°0&1 magnetic saturation in the recording medium.

^ Recording positions or "cells" on the tracks are defined 
^ the intervals of the clock track and are identified by

‘ recording binary."0" or "1" digits. The duration of these 
Bea, being aboht 1 ' microsecond, is short enough to 
actively "freeze" the motion of the drum, and the peak 
font employed, namely 1 ampere, is sufficient to produce

\

Of

\

,nting from a small gap in which nothing is recorded. The 
are ideally discrete but at the adopted spacing of 75

Inch they actually overlap somewhat, initially the tracks 
Magnetised uniformly to the "0" level by passing D.C. 

Negative polarity through the heads while the drum is 
sting. After the initial preparation a "1" may be recorded 
sny cell by the application of a positive current pulse
th,e head at the appropriate instant as shown in fig. 2 a.-

i. Results in the residual magnetism being locally reversed, 
^ ng a small hump^ in the flux pattern. Subsequent recording

stions on this cell will have a negligible effect if a.
Qr ti j_s recorded but if a "0"’ is recorded the flux 

Gl>n win bo restored approximately to its initial state. 
110 special erasing operation is required.

lo read the content of the cells the voltage induced in
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the heaâ hy the flax pattern is amplified and fed to 
suitable reading circuits. Fig. 2b shows the flux waveform 
induced in the head by the passage of cell numbers 1,2, 
and 3, which have had digits 1, 0, and i recorded in them» 
The voltage waveform induced in the head 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 circuit, into the other input of which 
is fed a short position-selector pulse, derived in a 
manner which will be described later, and phased relativo 
to the amplifier output as shown in fig. 2d, If the posi**0, 
selector pulse coincides with a positive peak in the am­
plifier output,.resulting from the previous recording of 9 
"1", an output is derived from the coincidence gate which 
sets an output "flip-flop" to the state "1 ". If the cell 
contains a "0" the small residual ripple in the output 
waveform cannot actuate the coincidence gate. An oscillo" 
graphic record of the amplifier output waveforms result11® 
from various digit configurations is shown in fig. 4. 
peak to peak voltage ‘■delivered to the amplifier by the 
head is 5 millivolts,

U. Auxiliary electronic equipment
*fc0

A block diagram of the equipment necessary to ope*10
aYl t/*™the magnetic drum in conjunction with the computer is 5 

in fig. 5. Contact with the computer is established fhf0^^ 
a "drum sequence unit" which controls the cycle of ope*10 
whenever a drum transfer is called for.

In the case of a transfer from computer to drum, 0 
"drum destination" control line is made active by the 
computer controls and a 10 digit binary number specify
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which one of tho 1024 recording positions is required appears 
°h the digit trunk followed by the actual 20 digit number to 
bo recorded. The position digits are routed to a 10 digit 
position register of.tho static or flip-flop type through 
What it will suffice to describe hero as serial to parallel 
Sntes. Similarly tho numerical digits are routed to the 20 
^igit input register which prepares the recording thyratrons 
to deliver tho appropriate positive or negative current 
ibises. In the drum timing circuits there is a 10 stage 
binary counter which counts clock pulses starting from 
2Qro in the clock track gap, A coincidence detector is 
hoanwhile continuously comparing the content of the counter 
ahd-the position register and when coincidence is reached 
the pulse previously referred to as the. "position selector 
^lsQtt is fyd as a trigger to the writing thyratrons. This 
Completes the recording operation and a pulse signifying 
^his fact is sent to the computer.

In the case of a transfer from drum to computer, a 
"drum source" control line is made active and the position 
digits are again transmitted to the position register. When, 
n°*t, coincidence is reached the position selector pulse is 
flowed to open the reading gates, permitting tho contents 
Df the selected position to enter tho output register. At 
tilla point a further gate is opened, transmitting the con- 
tQbts of the output register to the digit trunk via parallel 

Serial gates and is closed when tho required destination 
in the computer has received them. These operations take a 
^itnum of 10 milliseconds, corresponding to one rotation 
^ioa, or 5 milliseconds on the average for random drum 
Carences. To this must bo added an extra millisecond or
8° for the decoding of the relevant instruction in the oom- 
^ or.

A total of some 280 valves is used in the above



circuits, and this number could 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 flexibility 
in testing the experimental system, it is estimated that 
expansion of the drum capacity to 4096 numbers will re­
quire the addition of only 60 - 70 valves.

5, Reliability test

Little experience has boon gained so far in actual 
computing operations with the drum, but as a test of its 
reliability it has been run for several weeks on a closed 
cycle of operations, in this test the sequence unit is 
connected to perform writing and reading operations on 
alternate revolutions, i.e. at 50 cycles per second and

• P0the position register is .connected as a counter with uni 
being added to its contents at the beginning of each 
writing cycle. After a reading operation the contents of 
the output register are immediately transmitted into the 
input register with a loft shift of one digit position*

Initially a number 00000,00000,11111,11111 is set 
into the input register and the cycle is started with thi 
number being transmitted to position "0". As the cycle 
progresses the number 00000,00001 ,11111 ,11110 should apP* *et

in position 1, 00000,00011,11111,11100 in position 2, M 
so on, "End around carry" from the 2oth to the 1st dig! 
position being permitted, so that the spiralling effect 
continue indefinitely. After 102ij. cycles requiring app 
imately 20 seconds the progression of numbers should no

pd

0^

yoZ"
ta?*

to position 0 with the number 00000,01111 ,11111 ,10000 "ke_ 
inserted there, provided no errors have occurred in 
reading and writing operations* After 5720 cycles the ha



I---------- I
Medium Uniformly 
Magnetised to 
O Level.

j
I I I I I

1
IOIOI

I
ooooo

. "Read Out Waveforms.
*2 Magnetic Drum, 6.000 R.PM., 75 Digits per Inch.

Pig.4 - Oscillographic record of output from magnetic drum





20 Data Tracks
Clock Track r~ ^-------------------

j 1 1
11
1

hqi023 Drum ■ 1
1

fcj 1 1

y ! ! 11
__ Lzd____________________i__ 1_ __ 1__

FIG,5. AUXILIARY ELECTRONIC EQUIPMENT.





170.

OOOOO,00000,11111,11111 should reappear in position 0 and all 
I 2048o digit positions on the drum will.have experienced an 
! iteration of their content from 0 to 1 to 0 or vice versa.
I ^ a period of 8 hours l.ljij x 10^ separate numbers involving 
I 2,88 x 10^ digits are transferred. .

Initial weaknesses revealed by this test included 
furious reading out of a "1 " where a "0" was present. This 

mainly due to some recording heads having faulty shaped 
^°le pieces which caused poor restoration of "1 " ' s to 
"0"’s, together with slight unevoness in the drum coating 
Vyilioh caused signal amplitudes to vary with angular position 

the drum. Thus if the amplifier gain was made sufficient 
handle the weaker signals the "0" level in other parts 

0f the track might be high enough to be read cut as a 
furious "i".

