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PREFACE

The International Symposium on Automatic Digltal Ccmputation,..
held at the National Physical Laboratory, Teddington 1in March, 1953,
was the third of 1ts kind 1n this country, the first having been held
at Cambridge 1n June, 1949, and the second at Manchester In July, 1951
in comexlon with the inauguration of the Manchester Unlversity
computing machine,

In the bellef that a great part of the value of such symposla
liles In the dlscussions, coplies of the papers to be presented were
distrivuted in advance and speakers were asked to assume that they had
been read. This saving In time in the presentation of the papers gave
a useful increase 1n the time avallable for the discussilons, The
summarized reports of the dlscussions are based on notes taken at the
time by the varlous reporters, checked and suppiemented by reference
to a magnetic-tape recording of the proceedlngs. It has, of course,
been necessary to condense the reports of the discussions very con-
slderably In order to keep the record to a reasonable size, but it 1s
hoped that nothing of outstanding importance has been omitted.

The organlzers of the Symposium wish to take thls opportunity of
thanking those who prepared and presented the papers, particularly

those who helped very materlally by supplying the coples needed for
the advance distribution.

National Physical Laboratory,
TEDDINGTON, Middlesex. -

1954.
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AUTOMATIC DIGITAL COMPUTATION

Opening Address
by
Prof. D. R. Hartree

Cambridge Unlverslity

It will be two years thils July since there was last a conference on automatic digltal
calculating machines in thls country, the occaslon for that conference being the 1lnauguration
of the Ferrantl machine at the University of Manchester, Since then there have been various
developments: on the englneering side, progress with and completion of other machlnes, and,
more particularly in America, research on new kinds of storage elements and other machine
components; on the maintenance side, 1n connexion with testing and dlagnosls of machine
faults; and on the operating side, In connexlon with programming. The papers to be given
at this conference, and the numbers present to listen to them, show that the time is ripe for
another conference on this subject, and I would like on your behalf to thank the Director of
the National Physical Laboratory for making 1t possible to hold 1t here, and those of his
staff who have been responsible for the detalled arrangements.

Five or six years ago, 1t was possible for someone interested in the subject of automatlc
‘digital calculating machines to know something of most of the maln projects In this fleld In
the world. But this 1s hardly possible any longer. This 1s not only because of the much
greater mumber of groups concerned with work on these machines, but because the scope of the
subject has widened greatly. With the successful completion of several machines and the
accumulation of experlence 1in using them, there have been developments in programming, and
also in varlous branches of numerical analysis 1n which advance has been stimulated by the
potentialities of these machines, and 1t would be something like a full-time Job to keep well
acquainted with all that is going on In this field in this country alone. I therefore
apologize In advance 1f 1 show myself less familiar than I would like to be with some of the
‘work on which some of you are engaged.

One development which I will mentlon specifically is the work on the machine called LEO
at the head office of Messrs J. Lyons & Co. Ltd; and 1t 1s worthy of speclal mention because
it 1s, as far as I know, the first high-speed automatlcally sequenced machlne to be bullt
primarily for cammerclal and clerical work. A characteristic feature of such work is that
the amount of input and output, relative to the amount of computatlon, 1s very much larger
than in most calculations relating to sclientific and technical problems. This feature, and
1ts influence on the machine, is discussed in Mr. Thompson's paper; for the present let me
commend the enterprise of Messrs., J. Lyons & Co. Ltd., collectively and Mr. Thompson
‘individually in undertaking and carrying through this project.

One of the Important steps in the development of the more recent automatic digital
calculating machines was the recognition of the possibllity of representing operating instruc-
tions within the machine in the same form as numbers, and of the advantages which would follow
from this. So long as there was no completed and operating machine making use of this ldea
“and giving opportunity for experiments In the practical exploitatlon of 1t, Interest was
mainly concentrated on projected machines and their functlonal and detalled design. It 1s of
course possible to do paper programming for an imaginary machine, or for one under construc-
tion but not yet operational; but such programming may be rather unrealistic, and, as far as
my own experlence goes, one's 1deas of programing are apt to change rapldly and considerably
as soon as one has a working machine on which to try them out.

But when machlnes did become availlable and some experience of using them accumulated,
the subject of programming took a bound forward, In much the same way as the subject of
machine design and construction developed from exploratory experiments to the successful
canpletion of machines two or three years earller. This 1s illustrated by the number of
papers concerned with programming in the Joint A.I.E.E. - I.R.E. - S.C.M. conference at
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Pittsburgh (June 1962) as ccmpared with slender reference -~ almost as an afterthought = to
programming in the report of the New York conference (December 1861)., It seems that in the
interval the power of programming techniques such as the use of the library of subroutines,
interpretive routines, and converslon or translation routines, had beceme much more widsly
appreclated and studled; and I understend from those who were at the Toronto conference and
the M.I.T. summer school last year that there 1s now considerable activity in America on
these more sophistlicated aspects of programming.

Engineering and Programming

I do not want to gilve the impression that I regard engineering and programming as
unconnected features of an automatic digital calculating machine. The facilitles provided
by the englneer are closely related to programming, and conversely experlence of programming
may suggest facilities which one would like to have bullt Into the machins. Further, the
operation specified by a single machine lnstruction may involve a sequence of more elementary
operations - for example, multiplication involves & sequence of additions, shifts, counts,
and tests - and the design of the control system can be systematized by applying the 1deas of
programming to the sequence of elementary operations involved in carrying out one machine
instruction. This is the subjJect of Mr. Stringer's paper on "Microprogramming®.

An example of the effect of englineering on progremming is provided by the facilities
afforded by the B-registers on the Manchester machine. In a machine with & single adder and
accumulator, any modification of instructions in the course of the calculation involves the
use of the accumulator, and to make it avallable for this purpose, any other intermediate
results must be moved out of it, and then replaced when the modification of instructions has
been carried out. Provision of a second adder and accumulator, perhaps only with limited
facilities, enables such modification of instructions to be carried out without the disturb-
ance of partial sums being accumulated in the main accumulator, and thils, as well as simpli-
tying programming, probably increases the overall speed and decreases the total storage space
required for instructions, I am aware, of course, that the B-reglisters in the Manchester
machine are not actually used quite in this direct way for altering instructions in the
store; the effect is obtained in another way, Involving similar hardware additional to that
of a machine with a single adder and accumulator. Incidentally, some such facilities could
be provided alternatively by microprogramming.

Another effect of engineering on programming ls the effect of the provision of an
auxliliary store. This may well affect not only programming but the calculation to be
programmed. For example, 1n the numerical integration of ordinary differential equations
some methods require speclal starting procedures, and, for that reason, have been regarded as
less suitable than methods not requiring such special starting procedures, But with an
auxiliary store it may be Quite practicable first to have a special starting subroutine in
the main store and, once the integration has got under way, to replace it by the main
integration procedure.

Before I leave the engineering aspect, let me mention two possible future developments,

In most calculations, the number of storage locations whose contents are altered = apart
from the result of transfers from an auxiliary store - 1s smell compared with the total
number used. It is only for those whose contents gre changed that one needs & short read-in
time; for the rest only a short access time and read-out time 1is necessary. Thus if
removal of the condition of short read-in time could lead to a storage system, with short
access time, simpler than anything at present available, it could be used for the greater
part of the store.

Secondly, means of scanning rapldly a sequence of storage locations and determining
which contained the number of greatest modulus would be of great service In any calculation
of a kind which in a hand calculation would be done by "relaxation" methods.

Development of Programming

In the development of programming there has been a marked tendency to depart further and
turther from direct programming in terms of the machine instruction code.

2
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One step In this direction was Wheeler's free use of relative addresses, the appropriate
origin for the address in each Instructlon being specified by a marker symbol which 1s inter-
preted by the machine 1n the course of reading the lnput tape.

- Another step was the use of "interpretive" subroutines which specify speclal interpreta-
tions to be glven to "words" of certaln kinds, so that a single "word" — used by the pro-
grammer as a single instructlion - In the maln program can be used to Initlate a whole sequence
of operatlons Involving a long sequence of machine Instructlons.

Another step 1s the use of "floating addresses" for cross-reference between Instructlons;
each instruction which is referred to by cther Instructions 1s marked by a speclal Indicatlen
and is referred to by that mark; as the Instructions are read 1n, a 1list Is made of the
addresses into which the marked Instructions are placed, and the addresses in the other
instructions which refer to them are entered accordingly.

A more recent development 1s the use of "conversion® or "translation" routines to convert
into a sequence of machine Instructions a program written — in whole or 1n part - in some
other form, For example, a converslon routine might convert the data and formulae (for the
evaluation of a sextic polyncmial):

X = (C(100), ap = C(120+n),
Yo = 2, ¥yn = ¥yn-1 X + 2an,
ye to 200, ’

supplied in suitably coded form, Into a sequence of machine instructions. The main problem
in such conversion routines, I think, 1s devising means of bullding up not the Instructlons
for the purely arithmetical operatlions but those for the organizational side of the work such
as counting and switching. o

A feature of this departure from the machine instfuction code 1n programming 1s that 1t
may increase the difficulty of finding mistakes In programs. Even 1n programming 1n terms of
machine instructions, use of subroutines sometimes causes difficultles, for example when a
mistake in a program results in a spurious Instruction being planted within a library sub-
routine; -one of the advantages of library subroutines is that they have been — or should
have been - adequately checked, and one does not immediately go looking for program faults in
them so a fault planted in a library subroutine by the operatlon of instructions elsewhere 1n
the program may take some time to dlagnose. The diificulty is likely to be much greater
when conversion routines are used, because the programmer will usually not know what instruc-
tions ought to be In what places In the store, so that a "post-mortem" procedure wlll be of
little use 1n finding mistakes. N

In view of these developments in programming, I would like to see more publication of
papers on programming and on the use of these machines. There are, I know, a number of
reports with limited circulation, but 1ssue of these does not constitute publication 1n the
sense of making generally known or available. Even the report of the Manchester conference
of July 1951 appears to have been 1ssued and distributed privately. This 1s a pity, as the
papers in 1t are of considerable Interest, but they cannot be regarded as generally avallable
for reference; and the same applles to some other reports. In particular the ACE system of
programming, with 1ts three-address code and timing numbers, and 1ts facilitles for optlmum
programming, 1s a good deal different from any other system I know, and 1s of considerable
interest, but I do not know of any accessible reference to give to anyone enqulring for
information about it.

" Terminology

. I would 1like to end with a few remarks on terminology. It is inevitable that each

~ group working on the construction or use of a machine should develop a terminology particularly
-appropriate to the local conditions. But 1t is unfortunate 1f in general discussion or In
published work the local dlalect 1is too freely used without explanation. For example with a
serial cathode ray tube store the term "line" for a storage location, or for its content, 1s

a natural one; but the term "line" for a storage location would be Inapprcpriate even in a parallel
¢.r.t. store, and use of this term in this sense without explanation In a general context 1s
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merely confusing to those unfamillar with the particular storage system to which 1t 1s
appropriate. For this reason I used earller the term "B-reglister® rather than "B-line", in
referring to the facllity provided by these reglisters Iin the Manchester machlne.

About 6 months ago a letter by Professor Kapp appeared In "Nature" on thls subject of
terminology In connexion with autamatic digital machines; this was well answered by Dr. Booth
(ref. 1). I find myself In agreement with Professor Xapp 1n his disapproval of the term
"memory" for "store"; but he also objected to the term "Instruction" or "order" and suggested
the term "setting" or "adjustment" which he sald "have exactly the same meaning®. Here
Professor Kapp's suggestlions seem to be quite 1nadequate and also misleading; I can only
think that he had not at all understood what is meant by an "instruction" in thls context.

. A "setting" suggests something that 1s flxed and is determined by the operator, whereas a

machine instructlon may be altered by the machine and whether or not this is done may depend
on the course of the calculation and may not be known to the operator; or 1t may be con-
structed by the machlne by means of a conversion routine and the operator may never kncw what
it 1s or where in the store 1t 1s; he may even be entirely lgnorant of 1ts exlstence. This
1s hardly covered by the terms "setting® or "adjustment”,

A term which I would 11lke to see used with more care 1s the word "control", which seems
to be used indiscriminately for an operation (as in "transfer of control") and for the plece
of hardware which carriles out this function (as in the "current Instruction 1s sent to
control"). This can lead to confusion, and I suggest the word "control" be restricted to
the operation, and the hardware should be called the "control system" or "control unit".

No great harm 1s done 1f different people use different words for the same thing; 1t 1s
the use of the same word for diffsrent things (as in the case of "control") which leads to
confusion, and in this connexion I would 1ike to mention the term "floating address". In the
sense in which I have used 1t earller, this was Introduced by Professor Adams of MIT as being
preferable to the earlier term "free-address" which in speaking 1s very easlily confused with
"three-address", but 1t is also used In the sense of "relatlve address".

Lastly, may I press for the use of the spelling "program" without the superfluous
terminal "-me", We do not write the French forms "telegramme", "dlagramme"; why use the
French form "programme"?  there has been objection to "program" on the ground that it is an
Americanism and, for this reason (so it 1s implied) reprehensible. But it is not an
Americanism; reference to the 0.E.D. and Fowler's "Modern English Usage" will show that 1t .
1s a well-established English word, of respectable age, derived from the Greek through Latln,
and that "programme" 1s a reintroduction through the French. When we have a perfectly good
English word, why should we prefer a Galliclsm? And why, anyway, should a Gallicism be
acceptable and an Amerlcanism - even 1f it were one - unacceptable?

References

1. Nature, 1952, |70, 547.
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BRITISH MACHINES

Chatrman: Mr. F. M. Colebrook

N The Pilot ACE
by
J. He Wilkinson

National Physical Laboratory

Introducticn

A machlne which was almost 1ldentical with the Pilot ACE was first designed by the staff
of the Mathematics Division at the suggestion of Dr. H. D. Huskey durlng his stay at the
National Physical Laboratory in 1947. It was based on an earlier design by Dr, A, M, Turing
and 1ts principal obJect was to provide experience in the construction of equipment of this
type. It was not intended that 1t would be used on an extensive programme of computation,
but 1t was hoped that it would glve practical experience in the productlion of subroutines
which would serve as a useful gulde to the deslign of a2 full scale machine, An attempt to
build the Pilot Model, during Dr. Huskey's stay, was unsuccessful, but 8 year later after the
formation of an Electronics Section at the NPL a combined team consisting of this section and
four members of the Mathematics Division staertec on the construction of a Pilot Model, the
design of which was taken over almost unchanged from the earlier version. The machine first
worked, 1n the sense that it carried out automatlically a simple sequence of operations, in
May 1950 and by the end of that year 1t had reached the stage at which a successful Press
Demonstration was held. The successful application of the machine to the solution of a
number of problems made 1t apparent that, In splte of its obvious shortcomings, it was
capable of being converted into a powerful computer comparable with any then in existence and
much faster than most. Accordingly a small programme of modifications was embarked upon
early in 1951, but the machine was not functioning satisfactorily again until November of
that year. After a month of continuous operation 1t was transferred from the Electronics
Section to Mathematics Division where it has since been in use on a 13-hour day. During 1ts
first year of full scale operation it achieved a 65% serviceability figure based on a very
strict criterion. Its performance during its second year has so far been considerably better
than this.

Generel Description

The Pilot ACE 1s a serlal machine using mercury delay line storage and working at a
pulse repetition rate of 1 megacycle/sec. Its high speed store consists of 11 long delay
lines each of which stores 32 words of 32 blnary digits each, with a corresponding clirculation
period of 1024 microseconds, 5 short lines storing one word each with a circulation period of
32 microseconds and two delay llnes storing two words each. It was Inevitable that in the
design of a machine originally intended for experimental purposes, overriding conslderation
should be given to the minimization of equipment rather than to making the machine logically
satisfying as a whole, This is reflected to a certain extent in the code adopted for the
machine and in 1its arithmetic facllities, whlch are in general falrly rudimentary. The deslign
of the machine was also decisively influenced by the attempt to overcome the loss of speed
due to the high access time of the long storage units, The machine in fact uses what 1s
usually known as a system of "optimum coding".

Code of Pilot ACE

The P1lot ACE may be sald to have a "three—address code" though this form of classifica-
tion 1s not particularly appropriate. Each Instruction calls for the transfer of informa-
tion from cne of 32 "sources" to one of 32 "destinations® and selects which of elght long
‘delay lines will provide the next instruction. This third address 1is necessary because
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consecutive instructions do not occupy consecutive positions but are placed in such relatlve
positions that, 1n so far as 1s possible each instruction emerges during the minor cycle in
which the current instruction i1s completed. An unusual feature of the instructlons is that
the transfers they describe may last for any number of consecutive minor cycles from one to
thirty two. The instruction word contains three other main elements which are known as the
walt number, the timing number and the characteristic which together determine when the
transfer starts, when 1t stops and which instruction in the selected instruction source 1s
the next to be obeyed. The structure of the instruction word 1s as follows:

Next instruction source Diglts 2-4

Source Digits 59
Destination Digits 1C—14
Characteristic Diglits 15-16
Walt number Digits 17-21
Timing number Digits 25-29
Go diglt Digit 32

The remaining digits are spare.

Coding of a problem takes place in two parts, in the first of which only the source,
the destinatlion and the period of transfer are specified, the last belng a function of the
characteristic, walt number and timing number. In the second part, the detalled coding,
the other elements are added.

The sources and destinations.

Simplest among the sources and destinations are those assoclated with the short delay
lines. The six one-word delay lines are each glven numbers and these for reasons
associated with the history of the machine are 11, 15, 16, 20, 26 and 27. They are usually
referred to as Temporary Stores or TS's because they are used to store temporarily those
numbers which are being operated upon most frequently at each stage of a computation. In
general TSn has assoclated with it a source, source n, and a destination, destination n. An
instruction of the type :

15 - 16

in the preliminary stage of the coding represents the transfer of a copy of the contents of
T815 vla source 15 to TS16 via the destination 16, After 1t has taken place both stores
contain the number originally in TS15. The period of the transfer 1s not mentioned in the
coding because a transfer of more than one minor cycle is irrelevant. Most transfers are
for 1 minor cycle and hence the period of transfer is not specifled unless it 1s greater
than one minor cycle. Assoclated with the TS's are a number of functional sources and
destinations. TS16 for instance has two other destinations 17, and 18 assoclated with 1t,
in addition to destination 16. Any number transferred to destination 17 1s added to the
contents of TS16 while any number transferred to destination 18 1s subtracted from the
contents of TS16. 7516 may be sald to have some of the functions assoclated with the
accumulator on an orthodox machine. The perlod of transfer to destinations 17 and 18 1s
very important. Thus

15~17 (n minor cycles)
has the effect of adding the contents of TS15, n times to the contents of TS16. This pro-
longed transfer 1s used in this way to give small multiples (up to 32) of numbers.
Similarly, we may have
15~18 (n me)
The instruction

1617 (n mc)
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i1s of speclal significance because it has the effect of adding the content of TS1i8 to
itself for each minor cycle of the transfer, that is 1t gilves multiplication by 2Mora
left shift of n binary places.

TS26 has associated with 1t a number of functional sources. Source 17 gives the ones
complement of the number In TS26, Source 18, the ccntcnts divided by 2, and Source 19, the
contents multiplied by 2 The instruction

18-28 (n mc)

thus has the effect of dividing the contents of TS26 by 2“, that 1s & right shift of
n places. Similarly

19-26 (n mc)

gives a left shift of n places.

There are two functional sources which give composite functions of the numbers in TS26
and TS27. These are Source 21 which glves the number

TS26 & TSZ7
and Source 22 whlch gives the number
T526 # TS27.

There are a number of sources which glve constant numbers which are of frequent use 1in

~ computation. These are Source 23 which glves the number which has a zero everywhere except
in the 17th position, usually known as P17, Source 24 which gives P32, Source 25 which glves
P1, Source 28 which glves zero and Source 29 which glves a number consisting of
32 consecutive ones. These sources are valuable because they provlde numbers with an
access time of one minor cycle and are thus almost as useful as several extra TS's.

The use of a number of TS's with the arithmetic facllitles distributed among them makes
it possible to take advantage of the placing of instructions in appropriate positions in the
long storage units so that they emerge as required. The coding of a trivial example will
{llustrate the uses of the TS's and thelr assoclated sources. It 1s required to bulld up
the successive natural numbers, their squares and thelr cubes simultaneously. It is
natural to store the values in TS's and we may suppose TS15 contalns n, TS20, n® and TS26, ns.

Instruction Description

1. 28-15 zero to TS15 t.e.-0 These 3 instructions set the
2. 2820 7ero to TS20 e, 02 initlal values

3, 28-26 zero to TS26 i.e.  0°

4, 26-16 TS16 contalins n°

5. 20-17 (@mc) TS16 contains nd + 3n°

6. 15-17 (3mc) TS16 contains n> + 2n° + an

7.  25-17 TS16 contains n° + 3n2 + 3n + 1

8. 16~26 TS26 contalns (g +1)3

9. 20~18 TS16 contains n

10,  15-17 (Zme) TS16 contains n® + 2n

11, 2517 TS16 contains n® + 2n_+ 1

12,  16-20 7820 contains (n + 1)2

13. 15-16 TS16 contalns n

14, 25~-17 TS16 contalns (n + 1)

15.  16-15 TS15 contalns (n + 1) Next instruction (4)

The instructions (1) to (3) set the initial conditions. The instruction (4) - (15)2have
the effect of changing the contents of 15, 20, 26 from n, nz9 n°to (n + 1), (n+ 1)%
{n + 1)°, AS remarked earlier, each instruction selects the next Instruction and here

7
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instruction (15) selects instruction (4) as the next instruction. In the preliminary
coding this is usually denoted by using an arrow; 1t must be catered for in the detalled
coding by the correct cholce of the timing number, as will be shown below.

The branching of a programme is achieved by the use of two destlinations,
destination 24 and destination 25. If a transfer 1s made from any source to
destination 24 then the next instruction is one or other of two according as the number
transferred 1s positive or negative. Similarly if a transfer 1s made to destination 25
then the next instruction 1s one or other of two according as the number transferred 1s
Zero Or non-zero. in the preliminary coding the bifurcation 1is denoted by the use of
arrows, thus.

15 - 2¢
s N
tve -ve

In the detalled coding the effet¢t 1s that 1f the number transferred to destination 24 1s
negative then the timing number 1s increased by 1. Similarly for destination 25; the two
possible next instructions are consecutive in the store.

The two double word stores are numbered DS12 and DS14 DS12 has only source 12 and
destination 12 assoclated with it, but DS14 has, in addition to source 14 and
destination 14, a number of functional sources and destinations. Source 13 gives the con-
tents of DSi4 divided by 2, while transfers to destination 13 have the effect of adding the
numbers transferred to DSi4. In specifying transfers from, and to, the double length
stores, the time of the transfer must be specified, 1.€. - whether it takes place In an even
or an odd minor cycle or both, Thus the transfer

12~ 14 (odd minor cycle) usually written
12-14 (o)

represents the transfer of the word in the odd positlons of DS12 to the odd position in DS14
while

12-14 (2 minor cycles)

represents the transfer of both words in 12 to the corresponding positions in 14. The
operation

13~14 (2n)

gives us a method of shifting the contents of TS14 n places to the right while
14~13 (2n)

produces a shift of n places to the left.

The machine 1s not equipped with a fully automatic multipller. To multiply two
numbers, a and b together, a must be sent to TS20, b to DS14 odd, zero to DS14 even and a
transfer (source irrelevant) made to destination 19. The product 1s then produced in DS14
in 2 milliseconds, but a and b are treated as positive numbers. Corrections must be made
to the answer 1f a and b are signed numbers. To make multiplication fast, it has been made
possible to perform other operations while multiplication 1s proceeding. Thus the
corrections necessary 1f a and b are signed numbers may be bullt up 1n TS16 during

multiplication, and signed multiplication takes only a llttle over two millisecs. It is, 0f
course, therefore, a subroutine but a very fast one. The amount of equipment associated
Wwith the multiplier 1s very small. The maln part of the store consists of the long storage

" units known as DL1, DL2 DL11. Each of these has a source and a destination w ﬁh the
same number as the DL number, The words in each DL are numbered O to 31 and the n* word
in DIM is usually denoted by DLMn. Transfers to and from long lines in the preliminary
coding are denoted thus
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8,-16 (transfer n®® word of DL8 to TS16)
8nn—17 (add all the words from 8 to 8, %.e. n-m¥i

consecutive words of pLe"to Ts%).
Detailed coding

In the second stage of the coding the true Instruction words are derived from the
preliminary coding. This 1s a fairly automatic process and recent experience has shown
that 1t can be carrled out satisfactorlly by quite Junior staff. The timing of each
{nstruction 1s given relative to the position of that instruction in the store. This 1s an
{ncidental feature of the code which arose from the attempts tO minimize equipment, It
would be dropped in any future machine in favour of an absolute timing system. If an
instruction occupies position m in a DL and has a wait number W and timing number T then
the transfer always begins in minor cycle (m + W + 2) and the next instruction is always in
minor cycle (m + T + 2) of the selected next instruction source. The period of transfer
depends on the value of the characteristic. If the characteristic is zero then the
transfer lasts for the whole period from (m + W + 2) to m+ T+ 2), that is (7~W *+ 1) minor
cycles. If the characteristic is one, then the transfer ls for one minor cycle, that 1s
minor cycle (m + W + 2), If the characteristic is three then the transfer is for two minor
cycles m+ W+ 2) and (m + W+ 3), The characteristic value, two,is not used. The
characteristic value zero, gives a prolonged transfer which 1s pecullar to the Pilot ACE.
The characteristics 1 and 3 are analogous to the facility on EDSAC whereby full length or
i-length words may be transferred. on the Pilot ACE we transfer single or double length
words. This facility 1s invaluable for double length, floating and complex arithmetic.

In the above definitions the numbers (m + W + 2) etc. are to be interpreted modulo 32. In
general timing and walt numbers are simpler than they appear from the deflnitions because
they are very frequently both zero, corresponding to a transfer for one minor cycle. The
detalled coding of the problem given earller will 1llustrate the procedure. All the
instructions are in DL1 so that the next instruction source i1s always one. The key to the
headings in the following table 1s

e Co Minor cycle position of instructions in DL1.

N.I.S. Next instruction source.

8 Source.

D Destination

c Characteristic
W Wailt number

T Timing number

The last column gives the position of the next instruction in DL1; it is glven by
“m+T+2), The first 4 instructions occupy minor cycles O, 2 and 4, 6 and each takes
two minor cycles, and gives a transfer for one minor cycle only. The next instruction
occuples minor cycle number 8 and 1t requires a transfer lasting 3 minor cycles. The
. gimplest and fastest way of getting this 1s to have W=0and T= 2 glving a transfer of
(2 - 0 + 1) minor cycles. The next instruction 1s in position (8 + 2 + 2), that is minor
cycle 12, and so oOn. when we reach the instruction in minor cycle 31, viz. 25-17, a
transfer for one minor cycle is required. The simplest way is to have W= 0 T = 0 and this
makes the next instruction occupy position (31 + 0 + 2) l.e. position 33 which is position 1.
If position 1 had been already occupled, a value of T could have been chosen in order to land
in an unoccupled position. In order to ensure that a transfer of one minor cycle only took
place, the characteristic could have been made 1. It should be appreciated that the cholce
.0t C Wand T 1s far from unique. Whenever possible T = 0 and W = O are chosen because this
glves the highest speed of operation besides being simplest. The instruction occupying
position 1 1s of special interest because this is the last instruction of the cycle needed
to bulld up a square and cube and it must select as its next instruction the first of the
cycle, which is, in position number 6. This 1s achleved by making T = 3 (giving the next

S
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Minor cycle Minor cycle -
Rl of | Next | oowes | vosunauon | SEEE | tetr |mintng sosiin

in DL1 Source instruction
0 1 28 15 0 0 (2)
1 1 16 15 3 (6)
2 1 28 20 0 (4)
3
4 1 28 16 0 0 o] (8)
5
6 1 26 18 0 0 0 (8)
7
8 1 20 17 0 o] 2 (12)
9

10

11

12 1 15 17 0 0 2 (16)
13

14

15 ,

18 1 25 17 0] 0] 0 (18)
17

18 1 16 26 0 0 0 (20)
19

20 1 20 16 0 0 0 (22)
21 -

22 1 15 17 0 0 1 (25)
23

24

25 1 25 17 0 0 0 (27)
26 '

27 1 16 20 0 0 0 (29)
28

29 1 15 18 0 0 0 (31)
30

31 1 25 17 0 0 0 (1)

10
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instruction in m.c. 1 + 3+ 2= 6). Thils incidentally gives a transfer lasting four
minor cycles but since it 1s a transfer from one TS tO another and no functional source or
destination 1is in use, the prolonged transfer produces no harmful effect. If a prolonged
transfer had tc be avolded then the characteristic could be taken as 1. It is seldom
necessary to use any characteristic other than gero for transfers to and from TS's but when
transfers are made to and from DL's, characteristic values of 1 or 3 are almost universal,
A1l 12 instructions which comprise the repeated cycle of the computation take a total time
of one major cycle exactly (32 minor cycles) the last Instruction of the cycle having been
specially designed to get back to. the beginning of the cycle. This 1s in contrast to the
position in a machine not using optimum coding, where 12 major cycles would be necessary
quite apart from the fact that the multiplications by factors of 3 and 2, each of which uses
one instruction, would normally need more than one instruction if a prolonged transfer were
not avallable. Fig. 1 glves a simplified diagram of the machine. The sequence of eventsin
obeying the instruction

N S D ¢c W T

2 16 - 20 0 8 10
occupying DL1p for example 1s as follows. Starting from the time when the last Ilnstruction
was completed, the Instruction from DL12 will have passed into the special TS marked TS
COUNT during minor cycle number 2. By the end of minor cycle number 3, S switch number 16
will be over and also N switch number 2 The contents of TS16 will be passing into HIGHWAY
and those of DL2 into INSTRUCTION HIGHWAY. At the beginning of minor cycle number 12
(t.e.-2 + 8 + 2), D switch number 20 will go over, and TS20 will stop recirculating and the
number on the HIGHWAY will pass into TS20. The transfer will continue until minor
cycle 14 (t.e.-2 + 10 + 2) when the D switch number 20 will switch backs At the beginning
of minor cycle 14, the switch X on COUNT will go over and the number on INSTRUCTION HIGHWAY
during this minor cycle, DL2,,, will Dpass into COUNT. At the end of minor cycle 14, the X
switch will close again and 5 214 will be trapped in COUNT. The cycle of events is now
camplete, COUNT 1s assoclated with a counter and 1t 1s this counter which determines from
the walt, timing, and characteristic numbers of the trapped Instruction, when the D and X
switches go over and back.

Input and Output

The only part of the instruction word not described is the GO digit. If the GO diglit
1s a one, the Instruction 1s carried out at high speed, but it it is a zerc the machine stops
and does not proceed until a manual switch 1s operated. The GO digit 1s omitted in
strategic instructions when a programme 1s being tested. It also serves a further purpose
insynchronising the input and output facilitles with the high speed computer. Input on the
machine 1s by means of Hollerith punched cards. When cards are passed through the reader
the numbers on the card may be read row by row as each passes under a set of 32 reading
brushes. when a row of a card 1s under the reading brushes, the number punched on that row,
regarded as a number of 32 blnary diglts, is avallable on source O. In order to make
certain that reading takes place when a row 1s in position and not between rows, transfers
trom source O, have the GO digit omitted and 1t 1s arranged that the Hollerith reader has
the same effect as operating the manual switch each time a row comes into position. The
passage of a card through the reader 1s called for by a transfer from any source to
destination 31, No transfer of information from the card takes place unless the appropriate
fnstruction using source O 1s obeyed during the passage of the card. output on the machine
is also provided by a Hollerith punch. The passage of a card through the punch is called
for by a transfer from any source to destination 30. While a card is passing through the
punch a 32 diglt number may be punched on each row by a transfer to destination 28. Again
synchronisation is ensured by omitting the GO digit in instructions calllng for a transfer
to destination 28, and arranging that the Hollerith punch effectively operates the manual
switch as each row comes into position. The reader feeds cards at the rate of 200 cards
per minute and the punch, at the rate of 100 cards per minute. The speed of input for
binary digits 1s 200 x 32 x 12 per minute or 1280 per second. The output speed is
640 digits per second. Data may be fed in and out in decimal, but it then requires
conversion subroutines. The computation involved in the conversion is done between the
rows of the card and up to 30 decimal diglts per card may De translated. This speed of
conversion is only possible because of the use of optimum coding. The facility for
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carrylng out computation between rows of cards 1s used extensively particularly in linear
algebra when matrices exceeding the storage capaclty of the machine are involved. The
matrices are stored on cards in binary form with one number on each of the 12 rows of each
card, all the computation being done elther between rows when reading or when punching,
Times comparable with those possible with the matrices stored in the memory are often
achieved in this way, when the computation uses a high percentage of the avallable time
between rows. Up to 80% of this time may be safely used.

Initial Input

The initial input of instructlons is achieved by choosing destination O in a speclal
manner, when a transfer is made to destination O, then the instruction transferred
becomes the next to be obeyed and the next instruction source is ignored. Source O has
already been chosen specially since 1t is provided from 2 row of a card. The Instruction
consisting of zeros has the effect of injecting the lnstruction punched-on a row of a card
into the machine as the next to be obeyed. The machine 1s started by clearing the store
and starting the Hollerith reader which contains cards punched with appropriate instructions.
pestination O is also used when an instruction 1is built up In an arithmetic unit ready to be
obeyed.

Miscellaneous sources. and destinations.

Destination 29 controls a buzzer. If a non zero number is transferred to destination 29
the buzzer sounds.

source 20 1s uysed to indlcate when the last row of a card i1s in position in the reader
or punch., This source gives a non-zero number only when a last row 1s in position. The
operation of the arithmetic facilitles on DS14 may be modified by a transfer to destina-
tion 23. If a transfer with an odd characteristic 1s made from any source to destination 23
then, from then on, DS14 behaves as though 1t were two single length accumulators In series.
Tnis means that carries are suppressed at the end of each of the single viords. This condition
persists until a transfer is made to destinatlon 23 using an even characteristic, when DS14
behaves as an accumulator for double length numbers with their least significant parts 1n
even minor cycles and more significant parts in odd minor cycles.

The operation TS20 is modified by transfers to destination 21. If a transfer with an
odd characteristic 1s made to destination 21 then TS20 ceases to have an independent exlst—-
ence and from then on is fed continuously from DL10O. Source 20 then gives the contents of
DL10 one minor cycle later than from source 10. TS20 reverts to 1ts former conditlion when
a transfer with an even characteristic is made to destination 2i. The facility 1s used to
move the 32 words in DL10 round one position so that the word in minor cycle n is avallable
in minor cycle (n+1)

Assessment of optimum coding

A detalled assessment of the value of optimum coding 1s by no means simple. Roughly
speaking, subroutines are on an average about 4 or 5 times as fast as on an orthodox
machine using the same pulse replititicn rate. In main tables a somewhat lower factor 1s
usually achleved. The factor of 4 or 5 would be exceeded if less of the advantage glven by
optimum coding were used to overcome disadvantages due to the rudimentary nature of the
aritmetic facilitles on Pllot ACE. Even so, the bald statement of the average ratio of
. speeds does not do full justice to the value of optimum coding on the Pilot ACE. Its
" value springs as much from the fact that it has made possible the programmes in which
- computing 1s done between the rows of cards and also the high output speed of decimal
~ mmbers. The binary declmal conversion routines for punching out several decimal numbers

simultaneously on a card and also decimal-binary conversion routines for reading several
numbers, achleve a ratio of something like 14 to 1, and on a machine which 1s belng used
extensively for sclentific computation on a commercial basls this 1s of immense lmportance.

13
(14567)



Future Programme

Engineered versions of the Pi1lot Model are now under construction by the English
Electric Company. These machines will be similar to the Pilot Model but will have a little
more high-speed store, an autcomatic divider, two quadruple length stores and a subtractive
input on the double length accumulator beslde several minor modifications including a
rationalization of the numbering of the storess In addition a magnetic drum intermediate
store with the equivalent of 32DL's storage capaclty will be added. A full scale machine
willl probably soon be under development employlng a 4 address code. Typical instructions
will be of the form

AXTB C
and will select the next source of instruction. This code 1s more economical in instructic
storage space and since all single word stores will then become complete accumulators with

all facilities except multiplication on them, it will be possible to take much fuller
advantage of optimum coding.