After such matters had been attended to the system 
'°uld generally run without ,error for a complete. 8 hour 
^iod and sometimes for two successive 8 hour periods,

remaining.faults which did occur were equally liable ,
0 he the picking up of a "1 " or losing a "1 " for no 
Parent reason.

Conclus ion

•it
Magnetic drums of the type described in the foregoing 

Very well into the requirements of an auxiliary .store 
electronic computers. The number capacity of this type

Lkely to be
Of
v B^oro can be increased to any value which is 

laired with little increase in engineering complexity.
6 mormoro, since considerable time is consumed in loading a 
^ e of high capacity the feature of retention of'the stored 

Ollmation during a shut down should prove to be a consider-



D. R♦ HARTREE - said that he was not familiar in clcta* 

with the Manchester machine hut commented generally on 
magnetic storage. In the Harvard Mk.Ill machine the mag­
netic drum is used as a main store. It uses a number of 
comparatively large magnetic drums which are mechanically 
coupled, and each track has 2' to k reading/writing heads 
to reduce access time. The EDSAO, on the other hand, has 
no subsidiary store. Commenting on special tubes, he sai^ 
that a binary adding tube is about to be produced comme?0 
ially in Canada. However, before any special tubes are ^ 
acceptable for computers they must be of proved reliabll1 
and also in ready supply.

DM. MYERS - said that the binary gating tube 
described by Mr. Speedy could be a practical production 
The adder being produced overseas is rather more compì0*"f
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K. S. BROWN - stated that the Canadian tabe is now 
aValiable commercially. It is called the Additron. Ho paid 
a trihute, to the Hollway tube, pointing out that it is the 
~irst high vacuum decimal counter tube to be produced. It 
ia most ingenious and further development would be sure to 
aprovo its upper frequency limit. Gas-filled counter tubes 
ai>e commercially available but their upper counting limit 
^ of the order of 20 to 30 Kc/s.

C, B. SPEEDY - replying to a question on the use of 
Cï>ystal triodes in computer work said that they appeared 
to offer promising possibilities, He knew of no overseas 
^chines that were as yet employing them, although crystal 
^odes were being used in great numbers, No crystal triodes 
vbre being used in Australia because of shortage of supply,

G, E, BARLOW - asked whether anything had been done 
Really to synchronise the pulses from a magnetic drum with 

master clock pulses of the C.S. I.R.Ch machine.

B, p, C. COOPER - said that synchronisation had not 
kQQh attempted. The master pulses have a frequency of 330 
^°/s and the pulse repetition rate of the magnetic drum is 
0i> the order of iOO Kc/s, so that direct synchronisation is 

possible. If it were, it would require rather a complex 
SQl>Vomechanism0 In the C.S. I.R.O. machine, transfers between 

and the main store were carried out in two stages, via 
static register,

W. R. BLUNDER - indicated that work had been done on 
tlUs problem in the C.S. I.R.O. Mathematical Instruments 

J^tion where an electrostatic storage tube is being built.
tic store is about 120 
at 6ocO r.p.m. , storing 

HU°üt 55 digits per inch, gave a similar pulse rate. Direct 
^Qhronisation is being attempted. The drum is driven by a

%
%Q/l

Pulse rate for the electrosta 
5 and a 7-inch drum, rotating
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velodyne which, in addition to its main first derivative 
feedback' circuit, employs a special-synchronising circuì 
which produces a signal proportional to the phase d iffor^ 
between drum pulses and the reference pulses. At present 
the results were not very promising, mainly because the 
velodyne being used was rather too small for the job.

D. L. HOLLWAY - replying to another question from ^ 
Mr..Barlow said that the input impedance of the counter 
is lO^iykF.
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XI._____  Some Analogue Computing Devices
by D. Me Myers

Jffie Role of the Analogue Machine
During the last decade, the relation between the use 

Agitai and analogue machines has undergone a very pro- 
1106(3 change in favour of the former, as a result of the 

^ elopments in automatic digital computing which have been 
C3?ibed in the early discussions at this Conference. It
t -n-8 now be conceded that, with few exceptions, a numerical 

Q4ilrfcÍOn 0f a mathematical problem can be carried out more 
9 and more accurately by a digital machine than by
Alegue machine. Furthermore, a digital machine can be 

^ 10(3 to the solution of any problem which can be trans•

°t>e:
Qd
fat

into a series of simple arithmetical and logical 
•L°ns, and this is possible in the case of most

ül
i°htific problems of practical significance. The modern 
Sitai
% machine is a general purpose machine which, with its 
L. aii3 accuracy, is becoming a most valuable tool in the 

x research and industry.

‘‘at
at

^at, then, is the role of the analogue machine? Under 
Conditions is it preferable to the digital machine, and 
1qtk ,Its future, in the face of the increasing, power of

lettoor?
find an answer to these questions, we must look 

^ ^ne mathematical problem itself, and consider its 
°&1 context. As a simple example, let us consider an 

bofrj 8Uq machine which is well-known to all of us, and which 
^ itna continuously a rather intricate set of mathematical 
\ atl°ns. I refer to the electricity meter, which determines 

we must pay for heating and lighting our homes.
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Superficially, it simply measures the amount of energy ~ 
the number of kilowatt-hours consumed. In order to do this? 
it accepts data in the form of three continuously variable 
quantities: voltage, current and time; it multiplies the 
first two of these together and integrates the product wit*1 
respect to the last, And it does a.ll of this for an extrem­
ely low cost of production. It is most unlikely that the 
electricity meter in its present form will be superseded 
in the foreseeable future by a digital machine. This mete? 
is digital only in the presentation of the results of ite 
computations, and fundamentally it is a machine of the 
analogue class,

This is perhaps an extreme case, but it illustrates 
a significant factor. Multiplication and integration can 
done easily and rapidly by digital methods; the reason ^e? 
the choice of an analogue device lies in the context, in­
cluding the form of presentation of the data. These data "
voltage, current and time - are constantly varying quant1

bV ™which appear in a form suitable for immediate digestion J 
analogue machine. Their conversion to digital form would 
itself bea considerable problem,

;U?5A more advanced illustration of the same point ccci 
in the case of railway schedule computations, for which a
form of differential analyser has been specially desighod
and built in the U, S.A. The problem occurs frequently 131 e

country with a rapidly developing railway network, and ^ 
are obvious advantages in using a machine which require'3 
special setting-up each time the problem occurs.

Another consideration of similar importance is the 
formulation of the problem itself. Many problems, parti0 
ularly in engineering practice, are readily susceptible 
treatment with the aid of a convenient analogy. To solv°
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ì
3Í5

3o

r ^ 
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^em by digital methods requires their re-statement in 
Mathematical symbology, so. that they can be broken down 
into arithmetical routines. This? is sometimes impracticable.

In general, the position may be reasonably stated ,as
■'allows:-

(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 its output,

As a corollary, the scope of the analogue machine is
^Hally greatest where either the data or results appear
^ the form of continuously varying physical quantities or 
tyh Gre the problem involves relationships which cannot readily
V converted to symbolic form.

This point should be stressed because it suggests a 
uther different way of examining the relative merits of 
blogue and digital machines. Machines maybe classified 
"bonding to the types of mathematical problem to which they 

be appliede.g. harmonic analysis, differential 
Rations, general purpose, etc. On the other hand, they may 
^subdivided according to their "user" classification:

crystal structure analysis, determination of railway 
^c^ules, electron path plotting, etc. In my earlier re-

%
u QS

, % have suggested that the role of thq analogue machine 
Mainly in solving problems in the latter classification

is appropriate at this Conference that a brief 
^ °Uht should be given of some of the more important of

'OB
^6 the former classification is becoming more and more 

^■Covince of the "digital machine.



2, Machines for Special Applications
A very widespread type of analogue machine d es igned 

for a specific practical use is the anti-aircraft predict01’* 
or more generally, the whole range of instruments used 
determining continuously, from observations of a target, 
the necessary data for the projection of missiles to dost 
it* The problem' is a continuous one in real time and cani10 
be treated with detachment as a mathematical exercise to 
be solved in,the laboratory when convenient. Each soluti011 
is required within a very small fraction of a second aft01" 

acceptance of the data on which it is based, and in a 
suitable for immediate use. The analogue machine meets 
requirements very well, and has been almost unopposed in 
this field up to the present. There are obvious diffi°a^ 
in the use of digital machines for this purpose, but they 
do not appear to be insuperable, and it is reasonable *° 
predict that analogue machines will be replaced, at l°aS 
in part, by high-speed digital machines for gunnery ooni 

in the future.
. It is reasonable to include also the electrolytic 

tank ^ among those devices used to satisfy a "user" rc-
thequirement. in general, its usual purpose is to solve ^ 

Laplace equation for given boundary conditions, and to . 
extent it may be regarded as applicable to a specific 
of mathematical problem. However, a great deal of ingon0 
has been applied to the method of presentation of the
solution in such a way as to satisfy particular "user" 
requirements. One example of this is the determination 
the path of an electron when passing rhough a system 
electrodes such as exists, for example, in an electron

of

A Por fuller details, see ref, 33&> pp, 112 et, seq»
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Horoscope or a linear accelerator. If the electee system 
‘s represented to-a suitable scale in the electrolyte, the 
potential of any point in the field may be determined by 
"«sûrement and analogy, ^potentials can then be plotted, 

from them the electric intensity determined at any point. 
« knowledge of both the potential and intensity enable the 
6«th Of an electron to be found. Various devices have been 

I ^oó to avoid the need for the plotting and computing, and 
*>= Such device, due to Mr. D. L. Hollway, is available for 
Monstration during the conference. This instrument,

I «««ached to a pantograph which locates the probe in an - 
: ^otrolytic tank, enables an operator to trace an electron 
N directly, without auxiliary plotting or computing, by 
! n«rlng the instrument across a drawing board in such a way 
159 to maintain a null reading on an indicating instrument.

>est in the machines lies in the methods of accepting 
I % ,.-u„ viosnlt. The analogue machine*08t in the machines lies m — —

^«Uently stated symbolically, either because of ^

, ■‘“L'*’■ - —,Awnifi. bocauso of the naturo
I t) -c ^ -

uïlQ statement of the problem in^sk of considerable magnitude; this is simplified hy

'> for example* refoc 23 ?
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the use of the network analyser. Most Instruments of this 
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 ^e ^ 
an indirect one, as in the case of the Blackburn analyse*1* í u
in w hich transformers are used to replace the normal circU 
elements.

Many analogue machines built for particular practice1 

requirements embody components which may themselves be 
classed as analogue machines of more general application 
to mathematical problems, it is desirable at this stage 
to outline very briefly the way in which sane of the si®? 
mathematical functions may be represented in analogue f0^

3. The Simple Arithmetical Functions

Analogue devices for performing the simple arithme 
processes, such as addition or division, arc in such c

tl*

0#ol1

use that their mathematical significance is frequently 0 

looked. The differential of a motor car constrains the
-ï V

rotations of the two rear wheels in such a way that the 
sum is proportional to the rotation of the driving shaf^' 
without imposing any constraint on the relative rotati011 

of the two wheels. Thus it is basically a device for a 
(or subtracting) two quantities expressed as rotations*

In the automatic totalisator (28), familiar to ra 
goers, this principle is used* together with a number 
dividing mechanisms based on the properties of similar 
triangles, to carry out a rather more complicated pro . 
consisting of repeated additions and divisions.

addi'

ce
of

The slide-rule and the planimeter are too well Kh°'

to require description. The planimeter and the integra?h
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hi

keen extended by various workers to evaluate not only
e and Indefinite integrals but also first, second and 

l8her moments, and even to integrate differential equations 
^hin a limited field.

All the above operations can be carried out, either 
ctly or by finite difference methods, by digital machines; 
choice of method is usually based on convenience,

Olhe
%

.Simultaneous equations

There is considerable practical interest in the mechan­
ic . 8°lution of simultaneous algebraic equations because of 
t, ,^ frequent occurrence and of the tedious nature of their 

H lQh by conventional methods if the equations are in 
has tîlah four or five variables. Several analogue devices

*u
°en built for this purpose, the best known being thathe

Iti 0 Mallock (33) at the University of Cambridge. This
, üment depends on Faraday’s law of electromagnetic 
^ l0h and consists of a number of transformers, each 
L ® a number of tapped windings. The equation is represented 

I of ^ 8 Citable interconnection of the windings and the number 
L in each winding is set according to the appropriate

deters in the equation.

hi A
'tsj Mechanical device, due to Wilbur (5^) in the U.S.A, t 

8 8 of a set of tipping plates,mutually constrained by 
eM of pulleys and steel tapes.

mR°hinos of this kind, the physical size depends 
8Q.barc of the number of variables, so that 

>ultiC0 therG is a limit of nine or ten variables. This 
^hoçj ^ mny ho partly overcome by using an iterative 

1on ù °lution in a device which can deal with one
only at a time. However, the solution still becomes
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very tedious if there are many variables.

It seems at present that digital methods are to be 
preferred for the solution of simultaneous equations; 
however, the principles of the machines described are of 
interest and may well be included in analogue devices f°r 
special applications.