SOURCES, DESTINATION AND NEXT INSTRUCTION SOURCES

SOURCES DESTINATIONS NEXT INSTR. SOURCE:
0. Input O. INSTRUCTION 0. DL11
1. DL1 1. DL1 i. DL1
2o DL2 2e DL2 2. DL2
3. DL3 _ 3 DL3 3. DL3
4, DL4 4 DL4 4, DL4
5 DL5S Se DLS 5. DLS
6 DL6 6. DL6 6. DL6
7. DL7 e DL7 7 DL7
8. DL8 8. DL8
°R DL9 9. DL9
10. DL10 10, DL10
11. DL11 11, DL11
12. DS12 12, DS12
13. DS14 + 2 13. DS14 add
14. DS14 14, DS14
15. TS15 15. TS15
18. TS16 18. TS16
17. TS26 17. TS16 add
18, TS28 + 2 18. TS16 subtract
19. TS26 X 2 19.% MULTIPLY
20, TS20 20, TS20
21. TS26 & TS27 21. Modifies Source 20
22. TS26 # TS27 22, —
23, P17 23, Modifles Source 13, Destination 13
24, P32 244 DISCRIMINATE on sign
25. P1 25. DISCRIMINATE on zero
26. TS26 26, TS26 '
27, 827 27 7827
28. Zero 28. Output
29. Ones 29, BUZZER
20. Last row of card Z0.% PUNCH
310 ——— 310 * READ

* Independent of source used.
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2, The EDSAC
by
M, V. Wllkes
Cambridge University Mathematical Laboratory

I would 1like to tell you a few things about how the EDSAC project has developed from
fts inception at the end of 1946 to the present time. The original 1dea was to bulld a
computing machine for experimental work, and we started off with the ldea that we would
build something very simple, with no frills; but, as In most projects, we soon got beyond
that stage and found ourselves building quite an ambitious machine, It has always been
regarded as an experimental machine, both from the point of view of engineering design and
of mathematical use. The desire to get a machine on which we could try out programmes,
instead of just dreaming them up for an imaginary machine, governed the development through-
out, and we probably pushed ahead with the electronic work in a rather bolder manner than we
might otherwise have done.

Theoretical proposals had been put forward for a purely binary machine with no divider
or any othHer "speclal function" units, and there was every reason to suppose that such a
machine would be quite usable, but this had to be proved by practical experience. The
EDSAC (fig. 1) was therefore designed without any of these features. In particular, it
was expected that 1t would be possible to develop the use of subroutines in such a way that
special function units would not be necessary.

The most sultable type of high-speed store from the point of view of easy development
was the ultrasonic delay line. At that time Professor Willlams' experiments with the
electrostatic store had not got as far or were not generally known to have got as far as
showing that 1t was a practicable proposition. We declded to be conservative about the
pulse length and chose a pulse interval of 2 microseconds, that is, a repetition rate of
half a megacycle. By doing this I belleve we made things a little easler for ourselves
than if we had chosen a megacycle for the pulse repetition rate.

The mercury tanks that we have used are 5 ft long and are assembled in batterles of 32,
The construction is very solid and the design has proved to be very successful except that
after a time there is some interaction between the mercury and the rubber washers that are
used to seal the ends of the tubes. There 1s a lot to be sald for using a design in which
rubber is not used for the seal, as I believe 1s done In the ACE Pilot Model and 1n the
mercury tanks developed at the Moore School.

The machine did its first calculation in the summer of 1949, There have been a number
of modifications since then which I will talk about later. By 195C we had started opera-
tional use of the machine and began the mathematical experimenting I referred to earlier.

. We made a rule that no alterations would be made to the machine except those which would lead
to better serviceability. We did not alter the order code since mathematicians could not be
expected to bulld up a system of programming and a library of subroutines 1f the order code
was llkely to be changed. ’

Early in 1950 the original mechanical tape~reader was superseded by a photoelectric
one, and this has proved to be a great improvement. We realised then that 1t 1s much more
important to have a reasonably fast input mechanism In a machine used for mathematical work
than a fast output since, for one thing, many programmes get very little further than the
tape-reader! During this phase of Improvement we gradually eliminated relays - for
- example, the mechanical tape-reader had relays assoclated with it for control whereas the.
photoelectric one does not have any. In our experience, the fewer relays one has the better,
unless they are used in a situation where you can repeat what you have just trled to do
without much trouble or loss of time. For instance, in an automatic telephone system you
can re-dial a number 1f the call does not connect in the first instance. In a computer,
however, intermittent fallure due to a relay can be a great nuisance.
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It has been a speclal feature of our development work at Cambridge that we have been
particularly interested in equipment for preparing tapes. Now we are moving in the
direction of using hard valves rather than relays in equipment intended for thls purpose,
with the idea of achieving greater rellability. For example, an electronic duplicater has
Just been put into service. This has two photoelectric tape-readers and there are certain
facilitles for switching from one tape-reader to the other so that two tapes can be combined.
It 1s to0 early yet to say whether, in this instance, purely electronic techniques will
justify our confidence in them but 1t seems to me that there 1s everything to be sald for
using hard valve circults rather than relays wherever one can.

In 1951 we shut the machine down for some time and rebuilt a good proportion of 1t,
incorporating improvements based on experience up to that time. In a serial machine it is
often necessary to delay the pulscs slightly, amplify them, and use them to gate clock
pulses. In all these cases we lntroduced regenerative feed back to hold up the output of
the amplifier until the enad of the clock pulse. A similar technique is used in the SEAC in
Washington. About the same time we also introduced a loglcal checking output code.
originally we had a direct teleprinter fitted with checking circuits which could read back
into the machine a character that had just been passed to the teleprinter. These checking
circults caused a lot of trouble. With this new system, in which each character has two
1's and three 0's, we could use an output punch instead of a direct teleprinter without any
uneasy feelings about accuracy. This was a great step forward since the output punch is
about three times as fast as a direct teleprinter. There was some discussion before we put
this system on as to whether 1t would be as useful to the operators of the machine as a
direct teleprinter. The doubt arose because of the delay between the results coming from
the machine and the actual printing of these results. The punch produces a tape, which is
then passed to a tape-reader (after a sufficient loop Of tape has accumulated between the
two units) before it is printed by the teleprinter. At first the teleprinter was left on
the machine as an alternative to the punch but after a time we discovered that 1t was not
being used at 21l and it has now been removed from the machine.

For the past year we have been dolng a certain amount of engineering development work
on the machine as well as using it for mathematical work. Amongst other things we added
some new orders. Previously we could only transfer control according as to whether the
accumulator was positive or negative; now we can transfer control i1f the contents are zero.
We can also arrange that when control 1s transferred the accumulator 1s cleared. There 1s
now an absolute transfer of control and we have provided what we call a "mix" order which
enables the function part of an order to be altered by dlrect substitution, without altering
the address. Previously 1f we wanted to alter the function part of an order 1t had to be
done by adding something to 1t, and 1t was necessary to work with the binary equivalents of
the various function letters. These are all only small convenlences, but well worth having.

Another development was marginal checking, but this will be discussed more fully later
in the Symposium. Recently we have started experiments with magnetic tape equipment and we
have had an auxiliary magnetic tape store working with the machine. This is now belng
ncleaned up" and should be fully operational quite soon. We hope to report on 1ts operation
later. o
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In the background the control desk with
oscllloscopes and pushbuttons for control.



3. Operating and Engineering Experience Gained with LEO
;by
J« M. M. Pinkerton
J, Lyons & Company Limited
Introduction

This paper 1s not intended tec give a full description of all the equipment at
Cadby Hall, since much of 1t is a development of equipment at Cambridge which has been
described elsewhere (ref. 1). It may, however, be of scme assistance to discuss some of
the speclal features of LEO and our experlence in using them.

In setting out to bulld a calculator for Lyons the intention was to get equipment into
operation as quickly as possible, because it was felt that until equipment of some kind had
actrally been used over a period for clerical purposes, the optimum form of such equipment
could not be decided. To expedite the construction 1t was declded 1n the malin to copy the
logical design of an exlisting machine. At the time the EDSAC seemed the most sultable, and
mich friendly assistance was glven to us by Mr. M. V. Wilkes, Director of the Mathematlical
Laboratory at Cambridge. Using the circuit designs of the EDSAC, with many revisions in
detall where necessary, we bullt the calculator which is the basls of the LEO system (fig. 1).
It was realised at the start that to make the Installation effective on clerical work
additional features would be requlred, including a larger store, means for introducing data
into and extracting results from the calculator much faster than was possible with the
EDSAC, and a foolproof method of checking data recorded for the machine.

At the outset 1t was decided that Lyons should themselves undertake the design and
construction of the calculator similar to the EDSAC forming the heart of the installation
and, shortly afterwards, that the development and construction of auxilliary equipment for
handling data and results should be done by Standard Telephones and Cables Limited. The
requirements for this equipment were outlined by Lyons and in subsequent discussions with
Standard Telephones & Cables Ltd. were formulated in detall. Construction started in the
summer of 1949 and the calculator 1tself has now been in use for rather more than elghteen
months; prototypes of each of the different items of auxiliary equipment are installed and
on operational trial, The 1nstallation as a whole 1s, however, not yet as reliable as would
be necessary for carrying out a regular and intensive programme of clerical work.

It was recognised that equipment to be used to do the work of a large office would have
to be at least as reliable as that used by a public utility such as an Electricity Board.
Clerical work on a large scale is normally undertaken to a very tight schedule; 1t 1s not
unusual for the papers to pass through the office in a few hours so that goods can be
despatched on the same day as the order 1s recelved from the customer, Obviously therefore
any calculator used on this kind of work must be extremely dependable and moreover, when
breakdowns occur, the trouble must be put right in minutes rather than hours.

ENGINEERING FEATURES
Logical Design of the Calculator

This 1s extremely similar to that of the EDSAC and the order code 1s in fact nearly
identical. A1l the orders provided in the EDSAC are avallable in LEO and have the same
code, with the exception that testing for zero accumulator in LEO is given the code letter B
instead of F as in EDSAC. Numerous modifications to the logical structure of the units
have been made from time to time where this seemed llkely to improve the performance or
reliabllisy. In addition to the EDSAC orders there are further orders concerned with high
speed methods of feeding and extracting data, and with the use of alternative slow speed in-
puts and Qutputs,
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Control

The operational control of the machine 1s generally similar to that of the EDSAC, with
buttons for Start, Halt and Restart. Push~buttons are provided for inserting numbers
under manual control directly into the store. These are used in conjunction with test
programmes and for fault finding should the machine be unable to read the programme tapes.
There are also push-buttons for Single Step and Slow-Speed operations. Three alternative
slow speeds are provided by a ticking relay circuit. Several monitoring oscllloscopes are
grouped in a control desk which also houses the starter unit which puts the 1nitlal orders
into store. The monitor displaylng the store (ref. 2)1is very convenient in use, numbers
being depicted on a raster display with vertlcal strokes for the units and dots for the zero
diglits. An electronic switching arrangement is provided so that the contents of any one of
the 64 storage tubes can be examined at will. Attachments have recently been made to allow
a Cossor camera to be quickly attached for photographing the contents of the store.

An unusual feature, which has been found valuable In fault finding; 1s a loudspeaker
connected to & waveform in the central control circults of the machine. This loudspeaker
makes a nolse depending on the sequence of orders belng carried out and every large
programme has i1ts own characteristic rhythm; should the machine stop or go permanently into
a closed loop the fact 1s instantly apparent. In testing the machine on simple repetitive
programmes, & single fallure 1s easlly detected as a break or click in the continuous tone.

Storage system

The Store is identical in principle to that of the EDSAC but one or two improvements of
detall may be mentioned. The frequency of the clock pulses is regulated by an automatic
control system which has been described elsewhere (ref. 3). This uses one delay tube as a
reference standard to maintain the frequency at a value which should suit all the others
provided they are malntalned at the same temperature. A preset control enables the
frequency to be varied and the varlation which can be tolerated by the store as a whole to
be measured in arbltrary units. This 1s used as a form of marginal check on the store.
Sixty-four tubes are in regular use giving a capaclty exactly double that of the EDSAC
there are in fact five batterlies each of 16 tubes, making a total of 80, 1n the ccnstant
temperature enclosure so that a number of spare tubes are avallable in case of breakdown

About eight months ago it was found that some storage tubes had gradually deteriorated
in performance; the main noticeable change was a considerable reduction in the bandwidth.
This naturally had the effect of delaying the pulses in some tubes more than In others
S0 that 1t became difficult or impossible to choose 2 clock pulse frequency to sult them
all. The trouble was found to be due to a slow loss of the alcohol used for wetting the
quartz and mercury surfaces, elther by evaporation or diffusion through the rubber washers,
20 that the acoustic pulses no longer passed freely from the crystal to the mercury or vice
versa. A much better wetting agent has been found in a mixture of five parts of glycerine
and two parts of water, Glycerine is a very efficlent matching agent between the quartz
and mercury as it has an extremely high acoustlic impedance (Pc), 2.5 times that of ethyl
alcohol. The water is added to make the mixture less viscous. One per cent of sodium
benzoate 1s also added to the solution as a rust preventatlive. Since this technique of
£111ing the tubes has been adopted none has deteriorated through a loss of bandwidth. = In
fact the tendency seems to be for the overall attenuation to fall and the main problem now
1s with the reflected pulses which have travelled three tlmes down the five foot column of
mercury.

Slow speed Imput/Output Facilities

The input and output facilitles of LEO may be divided into two categories the slow-
speed channels, which are broadly similar to those used at Cambridge but with certain
modifications, and the high-speed channels which are peculiar to LEO and, as already
mentioned, have been developed by Standard Telephones and Cables Ltd; the latter are dealt

with later in this paper.

22
(14567)



On the slow-speed input slde there are two readers, one photoelectric reader and one
mechanical, both using five~hole tape. There 1s a changeover Iinstruction 1n the order
code which has the effect of operating relays, for changing the connexlions from one reader
to the other. All subsequent input orders then operate on the alternate reader until a
further changeover instruction 1s carried out. The photoelectric reader 1s extremely
similar to those in use at Cambridge and so need not be described in detall. It has proved
to be quite reliable now that the original design difficulties have been overcome, Its
operation 1s fully mechanically and electrically interlocked so that In proper adjustment 1t
i1s impossible to read twice without moving on the tape.

on the slow-speed output side there are two instructions in the order code, one working
a teleprinter using the five-wire system as originally employed with the EDSAC. The other
output order, known as the Perforate order, operates either a standard telegraph reperforator
or a standard teleprinter, or both in parallel. Both these output channels operate at seven
characters per seconds In the Perforate channel, telegraph characters are formed by a
special circult, desligned by Standard Telephones & Cables Ltd., using gas' trigger tubes and
mlticathode tubes (ref. 4).- This circult, introduced partly as a check on the performance
of the gas tubes, gave a good deal of trouble at first but latterly it has proved very
reliable.

We have nct introduced into LEO the "inhibition" scheme In use at Cambridge by which,
after a mechanically executed order, the calculator is allowed to carry on calculating
before the mechanical action is completed, but if a second mechanlcally executed order
appears 1n the order register before the first one has been combleted it 1is inhibited.

It is worth noting in connexion with all mechanically executed orders that the most
serious difficulty arises with the provision of the so-called "end-pulse" indicating that
the instruction has been completed. It appears to be quite difficult to devise a scheme
for 1inking a mechanical contact to electronic circuits in such a way as to produce one
pulse, but only one pulse, when the contacts exhibit bounce as they usually do.

Marginal check facilities

Following the experience galned at Cambridge and elsewhere, marginal testing
facilities are being introduced gradually throughout the whole of the calculator and 1ts
auxllliary equipment. They have already proved themselves to be of great value. The ways
in which they are used are dlscussed further on under the headings "Methods of maintenancen
and "Experience from running programmes®, Nearly all the marginal test circults employ
50-cycle alternating voltages injected In serles with some D.C. Dbias. This has the effect
of raising and lowering the threshold over which a pulse must climb before it can be
retransmitted to a subsequent circuit. Thus 1f a2 pulse in a circuit, following a marginal
check point, is already very near the lower limit of functioning it will be modulated above
and below the failure 1imit at 50 cycles. The normal practice 1s to operate the entire
machine on a suitable test programme with marginal voltages applied at a large number of
points and to 1lncrease the voltage gradually by means of a Varlac until fallure occurs.
Marginal tests are being regularly applled to all storage units, elther collectlively or In
groups as required, and to the majority of pulse amplifiers, particularly in the computing
circults. They are also applied to all decoding circults. Ultimately 1t 1s intended to
* apply marginal test voltages to all trigger circults in addition, in such a way as to vary
their trigger sensitivity. . When this has been done we bellieve that we shall be able to
detect drifts in the performance of all the circuits,

Marginal tests are also applied to the photoelectric reader simply by increasing and
decreasing the voltage applied to the lamp filament by about 10% This 1s an extremely
effective test.

Constructional features

In its construction LEO differs more widely from EDSAC than in its logical design. It
was considered vital to be able to replace units as easily as was consistent wlth relliable
electrical connexions., Units slide Into tall racks holding up to twelve unlts ang are
locked in position by hinged screws fltted with knurled finger nuts. Pulse connexions
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are made by flexible leads fitted with spade terminals which come from a gantry on the unit
mounted opposite a tag strip fixed to the rack. It 1s arranged that each pulse lead comes
exactly opposite to the tag to which it corresponds, and there is thus 1ittle risk of error
in connecting up the pulse leads. At the same time it is easlly possible to introduce an
attenuator in any pulse lead for speclal test purposes. Power 1s fed into each unit on
eight-pin miniature Jones plugs, which have been found entirely satlsfactory. Every unit
carries 1ts own filament transformer which is individually fused; each valve 1s connected
by a short lead to a common filament busbar along the centre of the chassis. There 1s a
fuse in the main H.T. supply to each unit with a small neon indicator 1n parallel which
lights 1f the fuse blows, Thus short-circuits can readily be tracked down to the unit
concerned. The racks themselves, which are of substantial construction, form an integral
part of the ventllation system. With the removable sheet metal covers in position each
rack forms a vertical duct. Cold alr is blown in at the bottom from a common duct linking
together all the racks 1n each row and the warm alr is extracted at the top through another
common duct. Filtered cold alr is blown into the machine by a large fan and a second large
fan extracts the warm air and passes it back to the outside. The room itself 1s ventilated
with filtered air by a third fan which maintains a slight excess pressure in the rocm at all
times and distributes fresh air to varlous parts through ducting. By having all windows
permanently closed 1t has been found possible to reduce greatly the amount of dust settling
on the apparatus. This is particularly helpful because of the many relays and switches used
in the auxiliary equipment. The calculator proper consists of twenty racks of equipment '
housing approximately 200 panels, each carrying twenty-five or more valves, the total number
of valves being about 6000, In addition to these racks there 1s the control desk already

mentioned.

Power Supply

This has been the subject of a number of alterations since the equipment was first
constructed, so the present arrangement will be described. The power for the valve fila-
ments 1s taken from the supply mains via an oll-filled regulating transformer which 1s
similar in principle to a Variac. When the valves are switched on the voltage applied to
the primary of the heater transformers is ralsed gradually from 0 to 230 over a period of
two minutes by an automatic control. Subsequently the voltage 1s maintained at 230 within
1% by the control circuit. The high tension supplies are four in number and are rectified
by four selenium rectifier sets supplied by Standard Telephones and Cables Ltd. The
largest of these 1s a three-phase rectifier with a maximum output of 30 amps at 259 volts.
To prevent surges on the public supply from affecting the calculator a voltage controlled
alternator of 12 kilowatts 1s installed in the basement driven by an ordinary motor from the
supply mains. Thus unless the surge 1s of unusual duration or intensity, 1t will be
smoothed out by the inertia of the rotating machinery. A duplicate alternator set is
avallable in case of breakddwn of the first. In three and a half years' of operation no
power cuts have been experlenced, but Diesel generators are available on the site and these
could be used to supply the power 1f necessary.

HIGH SPEED INPUT AND OUTPUT ARRANGEMENTS

Data recording

For feeding data into the calculator at high speed a recording medium 1s required
which can be used to effect a change of speed from that at which data can be recorded by an
operator from a keyboard and that at which it must be read by the calculator if the latter
1s not to be kKept walting. Magnetic tape on which characters are recorded in teleprinter
code meets this need. A suitable machine for making such records was under development by
Standard Telephones and Cables Ltd., when we first approached them to produce input and out-
put equipment for use wilth LEO. An endless 100p of tape 1s employed which 1s held in a
narrow vertical box from which it is drawn independently past reading and recording heads;
after passing each head the tape passes back into the box and 1s allowed to fall under ’
gravity. ‘

A standard transmitting teleprinter is used to transmit signals representing data to
the recording head. For each character sent, a small length of tape 1s drawn past the
head and falls into the box forming an inner loop carrying the recorded data. This inner
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loop lies between the recording and the reading heads; during reading out, tape is drawn
from this loop past the reading head and then agaln falls back into the box to form an
outer 1oop. Characters recorded on this outer loop of tape are automatically erased as
the tape passes the recording head. It will be seen that no rewinding is needed.
Because only a small amount of tape has to be accelerated at any time the tape can be
started from rest very rapidly. Signals from the reading head may be fed after
anplification to a teleprinter, to the calculator, or to other electronic equipment for
"checking purposes.

Data checking

The greatest possible importance is attached to preparing clerical data free from
recording errors. Errors affecting the numerical value of the data are serious enough but
those which would cause the calculator to misinterpret the form of the data, for instance by
taking a man's wage rate to De the number of hours worked, could cause havoc 1n carrying out
a jJob, It was felt to be essentlal, therefore, to have speclal apparatus for checking the
original recording character by character. A second operator working from the same
original documents transmits the Information from a teleprinter to the checking apparatus.
As each character is received by this checking apparatus 1t causes the next character on the
tape to pass the reading head of the tape machine. This character is compared in the
checking apparatus with that sent by the checker and 1f the two agree the character 1s re-
recorded by the checking apparatus, which 1s connected also to the recording head of the same
tape machine. If the character sent by the checker disagrees with that read from the tape
8 special correction procedure 1s carried out. As checking proceeds the original message
is overwritten by the checked version which follows 1t on the tape. The checker's tele-
printer 1s made to produce a proof sheet of what 1s recorded and of correctlons made to the
original recording. This enables a re-checker to make sure that all corrections were in
fact made correctly.

Because the tape drives on the tape machine are independent it 1s possible for
characters to be removed altogether from the original message by reading them from the
reading head without re-recording them, Llkewlse, additlonal characters can be introduced by
moving the tape under the recording head only. Facilitlies have been provided for both in-
serting and removing information in this way.

-Input to calculator

once a box of tape has been filled with checked information it can be taken off the
standard speed tape machline, and fitted to another one having high speed continuous drive,
80 that the information passes into the calculator at many times the speed of the tele-
printer. The information read from the tape ls passed through electronic equipment which
1s designed to assemble and prepare the data in the form required by the calculator, This
equipment 1s the subject of patent applications which have so far rot been published and for
this reason further information cannot at the moment be glven.

There are 1n fact a palr of tape machines assoclated with each Input channel, the first
box of data being read from the first tape machine. when all the information has been read
from this box the reading then commences from the second box on the second tape machine.

In the meantime the first box is taken off the first tape machine and the third put 1n its
place, and sO On.

As an alternative to these input channels we have recently experimentally coupled to
LE0 a high speed photoelectric punched tape reader made by Ferrantl Ltd. This appears to
WorK very satisfactorily at about 120 rows per second, starting and stopping on every Towe.
The amount of operational use has so far been so small that we cannot at the moment report
on the performance of this method of 1lnput.
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Output

The arrangements for taking information out of the calculator are complementary to
those for putting it in. Results are put out in the form which the calculator finds most
convenlent and are suitably arranged according to the form required by further electronic
circuits which are more elaborate than those provided on the input side. They are then
recorded at very high speed on ‘magnetlic tape. This recording includes all the punctuation
and interpretation characters necessary to cause a teleprinter to print the results in the
desired layout. A pair of tape machines 1s used so that, when the tape box on the first
machine is completely full, recording can automatically start on the second while the box on
the rirst machine is. replaced by an empty one.

Information recorded on the tapes can, 1f required, be fed back into the calculator for
a subsequent job, or 1f the results are required in printed form the boxes can be fitted to
tape machines and fed to & battery of receiving teleprinters.

Printing Results

When the calculator 1s working continually on clerical results it will be able to keep
several teleprinters, possibly as many as 20, busy printirg the results recorded through one
of the output channels. Many of ¥hese results will be required on preprinted forms so that
some printers will be fitted with a sprocket-feed carrlage to ensure exact allignment.

Alternative high—speed input and output channels

It is fully recognised that the method described using magnetic tapes for input and out-
put 1s only one approach to the problem. It has the disadvantageé that a lot of work 1s
involved in handling the boxes of tape. Another disadvantage 1s that results produced are
not avallable for scrutiny as they are produced by tne calculator. No doubt as faster
printers and other methods of recording are developed these objections will be overcome. It
should be made clear, however, that the basic principles of the system we are using can be
applied also to other means of reading and recording information.

GENERAL EXPERIENCE FROM OPERATION

Methods of maintenance

One of the large unanswered questions about cperating calculators at present 1s to what
extent thelr intrinsic unreliability can be countered by efficlent servicing. This question
1s perhaps the most important to be answered about the engineering aspect of LEO. Mainte-
nance can be consldered under two headings:

(1) preventive maintenance designed to stop faults from occurring whilst the machine 1s
in operation, and

(11) curative maintenance, designed to reduce the amount of time spent on finding and
correcting faults.

There is nothing novel about the measures being used for these purposes on LEO, We hope we
are applying well known methods efficiently but we are by no means satisfled yet with the
results.

Preventive Maintenance

The preventive maintenance programme 1s Intended to eliminate faults caused by dry
Joints, gradual deterioration in valve performance, and fallures in the mechanical equipment
0f the system. Methods of dealing with valves are described in the next section. All
mechanical equipment is periodically cleaned and olled and checked for wear or wrong adjust-
ment. An unfortunate feature of the maintenance of mechanical parts of electronic calcula-
tors 1s that in splte of all precautions items which have recently been serviced tend to
cause faults due to slightly wrong adjustment or other human error made during the servicing.
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fallures shown as catastrophic caused an immediate breakdown of the calculator. In order
to assess how many fallures caused a machine breakdown, the proportion of fallures found on
routine overhaul has been shown in the bottom of the table, out of 893 rejections,

514 occurred on routine overhaul. A further point is that 326 fallures of 6D2 valves were
thought to be due to a form of cathode poisoning from which the valves may be recoverable by
suitable processing. If we deduct from 893 the diodes falling in this way and also the

43 SP61 and 6F32 valves accldentally damaged we obtain a figure of 524 rejections. of
these 1t can be assumed that approximately 40% would have resulted from a fallure in the
machine rather than as a result of routine tests, that 1s to say about 200 valves have
probably caused breakdowns in approximately 6000 hours running time.

Conclusions

The conclusions tentatively drawn from the above figures are that it pays to remove
valves and test them at reasonably frequent intervals but that this cannot reduce breakdowns
due to valve fallure to zero, This can only be achieved by an improvement in the quality
of the valves used. Nevertheless, this quality does seem to be higher than was first
supposed. At a later date it will be possible and worthwhile to plot survivor dlagrams for
suitable batches of valves of various types, S0 as to determine whether there 1s any
advantage in replacing valves which have reached a certaln age whether or not they pass the
acceptance test for used valves. It 1s felt that insufficlent data has yet been
accumulated to make 1t worthwhile to plot such dlagrams.

Experience from running programmes

For the past fifteen months the machine has been used for part of its time on calcula-
tions of a technical and sclentific nature, carried out for outslde organizations. These
include calculations of shell trajectorles, crystallographic structure, work in connexion
with Meteorologlcal forecasting, and calculations for actuarial purposes. In addition
certaln regular clerical work has been carried out week by week. All these Jobs have had
to use a slow-speed output system until recently because the other equipment was not ready
to be used. A great deal of valuable experience has been gained which has emphaslzed the
vital importance of checks and tests at every stage to pick out both human errors and
faults in the machine 1tself.

Every step from the construction of the programme to the scrutiny of the final results
1s subject to 1ts own particular check, so that work should proceed no further than the
point at which the error has occurred. The programme 1s prepared in sections, each of
which can be independent since the initlal orders uced with the EDSAC (and with LEO)

(ref. 5/ allow the address to be written with reference to its place in the subroutine or
stage. . Each section is, whenever possible, tried independently, for it has been found that
a programme of any size 1s hardly ever devold of flaws as first written.- These flaws are
very much easier to detect when only a part of the programme 1s belng tested.

When feeding the programme into the machine a check 1s made to see that 1t has been
correctly read and stacked; this 1s cone by adding together the diglts of the addresses and
{nstruction numbers to give a check total for comparison with the value punched at the end
of the programme tape. A disagreement may signify either that the programme has been
incorrectly Derforated or that the machine has read 1t lncorrectly through the reader. In
elther case time 1s saved by not going any further until the fault 1s discovered.

Likewise the most stringent checks are introduced into the data. Where this 1s
recorded by hand the usual practice is to perforate the two tapes independently and compare
them visually, or to use the collating equipment with the magnetic recording machine
mentioned 1in paragraph 3. Carried forward data produced by the machine at an earlier stage
or during an earlier repetition of the same jJob 1n clerlcal work can very convenlently be
checked by producing a check total in the machine which 1s punched or otherwise recorded at
the end of the tape to be carried forward. In carrying out the subsequent Job the check
total is agaln accumulated in the machine and compared with that recorded on the tape at the
end of the Job or stage of the Jjob. Again when data is being taken in through several
channels, code numbers are used so that a check can be made that corresponding data 1s being
read at the same time through all channels.
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Further checks are used in the actual execution of the programme, for example, to see
that the magnitudes of particular quantities do n%t exceed predetermined limits or to test
their internal self conslstency, €.g. S1in%0 + Cos<6 = 1. On scientific problems where the
volume of fresh data 1s small a check total may be perforated at the end of the data tape,
but in clerical work this would be too laborlous 1in most cases.

As a further safeguard on the accuracy of calculations, the practice has been adopted of
working out results from test data using the same programme before and after or during the
course of the job 1tself. It is now usual to produce these test results with marginal volt-
ages applled to numerous parts of the clrcults. Proceeding in thls way it 1s extremely rare
for answers to be produced which are inltially thought to be correct and are subsequently
shown to contaln an error.

Finally it is worth stressing the great advantage to De gained from the use of a
monitoring oscilloscope to view the contents of a selected storage tube, Programme faults
may frequently be detected quickly In this way, and a running supervision of a calculation
can also be effected very convenlently especlally 1f, as is usually convenient, all the vary-
ing quantlities are stacked ln one or two tubes. The camera can often be used to photograph
selected parts of the store and thus allow the contents held in 1t to De studled at lelsure,
with a minimum of expenditure of valuable machine time. The cost of the fllm used 1s very

small.
Conclustons

The conclusions to be drawn from the work done so far must necessarily be only tenta-
tive, A large amount of information has been recorded about the day to day performance of
the machine and 1ts auxillary equipment but very little analysis of thls has so far been
attempted. However, certain things do appear to stand out: '

1, There 1s no doubt that 1f the machine is working properly 1t will do what we
require.

2. The operation and malntenance of calculators used for clerical work must be made
more foolprcof than 1t is, before the best service can be obtained from them;
even in thelr present unrellable condition a high proportion of fallures 1s due to
some human omission or injudicious Intervention.

3 The design should be conservative and straightforward; the control circuits
particularly should be as simple as possible and sequential in operation, and the
number of valves in the equipment should be reduced to the absolute minimum.

4. To simplify maintenance work and reduce time lost through faults to a minimum all
parts should be easily replaceable and adequate spares for them should be
provided. The mechanical parts are the most important in this respect. Spares
tor the electronic panels should be physically and electrically ldentical with
thelr counterparts.
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TABLE I

Valve fallure analysis

This analysis is compiled from data obtained up to 6th February 1953.

Hours worked to 6th February 1953: 6545 hours
Total number of valves in machine Total number of fallures Percentage |
ECC 33 1431 (Double Trilode) 160 11.2
KT 61 340  (Pentode) 34 10.0
SP 61 1008 (Pentode) 193% 19.1
EF 50 250  (Pentode) 93 37.2
EF 55 113 (Pentode) 13 11.5
6F32 36  (Pentode) 9 25.0
6D2 2144 (Diode) 381 17.8
EB 91xkk 614 (Diode) 10 1.6
Totals 59386 893 Average 15.0
No. 0f Valves Gross Total Mean rejection
Date Hours in use at end of fallures rate per 1000
run of period to date per 1000 hours
1.1.51. 1136 2749 52 16.6
21.5.52. 4400 5033 369 16,7
19.9.52, 5380 A5562 729 24.3
642453, 6545 5936 893 23.0

* Includes 41 accldentally damaged.

#% The low proportlion of failures of this type 1s due to the fact that it has not

been long in use.
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TABLE II

Analysis of Valvesvrrom Machine rejected on test

Gradual Catastrophic Accidental Miscellaneous
Tme | maooitt-Gassy  Total é?:ii. Ingﬁznal Eave Lope Hg?ger Total | pob,oop Liiﬁi. er,  Total grand
Ins. - Kk etc.

ECC 33 63 12 75 63 9 3 2 77 - 2 6 8 160
EB 91 4 1 5 1 2 - - 3 - 2 - 2 10
EF 50 68 - 68 10 11 - 1 22 - 1 2 3 93
EF 55 4 - 4 5 - - 1 8 - - 3 3 13
KT 61 13 3 18 12 1 - 2 15 - - 3 3 34
SP 61 36 16 52 84 4 4 2 94 41 2 4 8 193
6D2 326 4 330 31 3 5 6 45 - - 6 8 381
6F32 3 - 3 4 - - - 4 2 - - - 9
Totals 517 36 210 30 12 14 43 7 24

553 266 31
% 0of Grand
Total 57.8 4.0 23,4 3.3 1.4 1.6 1.1 2.6

61.8 29.7 4.8 8.5 893
Proportion
of fallures 380 110 5 19 514

on overhaul

NOTE =%

*k This accounts for zero emission

This includes low slope or total emission and high conducting resistance for dlodes.




(49S¥1)

PAPER 4

Flg. 1.

MADAM.




4. Madanm
by
Professor F. C. Willlams
Manchester Unlverslty

By stupendous efforts we did Just succeed in producing for the opening of this
conference the report of the Manchester conference in July 1951 so I shall assume that I
need say nothing about the Manchester machine before that date and that I can take as my
subject a summary of the experience that we have had with this machine in the 20 months that
have elapsed since then. Throughout this period this machine (Fig.- 1) has been used purely
as a computing instrument in a mathematical organization, and has been kept quite separate
from the electrical engineering department, and no engineering research has been undertaken
on the machine, Tne policy of the mathematical organization has been to Investigate the
method of using computing machines and to investigate their application to a reasonably wide
range 0f problems. We have never attempted to set up a computing service for the solution
of routine problems by means of our own computing machine staff, As part of this policy we
have devoted a good deal of time to the training of users drawn from as wide a fleld as
possible, including other departments in our own and other Universitles, Government Depart-
ments, and such industrial organigzations as we have been able to interest. Thus the
emphasis has been rather on the training of users and the disseminatlon of machine "know-
how" rather than on producing specifically interesting numerical results. It is our in-
tention to leave the production of such results very largely in the hands of newly trained
users, who In general have undergone training with the object of belng able to do that kind
of production work.

In parallel with the policy decided upon for the use of the machine, we have been keep-—
ing a very c¢lose eye on the machine from the engineering point of vlew, and it 1s important
to reallize that we have approached this from an operational-research aspect. We have not
been doing engineering research on the machine, — we have been watching the behaviour of. the
exlsting machine, from an englneering point of view. In this connexion it 1s important to
remember, as I have already sald, that the machine has been severed completely from its
parent department, and that ity servicing is in fact, done not by people who assisted in
making 1t, but by people who have been tralned for that work. In much the same way as radar
mechanics, during the war, took a course on a particular radar device, so our service
engineers have taken a course on the machine and then attempt to service 1t, Now I am not
suggesting that these speclally trained service people do not get asslistance from more
knowledgeable people when they are In trouble, — there are a varlety of people to whom they
can apply for help - but in the maln they do manage to keep the machine going most of the
time. The other thing that I want to mention about this machine 1is that 1t 1s not a
speclally bullt laboratory model. It was not even bullt in the University. It was
delivered there and 1s a commerclally made article. As a result of this experlence with
the machine it has become quite clear that, apart from a lot of little mistakes, we made two
major mistakes in the original design, In spite of these two mlstakes we have managed tO

“limp along at an average rate of computation of about 70 hours a week during the perlod under
review, but these two mistakes did become very clear during this period.

The first mistake was that we made our magnetic drum of too small a diameter. As Just
looked at, on the oscillograph, 1t seemed to work very well, but 1n the computing machine
there were errors of the order of a few wrong digits in a million, This was not good
enough. We have now replaced the old drum by a drum of double the dlameter with, therefore,
_a more open packing for digits, and trouble from this source has practlcally vanished.