5, Fourier Analysis and Synthesis; Solution of Polyno^^
Ji

The synthesis of a periodic function from a scries 0 
harmonics, and the analysis of such a function into it0 
harmonics, require very similar techniques. In an analog^ 
solution, the first requirement is the generation of all 
harmonics involved. A Fourier analysis requires also a 
product integration. These functions can readily be oa^ 
out by either electrical, mechanical or other methods,
a great deal of ingenuity has been applied to the use

A

a*11
of

various analogies ", The problem of analysis occurs very
fh6frequently in the practice of electrical engineering, 

function to be analysed being presented in the form of
• a V®variable voltage. An analysis by electrical methods is 

conveniently used, and several types of electrical har<nCirl 

analyser arc available on the market.

ft

When the data are photographic records or in grap 
form, mechanical methods of analysis are often more 0011

hi**\

venient, and a number of 'such methods have been dose
o<*In the solution of polynomial equations, it is o

ooiipractice to evaluate the polynomial expression for SP° .yj
values of the modulus of the variable, and this can

A For example, see refs. 6, f5, 16, 25, 37, 41, b5 * 30



182.

done by harmonic synthesis, Thus, a machine capable of 
Performing harmonic synthesis can be used in the solution of 
N polynomial. Such a device, in mechanical form, is the 
bograph (8, 36),

A special requirement for Fourier analysis arises from 
?GGont work in crystal structure analysis by diffraction 
^thods, To those engaged in this work, the time' and tedium 
Evolved in the interpretation of diffraction patterns needs 
^ emphasis. The problem is one of Fourier analysis in three 
Niables, and its solution involves the examination of trial 
Recules and the. comparison of the results with experimental 
Nervations of the molecule under examination. The time in­
alvea in the computations relating to a single molecule,
Nhg normal facilities, is such as to impede very seriously
N use of the results of diffraction experiments. The com-
ktations themselves could undoubtedly be carried out very 

ckly if a high-speed digital computer were available, but
G Presentation of the results in the form of a series of 
^our maps is itself an undertaking of seme magnitude.

P.

To overcome these difficulties, a device known as 
^0 (38) has been developed during the last few years by 
c lessor R, pep insky at Pennsylvania State College in the

‘S*A* It is a large and expensive machine, but it can present
Lh several hours, on a cathode-ray screen, a series of
°br maps relating to a crystal structure analysis, which 

ClN take many months to obtain with existing methods.

It is possible, of course, that future developments will 
H ^ ‘ It practicable to carry out such a computation on a

machine, and this possibility must not be overlooked, 
^thelesa, the desired presentation ,is in "analogue" form, 
Of t^ere will obviously be a considerable demand for the use 

Strumenta such as the X-RAO for a long time to come.



183.

6. Differential and Integral Equations

The widespread occurrence of differential equations 
in scientific and industrial, problems of all kinds gives 
the differential analyser a special place,amongst anal°Su6 
machines. As this subject has already been dealt with at 
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 pr°° 
of integration. Several instruments have been designed 
use other methods of integration, and electrical devico0 
have had considerable application for this purpose. The
relation between the charge on a condenser and the cui
flowing into it provides a convenient basis for integro 
The principle of the electricity meter has also been u0e 
as also has the velodyne, an electric motor which rota*00

Ô!

The?6at a speed proportional to an e*m,f, applied to it, 
latter devices allow integration only with respect to - ^
time, which seriously limits the flexibility of a diff0*" 
ial analyser based on any of them.

Brief mention should also be made of the soluti011
of

integral equations, for which comparatively little w a#
been done towards the development of analogue devices# ^ 
machine known as the Cinema integraph (2k) was produco ^ 
the Massachusetts institute of Technology, using an °P ^ 
analogy, and appears to be the only important oontrib°
in this field.

7. Statistical Analogues

In conclusion, I should like to draw attention 
possible use of analogies between statistical and c
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! functions as a method of evaluating the latter. There is, for 
Sample, the statistically derived equation of the "random 

I walk", which is analogous to the diffusion equation which 

occurs in many physical contexts. The use of this property 
has been put forward as a means of deriving solutions of the 

I diffusion equation by digital methods, it is possible that 

a simple analogue device could be developed for this purpose,
! Slid it ie suggested that the examination of statistical 

I balogi es may provide new bases of calculation by either 
I digital or analogue machines.

It has been possible to give only a brief resume of the 
I Principles and methods involved in computing by devices of 
I analogue class, and many such devices have had to be 
: fitted. However, there is an extensive literature on the 

8ubDect, and the intention to-day has simply been to present 
^G facts in perspective against the background of the most 
I'°cent developments.
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XII. Digital-Analogue Conversions
v..       —I"'     ■ ■■     

by W. R. Blunden

Introduction

Much has been said during this conference of the scope 
ana application of digital and analogue machines. Develop­
ments in both fields have been spectacular so much so that 
the analogue computer and the digital computer are now 
a°cepted tools for mathematicians, mathematical physicists 

' ana engineers. Although the fields of usefulness of both 
these basic types separate out rather naturally, there 
spears to by? a very promising new field for machines com­
bining certain features of each, in order to effect this 
Gotnbination, it is essential to examine the possibilities 
0f conversion between the numeral scales which are the 
w°nking medium of the digital machine and the continuously 
liable physical quantity by which variables in the anal- 
°SUe machine are represented.

Before proceeding to discuss methods of digital- 
^halogue conversion, i.e. conversion of digital information 
^hto analogue form and vice versa, a little more should be

of the "promising new field" mentioned above.

Field of Application of Digital Analogue.Machine

The application of the digital and analogue machine 
^ bot based so much on the particular way in which these 
Sfrato machines work but rather on the nature of the 

^bletn. to be solved by them and in particular upon: —
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(a) the accuracy required 

(h) speed of solution

(c) the form of the input data

(d) the manner in which the answer is to he presented

(e) whether or not the solution is to he carried out 
in "real" time

This latter point is very important for if a problem 
involves real time as the independent variable, it become0

of

part of an actual physical process and the computing ma# 
becomes one element of a more comprehensive control system* 
For example', the stabilizing of a position control servo­
mechanism often demands that the mathematical operation0 
differentiation, integration and weighting and averaging 
with respect to real time be carried out on the error

ofGare should be taken to appreciate the significance 
real time in relation to speed. One generally assumes 
digital machines work very rapidly and analogue machine0 
slowly. However, in real time problems analogue devices 
often provide instantaneous solutions. In a digital devi°e_ 
there must be necessarily some time delay between accept 
the data and providing the results. This time delay may 1°.

coormade very small and a digital device will perform the 
putat ions to any prescribed accuracy standard and there 
thus appears to be scope for conversion of physical d:ata^^ 
direct to digital form and then carrying out the comp a*9 
numerically.