The second rather serious mistake that was made 1n the deslgn was the declslon to use
D.C. machinery for the high tension supplies to the machine. We find that these machines
are rather 11ke the curly headed girl, when they are good they are very very good but when
they are bad they are qulte horrid. The so-called D.C. can, under such certaln circum-
stances, be accompanied by every variety of high frequency mush that you can lmagine and this
1s developed at such a low impedance, by brush arcing and so on, as to make it practically
impossible to eliminate 1t by fllter circults. The result is that from time to time the
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machine has jJust become intolerable in this respect and 1t has been necessary to dismantle
the maciines, skim the commutators and generally attend to them mechanically. This is
always a long Job and it closes down the machine for rather a long time. We have done
nothing more about thils yet, but we belleve that the preferred arrangement is to use a motor
alternator, to 1isolate the machine from the malns and its attendant switching transients,
and then subsequently to use some form of dry plate metal rectiflers to look after the high
tension supplies.

Throughout this period too, we have been keeplng a very careful watch on the behaviour
of the cathode ray tube store. This has given conslderably less trouble than either the
drum or the power supplles. In fact 1f we had not had any trouble with our power supplles
the faults due to storage 1tself would have been negligible, Most 0of the faults we have
had with the store have been due to machline interference getting through rather sensitive
time base circuits to the deflection circults of the cathode ray tubes. The time base has
been Improved recently, and that has glven some considerable asslstance, but the real
solution is to root out the source of the trouble and get rid of the D.C. machlnes.

Now before I give you detalled figures of the performance over this period, I think 1t
would be as well to outline the present normal running routine of the machine. The normal
process 1s to switch the machine on at 8.30 on a Monday morning, and it then runs night and
day until the following Friday week, when it 1s nominally switched off at 10 p.m. in order
to give the malntenance men one free weekend in two. Frequently however the machine runs
through this second weekend as well, without a malntenance engineer in attendance but with
one at the other end of a telephone with a fairly powerful car at his disposal. Each day
there are two periods set aslde for malntenance. The first 1s from 8.30 until 11, during
which preventive measures are taken and general Investigations made, and another from
3 to 4 In the afternoon. The first period 1s always used. The second 1s used 1f
circumstances suggest i1t would be a good idea; otherwise the calculations proceed right
through it. Thus, in any period of 14 days the machine 1s actually switched on for a
period of 2774 hours, of which 38+ hours, or something like 14%, are set aslide for
malntenance. We have kept continuous records, excluding all holidays, but 1lncluding
involuntary closing down of the machine. We have recorded under a number of headings the
total time the machine was on, the total scheduled maintenance and engineering time, the
scheduled computing time, and the fault time. The figures are shown in Table L. The
total "on time" 1s about 8000 hours, scheduled engineering and maintenance 1300, scheduled
computing time 6500 odd, rault time S60 hours. The serviceability can be expressed either
as 87% of the scheduled computing time, or as 72% of the total power-on time. I think
those are fairly satisfactory figures, bearing in mind the nature of the malntenance effort
that we have used, and also the fact that very little of the machine's time 1s employed
entirely on production. If the machine 1s running on pure production then a fault 1s found
just about as soon as 1t happens and can be relatively quickly traced. If the machine 1s
being used for trainingwhen it may be idle for lengthy perlods, or for programme prepara-
tion and correction, then it is possible for minor faults to accumulate untll you have
several, before you spot any of them, and thls always makes lilfe rather more: difficult.

TABLE I
Serviceabllity
Total MON™ CIME . s+ st 7792 hours
Scheduléed maintenance and engineering time ... . ... 1322 hours
Scheduled COMDPUTING TAME oo ireses st es oo 68470 hours
Fault CIME et 860 hours
Percentage serviceabllity m_ terms of scheduled computing time ................ 87%
Percentage serviceability In terms of total fon" time ... 72%
36

(14567)



We have also kept records of all component fallures during the period under review.
These are shown in Table II, The 357 valve fallures 1involved 200 pentodes,
108 diodes, and 49 other types. There were 30 cathode ray tube failures, 10 condenser fall-
ures and 24 resistor fallures. We arrive therefore at an average valve fallure rate of
approximately 10 valves per mega—valve-hour, Or an average 1ife of 88 000 hours per valve -
which 1s a rezscnably satisfactory figure, The rate for the cathode ray tubes 1is less
good, and 1t 1s of course pointless to express the answers for condensers and resistors in
that way because the valves already are showing about 10 years life, so the corresponding
figures for the condensers and resistors will take us well into the next century. It seems
from these figures that our policy of running the machine fairly cool and not running the
valves right up to their rated level has pald off reasonably well. Turning to other
aspects of the machine, the performance figures showed that there had been about 5600 hours
avallable for computation. During this period about 50 different people from various
gources have been tralned in the use of the machine and our experience with these trainees
shows that 1t is definitely possible to have a flair for this kind of work, and that the
standard of ability required for good programming is quite high. It is not in fact at all
easy to select sultable people for work on programming, and certainly a high level of
mathematical knowledge, although it is valuable as a starting point, 1s certainly neither
necessary nor sufficient as a criterion of sultability as a programmer.

TABLE II
Component Fallure
( 200 pentodes
Valve fallures 351§ 108 dlodes

\ 49 other types

C.R.T. fallures 30

Condenser fallures 10

Resistor fallures 24
Average rate of valve fatlure 1s 1 per 88000 hours.
Average rate of C.R.T. failure 1s 1 per 3000 hours.

The requirement for highly efficlent operators arlses from the rather high cost of
machine time. This point is always remembered when the engineering efficlency of the
machine is under discussion but 1t sometimes gets forgotten when one 1is speaking of the
efticlency of the actual operation of the machine by the user. Most of the people that we
have tralned continue to use our machine, usually part time. This happens for instance
with people from other Universities. They may come up for one or two days a fortnight to
work off thelr accumulated questions. The same happens with our local industrial

_connexions, and it is therefore difficult to say how many people are effectlvely using the
machine full time. our guess is that the total effort 1s equivalent to about 15 full time
mathematical people. Set against this, the scale and the cost of the maintenance effort
required is of course quite negligible. From this point of view therefore it 1s really
talse economics to economise on the standard of engineering staff employed to maintain the
machine. With effort on that scale, l.e. 15 or so full time people, the machine 1s not
kept busy. I do not say that it 1s ever actually idle at any time, but there is no
particular pressure to use what time is avallable 1n a highly etficlent manner, and one
could readily accommodate both more people and a greater volume of WOTrK per persoil.

A good deal of this total time I have mentloned has been spent on the development of sub-
routines of general utility; but this work 1s now almost complete though we do still use
quite a lot of machine time in the development of particular programmes bullt up out of
these subroutines. Our general concluslons, as a result of this experience are that 1f we
regard the machine as a sclentific computing machine then it 1s rellable enough and fast
enough to meet present demands. We could easlly accommodate more users. This situation
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might be rectified either by employing more people in the University or by undertaking
some routine production; but i1n the Unilversity sphere thils does not seem to be the right
solution and we seek to use our machine more fully by increasing the circle of users from
outside, over and above those permanently assoclated with the machine staff,

There 1s one other lesson that I now know we have learnt during this perlod, but which
I had not realized until I heard remarks made here about new faclilitles that might be
supplled by the englneer. I would 1ike to gilve a word of warning to all engineers on this
point - namely, never give to a group of mathematiclans any facllity or any speed that you
are not prepared to maintain for all future time. For they will say: "Any machine that is
slower than the one we have had 1s 1ntolerably slow and any machine that does not contaln at
least all the facilities of the machine that we are accustomed to 1s uselessi®

5. MOSALC

The 'Ministry of Supply Automatic Computer!

by
A. W. M. Coombs
Post Office Research Station, London
Histery and general nature of machine
Originally required by MOS for the rapid solution of one particular problem in the

analysis of radar data, "MOSAIC" has in fact been designed with complete flexibility as a
general purpose computer.  The mathematical design was by NPL, the engineering design by
GPO Research, and the manufacture and assembly by All-Power Transformer CO.

I 1s a high-speed electronic machine (Fig. 1) working on the "serial" principle, and
using a "3-address" form of instruction.

‘Store

Ultrasonlc mercury delay lines, using quartz crystals, and with a capacity of
1040 numbers or words, each of 40 binary digits.

Speed

Fundanental pulse frequency 570 kc¢/s. Addition time for 40 digit numbers 70 Us,
multiplication time 6 ms.

Facilities

Additlon, subtraction, multiplication, certain logical operations and delay up to
48 diglts carried out in response to 2 single instructioun. Other operations must be
programmed,
Input and output

Input usually by punched card, but alternative form using 4 in. wide punched paper

tape avallable for the particular problem of radar data analysis. Output by punched card
or by automatic typewriter.
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Stze of equipment

The machine uses about 6000 thermionic valves and 2000 germanium diodes, spread over
600 sq ft of panel aresa. It dissipates 30 kw and therefore forced circulation of air 1is
used for cooling. The store contains about # ton of mercury, arranged In 64 long tanks
(16 numbers) 3 short tanks (1 number) and one special tank (2 numbers).

General description of operation

Logical principles. The unit operation of the machine conslsts in derlving two
‘numbers from the store, operating on them in some specified way, and conslgning the result-
ing single number back to the store. The instruction word of 40 diglts therefore contains
information as to two sources (of numbers), an operation to be performed on the numbers, and
a destination for the resulting number - hence the name "Three Address'. In addicion, the
Instruction word specifies a further source from which the next instruction 1s to be drawn
while the present operation 1s proceeding, a timing number and "Characteristic" which
together govern the instant of start and the duration of the present operation, and a "Go'
digit, without which the machine will "Set up" the instruction, but will then walt wlthout
obeylng the instruction untll some external source authorises continuance of the programme.
This latter facllity is used for input, output, and manual testing.

The machine operates in successive periods of "Set-up" and "Obey Instructlon’. The
*Set-up"* period, during which various leads are arranged under the control of the
instruction word to govern the next operation, invariably lasts for one minor cycle
(70 us). The "Obey Instruction® perlod succeeds it, but 1s of varladble length depending on
the timing number and the characteristic, In general, 1t includes a "Wait" perlod, a
*Transfer' period and a further "Wait" period, all of which willl pe 1ntegral numbers of minor
cycles, and the first and third of which may be, and usually are, 0f Zero length. The
commonest form of instruction is the "Immediate, O" type, which makes the two walt perlods
gzero and the transfer perlod one minor cycle, or 70 uS, so that the interval between
successive instructions 1s then 70 pS, and the complete period from the setting up of one
instruct ion to the setting up of the next is 140 uS. The optimum arrangement can be
obtalned to some extent by arrangement of the Instruction words in the store; there are how-
ever some 1lnstructions which sut generis require more than the optimum period to be obeyed.

The usual discriminate and subroutine facllitles are of course avallable.

Engineering principles.- The basic principle embodied in the circuitry of "MOSAIC® is
that, from a rellabllity and maintenance point of view, a large number of simple circults is
to be preferred to a small number of complex circults, despite possible increased bulk and
initlal cost, With this goes the corollary that valves may be used in profusion, on the
‘principle of "One electrode, one Job", rather than avoided by the use of ingenious but "edgy"
networks. For after all, valves are cheap, easily replaced and llable to become rather more
than less reliable, and they have the merit of isolating sections of the circults, which may

then be tested very easily.

Thus, the greater part of "MOSAIC" consists of CV138 valves arranged as binary trigger
palrs, or as multiple "and" gates. The rest consists of a few "Or" gates, and the
necessary linking, phase reversing or buffer valves, which are elther CV138 or CVR127, the
latter 1f large low-1mpedance signals are required. There 1s a small amount of diode
switching using thermionic diodes; the germanium dlodes are used solely as clamps.

The standard trigger and gate circuits will be dealt with by Mr. Chandler in a later
paper. We shall here mention two of the problems associated with high-speed computers of
this type and the technique employed in "MOSAIC" to meet them.

The first problem is that arising from temperature variation of veloci\:g in the delay
lines. In the long lines, this causes a delay varlation of one pulse per 3°C, which is
clearly too great to be tolerated.
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Elther the temperature rmust be kept constant, or the clock frequency varied to sult
the temperature; greater flexibllity is obtained with the second method, which has accord-
ingly been adopted. In effect, all the mercury lines are packed close together in a
thermally insulated enclosure, in such a way that they may reasonably be assumed to be at
the same temperature. One of the long lines 1is then used to control the master clock
frequency in the required way, using what amounts to a feed-back circuilt. An overall
manual control is provided In case the wide variation of temperature between say, winter and
summer should be outside the capacity of the automatic circult. The circult has been
wholly successful to date (over 4 months operation).

The second problem 1s that which inevitably arises 1n any high-speed machine of large
size, namely, the loss of synchronism due to the finite velocity of pulses down the cables.
In the case Of "MOSAIC", this delay can amount to nearly + us (100 yd of cable) which is one
third of a pulse period.

Since a delay of up to * S may exlst, all signels in transit from one stage of switch—
ing to the next are arranged to be delayed a tctal Of one third of a pulse period. Thus
signals from different parts of the machine, which may be out of synchronism, are pullied
back 1nto synchronism before switching operations are performed upon them. At the same
time, a re-shaping operation is performed, so that there 1s no progressive deterioration
elther of shape or of timing as the various switching and combining operations go forward.
All possible paths of signals are arranged to 1nvolve similar numbers of switching stages,
so that the same total delay 1s imposed, and this total delay 1s compensated for 1n the
delay line lengths - which are in fact all exactly one pulse short, allowing 3 switching
stages 1n the recirculation path, whatever it may be,

The padding-out to a constant delay is achieved by using three separate sets of
synchronising pulses, which are avallable throughout the machine. Each set has a
recurrence frequency equal to that of the master clock, but the sets are staggered by
1/3 pulse period relative to each other. They are called the "K1i, K2 and K3" pulses,

Any one signal pulse 1s arranged to last from K1 to K3, or K2 to Ki, or K3 to K2, and is
thus of 2 / pulse period length. If a particular switching or combining circult has to
deal with'3pulses - from another part of the machine - which were origlnally of K1 —> K2
type, then it 1s assumed that these pulses will certainly have arrived at the time kK23
therefore they are read off or gated by a K2 pulse on to a trigger which 1s automatically
restored by a Ki, The output of this trigger is the pulse to be passed to the next stage
of switching, and 1t 1s thus re-shaped. re-synchronised, and delayed by 1/3 pulse period
relative to its original time (it is in fact a K2 —> K1 pulse).

It is essentlal that the K pulses themselves shall be absolutely synchronised
throughout the machine, otherwlse delay in these pulses may be additive to the delays in
the signal pulses. It 1s arranged that the K pulses in their peaked form are generated
on each panel separately, from a 3-phase system of sine waves distributed around the
machine on ring mains at master clock frequency, and to ensure absolute simultanelty, these
sinusolds are in fact arranged to be in the form of standing waves. There 1s thus no
delay as between one part of the machine and another.

Layout principles.- The panels are all hinged at one side, this glving easy access to
the circults for test and maintenance purposes. The major problem 1n layout was that of
pick-up, both at the low-level ends of the delay lines, and on the H.T. llnes, where it had
the effect of causing the triggers, which are very high speed, to turn over spontaneously.
All H.T. leads are passed through multi-range filters, and thereafter completely screened
in hollow aluminium bus-bar chambers or sScreened lead, and the delay line carrler ampliflers
are mounted near the lines, using double screened cable for the low level inputs, soldered
into the amplifier boxes. All interconnexions are in coaxlal cable.
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Fig.1. NICHOLAS.
44
(14567)



6e Nicholas

by
N. D, H11l

Elliott Bros.

NICHOLAS is the name given to a high~speed digltal computer which has been made at
Elliott Bros. Research Laboratories at Borehamwood. The decision to bulld 1t was made in
March 1952, the primary object of 1ts construction being to furnish the mathematiclans with a
tool with which to gain experience in the programming and solution of a dlversity of
problems, Also it was desired to obtain practical experience on a full working scale of
certain techniques which had been developed in the Laboratories.

A detalled description of the construction and functional logic of the machine will be
given in a paper which 1s at present belng prepared but some of its sallent features may be
of interest here. The aritmmetic element, routing and control units are contalned in one
rack and consist of combinations of three basic circult plates in which all loglcal opera-
tions are carried out. These logical operatlons are performed by colncidence gates and mix-
ers using germanium crystals together with diglt delays and inverters; the three basic
¢ircuit plates also Include cathode followers. Magnetostriction nickel delay lines are used
exclusively throughout the machine for storage; there are tive short lines for the
accumulator, multiplicand, order, order number and address counter registers and 65 long
lines in the main working store, of which one 1ls used to control the master osclllator in
order to minimise the effect of temperature variations on the effective lengths of the 1lines.
The total storage capacity of the maln store 1s 1024 words to which the average access time
i1s 6+ ms. Both the circuit plates and nickel llne store have been descrived in recent
colloquia at Cambridge and the development of the store 1s also belng described by

R. C. Robbins in a later paper.

Input 1s from 5-hole punched paper tape and output on standard teleprinter equipment
glving either printed and punched paper tape or printed page.

Words are 32 digits 1n length and consist either of numbers or of two 16 digit
instructions. A single-address code ‘1s used in which the first 10 diglts designate the
location of the word to which the instruction pertains and the remaining 6 digits denote the
function, e.g. add, collate. The average computing speed 1is approximately 100 operatlons
per second, an operation consisting cof an addition, multiplication, transfer, etc.

By the beginning of Avgust, five months after the declslon to build the machine, the
mejority of the hardware had come together, including sufficlent of the store to enable small
computing problems to be solved. The first major problem, consisting of trajectory calcula-
tions requiring about 1400 orders, was begun on January ist and is proceeding. Other
problems are being programmed at the moment.

The compilation of a library.of subroutines 1s in preparation. The trajectory calcula—
tions were prograrmed dlrectly in machine code but initlal orders have now been evolved which
enable programme tapes tO be punched in a very simple code and numbers to be punched directly
as decimal numbers. The latest problems are all being programmed in the new simplified

codes
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7 Advance Notes on RASCAL

by
E. J. Petherick

Royal Aircraft Establishment, Farnborough

Introduction

High—-speed binary computers operate to best advantage on analytical problems involving
lengthy computation with but a modest amount of input of data and output of answers. How-
ever, much of the computing in an experimental organlzation such as the RAE 1s not of this
type; it 1s'concerned with the reduction of experimental data, garnered from wind tunnels,
structural and flight tests, misslle development, etc. A vast amount of such data 1s
collected and an increasing proportion of it 1s being recorded automatically both for visual
scrutiny and for feeding to automatic computers. The computing needed, however, frequently
falls below five arithmetic operations per item of data, though the sequences may run to
several hundred operations. Such problems are therefore suitable nelther for conventional
pbusiness machines nor for high-speed binary computers. Business machines lack the required
programming capacity; and the high-speed blnary machines are limited both by thelr speeds of
data input and answer extraction and also because the double conversion they demand, to and
from the binary notation, would swamp the actual computing required (1n most cases the need
for scrutiny of data by experimenters renders recording of data in binary form undesirable).

In any machine for data reduction, therefore, the lnput facillities must be particularly
good; much of the data will be read once only and in a prescribed sequence, and so attention
should be pald to rapid access 'on demand! to the next number on a chosen input medium- tape
or card stack. output facilitles are required which enable results to be disseminated
quickly to the experimenters and later to a wlder public in report form. By contrast,
computing speed can be sacrificed to economy, simplicity, rellability and serviceabllity.
Moreover, any machine bullt primarily for data reduction should be sufficlently simple and
easy to programme that most customers can load thelir own problems. This has two advantages
in any establishment 1ike RAE; 1t emphasizes both the capabilities and - perhaps more
important - the limitations of automatic computing direct to the staff concerned in the
design of experiments, with — 1t ls hoped - consequent dconomy 1n subsequent worke.

ffort at RAE was first concentrated on a slow relay computer, but with the advent of
rellable electronic decimal elements, the emphasis was shifted to deslgn of a medium-speed
electronic machine, RASCAL (Royal Alrcraft Establishment Sequence Cglculator) and development
of this design 1s now being handled by the Plessey Companys It should be stressed that, un-
1ike most of the machines dealt with at this session of the Symposium, RASCAL is still under
development and no operating performance 1s avallable. Emphasis on data reduction has, how-
ever, resulted in some unusual features which may be of interest, particularly as this design
slant resembles that glven by many commercial applicatlons. .

RASCAL will use the floating decimal, parallel counting mode of operation, with fast,
serial, coded input from punched tapes or cards; and up to three tape punches, card punches
or typewrlters wlll record 1ts answers simultaneously while computing proceeds. . The Ttwo =
address control code — detailed in Table I - will provide facilities for modifying orders
similar to those afforded by the B-tube of the Manchester machine. RASCAL should be port—
able and should need about 450 valves, It will use GC 10 D dekatrons and G1/370K cold-
cathode trigger tubes as 1ts maln arithmetic elements and a magnetic drum as its main
internal store. The rhythm of the machine follows from the dekatrons' iimit of 20000 steps
per second and also from the decision that each operation should be complete in one drum
turn, t.e. in 9 ms, Some such work turns will be preceded by a turn for readlng an operand
to the arithmetic unit and/or writing the answer of the preceding stage on the drum; and the
order for each operation will be read and modified during the preceding work turn.
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Design hinges on the methods adopted for chooslng and forming multiples — and thelr
complements - in short-cut multiplication. These methods incidentally permit virtually
simultaneous carry in the Accumulator and employ two decimal codes thought t0O De novel.

Components

In the GC 10 D dekatron (ref.- 1) a dilscharge can be arranged between a central anode
and one of ten surrounding cathodes. This discharge can be stepped to successlve cathodes
by feeding to certain transfer electrodes pulses of 25 s duration and spaced at least 25 s
apart. Nine of the cathodes are strapped internally and the base plns give access to that
group and to the remaining cathode — the valve 1s therefore ldeal for counting and the pulse
avallable as 1t passes 1ts lone cathode (used as its ninth) can lnitlate inter-digit carry.

The G1/370K trigger tube (ref. 2) 1s a similar binary device. A low current discharge
between a subsidlary anode and cathode can be extended to a maln anode cathode gap in a few
@s, by suitably pulsing a transfer electrode. Once established in the main gap the dis-
charge takes longer to extinguish, a 25 Us pulse belng required to de-ionize the gas in that

€2De

Both these components have the advantage that their discharges enable the contents of
the various registers, etc. to be seen immediately the machine 1s stopped, without further
test gear. Their use in a parallel arithmetic unit permits 8 x 8 decimal multiplication to
be performed in 5.8 ms, using short—-cut methods and a baslc pulse repetition rate no higher

“than 20 Kc/s.

. Input

Data and orders - intermingled if needed - will be fed to RASCAL on punchad tape Or

cards. Numbers will be supplied in the form p X 10Y, where =1 < p < 1 and =18 < J < 29 the

exponent J will be punched first, followed by the sign of the significant figures (coded as
0 1t positive or as 9) and up to elght significant flgures. Most orders willl comprise two
tunction digits, a modification digit and two four-digit addresses, which will occupy
positions corresponding to the exponent, sign and significant figures of numbers, respect-—
ively. Each digit will be represented either 1n a column of a card by one hole, or on a
1ine across a tape by a code in which the four channels indicate the digits 1, 2, 3 or 9

and are combined according to Table II. Each word will be preceded by an X punching on
cards or by a three-hole combination C on tape; but any number of zero exponent can have
that exponent and 1ts X or C code replaced by a Y punching or another three-hole code D,
respectively. This method of dats input reverses the procedure on fixed point machines, of
programming a floating point when required, and can only be justified 1f the bullt-in float-
ing point does not slow computing appreciably. In RASCAL, most operation times will only
exceed those in the comparable (hypothetical) fixed point design in the ratio of 7 : 6.

The readers have been designed to reduce the delay between the arithmetic unit calling
tor and receiving the next item of data from any chosen tape or card stack. In each tape-
reader, for instance, the required number and its adjacent C or D codes will pe left allgned
roughly in front of four strip photocells (one for each channel) and will be scanned
repetitively by a beam of light, deflected along the tape past the number required in the
direction of decreasing significance. To read that number, the arithmetic unit will be
connected to the photocells at the start of a scan and will record all the digits reaching
{t after the first and before the second C or D code 1s sensed. The input delay 1s thus
determined by the speed and frequency of scan and is limited only by the resolving power of
the photocells; in RASCAL, no advantage 1s galned by reducing the delay below 7 ms, though
it could be cut to 200 pe. The tape will be accelerated independently of the scanning
system, when a number is demanded, and willl move till a C or D code passes a subsldiary
optical system and the next number on the tape 1s allgned in front of the photocells.

Thus only the average rate of input is limited by the tape transit mechanism, which can
complete its movement while the computer utilises the data read during one scan. It will
be possible to plug up to six tape or similar card readers to the computer at any time and a
keyboard will facllitate manual insertlon of data Or orders.
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Storage

a

On the drum the same 1, 2, 3, 9 code will be used. Each group of four tracks will
store 100 numbers. The tens digits of the exponents of all 100 numbers will be stored
together on one sector, followed on the next sector by all 100 units exponent aigits;
sector 3 will record the sign of the significant figures, sector 4 the first significant
figure, etc. till the twelfth sector round the drum contalns the ninth significant figures
all 100 numbers-retained to minimize loss of accuracy. Ten digits will be stored in each
the first ten of thirteen sub-sectors within each sector to pass the reading heads, the rest
of each sector and two further sectors belng reserved for certain control functlons. orden
will be stored on the drum like numbers and will be avallable both for control purposes and
also for alteration in the arlthmetic unilt.

Using a circumferentlal packing of 75 digits/in. the drum's dlameter will be
approximately 8 in. and its speed, to fit in with dekatron limits, will approximate to
6700 I'eDeMe This will give an addition time of 9 and a multiplication time of 18 ms
including access to operands and disposal of answers, for a diglit writing and reading rate
no nigher than 1600/s.

For 9000 addresses, only 36 magnetic heads will be used, each capable of writing numberf
and orders on the drum and moveable to cover any chosen one of ten tracks. Four more
writing heads will extend the storage to 9900 numbers and four static heads will glve access
to a further 100 stores, primarlily for modificatlion and output purposes. At any time,
therefore, 1100 stores willl be immedlately avallable without moving any heads. Assoclated
wlith and spaced one sector from each writing head wlll be a reading head, the separation of
the writing and the reading functions simplifying switching of digits to and from
appropriate heads.

Of the four diglts of each address, the second will select one group 0of elght heads;
the first digit will control movement of the chosen heads to cover the appropriate tracks;
and the third and fourth digits will set up colncidence circuits to open writing or reading
gates at times dictated by a phonic wheel (see below). If the first and second diglts of al
address are both nine, however, the octet of fixed heads will be used.

The phonic wheel

' Attached to the drum will be a phonic wheel, the 17 channels of which will define
completely each diglt storage location round the drum, in a two-out-o0f-six code resembling
the 1, 2, 3, 9 code and detalled in Table Il S1x channels will define which sector, a
further six which sub-sector and five more channels which digit within a sub-sector 1s pass-
ing the reading heads at any instant. This phonic wheel may be formed from a stack of disk
each divided notionally round 1ts edge into 1820 equal divislons. Some divisions would thel
be left blank and others would be marked with scratches in accordance with the six-channel
code of Table II; and as the wheel turns, those scratches would generate pulses in

17 magnetic heads similar to those reading diglts from the drum. Alternatively the phonic
wheel may consist of a single disk photographlcally etched with a similar code. Elther
scheme enables appropriate digits to be read from the drum when required, at times defined b
coincidence between the outputs from the sub-sector and digit channels of the wheel and
corresponding channels speclfying the third and fourth digits of the address of the required
number. Further coincidence circuits examining the output from the wheel wlll provide
pulses - at intervals of five us. for controlling the machine during each drum turn.

The arithmetic unit

In the arithmetic unit there will be only four maln assemblles, termed the Recoders,
the Register, the Accumulator and the Pulsing Unit (fig. - 1). Digits of a number read
serially from the drum, tapes, cards or the keyboard, through one Recoder, will be
staticised on quintets of trigger tubes forming the Reglster, for transfer in parallel from
there to the Accumulator, each digit N as a traln of N pulses under control of the Pulsing
Unic. For subtraction there will be available complements of numbers on the Reglster,
while for short-cut multiplication there will be needed the positive and negative multiples
2-5 of the multiplicand on the Reglster. The Reglster wlll be able to shift the significany
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figures of its contents one place In the direction of decreasing significance for every
pulse applied to certaln control lines.

The pure decimal Accumulator will employ 12 dekatrons, of which the nine for
significant figures will be arranged in a ring and will carry virtually simultaneously
sthrough nines. Addition or subtraction of a number or of one of lts multiples, to or from
the Accumulator, will take 650 jiS. Answers formed on the Accumulator in pure decimal
notation will read out serially, through and under control of the Accumulator's Recoder, to
the drum or back to the Reglster in i, 2, 3, 9 code.

The Accumulator's Recoder will also deal with any oversplll from the Accumulator during
addition or subtractlon; will partially standardize products; and will provide a check
against the processing of numbers with exponents outside the permissible range.

Formation of multiples

Table III lists the products resulting from multiplylng each possible multiplicand
digit by each of the factors 1-5. Table III also lists the sum of the digits in, and hence
the number of pulses needed to form, each two-dlgit product. But for any multiple the tens
digit of one product, of a multiplicand digit by a factor, may have to be added to the units
digit of another product, of the next more significant multiplicand digit by the same
factor. Multiples 2-5 may therefore need up to 1+8, 2+9, 3+8, or 4+5 pulses respect ively,
since for multiples 3 and 4 eleven pulses may reach any dekatron, two carrles may result and
the basic cycle of the machine — avallable as each drum sector passes the reading heads -
therefore comprises thirteen pulses, one in each sub-sector,

‘Table III also indicates that for each factor, the pulses needed to form the two-digit
products for the multiplicand digits N and (9=N) sum to nine, exXcept for the cases boxed.
This suggests that each digit N < 5 on the Reglster should time the opening, and each digit
(s-N) the closing, of a gate feeding pulses from a common supply of nine to the appropriate
dekatron in the Accumulator. Each gate will be controlled with the aid of a flipflop,
which will be in its gate-closed state before each cycle of nine pulses.

To transfer an operand, for Instance, each digit 1 thereln will step its flipflop to
open its gate after pulse 8 of the group of nine, to allow pulse 9 to reach the Accumulator.
Each diglt 8(=¢-1) will step its flipflop and open its gate before pulse 1, to step its .
dekatron untll the gate 1s closed after pulse“8 by the same ccntrol used for complementary,
diglits 1. Any gate controlled by one of the other diglt palrs 2/7, 3/6 or 4/5 will be
opened before the cycle 1f 1ts digit exceeds 4 and will change state after pulses 7, 6 or 5
respectively. This system enables the complement of an operand to be formed easily, by
stepping each flipflop agaln before each subtraction cycle.

To produce each of the multiples 2-5 and their complements, the above procedure will be
extended to form the 13-pulse cycle demanded by Table IIIl. In the first part of each such
cycle the tens digits, and in a second part the corresponding units digits, of the two-digit
products of the multiplicand digits by a chosen factor, will reach the Accumulator. At the
end of the first sub-cycle, the Register's contents will be shifted one place in the
direction of decreasing significance, and inter-digit carry will be arranged before the
start of the second sub-cycle. The two sub-cycles and the carry period will together
occupy the first ten pulses of the cycle; pulses 11 and 12 will be needed to complete
multiples 3 and 4; and pulse 13 wlll provide the second inter-digit carry period.

The lower half of Table III indicates the shift and carry perlods for each of the
factors 1-5 Before each sub-cycle, all the Accumulator's flipflops will be stepped from
their gate-shut positions if a complement 1s needed and each flipflop may be stepped again
1f its controlling digit exceeds four. The flipflops will be further stepped during either
or both sub-cycles according to the lower half of Table III and all will be returned to
thelr gate-shut positions before and after each carry period and also after pulse 10.
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For the boxed cases of Table III, the relevant flipflops wlll be stepped speclally, to
shut their gates after pulses 1 or 2, for factors 3 or 4 respectively, and to open thelr
gates before pulse 5. There will thus be formed in the first ten pulses of the cycle the
relevant two-digit product 07, 16, 06 or 26, to which will be added two further correcting
pulses — Nos. 11 and 12 - by stepping the flipflops agaln before pulse 11,

Five-channe l code easing choice of control pulses

Cholce of the appropriate control pulse(s) by each multiplicand digit - from the set of
pulses provided for each factor by the Pulsing Unit - will be simplified Dy a simple change
in coding, from the four-channel code used on tapes and drum, where space 1s limited, to a
somewhat similar five-channel code on the Reglster. The latter code, listed in Table II,
indicates directly into which complementary pair each multiplicand digit falls and whether
that diglt exceeds four, In each stage of the Register, four trigger tubes A, B, C and D
will be associated with the diglt palrs 1/8, 2/7, 3/6 and 4/5, respectively, and a fifth
tube E will indicate whether the digit on the quartet exceeds four. Zero will be indicated
by no tubes being flashed and nine by tube E only in the relevant quintet.

Choice of multiples in short-cut multiplication

In short-cut multiplication, the multiplicand will be set on the reglster during one
drum turn and in the next turn the multipller will select appropriate multiples of that
mltiplicand, to add to or subtract from the accumulator to form the product thereon. The
required multiples can be chosen correctly and easily by inspecting no more than two
adjacent multiplier digits at a time, expressed in the same S-channel code. Multliples
higher than the fifth can be avolded, by subtracting a lower multiple from the tenth - the
multiplicand itself shifted one place to the right; and any tenth multiple for the less
significant multiplier digit of a palr suspected can be added to the lower multiple for the
more significant of those digits. The most and least significant multipller diglits can be
treated similarly if they are consldered to be preceded and followed respectively by zeros.

This procedure is tabulated in Table IV and can be further summarized as follows. When'
poth the multiplier diglts inspected are less than 5 and the more significant is N, then the
Nth multipl- of the multiplicand must be added to the Accumulator. The same multiple must
be subtracted if both the multiplier digits exceed 4 and the more significant is (9 - N);
but 1f only one of the multiplier digits exceeds 4 then the multiple so chosen must be
replaced by the next larger multiple.

If the multiplier digits to be thus Inspected are set onto trigger tube quintets in the
S-channel code of Table II, tubes A to D in the more significant quintet determine the value
of N directly; tube E therein determines the sign of the multiple and the multiple so chosen
mist be replaced by the next larger if only one of the E tubes in those quintets is flashed.
Such choice of a multiple and its slgn can be arranged with no more than two flipflops and
ten gates over and above the two quintets of trigger tubes described above, and due to the
arrangement of multiplier digits on the drum no further multipller register is required; 1in
fact the register quintets required for the exponent digits can fulfll the function of a
multiplier register.

Reading of answers — the Accumulator’s Recoder

For each answer formed on the Accumulator, the exponent dekatrons will hold either a
positive exponent or the complement on 99 of the modulus of a negative exponent; the sign
dekatron will record a zero if the answer is positive, or a nine 1f 1t 1s negatlve; each
dekatron in.the ring will hold either a digit of a positive answer or the complement on 9 of
a diglt of a negative answer; and the decimal polnt will effectively l1e to the left of the
dekatron chosen as the most significant. Some answers will be left on the Accumulator to be
augmented in subsequent operations; others will be read out and cleared, digit by digit, to
the drum for storage or to the Reglster for use as operands; while a few will be both read
out and also left on the Accumulator (after operations 04, 05, 24 and 25).

m
iy

(14567)



In reading the Accumulator serially, the tens and units exponent dekatrons will be
dealt with first, followed by the sign dekatron and then those for significant flgures;
that 1s, the digits of each answer will be read in the same order as the dlglts of each
operand are accepted from the tapes, cards, or keyboard, The digit on the more significant
exponent dekatron, after setting the Accumulators' Recoder, will determine whether to read
the digit on the less significant exponent dekatron or that digit's complement on 9 and
the digit read from the sign dekatron to the Recoder will similarly determine whether the
diglits on the significant figure dekatrons or their complements on 9 should read. This
reading process will usually occur while the first operand of the following stage 1s drawn
from the drum, cards or tape to0 the Reglster.

One dekatron will be read to the Accumulator's recoder as each of the drum sectors i-12
pass the reading heads. As the end of each drum sector N passes the reading heads, the
diglt set on the Accumulator's Recoder earlier in that sector will be transferred to the
storage unit, for writing on drum sector N through the appropriate recording head which, it
will be remembered, will be displaced one sector from its corresponding reading head.
Alternatively, at the end of each sector the contents of the Accumulator's Recoder may be
transferred to the Reglster's Recoder and on to the Reglster's quintets.

Control

Successive orders will normally be drawn from adjacent storage locations round the drum
and the addresses specified by each order will be modifled while the preceding order 1s
beling obeyed. For this modification, each order's modification digit will select one of
ten ordinary numbers on the drum; and the first four significant figures of that number
will be added to the first address and the second four to the second address specifled by
the order, on a Control Register. The flexivbllity afforded by this procedure will be
further extended by the abllity to alter not only the modifier numbers in the arithmetlc
unit, but also the orders themselves; the function digits, modification digit and addresses
of an order will then be treated as exponents, sign and significant figures respectively.

Output

The output system will extract up to three answers at a time from the drum and will
type and/or punch them out while the computer continues calculating. This simple time-
multiplexed system will be driven from the four static reading heads and wiil yleld a typed
display suitable for photostatic reproduction and up to 20 carbon coples for immediate
distriobution. Its maximum output speed will be 36 digits/s, which will allow one answer to
be fed out for approximately every 25 arithmetic operations completed.
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TABLE I
The Order Code

Note: (A) means the contents of locatlon A on the drum, the next number on tape or cards in

reader A or the contents of the Accumulator

gg gggtract &; ;(r)‘om ; Accumulator, clear result from Acc. to destination B

04 | Add (4) to ) Accumulator, leave result on Accumulator and also read 1t out to

05 | Subtract (A) from ) destlnation B

ig gggtract uuﬁif;g ggom ; 4th sig. Fig, -0of (A), send result to B

14 | Add tnity to ) i By

15 | subtract unity from ) 8th sig. Flg. of (A), send result to B

17 | Add 5 to the Mth sig. Fig. of (A), where M 1s the modifier digit; send rounded up number

to destination B and prepare to read it out to a punch or typewriter

272 gﬁ; )xk_((g; ; and add product to the Accumulator

23 | (acc) X (4 )

26 | (acc) X-(A) ) and clear product from Accumulator to destination B

254 &gg)) %_ ((ﬁ; ; leave product on the Accumulator and also read it out to B

80 | Set trigger according to the modifier diglit M, so that when attempts are made to read
an 'outsize! number from Acc:
1t M= 0- 8 walt for ‘gperator tO clear AccC.
It M= 9 clear Acc. and proceed to next order but one

81 | Dummy stop. If control panel so demands, halt machine

88 | Full stop In any case, halt machine

82 | Tabulate carriage on typewriter M to next hand set tabulate stop

87 | Return carriage on typewriter M to start of line and line space

89 | Initiate output cycle for punching or typlng any numbers placed on drum by up to three
operations 17

91 | Strip Acc. For each zero in (A) clear corresponding diglt on Acc. to O and send stripped
number to destination B

92 | Transfer (A)'s exponent as a standardized number to B

93 | Discriminate | If (A) is negative or zero, proceed normally, otherwise skip to order in
location B

97 | (Acc) x 10“‘1 and clear product to B. [A] means the integral part of (4), which must
11e between 199,

98 | Standardize by eliminating "leading" zeros in (A)'s modulus and correspondingly

(4) reducing (A)'s exponent

Note: each operation occuples one drum turn except
23 - 25, which take 2 drum turns; and

22 & 27, which take 3 drum turns 1f the Accumulator holds a number or 2 drum turns 1f the
Accumulator is empty.
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TABLE II

Codes used on tapes, drum, phonic wheel and arithmetic register

Four-channel code Flve-channel code
for tapes & drum for arithmetic register
Digit
Channels used Channels used
1 2 3 9 1/8 2/7 3/6 | 4/5 >4
J / 0
sV . J
v v 2 /
v / 3 J/
v J 4 V4
J/ v 5 v/ V4
J v/ 6 v v
v J 7 / J/
/ J 8 v/ /
/ YR /
/Y 10
/ V/ 11
v / 12
/ / 13
Y X 1 2 3 9
Channels used in 2 - out - of - 6 code
on the phonic wheel
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TABLE III

Products resulting from multiplying each possible multiplicand diglt by each of the
factors 1-5;

The sum of the digits in each such product (in brackets); and

Method of forming each such product in a 13-pulse cycle.

Multiplicand \Multiplyl
dlgitcan \\\\ggacgog ne i 2 S 4 5
0 00 (0) 00 (0) 00 (0) 00 (0) 00 (0)
1 01 (1) 02 (2) 03 (3) 04 (4) | 05 (5)
: A1 R T BE
2 04 (2) | 08 (8) eI AR (2)
5 05 (5) 10 (1) 15 (8) 20 (2) 25 (7)
6 06 (6) 12 (3) (18 _(9)] 24  (6) 30 (3)
7 07 (7) 14 (5) 21 (3 ‘28 _(10)ii 35 (8)
8 08 (8) 16 (7) 24 (6) 32  (5) 40 (4)
9 09 (9) 18 (9) 27 (9) 26 (9) 45 (9)

E;;gister's contents |
shift right and 1st; Soiioe 1 2 3 4 5 °
carry perlod occursj

(1 (8)) shut 9 8 7 6 5

Multi- Jz open; 7; c )
| | | gates 8 6 4 | NO. 4 3

plicand{ | and { > o ‘
, 13| 6 | after 7 4 |N0o.3 | 2+8 3+ 5
' alglts | dlgits | | E—

(4, [ 5, pulses 8 2 1+8 2+ta4 2
| Multiplicand diglits O and 9 do not alter gate positions. durlng cycle

For both boxed cases, gates are opened before pulses 5 and 11.
For boxed case No. 3, gates are shut after pulse 1 and thelr state is altered after pulse 3.

For boxed case No. 4, gates are shut after pulse 2,

ALl gates are controlled by flipflops and are shut after pulses 10, 12 and 13 and also
before and after each moveable carry period.

TABLE IV

Cholce of multiple at each stage of short—cut multiplication
from inspection of two adjacent multiplier digits

More significant multiplier diglt 0 1 2 3 4 5 6 7 8 9
Multiple required 1f less

significant multiplier digit <5 lo 1 2 3 4 |=-5 -4 =3 =2 =1
of the palr inspected 1s > 4 1 2 3 4 5§|1-4 -8 -2 -1 -0|
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8. The TRE High=-Speed Digital Computer

by
R.-He A, Carter

Telecommunications Research Establishment

Introduction

The TRE High-Speed Electronic Computer has been deslgned to work In the parallel mode,
with a high-speed electrostatlic store (using c.r.t.'s) with a capacity for 512 words, each of
24 digits. It has a single address code, punched tape input, and elther punched tape or
electric typewriter output.

An auxiliary magnetic drum store has been built with a total capacity of over 1% million
binary digits.

The computer works in a pure binary scale, with a flxed binary point, conversion from
the binary coded decimal input being contrclled by the input subroutine. A corresponding
output routine controls the conversion from a pure binary answer into the output code.

Few restrictions are imposed by the computer upon the mathematiclan; e.g. the
contents of any glven address 1n the high-speed store may be read as often as required, and
211 addresses are equally accessible at all times.

'As far as possible, both '0O's and '1's are represented by active states.

~ The power suppllies for the computer are provided by four 400-cycle alternators so
arranged that all four alternators normally share the load, one supplying the L.T. power,
and the remainder the H.T. power. Under abnormal conditlons, the computer may derive all
its power from only two alternators, the change from four to three, and from three to two,
being effected without Interruption 1n the computation.

General Design

As far as possible, the blnary diglits 'O' and '1l' are each represented by an actlive
state; the voltage appearing on a digit line representing elther a digit or no diglt, the
10" beling distingulshed from the '1' by the use of separate lines. Hence, the absence or
presence of both '0' and '1l' is easily detected.

The cilrcults have been designed in such a manner that wherever 1t is possible, the
failure of a component will not provide the active state on a dlgit line.

Separate trigger circults are used for high-speed temporary storage of 'O's and '1's
(in registers). It 1s thus possible to have three states for each digit in a reglster, viz,

tcleared! '0O!' and '1',

The equipment 1s mounted on both sldes of Post Office racks, four dlglts to a rack
on the lower half are mounted the c.T.t. store units, the c.r.t.'s themselves being at the
bottom. Each video amplifier is mounted on the end of the screening can of the assoclated
CoTobo Above the C.Tet.'s are the deflectlon amplifiers each of which provides the
required voltage for one dimension ('x' or 'y') for four CoTsto's In parallel. The
address 1s fed into the amplifier in digital form, so that losses between the address
registers and the ampliflers do not affect the accuracy of the deflectlion on the C.T.t.
screen,

Above the deflection amplifiers are mounted the Gate Units, by means of which access 1s
gained to the c.r.t. store for both 'reading' and 'writing', and the unit also forms the
1ink between the output of, and the input to, the store during the regeneration periods.
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Abowve the: Cate Units are the various Arithmetic Units, with the power supply controls at
the top of the rack.

Te 'back'! and the 'front' of the digit racks are simllar in appearance, having similar
units mounted on them up to the power supply panel which 1s not duplicated on any one racke.

All the units above the c.r, t.'s have been designed for easy access without dismantling
from the rack, to enable servicing to be done in sttu. -

Cooling has also been considered, Valves are held in resistor clips, so that heat may
be transferred to the chassls, and the valves are arranged to protrude into a vertical duct.
This duct forms a flue through which the alr, heated by the equipment, is allowed to rise and
is extracted from the room by fans fitted in the roof. Cooled filtered alr 1s provided
through ducts under the floor of the camputer rocom and this alr is allowed to pass freely
over the units of the equipment. The convection currents thus created are found to provide

adequate cooling of the equlpment,

The aritimetic units, being serviced in sttu, have no plugs and sockets; all connexions
are made by means of soldered jolnts, and all valves are soldered in. The result of thils
has been that no troubles have been found to be due to poor connexions. The desirabllity of
soldering all joints has been emphasised by the fact that plugs and sockets and associlated
camexions on the c.r.t. units have given same trouble. When the equipment has been working
for a year or so this particular problem will be examined and the frequency of faults due to
this cause will be determined, together with faults from other causes,

Power for the camputer 1s being provided fram four 400 c¢/s Z~phase alternators each
driven by a 50 c/s, 3-phase motor. The system has been designed to provide uninterrupted
power to the camputer during a camplete break of the power supply to the motors of up to ane
second. Also, should any one alternator fall while under load, automatic switch gear will
take that alternator out of service and the full load will be shared by the remalning three
alternators, again without affecting the computation.

The Function Design

Fourteen instructions have, so far, been catered for in the design of the Arithmetic
Control section of the computer, They are:

i, P.n. Clear the Accumulator Reglster and then add the contents of store, address p.

2. N.n Clear the Accumulator Register and then subtract the contents of store,
address p.

3. A.n Add the contents of Store, address n, to the contents of the Accumulator
Register, and place the result in the Accumulator Register.

4, 8S.n Subtract the contents of Store, address p, from the contents of the
Accumulator Register, and place the result 1n the Accumulator Register.

S. Ten Transfer the contents of the Accumulator Register to Store address n, leaving
the contents of the Accumulator Reglster unaltered.

8. R.(n) Shift the contents of the Accumulator Register one place to the right
- (%i.e. divide by 2). The address p has no effect.

7. E.n Compare the digits of the Accumulator Reglster and of the store address n,

digit by digit. If the digits are both one, put gne 1nto the Accumulator
Reglster otherwi.se nought.
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8., O.n Compare the digits of the Accumulator Reglster and of the store
address n, diglit by digit, If the digits are both nought, put nought
into. the accumulator Register, otherwise one. -

9. D.n Compare the digits of the Accumulator Reglster and of the store address n,
digit by digit. It they differ put one In the Accumulator Reglster,
otherwise nought.

10. B.n If the number in the Accumulator Register 1s negatlive, do next the
instruction stored at address n. Otherwise proceed serlally.

11, J.n Do next the Instruction stored at address n.

12. I.n Read the row of tape Into the five least significant digits of store,
address g, setting all the remaining digits of that storage locatlon to

noughts.

13, W.n Write out the contents of the flve most significant digits in store
address n.

14, Z.(n) Stop. (n has no effect).

Wwhen the magnetic drum store 1s connected up to the computer, the necessary Instructions can
be added to the control system in a simple manner. It should be noted that reading the
information fram the Stores (Instructions 1,2,3 4,7,8,9 and 13) always leaves the contents
of the Stores unaltered.

The primary timing of:the operation of the computer 1s derlved from a 50 kec/s baslc
waveform, Thils will be a phonic wheel rigidly fastened to the magnetic drum, when the
latter 1s 1n use. Otherwise, an electronic generator of 50 k¢/s 1s used. By adopting
this system, the problem of synchronlsing a drum to the basic waveform is avolded, and is
replaced by the simpler one of designing the electronics of the computer to be aperiodic in
nature to a large extent. This has to be so, In any case, owing to the random nature of the
sequence of instructions, some of which (e. g. - printing, and reading input tape) are relatively
slova, ang require that the computer should stop while the slow mechanical operations are
performed. ’ ‘

The phonic wheel conslists ot Q disc of steel, four inches in diameter, with 2048 teeth
cut into its perimeter. This 1s then rotated:at: the drum speed of 1500 revolutions per
minyte, gilving an output frequency of approximately 50 kc/s. '

" Fig.8 1s a block schematic dlagram of the computer. The output of the 50 kc/s source
1s fed into a unit which provides a square waveform with a 50% duty cycle, together with a
second output of opposite phase. These voltages are then used to provide the remaining basi
waveforms of the computer, which coantinue uninterrupted, irrespective of the mathematics beln

carried out.

The appropriate waveforms are gated to the arlthmetlc and storage units, under the
control of the Aritimetlc Control (C) secticn of the computer, each of four 'beats' of the
computer being 10us 1n duratlion. Thus, a period of 40Hs 1s normally requlired to read an
instruction and to obey 1t. The time taken to transfer informatlon between the magnetlic
and electrostatic stores will depend on the initlal period requlired to reach the required
address In the magnetic drum, plus the actual transfer perlod of 201 S per word. Transfers
will take place In blocks of 64 or 128 words.

Multiplicaticn is controlled by a subroutine, as no tullt-in multiplier exists at
present.
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The Control Counter (CC), which contalns the address at which to find the 'present!
instruction, 1s of such a deslgn that the configuration of 1ts contents can be modi fied
in two ways. It 1s a binary counter in the ordinary sense, but 'words' may be set into
the counter as though it were a register, thereafter counting may continue In the ordlnary
way. This facllity 1s required for Instructions 10 and 11, enumerated earlier.

Except for instructions 12 and 13, each instruction takes the same time. The basic
cycle which is used during computation consists of two operatlons, to read the next
instruction, and then to obey it. The first operation 1s automatic except after
Instructions 12, 13 and 14, when a walting period is required, and the computer 1s stopped.
Instructions 12 and 13 involve the operation of mechanical devices, and each gives a 'go'
signal on completion. The electronlc part of the computer then resumes 1ts nommal
operational rhythm.

Each operation consists of two parts, so that the baslc cycle produces a four beat
thy thm. For the sake of 1llustration, assume that the instruction 1s to add the contents
of a given address In the Store (I.S 1In fig, 1) to the contents of the Accumulator Register
(ACCD)

To do thls, a Shift Register (SR), 1s used; 1n design 1t 1s identical to the
Accumulator Reglster, The result of the addition is stored temporarily in the Shift
Register, and when the process of adding i1s complete, the Accumulator Reglster 1s cleared,
and then set up to the same configuration as the Shift Register. The actual process of
addition and the resetting of the Accumulator Reglister constitute the two 'beats' of the
second half of the complete rhythm,

It was considered desirable to extract instructions from the store by means of the
Shift Reglster and the same control system, and then to transfer the instruction fram the
Shift Register to an Instruction Reglster (IR), instead of into the Accumulator Reglster.
This suggests that a simllar two—-beat cycle should be used durlng the first part of the
complete rhytim, giving a total of four beats to a complete period of reading an instruction,
ad obeying that instruction.

The cycle of operations, is therefore as follows:

1, Under the control of the Control Counter, read the next instruction from
the Store into the Shift Reglster,

2 Put the instruction into the Instructlon Reglster,

3. Obey the instruction, putting the result, in general, into the Shift
Reglster.

4, Complete the instruction by putting the result into the Accumulator Reglster
or elsewhere as necessary.

It will be seen that access to the c.r.t. store is required only in beats 1 and 3&
Beats 2 and 4 are then avallable for the necessary process of regenerating the information
held in the c.r. t. store, It 1s not necessary to galn access to the store dvuring beat 4,
.in order to write a number into the store, for example, because the computer has been
designed to work with a single address code, Therefore, 1f an addition has been done,
the result always goes Into the Accumulator Reglster, as the store address was used to
specify one of the addends. A second instruction is necessary in order to write the
result Into stores, and this process of writing is then carried out during the third beat
of the next instruction.
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By interweaving the arithmetic process in this manner it is possible to bar access
to the c.r. t. during regeneration periods without serious interference with the arithmetical
operation of the computer. .

As the Control Counter contailns the address of the next instruction, 1t 1s used only
during the first beat of the cycle of four beats; 1t 1s therefore possible to modify the
conflguration of-the Counter In any of the remalning three beats. It has been arranged to
add '1' to the contents of the Control Counter during beat two. If the Instruction then
read out of store 1s B,n or J,n the conflguration of the Control Counter may again be
modified in beat four, ready for use in beat one of the next cycle of operations. By this
means, 1t 1s unnecessary to allow for an extra '1l' being added to the address contained in
‘the Instruction B,n or J,n due to the normal operation of the counter.

The Regeneration Register 1s a blnary counter the function of which 1s to provide the
addresses during the regeneratlion periods or beats, and this regeneratlon process 1is allowed

to progress without interruption, irrespective of the programme.

Now, as this Reglster has output stages, to provide the c.r.t., store deflecticn
amplifiers with the requisite signals (1n digital form) to galn access to any address in the
electrostatic stores, use 1s made of these stages during Action periods (as distinct from
Regeneration perlods) during the course of the programme. Gates are therefore provided
-within the Regeneration Reglster, and the outputs from the Control Counter are fed into
-them. These gates are shown in fig. 1 as a single pole change-over switch operated by a -
signal from the S0 kc¢/s source. . Turing beat one of the four beat cycle, the required
address is obtalned from the Control Counter, but during beat three, 1t 1s given by the
Instruction Reglster. In order to meet this requlrement, another gate system 1s provided,
and 1s Indicated in fig. 1 by a single pole changeover switch operated by a signal from a
.source of 25 ke/s (50 ke/s + £}, and 1s bullt Into the Control Counter for convenlence.

It 1s therefore possible to select a Regeneration address alternatively with an address
derived elther from the Contml Counter 1tself or from the Instruction Reglster, according
to the conditlons set up on the gates within the Control Counter. The four beats of the
cycle derive the approprilate address in the sequence:-

Beat one - ) from the Control Counter

Beat two . L - i from the Regeneration Regl ster
Beat three - from the Instruction Reglster
Beat four - from the Regeneration Reglster

The amplitude deflection voltages for the Electrostatic Stores are derived from the
binary signals by means of 'current addition'. ‘Preset flxed currents are diverted via
diode gates Into-a common feed back resistor in each amplifier, This avolds errors in the
deflectlon system, due to small variations in the amplitudes of the binary signals between
the Regeneration Register and the Deflection Amplifier. In this way, sufficlent accuracy of
locating the varlous addresses with the c.r.t. stores has been attalned, and can easily be
maintalned. )

The system of distinctlon, between '0' and '1', which has been adopted in the c.r.t.
Stores 1s the defocus-focus system. . (ref.1) The reader 1s referred particularly to a
letter by G. H. Perry in "Nature” for the reasons for adopting this system (ref. 2).- One
great advantage 1s that no restriction on ' Read~around Ratio' 1s placed by the system upon
the mathematician, even though the machine 1s operating as a parallel computer with
512 digits in each c. 1. t, It 1s expected that satisfactory operation will be obtalned
with 1024 digits per c.r.t. without serious modifications to the computer or cathode ray
tubes, .

The arithmetlical processes of the Computer are carried out in a Relation unit (RU).
This consists of a matrix of trlodes into which are fed slgnals from four sources. These are
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1, The Electrostatic Stores

2. The Accumulator

3. The Carry Reglster

4, The control section of the computer in the form of an Instruction pulse,

The Carry Reglster, 1s identical in form, to the Shift Register and the Accumulator
Reglster, and 1s set up by the Carry digit from the 'carry output' of the next less slgnl-
‘flcant digit Relation Unit.

: No output can be derived from any Relation Unit until all the necessary input signals
‘are present. In this way, no erroneous transitory signals are obtained. Should the
‘function to be performed require only one digit input, as well as the Instruction, to the
Relation Unit, then additional (erroneous) signals In the other inputs will not affect the
.result, The fallure of a valve within the Unit wlll cause only the absence of  a signal, not
the production of a wrong digit.

The Instructions, held in turn in the Instruction Reglster, are Interpreted by a diode
matrix, and set up conditions such that the Incldence of appropriate timing signals cause
the instruction to be carried out.

The input of the computer is provided on punched tape, using a five diglt code, pure
binary in form, the letters having binary equivalent values. The initial input routine 1is
obtained from permanent wiring on a hilgh—-speed unlselector switch, and a simple key change-
over provides a check routine using only four of the fourteen instructions.

Tne output code differs from the input code, In that every figure 1n the decimal output
requires three '1's and two '0's. All other combinations will print a character which is
not a figure. The machine can identify the code being fed into 1t, so that output tapes may
be used as input tapes.

The magnetic drum 1tself, four inches in diameter, 1s constructed~of brass, and is
icoated with a magnetic oxide, The 24 heads used for recording and reading, are mounted on a
Lbridge which may be flxed in positicn, so permlitting a single turn track for each head, with a
itapacity of 2048 diglts per head, and a mean access time of 20 ms. For the purpose of
§stormg greater numbers of words, the bridge is released; 1t then osclllates as the drum
gmtates, giving a track length of 32 turns, with a total storage capacity of 64000 words,
Bbut at a mean access time of 1 1/4 s, For any given head, the two tracks (of one tum and
of 32 turns) are completely separate, so that mutual Interference 1s avolded; the drum thus
has a capacity for storing over 14 million 'bits'.

The power supplies are provided by four 400-cycle 3-phase alternators, each driven by 1lts
own 80-cycle, 3-phase motor. Under normal conditions, one alternator provides the L.T.
power, and the remalining three alternators are connected into the H,T. system. The three
alternators are separately exclted, and are provided with a load sharing system, the whole
computer belng connected to all three alternators in Parallel. The connexion 1s made after
;nectiﬁcatlon to avold synchronization problems. Also, the D,C. 1s provided in such a
manner that the total supply of 600 volts 1s earthed at a centre tap. In thls way, any
wariations In voltage which occur are made to change both positive and negative supplies by
ithe same percentage, This feature enables une to design the electronic circuits in such a
manner that relatively large variations in the H.T. voltages have 1little or no effect on the
working of the computer.

Should the L.T. alternator fall for any reason, one of the other three alternators is
dlsconnected from the H. T. system and replaces the faulty altemator, the changeover taking
20 to 30 ms. to complete, The extra H.T. load thereby 1mposed on the remaining two
elternators 1s automatically shared equally. The condition at any time, so far as the
alternators are concerned, 1s indicated by a system of lamps.
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The no-voltage release system on the power supply to the motors 1s so arranged that
a temporary break in supply of up to one second will not cause them to trip. In order
fully to malntaln the power supply to the computer during such a break 1n the 80-cycle
supply, flywheels have been fitted between the motors and the al ternators.
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PROGRAMMING

Chairman: Dr. E. T. Goodwin

9. Optimum Coding

by
G. G. Alway

National Physical Laboratory

Introduction: Access Time

With an automatic serial digital computer using a delay line type of memory the words
(numbers or instructions) stored in the machine are immediately avallable only 1f each delay
line holds Just one word. For such short tanks the delay time 1s equivalent to one word
length and the time taken for the digits of any remembered word to be transferred from the
gtorage location in which they are stored to any other part of the machine 1s the time taken
for these digits to run out serially. For various reasons, chiefly of economy, & machine of
this kind would need to have the bulk of its memory in the form of long delay lines, each one
of which would hold several words., For each long delay line only one of the words stored in
1t would be immedlately avallable at any given time, and 1n general the operation of the
machine would have to awalt the appearance of the required word at the end of the tank, Thus
there is a so-called "access time" assoclated with this form of memory. It 1s, however,
possible to design a machine so that the effect of this access time in slowing down the speed
of ¢peration 1s much reduced. It 1s the purpose of thls paper to explain how this has been
achieved on the Pilot Model of ACE.

The principle of optimum coding

The 1dea of optimum coding can best be introduced by considering a simple example, &
subroutine for the computation of a square root, successive digits being obtalned by the use
of the ordinary Horner process. At any stage, the partial answer, the current trial digit
and the remainder will have to be stored and these will be used to find the next digit of the
root. It this 1s to be done quickly these three numbers must be immedlately avallable to
the arithmetical organs of the machine and are therefore best stored in delay lines of one
word length. The machine therefore must have a certain number of short tanks. This number
need, however, only be small and most of the memory can be in the form of long tanks. The best
number of short delay lines will be considered later. For the square root process considered
above three short tanks are enough to glve short access time,

The subroutine will contain a sequence of instructions which will at each stage determine
the next digit of the root, use 1t to form the next partial answer, determine the next trial
digit, find the new remainder and finally determine when this sequence of instruction has
" been repeated the required number of times. The control of the machine will accept each
instruction in turn and set up the necessary parts of the machine to carry out the 1lnstruc-
tion, If no time is to be lost due to the access time of the instructions each one must be
immediately available to the control when it 1s required at the end of the previous lnstruc-
tion. For this it is not necessary to have the instructions stored in short delay lines,
© but it can be achieved by placing the instructions in such positions in the long delay lines

that they are running out at the time when the control 1s first ready to accept them. This
1s the principle of optimum coding. To take advantage of this principle the control of the
‘machine must pe sultably designed.

Design of the Pilot ACE Control

We now consider the use of this principle in the square-root subroutine with reference
to the Pilot Model of the ACE. A serlal machine of this kind carries out three separate
operations before an instruction is finally obeyed. These are:
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1, The transference of the instruction from store to control. Time occupled: one
word length.

2. The interpreting by control of the instruction and the setting up of the machine ©
obey the instructlon. Time occupled on the Pilot Model; one word length.

3. The carrylng out of the Instruction. Time occupled: an integral number of word
lengths.

The principle of optimum coding suggests that part (1) of the next instructlon should occur
as soon as possible after part (3) of the previous Instructlon. We can however, do better
than this; part (1) of the next instruction can actually occur during the last word length
of part (3). Thus in a sequence of instructions, for each of which part (3) occuples one
word length, the machine will in alternate word time be

a. Preparing to obey an instructlon,.
b. Carrylng out the ilnstruction and transferring the next Instruction to the control.

The instructions will therefore be obeyed at the rate of one every two word times and wlll
therefore need to be spaced out In alternate word positions 1n a long delay llne. s

If the sequence has to be repeated, as in the square root subroutine, the first instruc
tion will not in general be in the right position relative to the last instructlon for optﬁm
coding. It 1s apparent, however, that if the mmber of Instructions in the sequence 1s not.
more than half the number of words in a long tank the machine will be able to carry out the
sequence In a period equal to the delay time of a long tank. Further, - If the number of
instructions is not more than a Quarter of the number of words In a long tank we can double
this rate by repeating the instructions again. This is a device which has sometimes been
found useful. -

Optimum coding in general

When we consider the coding of a large problem for the machine we find that most.of the
time taken 1s accounted for by the sequences of instructlons which are obeyed many .tlmes.
These will consist 1n general of the whole or parts of library subroutines for iorming stan-
dard functlons or performing standard processes. If we-take the trouble to code only these
sequences In an optimum fashion we will not be falling far short of obtalnlng the fastest
operation of the machine, The .extra labour involved in rearranging the instructions to glvy
optimum coding for library subroutines is thus well worth the effort.

It is evident, too, that 1t 1s necessary only for those numbers on which such sequences
of instructions are operating to be immedlately avallable, and thus to be 1n short tanks.
In general, few such numbers are involved, and thils 1s the reason why we can take full advam
tage of optimum coding with few short tanks. When this 1s not so, as for instance 1n opers
tions on a vector of numbers which are stored in long delay lines we can stlll make excellen
use . of the optimum coding faclility. The numbers can be picked out, singly or more at a tim
1f necessary, placed in short tanks while the required operations are performed on them, and
then replaced. The Instructlon which does the plcking out can usually be stored in a short
tank so that 1t can be modified at the optimum rate.

On the Pilot Model there are five short tanks one word long and two delay lines holdlng
two words only. The remainder of the store consists of eleven long delay lines of length
32 words. On the first copy (deuce) of the Pilot Model to be made by English Electric Co.
Ltd., there will be four short delay lines one word long, three delay lines holding two word
and one quadruple length delay line. The number of short delay lines required to make )
reasonably full use of the optimum codlng facliity will depend to some extent on the problem
under investigation, but in the light of experience with the varlety of problems already
tackled cn the P1lot Model the arrangement for the English Electric version 1s judged to be
somewhere near the best compromise.
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. A further feature which affects the use made of optimum coding is the dlstribution of

* the arithmetical and loglcal facliiities on the short delay lines. Naturally some ways of

- distribution are better than others. The pilot model has a two-address code, but thls does
. not by any means imply that the number of Instructlions requlred 1is halved as compared with a
corresponding one-address code machine. Thls factor, however, can be approached in many
problems 1f there 1s good arrangement of arithmetical and logical facllitles. The Pllot
Model, for Instance, has facilitles which, 1n the root extracting sequence consldered above,
enable the sum of the current trial diglt and the partlal answer to be subtracted from the
remainder, so as to produce in one instruction the number whose slgn determines the next
digit of the root. To make the best use of the facllitles some trial and effort 1s often
required to find the best storage locatlons for each number concerned, but 1t 1s worth the
effort for all subroutines.

In general it seems that 1t 1s best to have additive and subtractlve facilitles
assoclated with one short tank and one double length delay line, The latter can then have
the multiplicative facility without a great deal of extra equipment. The logical facilitles
of & and % should then be associated with two more short tanks. One of these would have
facilitles for shifting to the right or to the left. By having the discriminatory facllity
assoclated with a speclal address the Pi1lot Model can discriminate on the contents of any
store. It has been found most helpful to have two such addresses, one to determine the slgn
of numbers, the other to test whether they are zero or not. Lastly certain fixed words
which are often required are always immediately available at certain addresses.

All this 1s Important for making the best use of optimum coding. The number of instruc-
tions 1n a repeated sequence determines, as discussed above, the rate of repetition of the
sequence, and In general the fewer the Instructions required for the operatlon the qulicker
will the operation be performed by the machine.

With regard to multiplication there 1s a further important point. As In most serlal
machines, the Pllot Model takes a comparatively long time for multiplicatlon, the equivalent
of 2 long tanks. It is best therefore to arrange for multiplicatlon to be carried out In
parallel with other operations of the machine. It 1s then often possible in the coding to
take advantage of the multipllcation time, to do other processes which do not depend on the
product awalted.

Rewards of optimum coding

perhaps the best reward of optimum coding 1s that 1t takes advantage of fast methods of
input and output. The P1lot Model uses Hollerith punched cards, reading at the rate of 200
cards per minute and punching at the rate of 100 cards per minute, only the first 32 columns
of a card being avallable to the machine. All printing and arrangement of results 1s then
done on a slower typewriter, at lelsure, away from the machine. When the cards are used as
an intermedlate binary store we can put twelve words on the twelve rows of each card and thus
read at the rate of 2400 words per minute, and punch at the rate of 1200 words per mlnute.
When the cards are punched in decimal form, we can make full used of the 32 columns avallable
only by reading 6400 decimal diglts per minute or punching 3200 decimal diglits per minute,
the two rows of the card left over being used for indicatlon of signs etc.

It would not be possible to make use of these speeds without optimum coding, for only
then can the speed of operation of the machine enable Informatlion to be assimilated at this
rate. The time between the reading passage of successive rows ls about 480 word lengths and
for punching about 1152 word lengths. Together with slightly longer gaps between the last
row of the card and the first row of the next, this 1s all the time avallable for the assimi-
lation of each row of information. When this time 1s not enough the punch and reader have
to be declutched after the card, and where a large amount of Information 18 to be taken in or

- given out by the machine thls declutching 1s to be avolded as much as posslble. Opt 1mum
coding enables fully punched decimal cards to be read or punched at full speed, all the
conversion to and fram the binary scale being effected between rows.

With matrix work, where large matrices are fed to the machine and punched out in binary
form optimum coding enables all the simpler processes of linear algebra to be carried out
between rows. As a simple example consider the premultiplication Of a vector by a matrix too
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large to go Into the store. The vector is stored and then the matrix is read at speed, row
by row in binary form. Optimum coding enables us to use each element of the matrlx as it 1is
read, forming the scalar product of each row with the vector and storing away the elements of
the resulting vector as they are formed, all between the rows of the card. The speed of the
Hollerith reader 1s thus used to maximum advantage.

Discussion

DR. BOWDEN (Ferrantl Ltd.) asked what 1s the effective lncrease In speed obtained by the
use of optimum programming. He had been told in America that on a serlal machine using
magnetic drum storage the ratlo actually obtained was the square root of that expected, and
asked whether the factor 4 was a good working average.

MR. ALWAY replied that the factor of improvement depends largely upon the kind of problem;
but that 1f 18 Instructions per ms could be used the maximum factor 16 would be obtalned. He

agreed that 4 was what might be expected.

DR. TOCHER (Imperial College, London) sald that a number of quick-access stores must
evidently be provided for in the design of a machine, but that even so the machline would still
have to walt occasionally for the next word from the store. The question arises whether
having more short stores wonld cut down thls walting. Since using more short stores, carrles
with it the necessity of transferring words to them from the main store more frequently, there
was a tendency to lose time with increasing number of short stores. A third effect would
arise in the extreme example where most of the store was in the short form, as a result of
having to store the components of a vector in a number of different addresses and no longer
belng able to perform such operations as adding the components by a single long transfer to
the accumulator.

He drew a graph of time waste agalnst the nmumber of short stores and Ilndicated the minimum
of the sum of the three effects as the best number of short stores to use, and asked whether
the number proposed for the DEUCE, being a departure from that used on the Pilot ACE, had been
arrived at by objective reasoning. He also asked whether experience suggested that the
minimum time waste occuried over a wlde range of numbers of short stores.

MR. ALWAY replied that the answer to the first question was: Yes; some programming with
a four-word tank had been done. AS to the second, the optimum number of short stores was
less than expected, and 1t should be noted that a number of two-word tanks are equivalent to
twice as many one-word ones. Much more experience in programming was necessary to decide the.
range of values of the ratio of short to long tanks for which the minlmum tlme waste occurred;
this ratio has actually been increased in the DEUCE above that for the ACE Pllot Model.

DR. TURING (Manchester University) pointed out that the multipller speed was of vital
importance to the amount of advantage galned by optimum programming.

Two ms is many times the time taken by the frequent small operations so that 1f many
multiplications occur, the factor 16 cannot even be approached. He asked whether any con-
sideration had been given to the possibility of having two statlicisers for the instructions,
one of which would be in process of setting up while the instructlon held by the other was
being carried cut, thus eliminating the wasted set-up minor cycle perilod.

MR. WILKINSON (NPL) replied that this had been considered. It would enable 32 instruc-
tions to be carried out rer major cycle, did not need much more equipment, but made the prob-
lem of timing a blt tiresome, He sald that the Pilot Model ACE In fact represented ¢ptimum
coding at its least effective, and that the time saving factors achieved could have been much
higher 1f the arithmetic and other facilities had been better chosen. However, multiplica-
tion time was not wasted with an automatic multiplier. If signed automatic multiplication
had been provided 1t could have reduced the total time by dolng instructions during the
multiplication. He had reduced the time for some calculations in this way to the total
multirlication time alone, He indicated that optimum programming gives speed jJust where 1t
is wanted: during Input and output. By 1ts use five six-—decimal numbers can be punched
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simultaneously on Hollerith cards, which could not otherwise be done. In this case a factor
of 20 would be lost by not using it.

Having the arithmetlc facllitles such as accumulators and shifting distributed among the
short tanks 1is a help in thils respect. He did not favour the two-address code of the Pllot
ACE. A serlal, optimally-coded machine would preferably have a three—address code; 1f so,
there would be half the number of instructions in this case,

MR. BLUNDELL (Ministry of Supply, R.R.D.E.) sald that, speaking from 'paper' experlence -
only 1n programming for a machine (MOSAIC) which was not yet working fully, he found optimum
coding to be reasonably easy to work with, He regarded this as a purely mechanlcal process
which could be done automatically by the machine itself: the instructions are put on the
flow diagram in the reverse order to that in which the machine obeys them. He stated that
he had a system by which this could be done by the machine In a fairly short time, provided
that storage space did not run out. The use of such a system avolds wasting the programmer's
time. :

DR. FRIEDMAN (Cambridge University Mathematical Laboratory) referred to the use of orders
of the form F n m ., meaning 'operate on the word in storage location n and take next order
trom location m', as a 1 + 1 address system, while 1f this order were to mean 'add the number
in location n to the mumber in location m and store the sum in the accumulator' it would be a
genuine two—-address system. He distinguished three stages 1n the introduction of optimum
programming on the Pilot Model, (a) having short stores, (b) having Instructlons other than
for multiplication staggered a fixed interval apart in the long stores, and (c) allowing a
variable gap between the Instructions. He calculated that when a varlety of cperations were
being performed, or also the processing of large amounts of data as in the inverslon of
matrices, the use of (b) alone saved about 40% of waiting time otherwlse wasted,

(c) alone " "85k
(a) and (b) together " " 75%
and (a), (b) and (c) " " 92%, The latter did not exactly apply to the

Pilot ACE. Only when (c) was Involved was extra work required in the coding.