As well as real time problems there are other Pr°
,bl^

requiring solution by numerical means in which the 1#P u*
is most readily available in the form of curves and gr9p 
and in which the answer is required in the same form, 
problems of this type arc common in engineering practi00
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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 
We ans must therefore be provided for converting the stored 
Agitai data into its analogue equivalent.

v__ Principles of Digital Analogue Conversions

Much work has already been carried out on techniques 
f'0r' effecting digital-analogue conversions especially in 
Nation to pulse code modulation equipment 0-3,35) ang 

for coders and decoders. Although it is usually
V ... *

Pessary to. affect conversion both ways, the digital 
^Vgue conversion is the direct process whilst con- 
ei>sion from the analogue to the digital form is indirect 
^ usually involves some form of discriminator. The 
^hcipai of direct conversions will therefore be con- 
lüorea first.
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of a binary decade if added in the ratio of ascending power5 
of 2, will produce a staircase wave-form with a rise equal 
to;

where V is the voltage excursion of the plates of the counto?

stage, n is the number of digits in the number to be ocn^ 
and K is a scale factor.

For example, we may wish to convert five digit binary 
numbers, V could therefore be 1 6 volts and with K equal 1°
unity the staircase wave-form would rise in steps of 1 v°1*

to a maximum of 2V - 1 , i.o. 3l volts. If the counter wo?6 
set to represent 10001 a voltage of 17 would appear at the 
output of the summing amplifier. Fig, 1 shows a schematic ti
diagram of a digital analogue converter for five digit 
numbers. The precision of the conversion depends on n a#d
is apparent that the accuracy of the conversion process
depends directly on V. stabilized supply voltages, limi 
and clamping circuits may be employed to establish V to 9 
high order of accuracy.

In addition to the storage register and the summit 
amplifier, a control circuit is necessary. Its primary

tio2

functions are to control the entry of the digital data into

the register and ensure that it is cleared prior to ncW 
being fed in.

da

The inverse process of converting analogue quantit1 90
006#into a numerical code may be carried out with the equip!

iti<^described above together with a discriminator and addi
to the control circuit. The analogue quantity is present6?d

to» one side of the discriminator and the output from th o
summing amplifier to the other. The control signal ini**9.

s



FI
G

. I
. BLO

C
K

 DIA
G

R
A

M
 OF

 DIG
IT

A
L T

O
 AN

AL
O

G
UE

 CO
N

VE
R

TE
R

.





Q
fr

o
m

 pu
ls

e s
o

u
rc

e

Û. z





the g envers i on process opens a gate which feeds pulses to 
the counter decade which builds up a staircase wave-form 
Until the output of the discriminator changes sign. This 
changeover is used to close the gate through which pulses 
to the counter pass and the counter then records the digital 
Equivalent of the analogue quantity. A schematic diagram of 
the essential units of such a converting device is shown
in fig. 2.

One should note that the digital analogue conversion 
'Process is carried out instantaneously as any configuration 
°f o’s and 1’s in the storage register gives rise to the 
appropriate voltage levels in the staircase wave. In spite 

this, the actual generation of an analogue quantity from 
digital data does in fact proceed in finite steps as a time 
a°lay must occur in clearing one number and setting the 
hext. The inverse process on the other hand requires a 
finite time for execution as it is necessary to clear the 
Q°Unter and count pulses into it until the output of the 
^Plifier coincides with the quantity to be converted. This 
lime is quite small and is related to the precision of con- 

1 on.

Suppose we wish to convert some analogue quantity and 
^Ihtaln an accuracy of 0.1#. This would require that'

10 and result in a staircase wave with 102U steps. The 
Aversion of the maximum amplitude would need approximately 

thousand pulses. If a pulse frequency of (say) 500 Kc/s 
^ used, then such a conversion would take approximately 
^113.1 secs, and the average time' for converting a quantity 
^ying between zero and a maximum with an accuracy of 
1 lh 1000 would be of the order of 1 milli-seccnd.

The step by step nature of the conversion means that a 
Nothing or integrating process is needed in the output of



the digital analogue devices and sampling of the input to an 
analogue digital converter must he carried out. Both these 
requirements place limits on the maximum rates of change of 
the data used in converting equipment.

i|. Applications

The general field of application of digital analogue . 
converters has 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 equip#®^' 

They are:-

(a) Digital analogue techniques for Electronic Dig1*9^ 
Computers

(b) Digital store for electrical analogue computers

(c) Digital Elements in a Control system 

(a) Analogue Techniques for Digital Computers
The fundamentally new approach to computing technilh60 

that has followed the introduction of the automatic dig1*9^ 

computer has resulted in seme kind of bias towards the us6 
of the practices already well established for analogue c0rn 
puters.

This bias, natural enough in the early stages of the 
development of a now method, is now beginning to disapP09^'^ 
The Manchester digital machine uses an analogue adder 1315 ^ 
of one of the various forms of logical adder, as a matt of 
fact, in binary arithmetic there is little to choose he 
analogue and digital principles as the tolerance on the 
few separate quantities that require physical represent9 
may be large. An analogue adder requires that the dig1*

ma-*'

two

be represented by the amplitude of an appropriate sig- $
(say) a pulse of amplitude 100 volts, zero could be rePr<3

W
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y no signal at all. Taking account of the "carry" signal 
adder must combine three signals, each of which may be 

0 or loo volts, and give four voltage levels at the output 
(o, 100, 200, 300 volts) which would be used to discriminate 
he various combinations of resident and carry digitsc It is 
°lear that no specially accurate device would be required to

a°hieve this. * ;;
Even when more voltage levels are produced as in the 

°aso of a staircase wave-form, the procedure described above 
^Plaits the establishment of as many as 1000 voltage levels 
,v,Uh a reliability normally expected in digital devices.

This fact has been made use of in the mechanism for 
Meeting words in the memory of the Manchester machine, 

electrostatic storage tube stores words of forty digits 
iïl single lines across the face of a 5" cathode ray tube,
^ to 61* words may be written and stored in such a tube,.

above the other and access to them is made by deflecting 
reading/writing beam by means of the "Y" deflection 

ÿstem. The áddress of a given word is specified in the 
Struct ion and is written in decimal or binary form, If

- * — <■» 1 OTI to

U
ih.

“traction and is written -----------ieoimal notation is used then preliminary conversion to 
* binary equivalent is necessary before sending « on to 
, selecting mechanism. Prom then.cn the selecting process 
6 8imply a matter of direct digital analogue conversion. 
he given cedo establishes a voltage amplitude which when 
^fliea to the Y plates of the tube deflects the beam to

U)
appropriate storage line,
digital store for an Electrical Analogue Computer

8^. ^ Problem that hitherto has defied a completely 
pq factory solution is that of providing functional date 

electrioal analogue computer such as an electronic 
Ql>Qntial analyser. Methods already used include the
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winding of special potentiometers, a Fourier synthesiser? 
cathode ray tube mask and sundry other devices.

The employment of a digital store would provide a 
rather elegant solution to the problem especially from 
point of view of versatility. Here again the direct convex 
from digital to analogue would be required and this should 
present no unduly difficult problem. The whole- unit would 
rather elaborate when account is taken of the selecting
mechanism and it would be necessary to make .a- careful s 
of the conversion rate and its relation to the maximum

tudy 
rat6 

ctof charge of the functional data, bearing in mind that 
data are usually functions of real time,

(c) Digital elements of a Control System •
Mention has been made above of the many application^

tbGl?of mathematical computation to real time problems and 
occurrence in control system. In addition to control 
that perform executive functions, there is a large clas0 
instruments known as "simulators" which are half computi ^ 
and half control systems. In all these the storage of ^ 

data is of importance.
Before proceeding further it is worth noting the ^ 

particular virtues of a digital store of the types ree6*1 
developed for high speed computer work. They are:-

(i) Large capacity

(ii) High speed operation or small access time
(ili) precision in representing data and as a cor_°^o 

the ability of associated devices to maniPuJ-c 
the data without deterioration

fi

ty
The large capacity of a digital store is the ^ 

that may have the greatest influence on the use of dig ^ 
methods in the control field. An obvious example Is ve
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to a class of machines known as profile or contouring
^chines. At present jigs and dies used for pressing auto- 
ticbiie panels are operated from master cams which must be 
%de by hand. The "three dimensional" cams used in service 
imputing instruments are made.by the laborious process of 
"8tabbing" and hand finishing. A great advance could be
baa
st

e in this field if the co-ordinates of a surface were
0r>ed in a memory system and called forth and converted to.

%%al
It

ogue form to control the cutting head of the machine as 
Moves over the work.

Aerati
On the score of their potentialities for high speed

to
on other control system problems arise. Many production 

°cesses in industry are now carried out at speeds in excess
^ ihe capacity of mechanical and relay counters. Although 

c°bhfc

Of

to, ihg itself does not call for conversion mechanisms there
e other applications where rapid access to stored data 

introduce refinement to control processes.

The arbitrary precision that may be established with a 
^eitai Standard cannot of course be maintained in the con- 
^sion process. In spite of this, however, there are slight 
Vantages in being able to establish a reference in a uni-
"toa^ form and quite often the dynamic mechanism linked 

Giy with the process to be controlled may not suffer 
"ageing" effects in the same way as say a voltage 

H^^shed by. a battery or the setting of a bi-metallic

ability to retain the initial precision when 
ISoPUlati°n oi> digital data is carried out is of great 
^.nan°Q, Manipulation may refer of course to physical

% of data or to its algebraic or arithmetical man- 
ation. The development of pulse code modulation in 
dication systems illustrates the possibilities resulting
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former interpretation. As mentioned earlier, control systems 
of sorts require units to carry out differentiation, 
integration and data, smoothing and the advantages of cart*y^ 
cut these operations by digital means are very peal. Ih a** 
these applications it is usually necessary to carry out the
direct and inverse conversions.

' : • • *

gr
ti
oc
ie
Ria

an
5, Conclusion

The summary given above of the principles of digito* 
analogue conversion is not meant to be exhaustive. The 
principles only have been dealt with and it should be nct°^ 
that a number of specialized devices^2'* have already bee*1 

developed for effecting conversions at higher speeds, Br0& 
accuracy and with less valves and standard circuit e lemon*01

tor

The remainder of this paper which seeks to show the 
possibilities for using these devices to extend the scopo

+ ])G°land usefulness of automatic computating machines has no^ ^ 
presented with any special desire to be realistic. The Pap 
tends to probe a little into the future especially in v*e^ 
of the fact that the two major types of computing equip111011 
have had to date a completely separate background and 
history. It will be surprising indeed if mating of the 
digital and analogue techniques does not produce some v',c1’ 
while progeny. However, its exact characteristics will 
remain for sometime yet a matter for conjecture.

Apart from these general remarks this brief survey 
seems to indicate that there is greater scope for convef0 
from digital to analogue form than is thq case for the ^ 
verso process. This is fortunate for the former process 
the more simple and in addition a conversion may be caPf* 
out in just the time necessary to establish the digits* 
number in the counter register. If this time is still *°°
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Groat, a ring of registers may bo used and the conversion 
Unie will only be delayed by the switching time needed to 
°°hnect the summing amplifier to an adjacent storage 
Agistor. After any one register has been sampled, steps 
%y be taken to clear it and reset it to the (n + x), the 
value of the stored data where n is the value just sampled 

x the number of registers in the ring.
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XIII» An Analogue Computer to,solve

Polynomial Equations with Real Coefficients
by E, 0. Willoughby , G. : A. Rose and W. G. Forte

ïhtrod action

This paper describes an instrument built at Adelaide 
University for s.olving polynomial equations up to the fourth 
degree. It uses magslip resolver units and commercially 
available auto-transformers (variacs) for its principal 
Computing elements.

It is basic to the solution of this type of equation 
'that equations of odd degree have at least one real root, 
ahd roots other than real roots for both odd and even order 
conations occur in complex conjugate pairs.

Consider the general polynomial equation;

p (z) = a^ -k- a z + agZ^ + .. a z% = 0
.a. ;

Oy* *i@more conveniently, if z = reJ' ,

10 ,2.2j6\ .0 (s) = X + jy = a^ -b a,re^+ a^r^o^^ + ;....a_r%*^= 0a
n

If* p(z) is displayed as z is scanned over all possible 
UeB > then the n zero values of p(z) indicate the n roots, 
computer displays p(z) cos eut (where a/277* is a fixed 
y frequency, t _ is time) through a narrow time gate,

&Gh when cos (f>t = j. Hence, p(z) is displayed corresponding 
the.values. of z at t = 0, 2rf/oj, l+'ff/to , ...... as z is

ahhed in polar form. A typical display is shown in fig. 1.

■^ho

^Bpl
to
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The number of points1 def ining’.the. p( z) path is equal 
to the scanning period divided by the supply period. The 
scanning -period, is. the time taken, for 0 to change by 27T.
The amplitude, r, is varied manually but must be held con^aI1 
for periods of 271/uj so that z can assume all possible valueS' 
There is a minimum number of points necessary to define the 
p( z) path. Hence the speed of operation is dependent 
directly on the arbitrary supply frequency, eri

2, Description of Instrument

The instrument consists of four computing units. 
They are:-

(a) The cos wt" generator

The function p ( z) coswt is produced by (n + f)
identical resolvers operated as shown in table 1, The
table indicates the circuit e.m.f,1 s, , assuming that the

i 8input variable z =? reu is fixed,

(b) The "r" unit

The voltages a rn cosuüt, are supplied from n 
identical varia os which are ganged together. The input 
impedance of the va rises is raised by suitable parallel 
tuning capacitors. The variac connections are-shown in 
fig. 2. The physical arrangement for varying r limits r 
to less than unity.

The computer operates in the range 0.1 <( r<( 1. A g
simple transformation of the polynomial coefficients cn^ 
roots within the ranges

to bo located.
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(c) Coefficienti

The polynomial coefficients, an, are simulated by 
alternators and a scale factor must be introduced in order 
u^Rt their numerical values should bo always less than
Ghlty.