A one'-address instruction accommodated 16 binary digits, giving two orders per word, and
700 instead of 350 on the Pilot ACE, while a 1 + 1 address instruction took 26 digits.

MR. WILKINSON agreed with Dr. Friedman's remarks about the ACE Pllot Model and explained
that the next instruction source number only used three digits. He would not advocate the
use of two instructions per word. Since the operations which were most often required to be
carried out quickly related to short stores and took the form A + B >C, for example, he
preferred a three-address code. One three-address instruction was worth more than two one-
address instructions in subroutines although the reverse was true as regards the maln
programme.,

MR. NEWMAN (NPL) referred to the utility' of optimum programming for business machines
and stated that by its use the P1lot Model ACE could convert 32 digits 1n a varlable radix
notation during the passage of a card through the reader.

DR. BENNETT (Ferrantl Ltd.) Indicated that Mr. Alway's remark that the time taken in
coding a problem is insignificant compared with the time taken in choosing a sultable
camputation process, did not apply with the Manchester group. As a result of using standard
processes less than 50% of the total time was spent thinking up the programme, and most of
the remaining time in getting it right,

MR. ALWAY belleved that his remark was true more for scientific problems than others and
estimated that about 75% of the time was taken in choosing the procedure.

MR. WILKINSON sald that for standard processes neither of these factors predominated,

but that most of the time was spent after the coding of the problem 1n actually using the
machine. .
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10. Microprogramming and the choice of order code
by
J. Stringer

Cambridge University Mathematical Laboratory

An automatic computer 1s commonly regarded as being made up of a number of more or less
self-contained units.,

The store holds numbers and instructlons which may be read In the arithmetlc unit and
control sections of the machine. The aritimetic unit performs the arithmetic operations on
these numbers, and transmits the results back to the store. These orerations are organlzed
by signals from the control, which is 1tself Influenced by the instructions in the store and
occasionally by the contents of the arlithmetic unit.

Let us now conslder the aritimetic unit in rather more detail., It may be regarded as
cansisting of a number of registers (storage for numbers), and equipment for shifting, adding,
etc., the numbers contalned in these reglsters, This unit will, on stimulation, perform an
elementary operation such as transferring a number from one reglster to another, adding two
numbers together, and so on. An analogy may be drawn between the small scale operations (or
micro-operations) performed by the arlthmetic unit and the large scale operation of the
canplete machine, Thus, In order to perform a complete calculation on the camputer, a )
sequence of machine orders (or routine) must be performed. In the case of what may be termed
the micro-machine, a sequence of micro-operations or micro-routine must be performed in order
to effect a complete arithmetic operation, such as adding a number from the store to the
accumulator, multiplication and so on. Pursuing this analogy a little further (without, I
hope, strailning 1t to breaking point), the camputer may have several routines stored 1n 1t at
one time, the calculation which 1s to be performed being selected by some external stimulus.
In the same way, several micro-routines may be built into the machine, the arithmetlic opera-
tion to be performed being selected by an external stimulus; external, in this case, to the
nicro—-machine. Such a stimulus 1s, of course, the machine order ltself.

‘ There are various ways 1n which the micro-operations may be sequenced. One way {which
is being used 1n the new machine being constructed at Cambridge) 1s shown In fig. 1. The
arrangement consists of a decoder which routes the input pulse to one of the 2% output lines
according to the number in the n digit register I. These lines are passed into a rectifler
matrix (or coder), the outputs of which are fed to the gates in varilous parts of the machine.
Each of the matrix output lines effects a given micro-operation. Thus one or more milcro-
operations are performed when the decoder cutput line 1s stimulated. Each of these lines
may be sald to correspond to a micro-order, which calls for a selection of micro-operations.
The number which must be placed In register I to select a given micro-order 1s called the
address of the micro-order. The micro-order 1ines are fed also Into a second matrix, called
matrix B, the outputs of which are fed Into a second register II. Gates are provided between
registers I and II so that the contents of register II can De passed to register I. The
commextions in the B matrix are arranged so that for each micro-order the address of the next
micro-order in the sequence 1s passed into register II. Thus by arplying pulses alternately
to the decoder and to the gate between the registers, the machine 1s stepped through a sequence
of micro-orders. The operations called for by these micro-orders may be arranged to glve a
canplete arithmetic operatilon, If this 1s so, the sequence becomes a micro-routlne. In
general, there will be several micro-routines wired into different parts of the matrices.

The whole system of micro-routines is called the microprogramme and the process of desligning
a microprogramme 1s, not unnaturally, known as microprogramming. As in programming on the
large scale, some means must be provided for modifying the sequence of micro-orders according
to the state of parts of the machine outside the microprogramme. There are two cases to be
considered. Firstly, how to enter the correct micro-routine for each machine order. This
1s done by arranging that when the order has been extracted from the store the digits
representing the function required are fed into register II Instead of the matrix B outputs.
They then become the address of the first micro-order in the required micro~-routine. The
second means of modifying the micro-order sequence 1s a devlce known as the conditlonal
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micro-order. This 1s used whenever an oOperation has to be made conditional on the state of
a digit In one of the registers of the arithmetic unit, or other registers of the machine;
for Instance, 1n the micro-routine for a conditional machine order, to declde whether or not
control 1s to be transferred, according to the sign of the accumulator. This 1s achleved by
causing the micro—order line to branch before entering matrix B. The branch to be energised
is selected by the digit belng sensed. The two branches may have different addresses wired
on them, so that the next micro—-order in sequence depends on the required digit.

The process of microprogramming ls very similar to that of the now well developed process
of programming a problem for the machine. By the use of some such method of sequencing as
1s descrlbed above the engineering of the microprogramme is a comparatively simple matter;
in fact, once the basic design of the decoder and register camponents has been accomplished
the only remalning design 1s the actual position of the rectiflers in the matrix. Similarly,
the redesign of the microprogramme involves very little more in the way of englneering modi-
fications than a redistributlion of the rectifier connextiams. Since designing the micro—
programme 1s equivalent to choosing the order code of the machine, this implies that the
cholce of order code may be left untll a late stage In the design of the machine; further
changes may be made to the order code at any time after the machine has been put into opera-
tion with very 11lttle change to the englneering.

The use of microprogramming has another Important effect on the choice of order code.
This depends on the ccmparative ease with which complicated operations may be synthesised fram
the elementary micro-operations, As a consequence of this fact, most of the engineer's
objectlons to the user's requests for bigger and better order codes are removed. There are
several kinds of instruction which programmers would find convenient, but which are not
usually provided because of elther prohiblitive cost of the equipment involved, or fear of the
unrellabllity of excessively camplex control circultry needed. Such facilitles are of two
kinds, arithmetical and organizational (or "red tape") instructions.

The class of arithmetical instructlons usually consists of addition, subtraction,
multiplication and shifting to right and left. In a few machines division 1s also provided,
but I know of no electronic machine in which numbers are dealt with except with a fixed decl-
mal or binary point. Floating point arithmetic has many advantages to the user, and is often
performed by means of subroutines, in spite of the great reduction in speed which this
Involves. With microprogramming 1t 1s a comparatively simple matter to provide instructions
which deal with numbers directly in a floating form. Other arithmetical facilities, such as
calculating the square root, cosine, etc., of a number, could also find their way into the
order code 1f 1t was felt that sufficient demand existed among the users of the machine.

Just as Important, however, as the arithmetic operations, are the red tape parts of
programmes., These often present greater difficulty to the programmer, and may take up much
of the time needed to complete a problem on the machine, Most machlnes are provided with
simple conditional and unconditional control transfer facilities, the Ferranti machine has
i1ts "B" box, and apart from this, little 1s provided, to my knowledge, in any existing
machine. One of the most frequent kind of organizational operation is the counting of cycles
of orders. Thls mainly involves two kinds of operatlion, increasing the count, and examining
the result to see 1f sufficlent repetitions have been made, A single order could be made to
perform both of these functlons; 1t may be of the form of a conditional transfer of control,
the condlition being the number of times 1t has been encountered. Another operation which 1s
frequently needed 1in programmes 1s the calling in of closed subroutines. Here, the problem
1s to plant 1n the subroutine on entering it information which enables control to return to
the main programme at the polnt from which it left. Agaln, 1t 1s possible to construct an
order which will automatically fulfil these requirements. The 1ist of facilities which
would ease the organizational problems of programmers 1s practically endless, but the micro-
programmer can nearly always find a way of providing them, provided that a sufficlent varilety
of micro-operations are avallable,

It will be seen that almost the whole of the equipment, the form of which depends on the
order code chosen, 1s concentrated In the decoder and matrix system. This means that, 1if
the matrlx 1s made a detachable unit, then several different order codes could be micro-
programmed, the individual user choosing the one most convenlent to himself by plugging in
the appropriate matrix.

72
(14567)



There 1s yet cne more proposal which arises in the mind. Why not, instead of soldered
connextions on the matrix, have connextions which can be made by the machine itself. One
would then have a machine with no fixed order code. This machine would be a little diffi-
cult to use, but at least 1its behaviour would be Interesting.

Discussion

PROF. VAN WIJNGAARDEN (Mathematisch Centrum, Amsterdam) said that in Amsterdam they have
‘been thinking of similar schemes but from a different point of view. Their 1dea was to have
a comparatively long instruction word and a very simple control unit which interprets the
instruction by means of a looped programe.

There would be no fixed order code, but the meaning of the various dlgits of the instruc-—
tion must be such that the normal arithmetic operations can be performed. About 20 to 30 of
the normal kind of operatlions would be avallable to the programmer, but by knowing the con-
struction of the control, he could make use of unusual operations out of the 230 provided by
.the 30 diglts of the functlon part of the instruction. These operations would contain
‘repetitive cycles within them.

The effect of this scheme had been tried In certain subroutines, where 1t had been found
that an increase in speed 0of 20 to 40 times could be obtalned.

MR. NEWMAN (NPL) sald that he could see no essential distinction between a microprogramme
and an ordinary programme. He wished thls to be clarified, particularly for the benefit of
the engineers present. Some of the control of a computer was done by instructions and scme
was 'wired in'. Microprogramming was an Ingenious way to achlieve a 'wired In' programme.

He asked whether the micro-orders were divided into sequences so that the total of all
the micro—-orders 1n the sequences was, for example, 128 for a 7 digit matrix, In closed
microprogrammes, such as square root operations, he supposed that a conditional order was
necessary, and that each programme had a different conditional micro-order. Microprogramming
was most useful in a machine in which access time was limiting the speed of operation. The
matrix system could be regarded as a form of interpretive subroutine. '

MR. STRINGER sald that a good definition of microprogramming had been given by
Dr. Friedmann, as acting on the realization that machine operations were composed of a number
of more elementary basic operations.

The slze of the matrix was not a limitation. In the future Cambridge machine there
will be an 8-digit matrix giving 266 micro—-orders, which proves to be adequate, The equip-
ment required will be about 15% of the whole machine. '

Even 1f the access time 1s short, microprogramming can be useful in simplifying the
operation of the arithmetic unit. It alsa improves the speed by alloving overlapping
operations.

DR. TOCHER (Imperial College, London) sald that microprogramming was not such an innova-
tion as was generally supposed, and that it may help understanding to look for connexions
with the past.

Dr. Tocher then described an arithmetic unit designed in 1946 for Von Neumann's parallel
computer, It contalned five registers and a number of gates for transferring numbers from
one register to the other, To perform a glven arithmetic operation 1t was necessary to open
the gates In the correct sequence, This was done at the time by recognizing some pattern in
the sequence of operation and mechanizing this in an ad hoc manner. In microprogramming,
the mechanizatlion was systematic, and would allow an arbltrary pattern of gate-operatlons.

However, the use of microprogramming would probably result in a more complicated arith-
metic unit, and this must be welghed agalnst 1ts advantages. Perhaps 1t 1s not necessary to
extend the range of operations beyond those usually provided.

73
(14567)



Microprogramming would be most successful in parallel machines and in any machine in
which the comparatively long access time allowed complex operations to be done with extrava-
gant lnefficiency.

With regard to the suggestion that each programmer should have his own set of orders
embodied in a plug-in microprogramme matrix, this, Dr. Tocher sald, was an excess of sclenti-
fic 1liberalism and might lead to serious consequences. The discipline of a fixed order code
was a good thing for a group of programmers because 1t enabled them to share thelr programmes,

DR. FRIEDMANN (Cambridge University) wished to reply to Mr. Newman's impllcation that
the matrix device was merely incidental to microprogramming. The point of microprogramming
was to make the design of the arithmetic unit systematic. For any operation required, one
analysed it Into 1ts basic steps and made sure the minimum equipment was avallable to carry
out these steps. The design was then almost finished. I1f more complicated operafions made
out of the basic ones were later required by the mathematiclans they could easlly be added.

In reply to Dr. Tocher, he sald. that microprogramming was useful for a serlal as well as
for a parallel machine and that by microprogramming in a serilal arithmetic unlit using the
same amount of equipment the speed of multiplication could be doubled, since one step was
done per minor cycle, and other operations were four or five times as fast.

MR, WILLIS (Cambridge University Mathematical Laboratory) pointed out that mlcro-
programming was welcomed by maintenance engineers because 1t made It unnecessary to follow
the working of all kinds of operatlon. Only the various basic steps need be examined.

PROFESSOR HARTREE (Cambridge University) sald that In having order codes easily modifi-
able 1t was not proposed that each programmer should have his own order code. However for
different kinds of calculation a different order code would be desirable. Investigation in
group theory, for example, could be facilitated by an order code different fram that empl oyed
in arithmetic work.

MR. BEALE (Admiralty Research Laboratory) asked to what extent any single micro-order is
used In a number of different microprogrammes. MR. STRINGER replied that 1t was to about
the same extent as In ordinary programming.

MR. WOODGER (NPL) suggested that a.fixed order code should be used during initial input,
which could be modifled at once by the programme to suit the problem being solved.

MR. ‘DOUGLAS (Cambridge University Mathematical Laboratory) said he wished to make
explicit some 1deas that had been Implicit in most of what had been sald. While arithmetic
operations are usually consldered as basic by programmers, to the engineer 1t 1s slmpler
operations, namely shifts and transfers, that are baslc. Microprogramming is the same pro-

cess as programming, but with englneering operations as the basis. The distinctlon between
microprogramming and programming 1s a question of drawing a line between the machlne's control
and the prograrmer's control.

i, Conversion Routines
by
E. N. Mutch and S. G111
Cambridge Univérsity Mathematical Laboratory
Introduction

This paper describes methods which are being studled at Cambridge for making the best
possible use of the magnetic tape auxillary store which 1s now being completed for use with
the EDSAC. The central feature of the proposals 1s a 'conversion routine' for converting
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programmes into precise machine orders from a form which 1s more convenient for the programmer
to use when writing out his programmes. This routine follows similar lines to the one now
being used on Whirlwind I at the Massachusetts Institute of Technology, the principles of
which are discussed by Adams and by Carr f{ref. 1 and 2). Because of certaln differences
between the speeds and faclilitles of the two machlnes the EDSAC conversion routine will be
somewhat simpler than that of the Whirlwind; 1t will also be less comprehensive.

The Cambridge University Mathematical Laboratory ploneered the automatlic processing of
programmes when 1in the autumn of 1949 an initlal Input routine for reading programmes into
the machine was adopted which, besldes converting addresses from decimal to binary form and
assembling together the function and address parts of each order, also Inserted given numeri-
.cal values for (see ref. 3) additive parameters. An essentlal feature of the new scheme is
the extension of this idea to provide the 'floating address' facility (ref. 4 and 5).

The scheme will also owe some inspiration to the work of A. E. Glennle who has constructed
a 'translation routine' for the Manchester University computer which allows programmes to be
‘prepared to a large extent In a normal mathematical notatlon.

Magnetic auxiliary stores

Before discussing programme conversion the characteristics of a magnetic auxillary store
will be studied from the programmer's viewpoint. Magnetic forms of storage can provlide
large storage capacities at a reasonable cost, and they are virtually permanent, t.e. they do
not require repeated processing to preserve the information. By virtue of the large storage
capacity, problems can be solved which require the simultaneous retenticn within the machine
of large amounts of numerical data. Moreover large programmes can be stored, and several
programmes may be held in the store in addition to the one belng executed. The fact that
magnetically recorded Information has a high degree of permanence means that programmes, sub-
routines and partly processed numerical data can be left in the machine for several days
independently of whether or not the machine 1s kept switched on and in working order. It
would not be appropriate to discuss here the relative merits of magnetic drums and tapes, but
‘it should be mentioned that tape has the advantage of large capacity but the disadvantage of
-long access time. The capaclty may be extended indefinitely by providing more reels of tape.
This has the further advantage that programmers may be provided with reels of tape for thelr
Individual use thus providing a safeguard against accidental destruction of one programmer's
‘material by another, In the case of a magnetic drum such privacy can only be obtalned by
rather more elaborate precautions. .

The permanence of magnetlc storage 1s of particular importance in a laboratory where a
large number of different camputing projects are In progress at the same time. Usually each
project entalls a series of computations with the same programme; this programme may be
retained in the magnetic store over a perlod of days or Weeks while the machine 1s busy on
other problems, and may be brought back into actlion comparatively quickly when required.
Standard test programmes may also be kept In the magnetic store, so that the machine may be
put through any test at a moment's notice without the operator having to search for the right
plece of punched tape or set of cards. The EDSAC will select and obey any routine 1n 1its
magnetic tape store 1f the serial number of the routine 1s dlalled on an ordinary telephone
dial attached to the machine (the selection being carried out by a special initial input
routine which can be obtalned autamatically by pressing a button).

For several reasons the use of an elaborate 'conversion routine' 1is made much more
attractive by the provision of a large permanent store, Firstly, a programme which 1s
required for frequent use need only be converted once and then kept in the permanent store In
its converted form, so that 1t 1s not a serious disadvantage 1f the conversion process itself
takes some time, Secondly, comon library subroutines can be kept In the permanent store so
+hat -they can be incorporated autcmatically in any programme without having to be fed to the
machine each time they are required. The conversion routine 1tself can also be kept In the
permanent store. Thirdly, a considerable amount of storage space 1s required in order to
carry out a conversion process including all the facllities which might now be consldered
desirable. Since the conversion rcutine envisaged may easily occupy more than twice as much
.storage space as that provided In the high speed store it will be necessary to carry ocut the
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conversion in several stages. At least two stages of conversion would be necessary In any
case owlng to the nature of the floating address facility which will now be described more

fully.
Floating address system

A small experimental conversion routine providing the floating address facillity within
one part (the master routine) of a programme has been described by Wilkes (ref. 5). 1t 1s
now proposed to extend this facility to all parts of a progranme. Briefly, it enables the
programmer to refer to any word in a programme by means of a label or tag attached to it
arbitrarily by the programmer, instead of by 1ts address In the store. Thus, for example, &
number appearing in the calculation might be labelled 'ag'. The programmer could then write
simply 'A az' to denote the operation of adding thls number into the accumulator, without
having to speclfy just where the number 1s located in the machine.

This 1s very simlilar to the preset parameter facility provided by the initial orders now
in use in the EDSAC (ref. 9), but with one basic difference. The value of a preset parameter
must always be set In advance, that is it must be explicitly specified at a point on the
input tape preceding all points at which it 1s used. This restriction is removed in the case
of floating addresses, The programmer will be able to indlcate to which word a floating
address label belongs simply by writing the label immediately before the word concerned.
orders making reference to that floating address may occur 1ln any part of the programme,

For example, part of a programme might by written thus:

A a3
A 2
T a3
H 24
azy C 80
T &

Here the label 'agz' 1s attached to the fifth order, hence the first, third and sixth orders
are taken to refer to the fifth order. After conversion the above orders might appear as
follows:

Locatimn

in store Order
100 A 104
101 A 2
102 T 104
103 H 24
104 Cc 50
105 T 104

The restriction is made that each label must consist of a letter followed by a decimal
number (written for convenience as a lower case letter and a numerical suffix). Thils
restriction could be removed so long as precautions were taken to avold any possible amblgulty
(e.g. confusion between labels and actual addresses in the store), but there Seems no real
need for any other type of label. A total of several thousand different labels will be
possible of which a maximum of about 200 may be used in any one programme. This represents
a consliderable Increase over the thirteen preset parameters at present avallable In the EDSAC.

Storage and assembly of subroutines

Another feature of the proposed scheme 1s that a library subroutine stored on the
magnetic tape will be referred to in the written form of the programme by means of speclal
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words chosen to describe the operation carried out by the subroutilne. The conversion
programme willl have to recognize these words and insert the appropriate subroutine, For
example, part of a programme as written might be:

A as
A dq
T a5
sin a5 to s
H s5
A bo

puring conversion, a subroutine would be inserted for calculating a sine, and would be SO
adjusted as to take the argument from the locatlon labelled ag and place the result In that
labelled ss. It 1s anticipated that most subroutines would, as here, be simply lnserted
into the programme where required Instead of being placed In another part of the store (i.e.
they would be 'open'’ rather than 'closed' - (ref. 6)). Frequently the only advantage of a
closed subroutine compared with an open one 1s that the former leaves the master routine in
one compact sequence and thus simplifies cross-reference between varlous parts of the master
routine, With floating addresses all cross references are simple and this point, therefore,
does not arise, The only other advantage of a closed subroutine 1s that where necessary 1t
may be used at several stages in a calculation without having to be copled out several times
in the store; storage space 1s thereby saved. However, with a magnetlc store the avallable
storage space 1s no longer of critical Importance and 1t will often do no harm to copy a sub-—-
routine two or three times, To deal with cases$ where a closed subroutine 1s still desirable,
1t 1s proposed to make it possible to convert an open subroutine into the closed form 1f
suitable indications are gliven when the programme 1s written.

Synthetic orders

Present EDSAC library subroutines tend to be falrly large. The use of very small sub-
routines has so far been discouraged by the fact that the proportlon of orders required to
form the link order 1s appreciable, and by the fact that 1t 1s almost as tedlous to copy a
short plece of punched tape as a long one. Both of these dlsadvantages can be removed in
the scheme now proposed, and 1t 1s, therefore, to be expected that a number of very short
subroutines will appear.

The use of such subroutines in a way very similar to that now proposed had been suggested
by Wilkes (ref. 5) before the auxiliary store was avallable. He proposed that coples of
these subroutines should be held in the high speed store during the Input of the programme;
being small there would be 1little objectlon to allocating the necessary storage space to them.
They could then be copled into the programme automatically, where requlred, Dy means of a
small speclalized conversion routine. He gave the name 'synthetlic orders' to the tape
entries which called for the Insertion of these subroutines,

It 1s 1ikely that, even with a magnetic tape attached to the machine, 1t will be worth
while keeping some small commonly used subroutines In the high-speed store during the conver-
.slon process to avoid the necessity of frequent access to the magnetic tape. It will be
convenient to contlnue to refer to the relevant tape entries as 'synthetlc orders'. It is
envisaged that the operation of division, for example, would be specifled by a synthetlic
order. Other facilitles such as the carrying out of simple counting operations and possibly
the extractlion of square roots may also be provided by synthetlc orders.

Conclustion

In 1945 the first large automatic electronic digital ccmputer, the ENIAC, had been
successfully constructed and had proved the practicability of bullding such large machines.
There followed a period of scme years, during which designs were being rapidly moulded and
remoulded, before another machine actually appeared.

Programming today seems to be in a simllar stage. It has been proved that programmes
can be constructed; 1t has also become apparent that a sufficlently comprehensive conversion
routine with access to an exhaustive library of subroutlnes can revolutionize the subject of
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prograrming. However, a great deal of capital (in the form of programing time) must be
invested In such a system before it can be made to work, and the revolution is, therefore,
bound to be a slow one.

With systems of such complexity there is bound to be a delay between the discovery of a
new principle and its ultimate exploitation, and hence there is a danger that a system which
has taken many months to complete may become rapldly outdated. However, a programme 1s
easler to alter than a machine, and 1f sufficlent care 1s taken in the design of a conversion
routine it should not be necessary to scrap the whole routine merely because parts of 1t are
out of date, This point should be borne in mind when the routine 1is planned. One facility
which it 1s hoped to include In the EDSAC conversion routine as soon as possible is the
ability to specify numbers in a varlety of ways - e.g. as .9375, 15/16 or 3,10.2-5, Later,
attention will be given to the inclusion of operations on numbers In floating-point and
multi-length forms.
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Discussion

MR. GLENNIE (Ministry of Supply, - Fort Halstead) described a conversion routine he devised
for use on the Manchester computer. Algebraic symbols are used for the manipulation of
numbers and an equation describes the arithmetical operatlon and transfer to be performed,
e.g. +a+b+ ab—c.:

This constitutes a multi-address code with any number of terms on the left hand side.
Oorganization can be specified by English, e.g. SUBROUTINE 3. Transfers of control are
effected by writing CONTROL A and at some other polnt in the programme this is designated by
writing ENTRY A. The machine will then work out the transfer of control required. Input
time 1s reduced since the number of orders 1s reduced by the more compact method of writing.
This factor 1s offset by the time taken to determine the meaning of the symbols.

DR. BENNETT (Ferrantl Ltd.) gave his experlence of the application of an interpretive
routine for matrix operations on MADAM. Coding 1s made much easier by 1ts use but in order
to carry out a set of Instructions, about ten times as many instructlons are required to
interpret and carry out the orders as would be required for the normal code. The process of
interpretation 1s also time—consuming so it has been found useful to have a mixture of codes.
Those orders In particular which require a lot of interpretation can be stored in the machine,
while others such as organizational orders can be Interpreted.
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DR. TURING (Manchester University) defined a conversion routine as one in which inter-
pretation 1s done once and for all at the beginning of a programme, e.g. floating blnary or
floating decimal. One of the difficulties about these routines 1is the need for introduction
of a scale factor In the arithmetlical operations.

MR. WILKINSON (NPL) referred to the well-known shortage of programmers. The reason was
now quite clear: as soon as a programmer gained any experience he began programming
programmes.,

MR, DAVIES (NPL) put forward a plea for the term 'translation routine'. DR. BENNETT
pointed out that this term was already In use for a particular class of routines, e.g. those
applied to the translation of teleprinter tape. MR, TOOTHILL (Military College of Sclence,
Shrivenham) thereupon suggested that Dr. Bennett use the term 'transliteratlon routine',

DR. GILL (Cambridge University Mathematical Laboratory) pointed out that changes in a
programme are necessary after the initlal writing out. These changes can take place before
the programmer does the writing, or before punching, and before reading into the machine.
Changes can take place when the programme 1s encountered during use, or the control unit can
make the changes. The convenlence of the stage at which changes are made depends on several
factors. On the cne hand the converted orders occupy more space whereas the orders requlir-
ing Interpretation take longer to carry out and require instructlons for this process.

It seems advlisable td concentrate less on the abllity to write, say
+ a+ b+ ab—¢

as it 1s relatively easy for the programmer to write

e RS
OoT PoP

What does require more attention 1s the placing of numbers In the store. A conversion
routine used at Cambridge allows algebraic symbols to be used and the routine then allocates
these to suitable positions. Another facility 1s that symbols can be used for transfer of
control or for planting instructions.

DR. BROOKER (Manchester University) divided the process of putting a problem on an auto-
‘matic machine Into the stages: mathematics and numerical method, the layout of store and the
instructions, the coding, and finally the machine operation. Conversion and interpretive
routines Influence the last two 1ltems. This 1s generally the least part of the work. The
symbols +, — etc. are not very useful unless floated. It 1s quite often the case that the
use of interpretive routines takes as long as doing the Job. DR. BROOKER sald there 1s too
much programming of programmes and that problems should be tackled by mathematlcs and reduced
to simple processes such as occur in linear algebra to which a great many problems at
Manchester had been found to lead, and 1n the solution of differential equations where 1t was
best to reduce them to a set of first order equations and simplify the formulation.

DR, GOODWIN (NPL) sald he was interested to hear DR. BROOKER'S remark that linear
algebra constituted such a large part of their work. This confirmed NPL's experlence.
Nevertheless he did not agree with him on the best method of solving differentlal equatlons.

DR. WILKES (Cambridge University Mathematical Laboratory) sald that all machines used
conversion routines in some form or other and to various extents. The designing of a con-
version routine 1s analogous to deslgning a computing machine system, and a conversion
routine 1s as much a part of a machine as any other part. In this respect we must avoid
changing 1t too frequently. The amount of conversion which we do depends on the number and
type of programmers using the machine.
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MR. BEALE (Admiralty Research Laboratory) asked whether conversion routines would be.
more complicated on a machine on which optimum coding was possible and MR, WILKINSON replied
that this depended to a large extent on the size and nature of the conversion routine.

12. Getting Programmes Right

by
S. G111

Cambridge University Mathematical Laboratory

This paper 1s concerned not with the detection of errors, nor with the treatment of
machine faults, nor with the problem of dlstinguishing between machine faults and mistakes In
programmes, but with the dlagnosis of a mistake ln a programme when it 1s known to exist.

The situation confronting the programmer 1s that the machine has exhibited a behaviour
which, according to his reasoning, 1s not in accordance with the Instructions he gave,
Assuming that the machine 1is working correctly, and that the punching of the programme has
been thoroughly checked, this means that there is a flaw in hls reasoning; the problem 1s to
find 1t. Without making further use of the machine, there are two methods of approach to
this problem: to review the chain of argument leading fram the statement of the programme to
the expected result, looking for possible flaws, or to work backwards from the actual result
looking for points at which the error might have arisen out of the intended behaviour, The
former 1s often unprofitable because the programmer 1s blinded by his own conviction that the
programme should work, and the latter 1s often limited by the fact that insufficient informa-
tion was given in the behavlour actually displayed by the machine to form a stating point for
any kind of reasoning. In spite of these difficultles, a mistake can often be diagnosed by
re-examination of the programme in the light of the evidence provided by the machine's actual
behaviour.

Occaslonally, however, the chain of reasoning 1s too tortuous to be checked without con-
siderable effort, and no flaw 1s apparent. In such cases the search 1s made very much
easler if informatiaon can be obtained about the machine's actual behaviour which will assist
in reconstructing the course of events and, 1f possible, provide checks at Intermediate
points iIn the calculatlion. For this purpose the machine itself must be used.

Several methods have now been established; ref.1 describes how they are applled at
Cambridge. There are two main lines of attack: elther the programme may be inserted into
the machine unchanged and the mode of operation of the machine changed to enable the deslired
information to be obtained, or the machine may be run normally and applied to a different
programme or to a modifled form of the orlginal programme.

Changing the mode of operation of the machine usually means slowing or stopping it while
the operator examines 1its contents. This replaces an electronic time-scale by a human one;
moreover the operator may be handicapped by having to make use of monitoring devices which
present the contents of the machine In an unfamiliar or inconvenient form. If the operator
1s alert and thoroughly conversant with the progremme, he may be able to track down a mistake
quite rapldly by this process. There 1s a considerable danger, however, that he may succeed
only in consuming a great deal of machine time without finding the mlstake.

Programmed devices for locating mistakes are of two kinds: the so-called 'post mortem'
routines, which are used after a programme has come to a halt and which cause the contents of
relevant parts of the store to be punched or printed out for inspection, and the 'checking
routines' which can be attached to a programme to cause the output of extra information during
the execution of the programme to assist in error diagnosis. YPost mortem' routines are
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simple and convenlent to use. At Cambridge they are kept available (on punched tape) for
tmmedlate use and are a standard treatment in cases of programme fallure. Their limitation
is that since they only Indicate the state of the machine when the original programme Was
halted, vital information about the cause of trouble may have been destroyed by the last few
operations of the programme. In the case of the EDSAC, and also of the ACE Pllot Model,

this 1imitation is minimised by the fact that not all possible words can be obeyed as instruc-
tions and allow the machine to continue operating; 1In the event of serious dlslocation of a
programme 1t is highly probable that a word will soon be encountered which will bring the
machine to a halt.

Checking routines can provide a record of the course of events from the beglnning to the
end of the calculatlon, and are therefore more powerful than post mortems which provide only
a static picture at the end of the calculation. A variety of different checking routines 1is
.desirable, to provide different types of Informatlon about the progress of a calculation.

One type used at Cambridge records the function letter of each order as it 1s executed, so
enabling the programmer to check the sequence of executlion of orders. Another provildes
information about thé state of the accumulator at sultable maments. Refined versions
provide for a suspension of checking during certain parts of a programme. Such routines can
be extremely valuable in difflcult cases.

The amount of information obtailned by programmed methods of checklng 1s limlted malnly
by the rate at which the machine can punch or print. This is much greater than the rate at
which readings can be obtalned by eye. Programmed methods can result 1n wasted machine time
1f used indiscriminately, but this danger 1s not so serious when using programmed methods as
it is when the programme 1s examined by stopping and looking at the machine. If the pro-
grammer 1s already on the track of a mistake and requires only one small 1tem of Information
to clinch the matter, he may well obtaln it by looking at the machine, Otherwlse, the surest
line of attack 1s to employ programmed methods. These have a great advantage In that they
provide a tidy, readable, permanent record which can be studled at lelsure.

However, the cholce depends partly on the deslgn of the machine, In particular on the
tacilitles avallable for stopping the machine and for running it In 'slow motlon', and on the
extent to which the Instruction code lends itself to the construction of checking routines.
The EDSAC, as it was first constructed, permltted the use of partlcularly simple and con-
venient checking routines, but did not have very versatile means for controlling the machine
by hand.

The simplicity of a checking routine depends on the simplicity with which the operation
of the control unit of the machine can be specified in terms of 1ts own Instructions. This
depends primarily on the simplicity of the rules by which the control unit proceeds from cne
instruction to the next. Recently some additional orders were provided In the EDSAC code
tor producling 'transfers of control'; one effect of these was to necessitate new checking
routines which were about twice as big as the old ones.

Various devices exlist for facllitating the task of studylng the operation of the machine
while controlling 1t by hand. One of the most successful 1s the employment of speclal
instructions for stopping the machine. The Ferrantl Mark I Computer at Manchester Unlversity
has two Instructions, either of which will stop the machine 1if a certalin switch 1s thrown;
otherwise the programme proceeds at full speed. This instruction 1s Inserted at points In
the programme at which an examination of the contents of the machine might be requlired. In
the Pllot ACE, any instruction may be made to stop the machire by making a certaln digit zero.

other devices include means of Inserting words into the machine manually, ©of causing the
machine to obey any required part of the programme, and of causing 1t to obey a small number
of Instructions at high speed. Devices of this kind, even 1f they are not often used In
tinding mistakes in programmes, can be extremely useful in tracing programme-sensitive
machine faults. It would be possible to modify the machine physically to cause it to pro-
vide autamatically the information given by certain checking routines, without the necessity
of modifying the programme. However, besides calling for extra equipment, such an arrange-
ment would be inflexible compared with the use of checking routines.

The cholce of programme-checking methods depends on so many factors that 1t is difficult
to see how 1t will be affected by future developments 1n programming and In machlne design.
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The introducticm of a large auxillary store opens up several possibilities for checking
routines. It encbles checking routines and post mortem routines to be kept permanently in
the machine so that they may be brought into action at a mament's notice, It also makes
possible the use of a new and extremely useful kind of post mortem routine, devised by
Professor C. W. Adams and his group working at the Massachusetts Institute of Technology.
This routine provides information about those words in a programme which have changed during
1ts execution, and about those words only; the programmer thus has his attentlon directed
immediately to the very points which interest him most. This 1s made possible only by the
fact that a cory of the whole programme, in 1ts original state, can be accommodated within
the auxillary store,

On the other hand, large storage capacitles will lead In the course of time to very
elaborate conversion routines, Programmes 1n the future may be written in a very different
language from that in which the machine executes them. It 1s to be hoped (and it 1s indeed
one of the objects of using a conversion routine) that many of the tiresome blunders that
occur In present-day programmes will be avoided when programmes can be written in a language
in which the programmer feels more at home. However, any mistake that the programmer does
commit may prove more difficult to find because it will not be detected until the programme
has been converted into machine language. Before he can find the cause of the trouble the
programmer will then elther have to investigate the converslon process or enlist the aid of
checking routines which will 'reconvert' and provide him with dlagnostic information in his
own language.
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Discussion

MR, CAMINER, (J. Lyons & Co. Ltd.) sald he was not in agreement with the suggestion made
by the author that programmes should be put on the machine as soon as possible.  Programmes
should be tested by another user to save wasting machine time which, to a commerclal user was
important. on LEO considerable use had been made of post-mortem tapes and more recently this
nad been supplemented by photograthing the cathode ray tube presentatlion of the contents of
the store. In dealing with the large programmes which arise in commercilal work they had
found it essential to plan the programmes and test them In pleces.

DR. MILLER, (Cambridge University Mathematical Laboratory) sald that he was a desk
computer by training and this probably influenced his attitude. He found that he was always
quite sure of the method he wanted to use but made many slips 1ln coding 1t. He was In agree-
ment with putting programmes on the machine as soon as possible but triled to do 1t when he
had the machine to himself. He made use of post-mortems but preferred to examine the con-
tents of the store (peeping).

MR. WILKINSON, (NPL) sald he had made use 0f test programmes but had found them very
disappointing, Oon the other hand he found post-mortems surprisingly valuable. This was
because the latter on the ACE Pilot Model produced a limited amount of data in compact form,
while the product of the former was a little overwhelming. He preferred to run through
programmes agaln very carefully before putting them on the machine, because immediately after
producing a programme he was more completely in mastery of 1ts detalls than later on. It
might be several hours before the machine was avallable. When testing a programme on the
machine he found it convenlent to have a programme broken into a number of small sections by
means of stoppers. By this means errors in the programme could quickly be traced to a sec-
tion and this could then be studled one step at a time. On the ACE Fllct this was a falrly
pleasant process because the next Instructlion to be obeyed was clearly displayed on a set of
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lights. Provided the display was good enough "peeping" was the most useful ald to getting
programmes right. When a fault had been found, 1t was better to leave the machine and to
put 1t right at leisure, but here human nature was the main enemy. It was tempting to a
person to avall himself of the full time he had been allocated on the machine.

MR. STRACHEY, (National Research Development Corporation) sald that errors 1n programming
were of three types. First there were slips which meant that location and function numbers
were wrong in instructions, due to an error in corylng or punching or a similar lapse. These
were best found on the machine and it was convenient to be able to alter the Ilnstructions on
the machine. Facilitles for dolng this were very good on the Ferrantl computer but as they
involved a formldable battery of switches the operator needed to be expert in thelr use.

‘Then there were mistakes where the user had Intended to do the right thing but the programmed
instructions fell short of the intentions. These were tirescme because they usually could
not be cleared up without adding instructions. Instructions were in blocks containing a
tixed number on the Ferranti machine and, as each block had usually been fillled completely,
this made mistakes a good deal more bother than they would otherwise have Dbeen, Mistakes
should be rectified away from the machine because clear thinking was essentlal. Finally
there were errors in design., Nothing much could be done about these but with experience
they should decrease in number, He had found the most econamical use of the machine for
programme testing was possible 1f several programmes were tested at one time so that when a
mistake was encountered in one this could be noted and another proceeded with.

MR. BENNET (Ferranti Ltd.) sald that 1n hils experience slips caused the most trouble.
0n the Ferranti machine they originally used a subroutine for printing out instructlons as
they were obeyed. They had found entering the subroutine was inconvenient and now had a
switch on the machine which caused the code letter of successive Instructlions to be printed
autanatically. Referring to the 1ssue of redundancy in the code he sald that at Manchester
‘there was no redundancy and he had found this a great nuilsance.

DR. SLUTZ, (National Bureau of Standards) sald that originally SEAC had been equipped
'with a switch by means of which the printing of the next instruction and its results could be
‘torced. This was used so much that 1t was succeeded by a routine to print out Instructions
:and results., The routine could be made to print all instructions or only those with a
‘special digit. Its use of storage space was found inconvenient and as a result hardware was
‘added which made this automatic, It could print ocut either all instructions or these with a
‘coded digit only. originally instructions were printed out but because thls was so slow
magnetic wire output was later used Instead. In the new machine this will be amitted and a
tone valve facility has been added which will print out the content of any selected storage,
sor any group of 8, storage ‘location every time it 1s changed.

DR. TOCHER (Imperial College, London) sald that it took time to do anything on a relay
machine, so time was important. This ruled out the use of test programmes. If the error
was due to instructions in the wrong order on his relay machine then this must happen at
discrimination points. At all branch points he suggested therefore that the branch taken
should be indicated by printing a plus or minus sign. This may not be quite sufficient and
it might be necessary to print numbers from some of the stores as well.
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Chairman: Mr. J. H. Wilkinson

13. Special Requirements for Commercial or Administrative Applications
by
T. R. Thompson

J. Lyons & Company Limited

Introduction

This paper is concerned with the applications of automatic computers to what in the
commercial and industrial world 1s called "office" or "clerical® work and 1s limited to
procedures related mainly to numerical information. In this kind of work a prescribed
sprocedure® is carried out on glven numerical information - the "data" - to produce a
speciflied statement or statements of "results" which are requlred for later use. The
preclse steps to be taken at any particular stage Oof the procedure may depend on clrcum—
stances, €.g. the nature of the data or of Intermediate results obtained during an earlier
stage.

FUNCTIONAL ANALYSIS OF CLERICAL WORK
Examples of clerical work

For those who are not familiar with clerical work a few simple examples are glven In
appendices A to F of some well known aspects of It which will be used throughout this paper
for 1llustrating the points made.

Appendix A glves a payroll statement and shows how the wages for time worked by an
employee are calculated by multiplying his hours by the rate of pay; after adding a
bonus the gross pay for the week 1s obtalned; this 1s added to the wages earned in
previous weeks of the lncome tax year to glve the gross pay to date; deducting the
amount of tax free pay to date, the taxable pay to date 1s obtalned and on this the
tax to date 1s assessed; deducting tax previously deducted from the tax due to date,
glves the tax to be deducted for the current week; a deduction must also be made
from the gross pay 1n respect of the Natlional Insurance contributlon and there may be
other deductions for National Savings, Social Club Contributions and the 1like; the
gross pay less all the deductlons glves the net pay.

Appendix B deplcts a sales involce by means of which a suppller tells the customer his
indebtedness 1In respect of goods that have been sold to him; 1t 1s what 1ls familiarly

known as a "blll".

Appendix C shows how a running statement of a customer's indebtedness 1s maintained by a
supplier; 1t is usually called a sales ledger account.

Appendlix D is a sales analysis statement showing the total value of goods of varlous
categories sold to customers in various districts compared with the corresponding
tigures for the previous year; this kind of statement 1s used by a sales manager to
study the effects of hls sales policy.

Appendix E 1s a form of account which may be used for keeping control of stocks; for
each number of items of stocks it shows the quantity held at the beginning of a perlod,
the quantity received Into stock during the period, and the quantity that remains at
the end; the sum of the opening stock and the receipts less the quantity remalining is
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what 1s called the consumption of the commodity; this 1s compared with the quantity
known to have been issued during the perlod to glve the net difference over or short

in stock.

Appendix F provides a simple statement of the expenditure, revenue and profitabllity of
a manufacturing and sellling department of a concern; thls statement, known as &
"Trading Analysis", 1s used by Management for controlling operations of the depart-
ment; the statement results from what 1s known as "cost accounting" which 1s a
procedure by which expenditure 1s related to the purpose for which 1t 1s incurred.

It will be clear that most of this kind of clerical work occurs at regular lntervals;
thus the payroll may be prepared either weekly or monthly, the sales involces elther dally
or weekly; and the trading analysls may be prepared weekly, monthly or quarterly. Each
time a jJob 1s done the same procedure 1s followed but much of the data 1s different.

andamental types of operation
Doing Arithmetic

As would be expected this 1s a very important operation in clerical procedures
which are mainly concerned with numerical information; but 1t 1s by no means the only
important one.

‘Selecting a particular ttem of information

A very important type of operation is the selection of the particular ltem that 1s
required at any step in the procedure. For instance, before the total of an involce
can be posted to a customer's sales ledger account the particular account has to be
selected from amongst the accounts for a large number 0f customers.

Sorting information

Often 1t 1s convenient to sort documents containing informatlon into a different
sequence before the next step in the procedure 1s carried out. Thus to calculate the
gross wages for a serles of employees both the hours worked and the rate of pay are
required for each employee. The rates of pay for the various employees, which remain
rairly constant, may be given in one statement, and the hours worked, which may vary
from week to week, may be on "clock cards", one for each employee. In such a case 1t
1s clearly desirable to sort the clock cards so that the employees occur in the same
sequence as they do on the statement of the rates of pay.

Gomparing items of information

Another kind of operation which often occurs is the comparison of corresponding
items of informatlon to ensure that they agree. For instance, in the example of the
payroll. quoted above, it 1s necessary to check that the employee's code number on each
¢lock card agrees with the next code number on the statement of rates of pay.

Assembling and arranging the results

The results produced by the clerical procedure must be arranged in a form sultable
for the actlion which 1s subsequently to be taken.

Storing information

Much Information has to be stored for comparitively long periods between the carry-
Ing out of a Job In one period and the carrylng out of the next; or it may only be
required for future reference. Although this, the filing system, may not appear to be
an actual part of a clerical procedure 1t 1s an Important consideration for on it
depends how quickly reference can be made to Informaticn when required.
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The frequency with which these different fundamental operations occur varles greatly
from job to Job; for instance in a payroll job the emphasis 1s on arithmetlcal work whereas
in the sales ledger work the most important consideration is that of selecting the right
customer's account before an entry 1s made.

Nature of results produced

Some of the results produced as part of one clerical Job may be required as data for
another, which may be a repetition of the same job for a subsequent perlod using the same
procedure, or it may be quite a different one using a different procedure. The running
totals for the Income tax year of the gross pay and income tax for each employee produced
as part of the results of the payroll job and required as data in the payroll Job next week
are an example of the former. An example of the latter 1s the amount of the gross pay
earned by all the employees working In a factory for a week, produced as part of the payroll:
Job, which may be required as data in the "cost accounting" job for the factory. Such
results may be convenlently termed "carried forward" results.

Where the action arlsing from results necessltates thelr belng read by some person or
persons, they must be produced in readable form: manuscript, typewrltten, or printed; as
for instance a payslip for an employee, an invoice for a customer, anManalysis of sales" for
a sales manager, and a "trading analyslis" for Management.

Both "carried forward" and "printed" results may be required from the same Job; 1in fact
more than one separate result of elther kind may be required. For example from the payroll
Job the following separate results might be required:

1. a printed payslip, to glve to the employee;

2e a printed payroll statement giving particulars for all employees, to be used for
office reference and for audlt purposes;

3. a statement of the gross pay earned and the Income tax due for the Income tax year
to date, to be carrled forward for the payroll job to the following week;

4, a total of the gross pay earned by all the employees in a factory, to be carried
forward to the "cost accounting" job for that factory.

Sometimes, by producing more than one copy, the same form of statement may be used for
mwre than one purpose.

Tature of data used

Much of the data used in clerical jobs arises from the "carried forward" results of
previous clerical jobs, Thils data 1s therefore termed "brought forward" data.

A great deal of other data 1s of a semi-permanent character; examples of thils are rates
0f pay of employees and prices of 1tems sold. This type of data may be called "permanent!
data as 1t usually remains constant over a perlod. ' Means must, however, be provided for
amending permanent data when a change 1s required; this involves the use of "amendment" data
which, when applied to the permanent data, produces new permanent data to be used untll

further notice.

- A fourth class of data 1s that which applles only to the current Job in hand, as for
instance the hours worked In the current week for the Dayroll or the goods to be supplled to-
8 customer's order, This type of data may be termed "current" data. The information for
this class of data very often originates outside the office; 1t may arise in the factory,
for instance the time worked by an employee may be recorded elther automatically by a time
;recording machine on a clock card or by a foreman on an attendance sheet or, to take another

Dle, an order may be made out by a customer on a preprinted sheet. The form used for an
Enx?:ial record must therefore be convenlent, not only for the way 1t is used in the clerical
rocedure, but also for the person who has to make the original record and the circumstances
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in which he makes it. Since thils form of data is used once only 1t 1s Ilmportant that
the method of recording 1t should be an economical one.

Completion of Jobs to a Tight Schedule

 The results from some clerical Jobs are a vital factor in the practical running of the
concern and often circumstances make it necessary for the results to be avallable according
to a tight schedule. Thus in order to pay the wages on a Friday, the payroll Job must be
finished by say Thursday at the latest; when sales Involces accompany goods to be supplled
they must be completed promptly 1f the dellvery 1s not to be delayed.

USE OF AN AUTCMATIC CALCULATOR TO DO CLERICAL JOBS

Theoretically any job can be done by an automatlc calculator, provided the procedure
can be fully prescribed. Whether 1t can be done economlically must, however, depend on

circumstances.

Circumstances in which clerical work is suitable for an automatic calculator

This question cannot be dealt with adequately in a short paper but some important
considerations may be mentioned.

The total volume of work which needs to be done using a particular procedure must
be appreclable; 1t will clearly not be economical to prepare a programme for a Job 1f

it 1s used very 1llittle.

Also the amount of work to be carried out at any one time must be appreclable for
1t wlll not be worthwhile feeding the programme Into the calculator 1f the amount of
work to be done 1s small. To make this possible there must be an adequate time lag
between the time of the recelpt of the data and the time when the results are required.
Thus 1f orders are received over the telephone from a customer and have to be executed
almost at once, an automatic calculator could not sultably be used for invoicing the
customers. It 1s only 1f a large batch of data can be accumulated and fed as a slzeable

job to the calculator that a Job can De economical.

Again the volume of calculation (or other manipulation) that has to be carried out
on & glven batch of data must be slgnificant. It will clearly not be economical to
feed a large batch of information into the calculator 1f very little 1s done with it

when 1t gets there.
Advantage of doing clerical work by automatic calculator

In large offices there 1s a great deal of clerlcal work which satisfles these condi-
tions and much of this work has to be done by semi-skilled people who carry out repetitive
operations on varying data all day long, possibly using small calculating machines and other
devices for the purpose. A great deal of effort is expended 1in reading information from
one place and recording it in another, as for 1nstance, reading from documents in order to
press the keys of a calculator, and then reading the result shown on the dials in order to

write 1t elsewhere.

Documents also often have to be passed from hand to hand or from machine to machine
throughout the procedure involving a great deal of handling and carrying of papers. Often
many of the Intermediate results, recorded as part of the procedure, are not actually needed

in the required final results.

The 1deal way of using an automatic calculator is to carry out complete clerical
procedures from beginning to end, starting with data as initlally recorded outside the
office and producing results which are elther required for use outside the office or which
are to be used in some other procedure, making permanent records of any lnformation only 1f
1t will be required for some such purpose. In this way no unnecessary records are kept of
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intermediate results, handling of the documents holding intermedlate results 1s eliminated,
and all routine processes are done automatically.

One may regard the part the calculator plays in such a scheme as similar to that of a
single clerk who carrles out the whole of a clerical procedure by reading the data as he
requires 1t, by carrying out mentally the arithmetlic and loglical processes, and by writing
down the results required for future use. Acting in this way the calculator 1s performing

the function of a routine office and 1t 1s for this reason that the Lyons project was named
"LEO" - Lyons Electronic Office.

It 1s believed that the greatest gain in such a system will be not so much In the
speed of doing arithmetical operations but in the speed with which the flgures are )
selected and transferred, and in the elimination of unnecessary recording and handling of
intermediate results.

‘The organization of clerical work according to groﬁps of results

The result numbers produced during most clerical jobs form themselves into natural
groups. Thus, in the sales invoicing job, the invoice for each customer can be regarded
as contalning a separate group of result numbers. Similarly, in the payroll Job, the
payslip for any employee contains a group of result numbers. Each group of result
mumbers 1s produced by a glven burst of calculations, using the related group of data
numbers. The fact that clerical data naturally tends to divide 1tself into natural
groups can be explolted with advantage when clerical work 1s done by means of an automatic
calculator. Before any burst of calculations takes place the data specifically requlred
for that burst can be fed in and as soon as the calculations are finished the results

.produced can be recorded. The data fed in for the next set of calculations can be put
into the calculator in the storage compartments formerly used for holding the data for the
previous set, and the results as they are produced can be stored in the compartments used to
hold the results of the previous set of calculations.

Not all the data 1s, of course, specific to a set of calculations; some of 1t may be
cormon to all or very many of the calculations and must therefore be fed in before the
first set of calculations takes place. Thus in the sales involcing job the price of any
commodity may be required as data in order to make the calculations for any one invoice, 80
8 11st of prices for all commodities must be fed in before making the calculations for the
first invoice.

Similarly some of the results may not be related to any particular set of calculations
but to all or to a large part of them. In the sales involcing job the totals of Iinvolces
‘for all custamers in different areas and for the whole country may be required; running
‘totals can be maintained by adding, as part of the procedure for any invoice, the total
of the Invoice to any required totals to date.

Clerical Jobs involving higher mathematical processes

There 1s an increasing tendency in offices of large organizations to do clerical work
involving higher mathematical processes, as for instance, a statlstical treatment of the
data, A speclal example 1s the process which has come to be known as "linear programming?
in connexlon with Production Planning in factories. From a knowledge of the extent to
which 2 number of components of material, labour, machine time, etc. are required to
produce a unit of each of a number of items of production and of any factors limiting the
total amount of each component avallable, a calculation 1s required of the number of units
which should be produced of each item in order to yleld, say, the maximum profit that can
be attalned. This kind of job only differs from the clerical Job in the amount of
mathematics involved in programming the Job. Once the problem has been fully visuallzed
and the required mathematical procedure devised, the general problem of carrying out the
job on an automatic calculator is no different from that for other clerical jobs.
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COMPARISON BETWEEN CLERICAL JOBS DONE BY A CALCULATOR AND MATHEMATICAL JOBS
Ratio of the volume of calculations to the volume of input and output

The fundamental difference between mathematlcal and clerlcal jobs 1s the ratio of the
volume of celculations to the volume of input and output. For very many mathematical Jobs
there 1s only & very small amount of data and 2 very small amount of results but a great
deal of calculation. On a clerical job there is almost always a very large volume of
input and output and a relatlively small amount of calculation on each batch of data. This
has 2 great bearing on the amount of equipment needed and on the way the job 1s organized
and programmed.

Size of Progranmes

Programmes for doing clerical Jobs tend to be very much blgger than those for mathe-
matical Jobs. There are two qulte separate reasons for this.

The first reason 1s that once the data has been taken Into the store 1t 1s economical
to carry out as many operations as possible on 1t; there are often a number of distinct
processes which can be carrled out on the same data Or on intermediate results arising from
the data. For example when preparing sales 1nvoices, 1t may also be convenlent to post
sales ledger accounts and to analyse sales according to kinds of commodities, districts,
and so forth. The programme should as far as possible be made to cover not one procedure,
put a whole series of inter-related procedures, and the programmes become, therefore,

correspondingly longer.

Another reason why programmes are longer 1s that commerclal and administrative
requirements are less rational than mathematical ones; the clerical procedures of commerce
have often evolved over a long period as a result of a varlety of influences. The
determining factor may sometimes be a matter of commercial custom, oOr 1t may be the need to
comply with some Government regulation. In devising programmes to do a clerical job on an
automatic calculator many anomalies and apparently unnecessary elaborations are brought to
light, and should as far as possible be eliminated.

In spite of all efforts, however, there will always be exceptional circumstances which
must be taken care of in the programme; 1f an exception occurs only rarely the programme
may perhaps best deal with it by recording the circumstances of the exceptlior. and leaving
the precise procedure to be carried out subsequently; but where an exception 1s relatively
common a sequence of orders must be included In the programme to deal with the speclal
procedure required. For instance in a large payroll Job there are always some employees
who are taxed on the gross pay in the current week instead of on the total gross pay to
date. Provision must therefore be made for both alternative and normal procedure. out
of a total of 1710 ordefs in the programme for doing the payroll job on LEO, 780 orders are
contained in sequences which deal with more or less exceptlonal circumstances.

The size of programmes naturally varies considerably from Job to job but a programme of
1500 orders 1s not exceptional.

Equipment needed to do clerical jobs

The slze Of the main store (immediately accessible during any set of calculations)
must be large enough to hold:

1. the programme of orders;

2. the data common to all sets of calculations;

3. the data specific to any one set of calculations;
4. the Intermediate results;

5. the results for any set of calculations;

6. the results common to all the sets of calculations.
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Since the number of each of these ltems 1s very often large in comparison with the
usual run of mathematical jobs, the main store of a calculator requlres to be of a greater
capacity when 1t 1s to do clerlical jobs. The number of store compartments required for
these various purposes differs from Job to job. As an 1llustration, 1in doing the payroll
Job with LEO the number of compartments required for the different purposes listed is as

follows:

1. 1710, from which 86 are subsequently used for purpose 6

2 49
3. 52
4. 50
5. 92
6. 138

2091

less __86 used for two purposes
2005 Net Capaclity requlred

The means whereby data 1s fed into the calculator must be such that the whole of the
data for any set of calculations may be presented to it in a time comparable with the time
taken to do any other operation.

Similarly, the means of recording results must be such that the whole of the result
numbers may be cleared from the calculator in a time comparable with the time taken to do
any other operation.

Reliability of Calculators

Since clerical work must often be completed to a tight schedule it is Important that a
calculator should not remain out of action for more than say two or three hours at any one
time. Also, In any one week, the total avallable working time should never fall
gignificantly below the amount of time required to do the scheduled work, SO that the
amount of time spent on fault finding should be not much greater than 5%

Preparation of programmes for clerical jobs

Because the methods whereby an automatic calculator does the job are so different from
the methods usually employed in an office 1t 1s important to express the requirements for
any job In the simplest possible terms as though it were to be done by a single clerk with-
out recourse to any speclal office devices. From the statement 0f requirements the general
plan of doing the Job by an automatic calculator 1s drawn up.

The person who prepares this general plan need not be a mathematiclan with academic
qualifications, though he probably needs a mathematical type of brain. He should have &
thorough knowledge of the nature of clerical work and he should also be able to visualilse
it In terms of an automatic calculator. The plan should be set down in the form of a
flow chart, showing in what sequence the maln steps of the procedure must be carried out.
It should also show at what points the different kinds of data are to be used and at what

points the different results are to be produced.

When the general plan 1s agreed a more detailed analysis of each step must be made so as
to obtaln an exact specification of the calculations and other manipulatlions required. The
specification should show the nature, source, and volume of each kind of data and the nature,
destination, and volume of the dlfferent kinds of results. Particulars should be obtalned
of all exceptional clrcumstances and the frequency with which they occur.  Agaln a detalled
chart showing the sequence of operations for each step 1s a useful way of expressing the
requirements. Draft forms should be prepared, showing the way in which each type of data
can most conveniently be recorded and presented to the calculator, and also draft forms
showing the way results require to be recorded.
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It 1s only when these detalled requirements have been settled that the coding of the
programme can proceed. Agaln the coder does not require any high degree of mathematical
skill but he does need to be able to think In terms of symbols. Someone who has reached
School Certificate standard in mathematics and enjoyed doing mathematics in school should
be able to do the coding satisfactorily.

Each step in the procedure may be coded as an Independent stage in the programme in
the same way as open and closed subroutines are coded separately in mathematlical programmes.
A closed subroutine may be useful where the same kind of procedure is required in different
stages of the programme, for Instance In taking in data or in carrying out division by
means of a programme. Normally, however, it does not pay to use without alteration
#1library" subroutines, elther open or closed, as part of the programme. It 1s better to
adapt the "library" subroutines to meet the special clrcumstances of the particular
programme SO as to get the best use of the store or to shorten the time taken. This 1s
well worth while since the programme will be used many times. The fitting together of the
different stages and the entering of subroutines is, of course, preclsely similar to what
1s needed for a mathematlcal programme.

As in mathematical programmes, the sequences of orders are largely repetitlve but many
fewer 1terative sequences are used. Another difference is that, whereas in mathematical
programmes the results of one main cycle form the basis for the calculations for the next
cycle, In the clerical programme the successive cycles are largely independent, each new
cycle having for 1ts basls a new batch of data.

The nature of the sequences that occur is not very different from mathematical ones
and the operations that the calculator 1s required to carry out - addition, multiplication,
transfer, change of sequence, etc. — are preclsely the same. In fact, with the exceptions
of some additional orders in LEO, EDSAC and LEO have preclsely the same order code. i

SPECIAL REQUIREMENTS FOR DEALING WITH DATA

In organising clerical work by means of an automatic calculator, the way data 1s
handled 1s a very Important factor, since the volume 1s so large. The different types of
data referred to In the section headed: "Nature of Data used" originate from different
sources, and even for one type the data for a job may originate from more than one source.
Ideally therefore batches of data of different types and from different sources should be
fed into the calculator along separate input channels. Where there are more than three or
four distinct types and/or sources then, to keep the number of channels to a minimum, 1t may
be better to blend data from two (or more) sources, before feeding 1t to the calculator, so.
that both batches can be fed together through a single channel.

Because the data 1s derived from many sources the same treatment cannot be applled to
all forms of data Indiscriminately; the different types will therefore be considered under
the three headings of current and amendment data, permanent data, and carry forward data.

Current and amendment data

As has been mentioned before both of these kinds of data are originated outside the
autamatic office as such. Sometimes it may be possible to have a means whereby the
original record can be made mechanically; for example, attendance can be recorded with a
time clock, or a production record may be kept by an automatic counter attached to a
machine. Generally, however, such records are made by hand. When this Is so it is
necessary for the original record to be transcribed to some medium that can be read auto-
matically before 1t can be fed to a calculator; the transcription must also be checked.
The cost of transcribing and checking data I1n this way 1s expensive, besides Introducing an
extra possibility of error.

In order to achieve full economies 1n dolng clerical work by means of automatic
calculators some way must be found of eliminating the need for transcription. One way
would be to provide those who make the initial record with a device which will produce a
record which can not only be read visually, but also automatically, as for instance a
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device which produces a punched card as well as a typed record. It 1s 11kely, however,
that such devices would prove too expensive to be provided to everyone who makes records,
for example to all retall customers. The method which seems really economic is to devise a
means of writing on paper, that can be read both in the ordinary way and by some scanning
device which will elther feed the Information directly Into the calculator or alternatively
automatically create an intermedlate record.

Permanent Data

Initially thils Information also origlnates outside the automatic office, but the problem
of transcribing it to a medium which can be automatically read is not so important because,
once 1t has been transcribed and checked, 1t 1s fed to the calculator many times without
further transcription. In many types of clerical Job, for Instance sales records, a very
large volume of Dermanent data may have to be held for a long period and for any run of the
programme only part of it will be required. The main problem with this data is to find a -
suitable medium for storing. It must be a medium -

1. from which required information can be quickly selected as required;
2 which can be amended as required;

3. tfrom which information cannot be accldentally erased;

4. which does not involve much physical handling;

Se which does not take up too much space; .

6e which 1s not too expensive,

One particularly difficult question 1s the danger that, when information 1s belng
inserted in the store of permanent date or being copled from it, other items of information
my accldentally and unknowlngly be interfered with. .

The most sultable medium may not be the same 1n all clrcumstances. It will depend on
the volume of information to be kept, the way 1t 1s originated, and the way 1t 1s required
in the course of the programme. Various media are belng developed, c.g. punched cards,
punched tapes, photographic fllms and magnetic tapes, wires and drums. All offer
possibilities but as yet none appears to have provided a fully satisfactory solution.
Teoretically a magnetic drum offers the best solutlon because of ease of access to any item of
informetion and because 1t requires less physical handling, but the number of drums required
.for permanent storage in even a modest commerclal installation might make this form of
gtorage extremely costly.

‘Brought Sforward data

In this case the problem 1s one of recording the carrled forward results as they are
produced by the calculator as part of a previous job. Magnetic tape, magnetic wire,
punched tape, or punched cards, all provide a suitable medium. In this case, however, the
gtorage 1s only required for a relatively short perlod and the information may only be used
once.

For this type of data a recording medium such as magnetic tape or wire which can be
used over and over agaln should eventually prove the most suitable. For the time belng,
however, -punched cards have the advantage. thet the equlpment which hendles them is .
already well established and rellable. Moreover equipment exists for sorting the cards into
any order required and partlicular cards can be selected from the rest when all are not
required. It 1s also readily possible to make amendments before the data 1s-used in the
Job by punching more holes or by lnserting a new card.

Sorting and Selecting of Data

Although automatic calculators a3 already constructed have the facllity of sorting and
‘selecting information, that facllity 1s restricted to where the number of 1ltems 1s reasonably
small, t.e. hundreds, or with a magnetic drum, tens of thousands. Since in clerical work
the number of ltems of data 1s often very large, additional facilities are needed for sorting
and selecting. It may not be desirable to control these processes Ilnslde the main
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calculator 1tself, for were this to be done it might mean that for a large proportion of the
total working time the equipment which carrled out other functions would be 1dle while the
sorting and selection was taking place. It may therefore be better to develop auxiliary
equipment for the speclal purpose of sorting and selecting data as required so that it is
ready for a subsequent Job to be carried out on an automatic calculator.

SPECIAL REQUIREMENTS FOR DEALING WITH RESULTS

The most important matter to be consldered here 1s, as already stated, to clear from
the calculator 2 group of results as soon as 1t 1s completes. We are concerned firstly
with the results which are actually to be read and must therefore be printed in some way,
and secondly with the results which are to be carried forward in some form for a subsequent

Job on the calculator.
Printed results

There are two possibilitles: the first is to print directly by means of a high—speed:
printer; the second 1s to make at high speed an Intermediate record of the results as they
are produced and subsequently to read this record and feed the results more slowly to a '
battery of slow-speed printers. The advantage of direct printing 1s that 1t saves f"double-
handling" informetion and 1t permits an immediate scrutiny of the results. :

Printers, whether high- or low-speed, mey print either one character at a time or the
whole (or part) of a line at a time. The printer which prints individual characters has
the advantage that the equipment is only requlired to accept signels for one character at any
cne instant and 1s therefore much cheaper. On the other hand, since a line-a-time printer
can print many characters at once, the mechanical action can be relatively slower. This 1is
an important consideration since the limiting factor in printing results direct from the
calculetor 1s likely to be speeds of mechanlical actlon. For this reason it would appear
that line-a-time printers are likely to prove best for this purpose.

In clerical work the layout of result numbers is a very important consideration,

. especlally when the documents contalning the information are sent to people outside the
organization operating the computer, as for instance when sales involces are sent to
customers. The printing arrangements must therefore provide the necessary diversity of
layout and punctuation. Not only does the form of results differ from one job to another,
but often for a single job it 1s necessary to record result numbers on two or more different
kinds of form. For instance, in sales involcing the layouts of the invoice for the
customers and of the sales dissection statement for the sales department *jould be totally
different.

In order to draw attention to exceptional circumstances which have been ‘found during t
execution of the job it will also be necessary toprint slips giving detalls of these
abnormal circumstances.

Where results have to be printed on several different kinds of form 1t mey be necessarg
to use two separate output channels. If a dlrect printer 1s to be used for printing on
pre-printed forms this s the only method possible, But if the volume 0f results to be
printed on two or more kinds of form 1s not large enough to justify a separate channel it
will be better to record them together on an 1lntermediate record using one output channel;
the information from the intermediate record can subsequently be split and fed to two OT
more separate printers each supplied with the appropriate pre-printed forms. Thus there
might be one channel connected to a direct printer and another channel recording miscel-
1aneous results on an intermedlate record to be separated as they are fed to separate slow-
speed printers.

Carried forward results

Results to be carried forward may also be required for more than one purpose, for
example in the factory payroll the gross pay and the tax due to date will be required for
the same- Job the following week; at the same time the gross pay for the current week mey
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have to be used In a cost accounting Job for charging against the factory cost account.
Again, 1t may be desirable to use a separate output channel for the results for each of
the two purposes or 1t may be preferable to use only one channel and separate the results

subsequently.

The medium on which the carry forward results are to be recorded must be one which 1s
sulitable and convenient not only for the recording process but also for feeding the
information into the calculator as brought forward data for the subsequent Job.

Again magnetic tape or wire and punched tape or cards provide reasonably sultable
means. Magnetic tape and wire are probably most convenient slnce they can be used over
and over agaln,

CONCLUSIONS

Provided suitable and consistently reliable equipment can be provided there 1s no
reason why commercial clerical work should not be dealt with effectively by means of
automatic calculators. The degree of reliability must be very much greater than 1s
required for doing mathematical jobs owing to the need for carrying out commerclal Jobs to
a tight schedule. Existing machines fall a long way below what 1s wanted here, As far
as the arithmetical and manipulative functions of an automatic calculator are concerned the
present types of calculator are qulte satisfactory. They should however be assoclated
more or less intimately with other apparatus capable of carrylng out the following functions.
Some of this equipment already exists but 1t 1s not 1n all cases entirely suitable for the
purpose, belng either too slow, too expensive, or too unrellable.

1. To save transcribing and checking current and amendment data, a means must be
devised for recording it In the first place either mechanically or in manuscript
in such a way that it can be read automatically as well as visually; reading
equipment must be designed and built for feeding the data so recorded to the
calculator.

24 A cheap method of storing very large quantitles of data for long perlods 1s
required; it must be such that information can easily and quickly be selected
from 1t and inserted in 1t, but there must be adequate safeguards to prevent 1t
belng altered unintentionally.

3. Some device 1s needed which will efficlently sort and select data prior to 1ts
being fed to an automatic calculator; this may be combined advantageously with
the store mentioned in 2 above. .

4, It should be possible to feed the data Into the calculator at a speed comparable
with other operations that can be carried out inside it.

Se Similarly it should be possible to extract results from the calculator at a
speed comparable with that at which other operations are performed inside it.

6. High-speed printers are required which will print information relliably and
satisfactorily at higher speeds than existing tabulators and yet be equally
flexible in regard to layout, use of speclal stationery, etc.
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APPENDIX B

INVOICE B 2005
WOODWORKERS LTD.
MAIN ROAD,
BRISTOL.
DR. TO A. G» BROWN LTD., LIVERPOOL
Order No., C105 Date: 28,3.53.
20 Gr. No. 6 Woodscrews @ 9d. Gr. 15 0
24 " " 8 " "i/=- " 1 4 0
24 " " 9 " " 1/3 " 1 10 0
36 " o111 " ' 1/9 " 3 3 0
36 " n 12 " "2/~ 3| 12 0
2¢ " " 15 " "2/6 " 3 0 0
2 ¢ " o18 n "3/ " 1 16 0
15 0] 0
Less 5% Dlscount 15 0
14 5
Add Carrilage 7 6
£14 12 6
APPENDIX C
LEDGER ACCOUNT
Dr. A. G. BROWN LTD. Cr.
Date £ s. d. Date £ s. do
1953 1953
Apr, 1 To Balance B/Fwd. 12110 0
8 " Goods 151 o O Apr. 5 By Cash 12 110] ©
17 * Goods 12j110] © 14 * Goods Returned 3115( O
24 " Goods 17116 | 0 21 " Cash 15 0| O
25 " Cash 12 {10} O
30 " Balance C/Fwd. 14 0| O
571156 0] S7 1151 O
May 1 To Balance B/Fwd. 14| 0o o0
S ! — T

(14887)




APPENDIX D

SALES ANALYSIS

Q/E. 31st March, 1953

TEA COFFEE cocoa TOTAL SALES
DISTRICT THIS LAST THIS LAST THIS LAST THIS LAST
YEAR YEAR YEAR YEAR YEAR YEAR YEAR YEAR
s s [ & [ £ £ £
Southern 15 500 | 15 300 9 300 | 8 900 9 800 9 750 || 34 600 33 950
Countles

Midland 14 700 | 15 200 8 000 { 7 700 [10 300 |10 150 33 000 33 050

Northern " 17 200 | 16 500 7 500 | 7 350 7 050_ 8 800 | 31 750 30 650

Scotland 10 300 9 900 5600 : 5 500 2 250 3 350 19 150 18 750

Wales 8 000 8 100 3 500 | 3 200 2 950 2 820 || 14 450 14 120

TOTAL 65 700 | 65 000 33 900 |32 650 |33 350 |32 870 |132 950 130 520

APPENDIX E
STOCK CONTROL
BREAD DESPATCH 14th March, 1953
_ Open- Sub Clos-| Con Total Stock
Description Unit| ing | Received u ing |sump- 2 Balance
Stock Total|syock|tion |1S5UeS|over short
Z1b Sandwich ea. 100 {150(200|150 | 600 75 | 525 | 523 - 2
Z41b Sandwich - Sliced 30 " 75 1100|125 75| 375 50 325 325 - -
341b Sandwich - Sliced 40 n 50 {100|1501100| 400 40 360 364 4 -
Sandwich Hovis - Sliced 50 " 25 | 751100| 50| 250 35 | 215 | 2156 - -
131b Bread & Butter " 50 (120|150 90| 410 60 | 350 | 348 - 2
131b Tin - Sliced n 75 1130{150]125| 480 45 435 430 - 5
Long Bread & Butter " 25 | 50| 75| 40| 190 30 | 160 | 160 - -
Long Bread & Butter — Sliced 72 " 25 | 80/120| 60| 285 25 | 260 | 260 - -
Long Toast — Sliced 34 " 20 | 75/100| 50 { 245 30 | 215 | 212 - 3
441b Sandwich Hovis " 20 | 40| 80| 40| 180 101 170 | 170 - -
4+1b Sandwich Hovis - Sliced 26 " 15 | 80| 50| 50| 185 10 | 165 | 155 - -
Vibro Hovis Loaves n 15 | 30| 40| 30| 115 10 | 105 | 105 - -
Breadcrumbs - Coarse 1bs. 10 -] 40; =| 80 45 45 - -
Breadcrumbs -~ Fine 1bs. 5 -| 20 ~| 25 20 20 - -
Yeast 02ZS. 10 10| - =| 20 13 13 - -
98
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TRADING ANALYSIS

ELECTRIC MOTOR DEPT.