(d) The Display unit

^ The Com.fo’s.j, x cos wt and y cos &>t arc applied to 
c horizontal and vertical deflection plates of a C,R.O.

- -  — — . — — — — — v.v — ^ •-*— w v u u. v 4. J, -L.(_X U V_/ kJ kv O

^ the displacement of the spot is therefore p(z) cos ^t,
0 tim0 gate mechanism reduces the display to p(z).

To find a zero in p(z), the spot representing the 
°wial must pass through the origin. This requires 

chrato alignment of axes and stable tube mounting. However,
If A -

pc%h

^ . ---- ------ —    — ■— W N^« ■— M> w V KA'*' NX LiJ. vy Mil J. v Pi # Ai W" »

^-h addition to p(z) a spot at p(-z) is also displayed, 
£(z) is zero when the two spots coincide.thGn

3. .
hi00 ura cv

b The accuracy of the instrument depends upon the equation
°°lved, it is possible to specify the percentage error

coefficients a_, a. , etc, , the powers of r, the ■‘•osqi o' •] 7 7

0ï> shaft angles and the departure from sinusoidal 
Ov ^u^Ton of the resolvers. Each percentage error^varics

-Li

&
th

oat,
' th<

'^ti,

0 range; c,g. a given percentage error in r will be
in Gr ^tir small values of r„ However, the overall error

G hr
On,. _ production of p(z) can bo calculated, given the 

4 °h and Zo 
Th^ ü accuracy of the roots determined by the computer 

°í“ w directly on the accuracy of p(z) and the derivative
.jr in ^he vicinity of the roots. If p1 (z) =0, then z
hot* ^ 0Vo:c> a comparatively large range without producing 

enable difference in p(z) -, Equations with multiple
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roots display this property. Hence a maximum error can be 
specified for the production of p( z), but it is not possi13-'-0 
to specify the error in finding the roots, inaccuracies due 
to small p* ( z) are readily observed by the operator.

■I
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Discussion on papers XI» XII, XIII.

p 2/ R. HARTREE - referred to a question on the use of the 
Pihsky machine for double and triple Fourier summations, and 
^ that not having used the machine he would refrain from 

x en-t. However, the installation of such a machine in 
Slang was at present under consideration, and one of the staff 

,,r til0 Cavendish Laboratory is in U. S.A. studying the machine.
0 Commented also on the cinema integraph for solving integral 
_^ations and said that it had never been developed to a stage 

w^lch it was satisfactory in practice.

Cn the subject of digital-to**analogue conversions, he 
^hat Mr, B1unden might have given the impression that 

inviK. erse conversion was of no practical importance. He 
f;intQa out that a machine known as MADDIDA, a differential 
^yser, has boon produced commercially. It accepts analogue 

abd integrates digitally using a magnetic drum store. TheN'Put is recorded graphically.
^ Qxpiained a method of converting shaft position into 

binary code by a simple switching arrangement. When a 
lria]?y code is used with such a mechanism there are 

s^eps (for example, changing from 3 to U) where a 
'ke ^^Sits change in going from one number to the next,

lead to serious inaccuracy if these digits do not all%
v -^Aauxiiy togetaer

av°id this trouble:- 

Decimal

modified binary scale may

Binary
Modified
Binary

0000 0000

0001 0001

0010 0011

0011 0010

0100 011 o

0101 0111



General Discussion

CHERRY - in opening the discussion, referred
to the "Monte Carlo" methods and indicated that the randcin 
walk method of solving partial differential equations had 
been investigated by Dr, J, Todd, who had found that an 
accuracy of 2% to 3% could be obtained with two to three 
hundred walks. Professor Cherry also indicated that the (| 
random numbers were generated by the "middle of the squaI> 
method, i.e. by extracting the middle 8 digits from the 
square of an 8-digit number,

D, R. HARTREE - said that he was surprised at the 
accuracy described by Todd for as few as two to three 
hundred walks. It appeared too good.

He then referred to a question on round-off orroi*5 
in a binary machine and said that he knew of no work

r ^ tfOi)had been done on the subject. Huskey (59) has made a * ^
of the accumulation of errors occurring in the integri 
of differential equations for which exact solutions wei'

•en4known and has shown that a departure from randomness - 
rounding errors may occur in some circumstances, prof^ 
Hartree thought that the now machines themselves 
usefully applied to the study of the accumulation ol 
effects of rounding errors.

0?

MISS H, N, TURNER - said that it was not clear to 1^

whether sub-routines could be constructed which wobl^ 
independent of the actual addresses of the storage 
referred to in the instructions of the sub-routine»

a °vrD, R, HARTREE - indicated that such sub-rout ih0’'1 
bo constructed by elaborating the programming. He
the principles involved by generalising the simp]-0 ^ fOt



? *
'cr the operation lc(6) | to 4 (paper V, §3)., and to a
^ogram for IG(j)! to k, The sub-routine for the specific
Sample la;-

G K
m - A. 6 F
m + 1 E 4 9
m + 2 T 0 F
m + 3 S 0 F
m + 4 T 4 F

g. ^here are various ways in which this program might be 

For the ED SAC at Cambridge, this is done by an 
rjijle°ri0^°n of the use of terminal code letters, as follows, 
SutnStr>UCti°nS arG Presented to the machine punched on the
fflako * a ^orm slightly different from that which they 
'°0iïig _ ■-’tore, the translation from one form to the other 

c0u,SoiCd °U^ ^^G course of reading the tape; and in
- ° of this translation the values to be ascribed toand k in

!gs m and m + 4 have to be A j and T k; they

l^c "■ •Líl any particular application of the sub-routine are 
ions ^or>ated in it. For the operation lc( j) I to k, the instruct-

th addressi
5 2cI>°ãeâ aa A 0 H and T 0 N (punched as A H and T N, since 

-j.d a^^ress does not have to be indicated explicitly on 

hpQg and the set of instructions beginning with A H is
W . G<"* t)y a set of tape entries specifying the interpretat-%

j 0 Sivon to the terminal code letters H and N in any
■'HQ+. application of this sub-routine. The set of in- ^ionsatv, PPâer which the machine is operating while readingti ,3V Uctw„ -
%Ult

°hs from the tape is such that a terminal code letter 
in 0(45) being added to the instruction as punched,

if m the course of reading the tape the number
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j (punched as P j p, see paper V, end of §2) has been 
placed in address 45, the instruction punched on the tap0 
as A H becomes A j in the course 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 0(46) being added to the instruction as 
punched, and other terminal code letters are available# 
Thus the relation between tape entries and contents of 
storage locations is as follows

Address Content Tape Entry Note0
G K
J 45 K A

. P d p H-para#0
P k F N-paratnC
;.:vT. Z

m . A j A H
m + 1 E (m +- 4) E 4 9
m + 2 T 0 T F
m + 3 S 0 S F
m + 4 T k T N

K Numbers (j, k) specified in following tape entries 'fc0 
be stored in addresses 45, 46.