Summ.
Ref.

i
i
i

APPENDIX F
No.

Q/E March 1953

MARCH MARCH
Ref. 18563 1982
s £ X X X X
% on Sales
NET PROFIT SUMMARY
Sales’ 156 483 147 291 100.0 100.0
Prime Costs
Factory Cost of Sales - 39 434 42 273 | - 25.2 - 2847
Distribution - 16 744 16 202 | = 10.7 - 11.0
Selling 26 289 23 861 | - 16.8 - 16.2
q£g§§_g£g£;g 74 016 64 955 47.3 44,1
Qverheads
Factory 21 721 i9 462 | - 13.9 - 13.2
Selling - 32 697 31 278 { - 20.9 - 21.2
General - 16 216 15 896 | - 10.4 - 10.8
Net Profit (or Loss) 3 382 |- 1681 2.1 - 1.1
SALES DISSECTION &£ [ % on Total Sales
Government Contracts 39 747 39 576 25.4 26.9
Manufacturing Concerns 43 979 41 298 28.1 28.0
Dealers 72 757 66 417 46.5 45.1
156 483 | 147 291 | 100.0 100.0
BALANCE OF FINISHED STOCK & s
(At Selling Value)
Productlon 162 627 146 483
Add Opening Stock 44 652 26 291
207 279 172 774
Less Closing Stock 50 796 25 483
Sales 156 483 | 147 291
% on Selling Val.
FACTORY PRIME COST DISSECTION [ 8 of Prod.
Wages 28 216 28 313 17.3 19.3
Materials 9 723 9 083 6.0 6.2
Sundries 4 614 4 510 2.8 3.1
Total Cost of Production 42 5853 41 906 26.1 28.6
DIgERIEUTION»PPIME’COST DISSECTION
Cs
etc,
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Discussion

MR. KITZ (English Electric Co. Ltd.) asked about speed. The author had sald that a
high input and output speed was necessary. How high should it be and how many declimal
diglts per second were needed? The author had stressed rellablility. What sort of checks

were applied?

MR. THOMPSON sald he was worried about dependabllity more than about reliablility.
Tne accuracy obtalned to the present time was as good as or better than that of clerical
workers. They were satisfled there was no difficulty about obtalning accuracy. They did
not favour bullt-in checks and thought they were not worth the cost. Instead they relled

on sum checks.

Answering the first question he sald that Appendlx A of the paper indicated the number
of digits of output in a typlcal plece of work and sald that the results for each man should
be punched out In a small fractlon of a second.

MR. HAHN (Bristol Aeroplane Co. Ltd.) asked 1f pre-sorting of data was considered
essential for the Input system. Punched cards could be sorted but tape could not. Use
of the latter, therefore, led to a need for large storage space, He also wanted to know
how much storage space was required for commerclal purposes and whether it was not better
in commerce to use a number of small machines rather than one very large machine,

MR. THOMPSON replied that a lot of data was already sorted or sorted 1tself to some
extent, but he thought there should be a means of sorting so as to feed the machine with

sorted data.

LEO had 2048 stores of 18 binary dlglts. This was considered large enough. The
number of machlines was largely a question of economics. He did not favour a battery of
machines in parallel because of the resulting mass of lntermedlate results. It would be
good to have a battery of machines such as the one machine they had, but these machines
were very costly.

DR. VAJDA (Admiralty Research Laboratory) asked whether the records produced by the
machine were adequate for legal requirements.

Mr. THOMPSON replied that 20 years ago the question could not be answered with any
certainty. At that time the courts did not accept, without questlion, records printed by
Burroughs machines. Nowadays they were much more reasonable. They were falrly
confident on this point, but the matter had not yet been tested in the courts.

DR. BOWDEN (Ferrantl Ltd.) mentioned a large plece of work that had been coniidered by
Ferrantl., The amount of data wasaastonishingly large. The data amounted to 10~ " binary
digits doled out at the rate of 10~ digits per month or 20 miles of tape per month. It
was also a very difficult problem to programme. A typical plece of clerical work was more
difficult to programme than, for example, a set of differential equatlons wilth some non-
linear terms. In programming clerical work for a machine it was first essential to
consider how it was done at present. It was, in fact, very difficult indeed to find out
precisely what functions every clerical worker performed.

DR. GOODWIN (NPL) sald that the author stated there was very little dlfference between
this clerical work and linear programming. It appeared to him (Dr. Goodwin) that the
requirements were different. In clerical work the primary need was for high input and
output speed while in linear programming the need was for high computing speed.

MR. THOMPSON replied that he had no experience of very large llnear systems, but he
was thinking more of the sort of work done by him during the war. Sugar and fats were

rationed then, but his company had to keep up that volume of supply of cakes etc. which
ylelded the maximum profit.

100

(14567)



MR. NEWMAN (NPL) sald that In thils country there were about two million clerical workers,
the cost of whom totalled £1 000 000 000 per annum. At the Ministry of Natlonal Insurance,
punched card machines were now used. If the computing could be done even one hundred tlmes
faster, the saving that resulted would still only be a fractlon. The problems were largely
those arising from document handling, not from computing only.

It was Interesting to consider the things that were done more efficlently by men than by
machines. Man was efficlent in Judgment and in recognition. These were parallel operatlons.
The things that machines did more efficlently were all serial operatlons. This might provide
a criterion for deciding between men and machines for particular Jobs.

MR. MICHEL (NPL) thought the author had glossed over the question of sorting. Perman-
ently stored data could be pre-sorted, but there were sorting problems Inside the machlne
which were not solved by pre-sorting.

MR. THOMPSON said that the need for a large hlgh-speed store must be avolded. This
limited the practicable amount of sorting. Wage rates were an example of where pre-sorting
was possible. Such sorting as was necessary inslde the machine was done there, but as much
as possible was sorted outslde. There was a definite need for a sorting, selecting, and

counting machine.

PROF. HARTREE (Cambridge University) sald that transliteration of data should be avolded.
This was of great importance 1n other fields, not only 1in clerical worke. In large-scale
experimental work the data should be produced 1n the form required by the machine which was
going to process that data.

MR. WRIGHT (NPL) remarked on the really enormous stores required for large-scale clerlical
work. He understood that a page of a newspaper held some 109 diglts. Should we 1n the
future have inputs from enormous rolls of very wilde tape?

MR. D. 0. CLAYDEN (NPL) asked whether a multiplier was really necessary and whether 1n
clerical routines each iInstruction was not used once only (for example, for each person in a
wages routine). He belleved that there were about 2000 instructions 1n the Lyons' routine.
Could these be put on magnetlc tapes etc., and not iIn the high-speed store.

MR. THOMPSON replied that 1t was worth while having a multipler even though it was not
used for a very large part of the time. They were, 1n fact, contemplating having an
automatic divider which would be used even less than the multipller was used; 1t would save
space now used in storing the dividing routines.

It was perfectly true that each Instruction was used in general only once per man.
However, instructions must be held In the high-speed store. It was not practlcable to read
them in afresh for each man, as the data had to be read in as well, and speed was essentlal.
Furthermore, some instructions were modified by the machine just as 1n sclentific computing
programmes.

MR. HARTLEY (University College, London) suggested that 1t was wasteful to use a machine
for programme testing and that it would be better for programmers to check each other's work.
He proposed that the checker should be given only the coding and no other Information, but
this scheme was not supported by other speakers.

" MR, PETHERICK (Royal Aircraft Establishment) recommended the Analyx Synchroprinter as an
output mechanlsm. It had a cylinder which rotated at 30 r.p.s. and 40 ldentical disks, each
carrying the 10 numerals. There was a timing mechanism which hammered the paper agalinst the
required numeral in the disk. The machine, which produced surprisingly good copy, was
simpler than the Potter flying typewrlter, was lnexpensive compared with the Bull machines or
any of the hirable apparatus, and occupied two feet of rack space on a nineteen-inch rack.

MR. BIRD (British Tabulating Machine Co,) asked whether letters as well as numbers were
required in the output from mathematical computations. If they were, he thought that the
letters might be inserted later by hand onto the copy that carried the automatically printed
numerical data.
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I4. INPUT AND OUTPUT

by
D. W. Tavics

National Physical Laboratory

Introduction

This paper discusses the principles governing the design of an Input-output system.
The subject 1s a difficult one, because the lnput—output requirements of a computer depend
on what problems it 1s called on to solve and on the staff that will programme and operate
it. At this stage of development, much of what 1s sald must be a matter of opinion. We
shall naturally have in mind a computer such as the ACE Pilot Model (though not necessarily
a machine so restricted in storage capacity) which is working on miscellaneous problems
arising In scientific research. The main object of the paper 1s to provide a starting
point for discussion. It was felt that a mere description of existing systems would not
have served thls purpose.

It 1s essential that lnput-output Systems should not be so slow as to extend consider-
ably the time taken for computation. An equally important requirement is that they should
be convenlent for the machine operators. A system poorly designed in this respect may
waste a lot of time because of operators' errors. A further important requirement 1s the
convenlence of the programmer. In a computer used for a variety of problems, considerable
time is spent in getting programmes right.

General Remarks

The simplest form of 1lnput to a computer 1s a number of keys llke those of a typewrlter,
on which both data and instructions can be 'typed'. The simplest form of output 1s an
electrically operated typewriter. These are adequate where the computer 1s slow and where
the programme is not changed often and 1s retalned in the store when the machine 1is switched
off, Many present day computers have begun life with a teleprinter as input and output,
because 1t was the simplest thing to try first.

To make full use of a fast computer it 1s necessary to have an intermedlate store or
record of very low cost between the keyboard on which the data and Instructions are origin-
ally 'typed' and the fast store of the computer. Examples of this store are teletape,
punched cards and magnetlc tape. Many computers use, (or used 1n the past) teletape for
this purpose because it was readily available. Similarly, Hollerith cards were pressed
into service because the system already exlsted.

The intermedlate record arrangement has the followlng advantages:

i. The information put on the record can be verifled and corrected before i1t goes
Into the computer.

2. The rate at which numbers and instructlons can be 'typed' on a keyboard is about
5 per second. The input to the computer from the intermediate record can be
faster. This 1s an advantage because several input Keyboards can be employed
with one computer, and computing 1s not held up while the keyboards are In use.
Also, the same Iintermedlate record can be used &s computer lnput on as many
occaslons as required.

It 1s also common to have an intermediate store between the computer and the final
printing machine for the following reasons:
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1. The printer may not be fast enough to match the output from the computer. In this
case, many printers may be employed with one computer.

2e The layout of the printed pages can be decided after the computation is finlshed,
and changes in layout can be made before producing the final copy.

3. Fallure of the printer willl not waste computer time.

It intermediate records of the same kind are used in both input and output, there 1s the
possibility of reading In records which have been written by the computer. This can be used:

1. to perform checks on records intended for printing. This does not check the
process of reading the record in the printer and printing it.

Rs to enable programmes to be processed and re-recorded so that the altered programme
is avallable for future use.

3. to carry out further computations on data where the need for further computation
could only be seen by examining the results.

We shall call the keyboard operated device which writes the Intermediate record the
‘Inscribert and the device which reads the record and prints the final results the
‘outscriber!'. These terms are used In the SEAC system.

From one point of view, the inscriber and outscriber are the true input and output and
the intermediate record 1s part of the machine store.

In some systems the Input and output organs of the computer are the same thing. The
UNIVAC and RAYDAC, for example, use a magnetic tape intermediate record. The tape reader
and recorder are combined in a single device which can run the tape 1n elther direction
under the control of the computer and can read what 1t previously recorded. The input/
output units are therefore stores of the computer In the fullest sense.

The primary purpose of the Intermediate record 1s to convey data from the Inscriber to
the computer and from the computer to the outscriber. This data will be in decimal
notation.

When the intermediate record 1s used as an auxiliary store of the computer, and the
computer uses binary code internally, 1t is desirable to be able to record and read full
length blnary numbers as well as declmal characters.

Before discussing the parts of an input/output system in more detall it should be
mentioned that there 1s a school of thought which opposes the use of an intermediate record
for output. Although the record itself may be checked, there 1s a danger of errors 1n the
outscriber. If the output printers give slgnals which indicate what they have printed, a
computer connected directly to the printers can recelve these signals and make a final check.
It an Intermedlate record 1s used, a similar degree of checklng can be obtalned only by
making a further record from the signals produced by the printers and checking this record.
Even so, the possibility of an undetected error is slightly higher than in the case of the
directly connected printer,

~Rates of Input and Output

Computers can be divided Into two classes: data processing machines and general purpose
machines. The data processing computer does a small amount of computation on a large amount
of data. Business computers are an example of data processing machines.

It 1s obvious that a data processing machine will require a high rate of input and output.
The Input and output systems must be deslgned to fit in with an organization to collect and
distribute data. For maximum efficlency the input and output systems will be special to each
application, and even the central computer may have special features. This paper will not
concern itself with these machines,
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We shall consider general purpose computers which are designed to cope with sclentific
‘and engineering calculations. In these machines also, the form of input and output
required will depend on the kind of calculation usually performed. In attempting to give
figures for deslrable rates of input and output we shall be thinking of the sort of
problems for which the ACE Pilot Model 1s at present used.

The maximum average rate at which decimal results are produced in the ACE Pllot Model
is estimated at 100 decimal digits per second. One can imagine simple calculatlons that
produce more output than this. However, a certaln amount of lnefflclency can be tolerated

in these types of calculation, provided they do not form more than a small part of the work
the computer is called on to do.

An output speed of 200 decimal digits per second would be desirable. In a calculation :
producing results at 100 dlgits per second only a third of the time will then be spent cn outputs
A similar input speed would probably be adequate, but 1f the computer reads in instructions
in decimal form a rather higher speed might be desired.

Speeds up to 1000 decimal diglts per seecond would be useful on the ACE Pilot Model.
Above this speed the conversion of decimal to binary and the corresponding reconversion,
would require more instructions. This would be true in all programmes (unless the speed
were variable) and it would outwelgh the advantage of higher speed, which only occurs rarely.

The useful binary input and output speed depends on the extent to which the inter-
mediate record is used as an auxlllary store. It is desirable to be able to empty or £111
the complete internal store in a reasonable time. To £111 a store 0f 30 0CO bits In
20 seconds requires 1000 blts per second. At present the blnary output rate of the ACE
Pilot Model 1s 640 blts/second and its input rate 1280 bits per second. This makes a
useful auxlliary store for some problems. When considering a magnetic tape store, however,
the time taken to run the tape to the required 1tem may determine 1ts useful speed.

‘The Intermediate Record

The systems most worthy of consideration for intermediate records are magnetic tape,
punched tape, printed tape and punched cards. Photographlic methods are rejected because
of the inconvenlence of the developing process and the cost of material,

Magnetic tape differs from the other media 1n that its records are erasible. For
input/output purposes this is not important, and a non-erasible record is quite satis-
tactory 1f the medium 1s cheap enough.

Magnetic tape allows higher packing densities than the other medlia, with consequent
saving of space in the storage of intermediate results and data on which further computa-
tion may be needed 1n the future. The density which can be achleved 1s 2000 bits per
square inch. Punched paper tape (teletape) glves 100/square inch and printed tape may
glve rather more. Punched cards (Hollerith) give 50/square Inch but use a thicker material.
Decimally punched cards in normal Hollerlth code have only 17 blts per square inch,
effectively.

Tne packing density on punched cards 1s low, but owing to the convenlence of stacking
records (of varylng length) in drawers which waste 1ittle space, the storage space may not
be sO much greater.

At present, magnetlc tape systems using the highest obtainable densitles of packing
are troubled by flaws 1n the tape. These, when all precautions have been taken in
manufacture, can be kept down to a level of one per 200 feet at present. It should be
possible to eliminate these flaws In time. Systems which use a wide track are not troubled
by these flaws, because the flaws are of the order of 0.01 inch in diameter. A typlcal
case 1s the SEAC auxiliary store which has only one track on a 4" wide tape and writes 100
digits per inch along the tape. The packing density 1s effectively 400/square inch In
this case,
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To consider the ACE Pllot Model, which uses Hollerith cards, 1t 1s doubtful whether an
average output from the machine over a day would ever exceed 10 decimal digits per second.
Assuming that this output would remailn one day before belng printed and disposed of, about
15 drawers would be needed to hold the cards. In fact, our storage capaclty of 240 drawers
1s mainly used for holding intermediate results because, owing to the smallness of the
computer's high speed store, cards are used as an auxiliary. Programmes occupy a
negligible space., The fact that cards assoclated with a Job have to be kept untll we are
certain that the Job is finished accounts for the size of the store.

Nevertheless, this store of cards 1s not excessive in size. Since cards are the least
closely packed of all the media mentioned, 1t appears that packing density is not 2 limiting
factor. The 1imit of packing which it 1s worth attempting in an intermedlate record for
output is the packing density of the printed page, which 1s about 200 bits per square inch.

The input and output speed of these various media depends on the number of channels,
Magnetic tapes have been used with from one to elght channels. (In the eight channel
UNIVAC tape, one 1s a 'clock' or 'sprocket!' tract and one 1s a check diglt, leaving
6 effective channels). Among punched paper tapes the most common are 5 or 7 channel
teletapes. A wide paper tape was used In ASCC with 24 channels, but 1t was not required
to move fast. Punched cards give 80 channels when fed broadside, which is the normal way.

The simple way to use any of these recording media 1s to record or read one line at a
time. The number of recording elements in the line gives the number of channels. However,
1t 1s possible to deal with saveral lines at a time. A group of lines recorded or read
simultaneously may be called a 'frame'. The number of channels 1s now the number of
recording elements in a frame. At the other exXtreme, one may read or record only one
digit of a line at a time, glving a single channel system. This 1s done in some teleprinter
mechanisms. Magnetic tape will probably be limited to the line at a time arrangement.

The limiting rate of recording per channel with magnetlc tape is, at present, about
.10 000 bits" per second, which 1s far more than we judge to be needed, even if only one
channel is employed. This is in sharp contrast with the limiting rate of punching
mechanisms which 1s about 25 bits per second per channel. The limitation 1s due to the
energy needed to accelerate punch knives and the necessity of stopping the paper completely
during the punch stroke.

It appears, therefore, that 1f punched tape and card systems are to reach the speed we
consider desirable, it can only be by parallel operation of about 40 channels. The
reproducer made by Machines Bull of Parls punches an entire Hollerith card of 80 x 12 holes
at once, but since the setting up of the mechanical store is done serlally, a corresponding
increase of speed is not obtalned.

The rate of recording per channel by printing on a paper tape 1s not limited Iin the
same way as punching. In the Eastman Kodak printer, a stylus pushes a carbon paper ribbon
against a moving strip of paper, the travel required by the stylus belng very small. It 1s
claimed that 2000 bits per second per channel can be achleved.

There 1s no significant limitation in the input speeds of any of the medla we are
consldering. In the case of magnetic tape, the input can be as fast as the output. In
~the case of printed and punched media, reading photoelectrically at 108 bits per second
might be possible, but the transport of the tape may be limited to about 100 Inches per
second, glving about 1000 bits per second per channel.

We therefore see that all the systems considered, magnetic tape, punched cards and
tape and printed tape are acceptable as regards packing density and input/output speed
provided that the punching systems have about 40 channels. Which is used will deoend on
ether facters. Wwe now ccnsider In more detall the magnetic tape, punched card and
printed tape systems.
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Magnetic Tape

It 1s usual to code the decimal digits into four binary diglts and to add a fifth
digit to glve an odd count. This check diglt allows detectlion of any single error when
the tape 1s read. The spare 6 values of the four blt code are used in input for Ilnstruc-
tions such as 'end of number', 'cancel the last number! and ‘end of record'. In output
they may be used for instructlons such as 'space', 'carriage return' and 'tabulate' and

for slegns.

If an error occurs whereby a diglt 1s lost during reading, there is a rather high
probability that a neighbouring diglt will also be lost. It would seem better, therefore,
to use a code in which 3 out of 6 dlgits are ones and three are zeros. To have an undetected
error, diglits must be both gained and lost, which 1s unlikely. The code glves 20 values,
allowing rather more scope in Instructions to the printer. It will be called the '3 out of
6 code'. :

There are many variations In the way in which the magnetic recording is done. Consider
first a single channel system which the magnetic recording is using the.3 out of 6 code. We
will suppose that ones are represented by longitudinal magnetization In one sense and zeros
by longltudinal magnetisation in the opposlte sense.

If a space 1s left between successive magnetized regions, the output for a one would be
positive followed by a negative pulse and for a zero a negative followed by a positlve pulse.
In the recorder, the magnetizing pulse can be very short. Provided the flux has been bullt
up in the head, a reglon glven by the gap fleld will be magnetized. This Is the system
used in SEAC. The advantage 1s that no clock track 1s needed, the disadvantage 1s that
records must be erased before belng written over, The need for erasure may be inconvenlent
in an auxiliary store, but does not matter sc much in input/output use.

If no space 1s left between successive magnetized regions and the head remalns energlzed
in the O direction between records we have the so called 'non return to zero' system in which
erasure 1s unnecessary. However, 1f a succession of simllarly magnetlized areas occurs, no
pulse is produced In reading. Hence, in general, a clock track 1s needed to deflne
position. This clock track may have 01010 etc. recorded on it, which produces alternating

pulses,

A method of avolding the clock track 1s to begln each character with a recognisable
symbol such as 01 and synchronise the following 6 pulses from this. It requires accurate
control of the tape speed to succeed. This is analogous to the way teleprinter signals are
sent. A magnetic tape system on the teleprinter princlple has been developed by Standard
Telephone Laboratories for LEO. A second method of avolding the clock track 1s to use a
tape with sprocket holes, but this limits speed and packing density.

Now consider a 6-channel system using non-return to zero recording. By recording a
1 by a change of magnetizatlon and a O by no change of magnetization we produce a pulse
from the reading head where 1 was recorded and no pulse where 0 was recorded. The read
pulses are of alternating polarity and must be rectified. In the decimal codes we have
mentioned, at least one of the diglits in each line 1s a 1. Since a pulse appears in the
reading head at each line, no clock track 1s needed. This system 1s used in the IBM
type 701 computer.

This suggests an alternative to recording in one channel with a clock track. It 1s to
record a 1 by a change of magnetization on one track and O by a change of magnetization of
the other track. A check can be made while reading to ensure that there 1s an output
pulse sufficiently often, but never pulses on both channels. In this way the immunity to
tape flaws will be Increased.

The 6-track system has the advantage over the 2-track system in that the tape speed 1is
much less for a glven rate of decimal digits. Present day systems using 7 or 8 tracks
and employing a %—1n. tape have been susceptlible to flaws which, though detected, are.
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time-wasting. Since systems with one track on a -in. tape have not been troubled by flaws,
there seems to be some case for a wider tape for multi-channel systems, say 1-in.

‘Interaction of Magnetic Tape with the Computer

Under this heading we consider the synchronization of the tape recording with the
operation of the computer. We are concerned now not so much with the average rate at
which decimal and blnary numbers are called 1n and put out by the computer as with the size
of group called for or sent out at a time and the arrangements to make the input/output
operations convenlent for the programmer. This 1s the most dlifficult aspect of the subject.

The limiting factor here 1s the time taken to accelerate the tape from rest and to
stop it, and the space wasted on the tape in the process. By accelerating only a small
section of tape and making the tape reels rollow slowly, the time from rest to full speed
and vice-versa has been reduced to a few milli-seconds. The time required seems to
Increase with speed of the tape. Systems with the tape held on a capstan seem to be
capable of 5 ms. at about 100 Incles per second. The Ferrantl tape drive can reach a
20 inches per second running speed in 2 ms and stop in the same time. There are systems
In which the capstan rotates continuously and the tape i1s clamped to it by an electro-
magnetically operated pinch roller or a vacuum controlled by an electromagnetic valve.

Stopping and starting in a few milliseconds 1s instantaneous as regards the control of
the reels. Hence the problem of the reels increases with increasing speed. The UNIVAC
reel servos are very elaborate not only because of the high tape speed of 100 inches per
second but also because the reels are heavy. The best technique at this speed 1s that
used on the IBM 701 machine. The buffer loops of tape are held in tanks with a vacuum
applied at the bottom to tenslon the tape. Vacuum operated switches detect the loop
length and control magnetic clutches which move the reels.

At speeds of 10 Inches per second the tape can be made to control the reels with a
simple mechanlical brake arrsngement.

A low tape speed glves advantages In the simplicity of the mechanism, lower wear of
tape and heads and, generally speaking, greater ease of threading the tape. This points
to the use of several recording channels rather than one, and as close packing along the
tape as possible. However, packing density along the tape may be limlited in the Inscriber
and outscriber.

The simple arrangement for interaction between the computer and the output magnetic
tape is as follows. When the computer wishes to send out some data it sends the first
decimal digit to a certain one-digit decimal store and then proceeds to compute the next
digit. The tape starts to move when a digit 1s in this store, and when the full speed is
reached the digit 1s recorded. If the computer attempts to send the next digit to the
store before the first has been recorded, it 1s held up automatically. After the first
digit has been recorded, successive digits are recorded at regular intervals as required by
the spacing on the tape, The computer must be capable of filling the diglt store between
the time of recording one digit and the next. When the computer comes to the end of the
set of dlgits 1t wishes to record 1t sends no more to the diglt store. At the time that a
new digit 1s due to be recorded, if nothing has been sent to the diglt store the tape 1s
stopped automatically. By a diglit 1s meant elther a decimal diglt or a signal to the
out;criber such as "tabulate". The set of digits sent out at a time can constitute several
numbers.

The input arrangements for the simple system are similar, The computer attempts to
read a diglt from the one-diglt store, but 1s held up automatically while the tape is
started and the digit read. As soon as the first digit is in the store the computer 1s
allowed to have it and proceed with the conversion to binary. The tape continues to move
and the next digit 1s read. The computer must be ready for this digit early enough to
dispose of 1t before the following diglt has to be read. The process can be stopped at the
end of a record either by a special character or simply by the absence of any recording.

A gap will have been.left by the inscriber to allow for the stopping and starting of the
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tape.. The programme of the computer must be diverted at this time. This can best be done
by a forced discrimination. For example, instead of obeylng the input instruction which
normally takes a digit from the one-digit store, the computer will 1gnore the instruction and
go to the Instruction following the next one it would have obeyed.

This simple system employs a buffer store of one decimal digit. This store holds the\
diglt only for the access time of the store of the computer, The system will work if the °
decimal diglts are read and recorded at a time Interval greater than the access time of the

computer.

Access time here may mean the access tlme of instructions rather than of the store to
which the decimal digit 1s belng sent. In the ACE Pilot Model for example, the digit may
be sent to a short tank with access time of 32 Us. However, when the computer 1s held up
automatically for the line of the tape to arrive, owing to the 1024 us recirculation time of
the long tanks in which Instructions are kept, it must be held up a multiple of 1024 WS to
keep In step. The simple system we have described will read and record rates just less

than one decimal diglt per 1024 (s,

The read and record rates should be chosen rather slower than the rate at which digits
can be absorbed by the conversion programme Or produced by the reconversion programme. In
non-optimally programmed machines this wlll always be several access times per digit. In
the ACE 1t can convenltently be one access time (1024us) per diglt.

A system tor blnary Input and output should, for the convenience of the programmer,
carry out automatically the splitting of the binary number into the several lines of record
and the converse Drocess. In a parallel computer there may be a shifting reglster which
can be used for this purpose, 1f computation does not contlnue during input/output. Ina
serial delay-line computer the shifting may be done by inverting delays into the recirculatid
path of a delay line. For example, to assemble a number 1n a minor cycle length tank, six
diglts at a time, an alternatlve recirculation path with six unlt delay, is provided. The
normal recirculation continues until the 6 diglts are ready for insertion. Then, for one
minor cycle, the alternative path 1s used, and the six digits Inserted simultaneously at the
various delays. The previous contents of the tank are delayed 6 to make room for the six
new digits on the beginning of the numbers, This arrangement will be called a "precessing
tank" a term used in SEAC.

Using such a precessing tank, or a shift register, the simple Input/output system
described above will deal with a binary number in the time taken to deal with the correspond-
ing number of lines of decimal diglts. Thus a 36-digit binary number could be written in
rather more than 6 access times. In general, the lines of six digits could be produced
more rapldly than this, but the refilling of the precessing tank or shift reglster with a
new number would take one access time. High speed could be used by leaving a gap &t the
end of each group of six lines or by having a second register or tank to store the new
number ready for filling the salft reglster or precessing tank.

Since decimal digits will not be produced more rapidly than one per access time, the
simple system 1s adequate, except possibly for one feature. Often the programmer will wish
to send out numbers one at a time, as they are produced in the course of computation. A
number of six digits will occupy only a short length of tape, and this will be followed by
wasted tape due to stopping and starting. If the stopping time is comparable with the
time to record six digits, the waste of space on the tape may be conslderable.

In the case of the ACE, which conveniently produces a decimal digit per ms this wastage
1s not severe because stopping times can be a few ms. In any case, we conslder that one
digit per 5 ms would be an adequate speed for decimal input and output.

The problem is more acute when a tape 1s used for other purposes such as dumping the
contents of the whole store or where 1t 1s used as an intermediate store by the computer.
In these cases higher speeds will be needed, and to avold excessive waste of space on the
tape 1t 1s necessary to record the data in large blocks. This 1s sometimes done by making
the input/output instruction always refer to a block of data of fixed size, such a delay
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line full. A speclal store 1s used to hold this block while 1t 1s belng transferred to (or
from) the tape. An additional buffer store 1s needed to hold the amount of data which can
be transferred to (or from) the tape in one access time. .

As an example, suppose that numbers are to be written on the tape fram the ACE at 5000
lines per second and 6 diglts per lilne, or 3000C digits per second. Then one short tank
full (32 digits) must be stored to provide the output for one access time (1024 microseconds).
This short tank can precess and produce 8 digits Iin 32 ys, and will be required to do so every
200 us, when a lilne 1s recorded. After 6 precessions a number will have been recorded and
the precessing tank must be refilled in less than 200 us 1f recording is to be continuous.
Therefore a second short tank 1s needed which will take the next number from the store when
1t 1s avallable and present it to the precessing tank when required, that 1s at 1200 us
Intervals.

Although, for tape economy in fast outputs, it 1s convenient to have a transfer of a
large block, 1f what the programmer wants to transfer 1s considerably less than thls amount
the economy 1s lost. The programmer can arrange to store the output data until a reascnable
block 1s ready. Alternatively, the output order may be more flexlble, and may Indicate the
block of consecutive addresses to be recorded, allowing the block to be of varlable length,
This arrangement, with Interlocks which enable computing to continue during input/output
without danger, 1s to be used in DYSEAC, the successor to SEAC.

In sclentific computers, as distinct from data processing machines, all the numbers read
will have many arithmetic operations performed on them, and all those recorded for output
will have had many operatlons performed on them. Therefore input and output of blnary
numbers need not be at a greater speed than one number per access time, even for optimum

programmed computers., There are therefore the following alternatives: (All remarks apply .

to input as well as output).

1. Input and output In blocks of fixed length. Where much smaller groups of output
are needed the programmer will have to assemble the numbers and send them out when the block
Is nearly full.

2. Input and output word by word. In this case the output must be programmed, what-
ever the block length, but numbers will often be transferred from the places in which they

"were formed, without any assembly process.

3. Input and output 1n blocks of variable length. This gives the best of both methods,
provided successive output of single numbers Is allowed without stopping the tape.

If the word by word method 1s provided, blocks of varlable length can be dealt witn by using
a subroutline, This probably takes longer and 1is less convenlent to the programmer than
alternative 3 above, but the extra equipment 1s saved,

Punched Cards

Though the ultimate possibilities of punched cards in speed and packing density will not
compare with magnetic tape, they have advantages, and the great merit that rellable machinery
for an entire input/output system already exists, as a result of development over many years.

Punched cards are convenlent to store, and records of all sizes can be put in drawers,
with separating cards, so that any record can be extracted easlly. The records can be read
visually and altered by either punching a hole or filling a hole 1in, Holes can be filled by
pushing back a punching, and the result will stand up to many readings, though it 1s advisable
to reproduce 1t when ccnvenlient. This facllity of easy alteration 1s particularly valuable
In getting programmes right. In spite of correct punching of the programme cards fram the
written sheets, alterations are often necessary while the programme 1s belng tested on the
computer, These, 1f they are small alterations, can be made on the spot without holding up
the computer. The alternative where magnetic tape 1s the input medium 1s to make the modi-
fications in the copy of the programme in the camputer store and later record the corrected
programme. To do this easily, elaborate monitoring and modifying facllitles are needed, and
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these may be valuable In themselves, There 1s a danger that the modified programme will be
- lost, due to a further programme error, before 1t has been recorded.

We propose to describe the punched card Input/output arrangements of the ACE Pilot Model,
and thelr possible further development.

The card 1s fed broadside, and 32 columns of the card are used. These correspond to the
32 digits in the binary word of the computer. In reading or punching, the 12 rows move, In
sequence, past the brushes or punches. The contents of each row form a bilnary number of
32 digits.

The reader feeds cards at 200 per minute, and the successive numbers are read at Inter-
vals of 19 ms, The punch feeds cards at 100 per minute, and the numbers are punched at
intervals of 43 ms. The rate of input 1s therefore 1280 blts per second, and of output,
640 bits per second.

Only complete card feeds are allowed. The computer can start elther the reader or
punch, which proceeds to feed one card, then stops, unless i1t 1s called on by the computer to
feed a further card, in which case the card movement will continue. The computer must set
up an Instruction in time for each row, to read or punch the number, The obeylng of the
instruction 1s held up until a signal from the 8-card machine indicates that a row of the card
is 1in position. Twelve of these signals occur during the passage of one card, and the last
of them 1s distingulshed by an additional signal, for the convenience of the programmer.

The punching of records whose length 1s not known until the last 1tem has been punched,

and the punching of records involving only a few rows of the card can be a little awkward.

In the DEUCE, the successor to the ACE Pilot Model, there will be changes which, it 1s hoped,
will help the programmer. Separate orders will start and stop the card machines. once
started, they will continue until told to stop. When a stop order 1s glven, the signals
signitying that the card row 1s in position will be suppressed, though the card will continue
to move until a complete card cycle 1s ended. Even 1f a start order 1s given before the end
of the cycle, the slgnals will not be resumed until the start of the next card.

The binary numbers are sent to and from the card machines In parallel form on 32 channels,
From the card reader, the 32 channels go to a dynamiciser which produces the serlal signal
continuously while the brushes are reading a row. A reliable signal 1s obtalned for 6 ms.
Signals go to the punch from a 32-stage register on which the serial signal 1s staticlsed.

Both reading and punching of binary numbers could be doubled In speed by using two
flelds of 32 coelumns of the card. This 1s done in the IBM 701 computer and in ORDVAC.

The treatment of decimal numbers on the ACE Pilot Model 1s to punch them in the ordinary -
hollerith code of one hole per column. This has the advantage that a tabulator can be
employed as outscriber, but 1s wasteful of both space and speed. The card is read and
punched row by row for decimal numbers as for binary. There is therefore an unusual conver-
sion and reconversicn process whereby all the zeros are dealt with first, then all the ones,
then the twos and so on. The programmes which do this are more complicated than diglt by
digit conversion and reconversion, by nevertheless can operate during the passage of the card.

If one were to employ a more compact decimal code, one would wish to simplify the con-
version/reconversion processes S0 that they could still be done during the passage of the
card. If a redundant code were employed for the decimal digits, there would have to be a
built in code converter and checker, for example because programming this process i1s not
possible in the time available. A shift reglster might well be provided for assembly of the
signal which 1s to be punched and for splitting up the signal which has been read. The same
shift reglster could take the place of the input dynamiciser and cutput staticiser.

The difficulty in employlng such a compact code 1s in the inscriber and outscriber.
There 1s no broadside step by step card feed avallable, and the endwise feeds are too Slow
to use on the computer,
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A possible solutlon, which would enable 160 decimal digits to be punched on a card In a
6-b1t code, 2 diglits per column, 1s as follows. A special 1024 diglt tank is provided. As
decimal digits are produced by the programme they are stored in the tank, which precesses
6 bilts each time, Decimal digits can be sent to the tank once per major cycle. When the
tank 1s full enough, 1ts contents are punched out. The first row of the card will need to
receive every twelfth bit in the storage tank. These can be plcked out and sent to an
80-bit shift register for punching. The tank 1s then precessed one bit and the next row
punched, and so on.