/ Next group of instructions to be placed in a set of ,^3 
consecutive storage positions beginning at m (deter# 
by an earlier tape entry).

In such a simple example as this, this extended uS
of terminal code letters may seem a complication, 
large programs it results in a very substantial si#P^
ion of the process of programming.

Por a fuller account of' the ways in which value0
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Parameters ean be incorporated in.a program for the EDSAC, 
°Ge references (52) (57)• An alternative way Is by means of 
+J4o auxiliary register, known in the terminology of the 
Manchester machine, as.the "E-register" (see paper V, end 

83).
R; A. SACK - found it hard to understand why the Gauss 

Method of integration, using unequal intervals, should be 
Preferable to Simpson's Rule. Automatic computers appear 
^nirably suited for repetitive processes even at the ex- 
P°hso of time.

D. R. HARTREE - said that the Gauss method had been 
' °rked out as a library sub-routine, hence no difficulty 
'aG °xpcrienced in incorporating it into a program. And 
^ a given number of ordinates it gives a much higher 

l°cbracy than Simpson's rule.

b0

Of

Replying to a question on the number of high-speed 
ctnatic computers in existance to-day, he said' there would 
shout thirty. Twenty of these are probably located in 
United States and the remainder in Europe and Australia, 
these, about twelve could be regarded as completed machines

to
%

th
st
1(3

In answering another question on the time taken to
^^am a problem, Professor Hartree said that it was
Pondent on the library available and the experience of
° People concerned with the programming. The program for
integration of a simple differential equation, using

^hdard sub-routines, might be sot up in a few hours,, or
as.

■K Ai B,‘ THOMAS - said that ho was interested to hear----------
in
Of th

%

"lhe most failures in the Cambridge machine occurred 
6 electro-mechanical units and in the passive elements 

iho electronic circuits. This showed that valves,
°hly regarded as fragile and unreliable, were not the
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most likely source of failure; nevertheless, oven greater 
reliability could be obtained by using special valves con­
structed for telephone repeaters. Mr, Thomas said also th^ 
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 long
dominated the field. There was also a possibility that ga5' 
filled tubes may be useful in the electronic circuits.

D, R, HARTREE - in replying to Mr, Thomas said that 
Cambridge group has examined the possibility of using gaS" 
filled tubes in certain electronic circuits. The conclusi011 

arrived at was that their speed of operation was somewhat 
too low and the extra reliability did not warrant the 
sacrifices in speed, expecially as future developments l*1 

computers will tend towards higher operating speeds.

Commenting on valve failures generally, professor 
Hartree said that most valve failures occurred during 
first few hundred hours of their life. Preliminary tests

the

ity. on new batches of valves would therefore remove the f011 

ones. He also said that there seems to be considerable 
disagreement about factors influencing valve life, such 
the effect of switching them on and off.

Referring to a question on automatic checking# 
Professor Hartree, indicated that he had had no expert00 

with machines with automatic oh oc king facilities bull13 
them,. In general, he continued, most errors in a machl00 

which operates on its own instructions are likely *° 
produce results which are quite clearly nonsense, Ary 
machine provided with an error correcting code might ^ 

more time correcting itself than solving problems.
professor Hartree concluded his remarks by ref°^

.0
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to the electrolytic tank and mentioning the difficulties 
that a group at Cambridge had encountered in designing a 
suitable probe. He asked Mr. Hcllway whether similar trouble 
had been met with locally.

D. L. HOLLWAY - said that trouble had been experienced 
originally from surface effects at the probes, and this led 
to measurements of impedance between the liquid and test 
Probes made from different materials. Of these, copper was 
found to give the lowest and most reproducible impedance,
A8 copper was not satisfactory from a mechanical point of 
view, beryllium copper was used instead. The amplifiers are 
arranged to avoid appreciable electrical loading of the 
Probes ; the potential probe is connected directly into an 
otherwise open circuited grid and the effective resistance 
^oing the gradient probe is greater than 50 M The feed- 
°Uck circuit ensures that both probes remain near earth

— c ~~ %»' H_L. ** «L * v l—V u. V«-% *• — —potential. The error in the gradient measurement caused by 
0 mcniscus is minimised by setting the gradient amplifier 

^aih °efore use by moving the probes into a test cell in 
lcil the gradient is known.

The uncertainty in gradient measurements is approx- 
^‘Puteiy Í or Í i/o when the probes are completely sub- 

-Uged. This is sufficiently accurate for tracing electron 
3 ila In beam deflection electron tubes but it is not 
at; ^^^Ght to allow measurement of aberrations in electrc- 
^ ltic lens systems of long focal length and this may have 

Gh the class of problem investigated at Cambridge,

% ty; R. BLUNDER - said that he had been impressed by

Put
Potentialities of the "Monte Carlo" processes. He thought 
Method seemed so powerful that special purpose machines,

Pi* hocessarily digital ones, should be made to exploit the 
Gosa. They would be extremely useful for solving certain
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partial differential equations of common occurrence in 
mathematical physics. He pointed out that considerable 
work had already been done in an 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 coefficients from graphiCt'' 
records of the thickness of the paper made by the portion-^ 
machine. This work is normally not suitable for a mechanic 
differential analyser as it is too slow.
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Exhibition of Equipment and Demonstrations

During the conference there was a display of computing 
equipment in the Drawing Office of the Electrical Engineering 
^apartment and in the C.S. I.R.O. Radiophysics Laboratory.
Much of the equipment was loaned by various manufacturers 
Shd distributors of commercial type calculating machines.
The following word included in the demonstration:-

At the University
1 ' The C.S. I.R.O, Differential Analyser by C.S. I.R.O.

Mathematical Instruments Section
2 • National, Type 3000 - Specially modified and exhibited 

Dy C.S. I.R.O. Radiophysics Laboratory
Typical new model multi-register machine by National 
Gash Register Go,
Type 2000, multi-register machine by National Gash 
.Register Go,

5
' Class M 200 6 register and a 10 register machine by 

Burroughs.
6, „

Sunstrand" Early Model D by Stott and Underwood. 
Messrs, stott and underwood are exhibiting this model 
“y special request as it is a "vintage" machine and 

special historical interest. y
Various hand machines by McDougalls

8,
I.B.m, 6o2 A Calculating punch - Multi-counter 
Multi-register plug board sequenced Machine by I.B.M.

9t Multiplying Punch 
Tabulator
Mull Counting Sorter .
universal Automatic Key punch by Kalamazoo (Aust, ; Ltd,
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At the Radiophysics Laboratory
10. O.S. I.R.O. Mark ï Electronic Computer by C.S. I.R. 

Radiophysics Laboratory
11. Hollerith punch Card Machine by C.S. I.R.O. 

Radiophysics Laboratory
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