The scheme requires a lot of equipment, but 1t is possible that some of it would have
other uses, for example in input/output of binary numbers. There need not be objectlions
from the programmer's point of view to the punching of large blocks of numbers since, except
for the emptylng of the delay line store at the end of a run, the programmer need never con-
sider the way that hils ocutput 1s divided among the cards.

on the ACE Pilot Model, punched card equipment has glven very good servlce with very
1ittle development. It can be argued, however, that a new input/output system developed for
the purpose wlll be better, In the long rum.

Printed Paper Tape

The possibility of printed paper tape as an intermediate record was demenstrated by the
Eastman Kodak Company at the New York conference cn Input and output (December 1952).

The object of the Eastman Kodak machine was to print address labels on the matrix system,
that 1s representing alphabetlic characters by a dot-pattern. We are not Interested 1n thls
aspect, but In the means by which 1t was achleved.

The characters were printed In a 5 x 7 array by passlng under seven styli a white paper
tape, with a carbon paper tape above 1t. The styll pressed the carbon paper onto the white
paper. The carbon paper ran more slowly than the white paper, thereby saving material and
achleving a rubbing actlon. It was clalmed that the styll would record at 2000 blits per
second. Certalnly there 1s not the same speed l1imitation as in punching. A system with
s1X channels, 20 bits per inch, 10 1nches per second would achleve the speed we conslider
necessary for a sclentific computer.

The inerasivility 1s no disadvantage since the material is cheap. Records of any length
can be torn off as required, the record can be read visually and probably a simple system
could be devised for correction. Furthermore a very small hand printer could be produced.

As the paper leaves the printing styll 1t passes under a radiatlion heater which cames on
only while the tape 1s moving. This heater fixes the print so that 1t wlli not smudge.

No attempts have been made yet to read this tape photoelectrically but the dots are
regular In shape, size and position and quite black, and there should be no insuperable
difficulty.

The Inscriber

Essentlally, an iInscriber consists of a keyboard attached to a machine for recording,
but there are usually additlonal reflnements.

If the record cannot be read easily by the operator, 1t is usual for the inscriber to
have a typewrliter which prints an account of all that has been put on the keyboard, 1ncluding
corrections. This is not used for checking the record, but for the operator to be certaln
about errors he thinks he has made and to check that he has corrected them properly.

For correction of errors on the spot it 1s convenlent for the operator to back space a
certaln way. This 1s difficult to achleve on high density magnetic tape. For thils reason,
the UNIVAC, which normally has 128 bits per inch per channel, reduces this to 20 per inch In
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the 1nscriber. In the SEAC and RAYDAC systems the problem 1s bypassed DY recording first am
teletape and transferring from this to magnetic wire or tape at constant recording speed.

The latest UNIVAC inscriber overcomes the back spacing problem ingeniocusly and achleves
a density of 50 per 1Inch. The tape 1s linked mechanlcally to the carrlage of the typewrlter
making the printed record. Thus back spacing for correction is possible within the current
line on the typewriter. The 1line 1s of fixed length, having 10 numbers of 12 alphanumeric
characters each.

Having written the record 1t 1s usual to verify 1t. This can be done by making a
duplicate record and comparing. A better way 1s to have a verifier machine which reads the
first record and compares 1t with what the operator types on the keyboard the second tlme.
This 1s done with Hollerlith cards. The operator 1s glven a second chance 1f there Is a
disagreement.

In the case of continuous tape records, a new tape will be needed except 1n the rate
case of no errors. It is usual here for the verlifying machlne to make a duplicate record,
as long as there 1s agreement. When there 1s disagreement the operator must choose which
version 1s correct and put this on the new tape.

In the Inscriber of the magnetic tape system developed for LEO, the correct second
version of the tape 1s recorded on the tape that has been used for the first verslon. This
tape passes from the reader to the recorder, with a slack loop to allow insertion of extra
characters that were omitted in the filrst version, should this be necessary.

The Outscriber

We have said that an output of 100 declmal diglts per second l1s the peak rate to be
expected In a computer llke the ACE. However 1t will be rarely that the peak rate 1s reached
owing to the fact that the ACE Pilot Model is used on a number of problems throughout the day,
spending an hour or two on each one, and that each programmer has access to it for a half
hour, 1f he wishes, for testing programmes, the output averages itself out over a day.

The worst that could happen is that the results of a problem involving a great deal of
output were wanted so urgently that the computer was held on that problem all day. One must
consider, however, how urgently the results could actually be needed. No scientific estab-
11shment 1s likely to be able to make full use of 40000 numbers of ten digits in a day, yet
this output could be produced at 10 digits per second In twelve hours,

We do not consider, therefore, that more than 10 digits per secohd can be expected for
any length of time. This does not mean that the outscriber should be limlted to this
capacity, but 1t need not be much faster.

Fast printers exist, giving rates of about 500 characters rer second. They will have
applications in busliness machines, but at present most of them do not seem well adapted for

this.

The highest rates can be obtained by non-mechanical printers. Characters can be formed
on the screen of a cathode ray tube by various methods. To avold subsequent photographic
operations 1t has been proposed that the results should be printed by xerography, 1n which a
dust 1s electrostatically attracted to a screen In the parts which have illuminated, then the
dust 1s transferred to paper and flxed by heat. This has not been achleved to the author's
knowledge in a fully operational machine.

The General Electric Company of the USA 1s developing 'magnetography' in whlch characters
are first written on a magnetic material In magnetizatlion patterns and then this 1s used to
plck up dust which 1s transferred to paper. This method, 1f 1t can produce high quality,
would be a useful printing process, since any number of coples can be made. The possible
correction of the original magnetic record 1s an attractive feature. High recording speeds
are possible by using the fleld between a fixed flat pole and a rotating disk with ralsed
type on it.
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Mechanical printers attain high speeds by parallel operaticn and by hitting 'on the f1y'.
An example of an 'on the fly' printer is the well known Potter machine. A second version of
. this 'Flying Typewriter' prints at 10 lines per second and saves some of its multitude of
valves by using a magnetic drum. Simllar printers are made by Wheaton Engineering Labora-
torles, Shepard Laboratories, and Anderson-Nichols In the USA. A fast printer specifically
for business applications 1s being developed by Eckert-Mauchly for UNIVAC. These fast
mechanical printers are usually expensive and do not produce high quallty results.

Hollerith printers attain a considerable capacity by parallel operation of about 80
characters on a line, a method well suited to the Hollerith card. Speeds vary from 75 lines
per minute to 150 per minute In a wheel-printer made by Bull Machines. In common with the
other fast parallel printers, considerable storage 1s needed when printing from a record ¢n a
tapeo

Electric typewriters are limited to about 10 characters per second. If a typewrlter
were made for numerical work alone a higher speed might be possible. The cost of these type-
writers 1s low 1n proportion to thelr speed, making 1t possible to have a battery of them
instead of one fast printer. This would have the advantage that a mechanical fault would
not immobllise the whole printing capacity.

An advantage of typewriters 1s their adaptability to printing from a tape record, without
any store, Also, the quality of printing 1s higher than that of any other method. For a
scientific camputer produclng results at the rate we have estimated, two or three typewriter
outscribers should be adequate.,

The operation of a typewrliter from high-density magnetic tape recording without an inter-
medlate store presents certaln problems. It 1s necessary to read the tape line by line,
occasionally walting to allow for 'tabulate' and 'carrilage return' operatlons. In the
UNIVAC system the problem is overcome by recording all data Intended for the outscriber at
20 1ines per 1inch. At thils density it 1s possible to scan one line at a time and stop
between lines. In the SEAC system, the record on magnetic wire 1s transferred to teletape.
The characters are written at regular intervals on the wire and,with the wire running at
constant speed, can be punched at a regular rate, The signals from the wire are, however,
only 200 microvolts because of the low speed.

In the RAYDAC system there 1s an intermedlate store for an 8-digit decimal number, The
recording on the tape 1s in blocks of 32 such decimal numbers with a space between blocks.
In printing, each block 1s scanned 32 times, and each time a different number is transferred
to the store. The typewrlter operates from the number in the store. Scanning a block of
data takes only 1/10 second.

Apart fram the decimal digits, space, decimal point and signs, the computer should be
able to give the printer signals to determine the layout of the page, such as tabulate, line
feed and carrlage return. By means of the programme 1t 1s possible to deal with such ques—
tions as suppressing insignificant zeros and signs, Inserting decimal points, extra line

- spaces, and headlngs.

In sclentific computers, however, programming occuples a great deal of time and any
possible way of simplifying 1t must be consldered. Therefore the printer should have an
extra range of facilitles that will enable all questions of page layout to be settled after
the computation 1s programmed. This will enable changes of layout to be made after a
finished page has been seen without interfering with the course of the calculatlons. For
this purpose, only such signals as 'end of number' and 'end of block' would appear on the tape
from the computer., The layout would be declded by a control tape, for example.

Since the typewriter convenlently writes from left to right and down the page, the data
should be In the correct order on the tape as 1t comes from the computer. This restricts
the control over the layout. If the record 1s printed on a paper tape, editing on the tape
1s possible before printing, or after a first copy has been made,
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Accuracy of Input/Output Equipment

Errors 1n going fram the inscriber to the computer and fram the camputer to the outscriber
can be reduced by a redundant code 1n the intermedliate record. The characters are checked
when reading by the verifier, computer and outscriber, or at each stage 1f two intermedliate
records are employed. Error correcting codes are not usually employed, Decause they are too
redundant.

These error detecting systems do not avold the waste of time 1f errors do cccur, SO 2
very high rellability of the equipment 1s still required.

The accuracy needed for same work can only be achleved by applylng checklng procedures
such as differencing from the printed resuilts.

If the input of data to the computer must be checked (which 1s not always the case) this
can be done by putting it out onto the intermedlate record agaln and checking this on the
verifler.

The output of data can be checked 1f an intermediate record can be produced which corres-
ponds to what has been printed. This should be possible 1f the printer 1s a typewriter,
since each type bar can be connected mechanically to a contact, and the contacts can operate
a recorder. The only errors which might pass through are an 8 being turned into a 3 or a
+ into a - by incomplete printing. '

The fullest checking can be done only by & proof reading machine which will read the
final characters and recognise them. A slmpler device of a similar nature 1s one which would
canpare two pages for ldentity. This would enable a new copy made after an error had been
corrected to be compared with the old one to see that no new errors had been introduced.

Discusslion

MR. BIRD (British Tabulating Machine Co.) surmarized a paper of his, on input and output
equipment, which was to appear shortly in the Journal of Electronic Engineering. He sald
that MR. DAVIES's paper had provided a most searching review of the various methods o? input
and output to computing machines. He (Mr. Bird) would 1ike to conslder the business fleld
in particular, where input and output are of prime Importance.

From a2 study of the type of problems which may be tackled by computers in the fleld of
business 1t appeared that:

1. A large number of similar problems requiring the same type of calculation, but on
different data, must be tackled consecutlvely. (For example: the productlon of a pay roll),

2. The length of calculation per problem would be short compared with the sclentific field,
though the amount of input data and results to be printed might be quite large. The computer
would therefore have to spend a much higher proportion of 1ts time accepting and transmlitting
numbers.

3. Numbers would not only be In decimal, but 1n other scales; for instance, pounds,
shillings and pence frequently have to be dealt with.

To be suitable for adoption by the business world a machine must be econamical, rellable,
and easy to malntaln without the services of a large highly trained staff. Simplicity, and
a small number of parts would therefore seem to be desirable.

Mr. Bird continued. Assuming that a punched card Input and output would be used with a
binary computer it was necessary to examine methods for conversion from any scale of notation
(decimal; pounds, shillings ard pence; tons, hundredwe 1ghts etc.), into the binary scale,
and 1ts reconverslon at the output.
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Conversion Methods

A digital computer, if loglcally complete, could of course convert the Input data fram
any scale of notation to pure binary and reconvert the binary answer to a scale sultable for
printing or punching out. This process, whilst needing no extra equlpment might be too
~ time-consuming, as the steps 1ln the programme are many.

In business calculations where the number of numerical operations in the maln programme
would be few, since the problems were usually simple, the numerical cperations in each of the
conversions (1in and out) might exceed in length the main calculation. These numerical
- gperatlons for conversion would be used many times during the calculation, once for every

input number and once for every answer, The position then would be that the computer spent
- only a small portion of 1ts time actually producing answers from data and most of its time
- changing scales., It would therefore be worthwhile to consider the construction of special
apparatus for input and output conversion.

Mr. Bird sald he would try to describe a method of conversion to binary, of the signi-
ficance of the holes 1in a caaventional punched card of the Hollerith type, whilst the card 1s
passing through the reading apparatus, and a method of reconversion of binary to decimal or
to any other scale for printing or runching the output.

Considering the Input first

The 80 columns punched In the card were read in parallel by 80 contacts, the 9's beling
read first, then the 8's, 7's etc. There was a blnary equivalent of a "i" hole for every
column of the card.® These equivalents were stored in serial form, for example, round one
track of a magnetic drum. Suppose there were 75 163 1in decimal punched on the card. Then
1t 7 times the binary equivalent of 10000, 5 times the binary equivalent of 1000, 1 times
the binary equivalent of 100 and sc on could be accumulated the binary equivalent of the
decimal punching would be avallable at the end of the card passage. Mr. Blrd said that an
electronic circult described in his paper selected the required equivalents from the store
and allowed them to pass the correct number of times into the computer's adder.

Séveral numbers could be converted simultaneously, elther in a single long accumulator
or in several accumulators in parallel.

To change the input notation from, say, tons, hundredweights, etc., to pounds, shillings
and pence, 1t would only be necessary to change to a fresh batch of constants on another drum
track, Thus, input conversion had been dealt with.

The computer, having prepared 1ts answers 1n the binary scale had to convert them to a
form suitable to operate a punched card printer or punch. These pleces of apparatus would
accept an input in which each digilt 1s coded 1n binary. For instance to print 11, 4 relays
could be set up with 1011,

Conversion from binary to these groups of binary coded digits could be performed by the
inverse of the input conversion. For example to convert 1001010100 which 1s binary for 596
to 010171001 /0110 we could sum the binary coded decimal equivalents of the 1's in the binary
number to be converted. This neede¢ a special type of binary adder of which more detalls
would be given by MR. TOWNSEND in Paper 16,

Mr. Blrd continued. The binary number to be converted to "binary coded decimal" was
ted to a storage register and the "binary coded decimal" equivalent of a 1 In each possible
digit position of the binary number was recorded serlally round a drum track.

These were allowed to add into the accumulation through the speclal adder, if there was
a 1 in the corresponding binary digit of the number to be converted. So that in a serlal
machine, after a number of word times equal to the number of digits 1n a word, the binary
mmber had been converted to a string of binary coded decimal groups each group representing
one of the digits it was desired to print or punch out.
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These could then be read out in parallel to the printer or punch. For pounds, shillings
and pence conversion, the equivalents were altered accordingly.

It would seem that the changes could be rung on the basic 1dea on both input and output
to obtaln more speed at the cost of more equlpment. This could be done elther by accumula-
ting several numbers in parallel or by translating several digits within the number
simultaneously.

It was Mr., Bird's opinion that if the provision of extra equipment necessary for input
output conversion in the computer was to be avolded then more equipment had to be used else-
where 1n one of the followlng ways.

1. By bullding a faster, larger storage binary machine and doing the conversion by
progranmme.

2. By bullding a machine that worked In a scale other than binary.
3. By converting the Input and output from and to binary in ancillary equipment.

The choice of which method was adopted would depend on the purpose for which the computer
was required.

‘The discussion was continued, by:

MR. POLLARD (Ferrantl Ltd.) who described the high—-speed ﬁrinter now connected to the’
Ferrantl machine. It consisted of a wheel printer made by the Bull Co. of France. There
were 92 print wheels and the printing speed was 150 lines per minute.

The machine had an extra c.r.t. store, which could be treated just as one of the main
storage units except during printing, when the situation was that all connexlons to the
computer were broken and each short line of 10 binary diglts represented two decimal digits.
Each such line was scanned at each "point" of the printing cycle. This scanning was not
synchronized in any way, the speed rendering thils uniecessary; 1in fact there was sufficlent
time between "polnts" of the printing cycle to repeat the scan.

DR. WILKES (Cambridge University Mathematical Laboratory) sald the design of cammerclal
machines started with the form of the data, and the machines were bullt around this, whereas
mathematical machines were first designed and then the designer proceeded to his input and
output., In his opinlon, what was really required was not a fast input and output but a large
auxliliary store.

Auxillary stores could be loaded when the machine was working on some other problem.
Input and output were connected to the auxiliary store and the latter connected to the machine.
The auxiliary store should be in binary, the input and output in decimal.

DR. TOCHER (Imperial College, London) described a method of decimal-binary conversion
which was an alternative to that described by MR. BIRD, suitable for a slow machine such as a
relay machine,

DR. BENNETT (Ferranti Ltd.) sald DR. TOCHER had emphasized a point he would like to bring
out in a different form. The use of cards would be easler 1f they were fed endwlse instead
of broadside on.

MR. BIRD (Brit., Tab. Co.) sald there were end-wise card feeds but they were slow; how-
ever they were cheap. He also remarked that DR. TOCHER's scheme would have to be changed
for sterling calculations.

MR. DAVIES (NPL) sald a fast endwlse feed had been made for UNIVAC. It had the draw-
back that there was too much data on each card, and the card could not be stopped In the
middle. UNIVAC also had a good auxiliary store but the Input and output were rather awkward.
He was disappointed that the discussion had concentrated on punched cards and that other
forms of 1nput and output had been neglected,
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I5. ECHELON STORAGE SYSTEMS

by
D. 0. Clayden

National Physical Laboratory

In all forms of storage for high-speed computing machines there are, t0 some extent,
problems of access time, The store of a computer must be designed so that the time lost
due to access time 1s kept small, but at the same time the amount of equipment must be kept
to a minimum,. This can be achleved by providing the machine with storage units having a
variety of access times., These stores can be arranged in "tlers" corresponding to thelr
access times in ruch the same way that an army in the field can be organlized into echelons.

This paper 1s mostly about delay-line type machines, but applles also to machines with
cathode ray tube storage.

Access Time

A general purpose computer has to deal with numbers and instructions (words) whose
frequency of use 1s 1lilkely to vary over a very large range. Some words, for instance, may
be required several thousand times a second whereas others may be required only once every
few minutes.

The words used most frequently should become avallable as soon as they are required.
Any delay in their availability 1s 1likely to add substantially to the time taken to do the
programme. On the other hand the computer can take a relatively long time to obey the
instructions which occur least frequently without unduly increasing the time taken by the
programme as a whole. The words used least frequently can therefore be Kept In storage
units having a long access time without much 1oss of machine speed. For instance, 1f a
block of Instructions or data 1s required only once per second, 1t could be kept, not In the
high-speed store, but on a magnetic drum with an access time of 10 ms (t.e. revolving at
6000 r.p.m.), and transferred to the high-speed store when required. The time wasted due
to access time would in thls case be 1% of the total time. Similarly, if a block of numbers
is kept 1n, say, a long delay line, these numbers can be transferred to a number of short
delay lines to speed up a calculation. The numbers used most frequently should, of course,
be located in storage units with a short access time, but the fixed instructlons using these
numbers can be Kept in locations having a long maximum access time provided that the instruc—-
tions are duplicated where necessary and become avallable when required by means of optimum
coding.

Since, in general, storage units having a longer access time have a larger capaclty and
a lower cost per digit, 1t 1s 1likely that equipment and cost can be saved, Or storage
capacity can be increased by providing a machine with a variety of storage unlts wlth access
times covering a considerable range.

High—-Speed Storage

The main high-speed stores of present computers are made up of units having a capacity
of usually not more than 40 words. This size has usually been due to technical limltations,
and 1In the case of delay line machines, may not otherwise be the most economic. 0f course
there 1s no point in making a delay line so long that nearly all the instructions 1n it have
to be duplicated In order to conserve time, but it 1s probably worth making 1t so long that
a quarter or even a half of its instructions are duplicated, provided of course, that 1ts
cost 1s not significantly increased. In fact, from an economic point of view, 1t is
probably best to have instruction delay lines of several different lengths, although thls may
be impracticable In machines using absolute timing.
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Storage locations assoclated with arithmetic units must be of the appropriate capacity,
usually holding one or two words. On the ACE Pilot Model 1t 1s necessary to provide at
least one single-word store to enable numbers to be added to the accumulator several times
in a long transfer, and also for transfering information to and from long delay lines.

(This does not apply in the case of cathode ray tube storage where any locatlon can be
selected at any time). One of the one-word stores assoclated with an arithmetic unit can
be used for thls purpose.

However, apart from these speclal cases, numbers usually need not be located in one-
word stores. On the Pilot Model the access time can often without harm as long as four-
word times; this 1s the time taken when, for instance, a number is transferred to the
accumulator, operated upon, and transferred back agaln. Numbers can often have an access
time conslderably greater than this without increasing the time taken by the loop of
instructions using them. It appears, therefore, that the storage units used for numbers
can, with advantage, be provided in a varlety of slzes.

Lower—Speed Storage

A similar argument appllies to magnetic drum storage. If a machine 1s provided with
two drums, 1t 1s probably advantageous to make one drum with a larger capaclity per track and

a longer access time than the other.

Several different types of input mechanism are in common use. Punched cards and
punched tape are most convenlent for data which have to be used in mechanical equipment such
as a printer. Time can, however, be saved by using magnetic tape, which 1ls faster, for ’
output data that will be used in the machine again.

-

Application

These principles have been applied to some extent 1n the design of the ACE Pilot Model
and to a greater extent in its successor the DEUCE, which is provided with mercury delay
1ines that store 1, 2, 4 or 32 words, and an auxillary magnetic drum store of (initially)
1024 words. The Input and output 1s on Hollerlith cards.

At the present state of development it 1s likely that mercury delay lines can be made
satisfactorily with a capacity of 2000 and possibly 4000 diglts. (The delay lines used
on the Pllot Model hold 1024 diglts).

A machine of the Pilot Model type with 1ts store designed on the foregoing principles,
and with delay lines holding 64 words for 1ts main high-speed store, might have a distribu-
tion of storage capacity as shown in fig. 1. This store uses the same number of delay
lines as the DEUCE but has 50% more high-speed capacity. Such a machine would probably be
as fast as the DEUCE and might on some problems be faster due to the 1ncreased high-speed
storage capacity and the redistribution of short delay lines.

Discussion

DR. KILBURN (Manchester University) sald that the principles advanced in this paper
could usefully be applied only to small-scale machines. Essentially, they gave a method of
minimizing the disadvantages of a slow-access store, whereas a perfectly satisfactory fast-
access store was already avallable for use In any large machine. A small computer using a
magnetic drum was being developed at Manchester Unlversity: for this and simllar projects,
the speaker agreed with the application both of optimum programming and of the principles
of echelon storage.

Any machine with slow-access storage should have automatlc floating-point arithmetic,
S0 that adequate return could be obtained in one operatlon for the time taken in getting the
operand out of the store. He was surprised that automatlc floating operations were not
"included In the ACE Pilot Model.
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A DELAY LINE STORE FOR AN OPTIMUM CODED COMPUTER

MR. BLUNDELL (Ministry of ‘Supply, RRDE) sald that the use of a 16-word store to hold a
subroutine was unnecessary, since it was possible to Insert all programmes in the order of
the flow dlagram, and to use a conversion routine to prepare the optimum coding. Library
subroutines would then be available only in flow-diagram order.

DR. FRIEDMAN (Cambridge University Mathematlcal Laboratory) sald that 1t was possible
to have echelon storage without optimum programming. A magneto-strictive delay line
storage system, for instance, could be arranged to glve out information faster than it
could be taken in by inserting several reading heads on the same line. Such & store
could be made to eject the next few instructions to be obeyed, 1into a pbuffer store, where
they would be avallable as soon as required.

(14567; 119



MR WILKINSON, (NPL) replying to Dr. Kilburn's last remark said that the ACE Pllot Model,
in common with other early machines, was made as simple as possible. In particular, it had
no automatic floating point facilities. However, such facllitles were really less necessary
in a machine with optimum coding and several temporary stores, where floating-point opera-

. tions by a subroutine would still be comparable in time with the access of individual

numbers.

MR. MacMULLAN, (De Havilland Propellers, Ltd.) sald that the use of a programme to
convert from a flow diagram into optimum coding form would considerably increase the
difficulty of checking programmes; 1In the present state of reliabllity of machines, it
would also Increase the risk of confusion between machine faults and programme errors.

MR. NEWMAN, (NPL) sald, in reply to Dr. Kilburn, that there might be circumstances in
which a dslay line store was preferable to a c.r.t. store, in splte of the disadvantage in
access time. In such circumstances, tricks to minimize thils disadvantage were well worth
while, in that they could reduce the time of operation by a factor of eight in the most
favourable cases with little extra equipment. Optimum programming was not difficult.

MR. BIRCHALL, (RAE) sald that a conversion routine for optimum coding would need to be
very complicated, since the most frequently repeated loops of instructions would have to be

coded first.

In reply to MR, COHEN, (RAE), MR. CLAYDEN sald that in hls proposed scheme the major
cycle would ccnsist: of 64 minor cycles.

16. Serial Digital Adders for a Variable Radix of Notation
by
R. Townsend

The British Tabulating Machine Co. Ltd.

Most of the computers so far constructed have operated in binary notatlon to take
advantage of the engineering simplicity which this confers. A computer for business
application must be able to handle a large quantity of numerical data upon which compara-
tively simple calculations are to be performed, and since much of this data must be in
“decimal or sterling, 1t 1s necessary to convert 1t to and from binary notation. This can
be quite satisfactorlly performed by programme In the case of sclentific applications where
there 1s only a small input and output of data in comparison with the time of calculation.
But for business purposes it is found that a disproportionately long time i1s taken in
conversion, except on the fastest machines.

One method of overcoming this is to bulld speclal conversion units, and methods of
automatic conversion have been discussed by Mr. Bird in a paper referred to in the discussion
of paper 14. One method of conversion from binary to binary coded decimal or sterling
makes use of an adder which can add directly in serial binary coded decimal or sterling.

An alternative solutlon 1s to perform the whole calculation in coded groups, which has been
done for decimals in some American machines. In Britain it is important to work In.stérling
or other non-uniform scales of notation. A completely universal adder would work 1n any
scale of notatlon either uniform or non-uniform with binary as a speclal case. Thils paper
1s concerned with adders of this form in which numbers are Tepresented in coded groups in which
each group can have the same or different radices. These have been named programmed adders,
as the scale of notation can be changed as desired during the course of a programme.
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Wheh a number 1s represented 1n programmed notation, each group of 4 digits can
represent any number up to 16. If two such numbers are added 1t must be arranged that the
correct sum 1s produced in each group with the appropriate carry of 1 into the next group 1f
required. This can be done by the addition.of 16-r, which 1s called the "flller", and r is
the radix of notation, 1f the sum in any group exceeds the radix r. The generallzed rules
are:

B A+B <r no "filler* added
r f A+B <16 "filler" added
168 € A+B <32 © nfiller® added

Some examples Of numbers represented in programmed notation are shown innTable I, and of
their addition in Table II.

Four methods have been devised and are described, by which numbers in programmed
notation can be added.

Programmed Adder Type 1

A binary adder has been designed which can accept at 1ts input three serlal blnary
numbers, the stored number from the accumulator A, the incident number from the main store B
and the "filler® F, which 1s held 1n an assoclated temporary store. It provides two out-
puts, the binary sums A +B, and A + B + F, that 1s the unfilled number and the filled number

respectively.

The two binary sums pass simultaneously into two 4-diglt delays. At the end of each
group of 4 binary digits, a test is made to see 1f a carry has occurred In elther the sum
A+BorA+B+F, If there has been a carry in elther case a flip-flop 1s set to the
tilled condition which opens a gate and allows the filled number, delayed 4 diglt periods,

to enter the main accumulator.

If on the other hand, there 1s no carry from A + B or from 4 + B + F at the end of the
group, the flip-flop 1s set to tue unfllled condition and a gate i1s opened allowing the
unfilled number, delayed 4 digits, to enter the accumulator register. This process 1is
repeated for each group of 4 digits in the number.

Programmed Adder Type II

In this method, the binary sum of the number in the accumulator and the incldent
mmber from the memory 1s added in a two input binary adder, and passes into a 4-diglt delay.
At the same time the sum from this adder A + B is compared with the radix of notation minus
one (r-1) for that particular group in a comparison circult. It so happens that r-1 may be
easily obtained by negating the "filler".

IIf A+ B> r~1 or 1f there has been a carry in the first blnary adder at the fourth
digit in the group, then a gate 1s opened allowing the next filler group which has been
delayed 4 diglts to be added to the sum A *+ B delayed 1n a second two input blnary adder,
torming the sum A + B + F which passes into the main accumulator register.

If A + B< Br~1 and there has been no carry at the fourth digit in the first binary
adder, then the gate ls closed and no filler 1s added in the second binary adder, allowing
the sum A + B delayed to pass unchanged into the maln accumulator register.

Programmed Adder Type III

In this type of adder, the number in the accumulator and the incident number from
memory are added as before in a two Input binary adder, the sum passing into a 4-dlgit delay
unit. At the same time the sum A + B 1s added to the filler in a rudimentary binary adder

in which only the parts necessary to form the carry are retalned, which 1s called a carry
generator.
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The first binary adder and the carry generator are tested at every fourth digit for
carries. If there has been a carry at the fourth digit in either the first binary adder
or the carry generator a gate 1s opened allowing the flller delayed four digits to be added
to the delayed sum A + B In a second binary adder, the sum A + B + F passing into the main

accumulator reglster.

If there has been no carry in both the first blnary adder and the carry generator at
the fourth diglt, the filler 1s not added in the second binary adder and the sum A + B 1s
allowed to pass Into the maln accumulator reglster unchanged.

Programmed Adder Type IV

In this last method, a 3-input binary adder is again used, the binary sum of the
stored digit in the accumulator, the incident diglt from the memory and the flller digit
all being added together, and the binary sum A + B + F passing into a 4-diglt delay. The
3-input bilnary adder has two carry stores and these are tested at the end of each group as
usual. If there 1s a carry from elther the sum A + B or the sum A + B + F at the end of a
group, a flip-flop is set to the filled state which closes a gate and allows the delayed
sum A + B+ F to pass into the maln accumulator reglster unchanged.

When, on the contrary, there is no carry in elther of the carry stores In the 3-input
adder at the fourth digit, a flip-flop 1s set to the filled state, which opens a gate and
allows the complement of the filler to be added to the sum A + B * F inth: second blnary
adder, having the effect of subtracting the flller from A+ B+ F and allowing A + B to
enter the main accumulator reglster, The unwanted carry then produced at the end of each
group of 4 digits In the second binary adder 1s suppressed.

Programmed Excess Notation Adder

It is difficult to subtract in ordinary programmed notation and this has led to the
suggestion of Prograrmmed Excess Notatlon in which subtractlon 1s easler.

The use 0f excess three notation for declmals 1s well known. In this code, 3 is
added to each decimal diglt and the result is expressed in binary form. The advantage of
this 1s that the complement to 9 needed in subtraction can be obtained by slmply transposing
O's and 1's. This scheme can be extended: to any even non-uniform radix of notatlon, so
that for scale of 12 the excess will be 2 or 1n the general case 16- r/z.

The rules for addition can be summarized as:

1. If the sum of the two groups produces a carry at the end of the group then 16-r/2
must be added.

2 If the sum of the two groups does not produce a carry at the end of a group then
16-T/2 must be subtracted.

For addition in this notation, the number in the accumulator and the incident number
from the memory are first added in a two-input binary adder and the sum passes into a
4-digit delay. At the end of each group of 4 digits the carry store of the first adder ls
tested. If 1t contains a 1, a gate 1s opened which allows the excess to be added to the
delayed sum In a second blnary adder, It on the other hand there 1s no carry, a gate 1s
opened which allows the complement of the excess to be added In the second binary adder,
thus having the effect of subtracting the excess.

The complete paper (from which this summary has been taken) will appear in "Electronlc
Engineering® and the author's thanks are due to the Editor for permission to publish this
paper at the Symposium.
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TABLE I

Binary Ccded Declmal

(14567)

Denanination 10 thousands thousands hundreds tens units
Numerical example 9 7 6 4 5
Binary Code Decimal

equivalent 1001 0111 0110 0100 0101
Radix 10 10 10 10 10
Filler 6 6 6 6 6
Filler in binary 0110 0110 0110 0110 0110

Programmed Sterling
Denomination ten pounds pounds ten shlllings| shlllings pence
-INumerical example 2 9 1 7 11
Programmed Notatlion

equivalent 0010 1001 0001 0111 1011
Radix 10 10 2 10 12
Filler 6 6 14 6 4
Flller in binary 0110 0110 1110 0110 0100

Programmed Hours, Mlnutes and Seconds

Denomination hours ten minutes minutes ten seconds seconds
Numerical example 2 4 3 3 7
Programmed Notation

equivalent 0010 0100 0011 0011 0111
Radix 10 6 10 6 10
Filler 6 10 6 10 6

‘|Flller in blnary 0110 1010 0110 1010 0110
TABLE II
Addition in Bilnary Coded Decimal
Decimal Ten thousands thousands hundreds tens units Remarks
20828 0011 1001 1000 0010 1000
49137 0100 1001 0001 0011 0111 ,
1000 0010 1601 0101 1111 | Binary sum.
0110 0110 |Underlined groups
filled
88965 1000 1000 1001 0110 0101
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TABLE IT (contd.)

Addition in Programmed Sterling

£ s dj| . 108 £ 10/~ S d Remarks
38 13 8 0011 1000 0001 0011 1000
2 14 7 0010 1001 0001 0100 0111
0110 0001 0010 0111 1111 Binary sum.
0110 1110 0100 Underlined groups
filled.
68 83 0110 1000 0000 1000 - 0011
Discussion

DR. VAN WIJNGAARDEN (Mathematisch Centrum, Amsterdam) proposed a system of notation in
which numbers were represented by thelr residues when divided by each of a fixed set of
primes. This would define uniquely all numbers less than the product of the chosen primes,
‘Addition, subtractlon and multiplicatlon could be carried out by applying these operations
separately to the individual resldues. No carry would be required from one residue to the
next, and the system would be particularly convenient for a parallel machine,

In reply to MR, NEWMAN (NPL), DR, VAN WIJNGAARDEN said that the problem of reconversion
was not too difficult, but that he had yet to dlscover a satisfactory process for division

in this notation.

MR. TOWNSEND replying to MR. HARTLEY (University College, London) said that nomal
multiplication was difficult, using hls adder, because of the problem of shift. It might
be possible, however, to use the well-known "halving and doubling" method of mul tiplication.
Halving could be achieved by shifting the number down by one bilnary digit and subtracting
half the flller where appropriate. If the filler were made zero, the adder would perfomm

normally in the blnary scale.

MR, WILKINSON (leL) sald that routines for reading decimally punched cards into the
ACE Pilot Model inccrporated a checke. This ensured that just one hole was punched In each
column of the fleld. The check was origlnally designed to detect faulty operation of the
reader, but In practice had served more to check that the cards had been correctly punched.
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THE UTILIZATION OF COMPUTING MACHINES=~I

Chairman: Dre Eo Te Goodwin

17, Mathematics and Computing
by
A¢ van Wi)ngaarden

Mathematisch Centrum, Amsterdam

A peculiar interaction takes place nowadays between mathematics in general and its
remarkable offshoot that forms the topic of this conference, viz. highspeed computing. of
course, a good deal of inter-connexion already exists between mathematics and ordinary com—
puting but high—-speed computing asks for new mathematical methods and also makes it possible
to use already existing methods that were declared obsolete because they are impractical for
ordinary calculations. High-speed computing acts therefore on one side as a stimulus,to
mthematics whereas on the other side the computer may profit from the large reservoir of
mthemtical knowledge already in existences

It is not my intention to discuss fully all consequences of the impact of high-speed
comput ing on mathematics or vice versa but I shall restrict myself to some special topics in
this field, mostly in connexion with work that has been done at the Mathematical Centre at

Amsterdams

First of all, I should like to emphasize that mathematics is more than analysis and
algebra and that in principle other fields of mathematics might be of comparable use to com-
putinge But, of course, the computer who does other work than sheer arithmetic and elemen-
tary algebra is more 1likely to come into contact with analysis than with anything elses
Already many Interesting points arise in the application of analysis to computing. Perhaps
the most important tool that analysis provides the computer with is the calculus of finite
differencess At first sight this looks less highbrow than the infinitesimal calculus,
dealing with infinitely small differences but in reality it lies much deeper and forms
actually a rather advanced topic in the theory of complex functions. The fact that 1t iIs so
difficult 1s the reason that not very much is known in comparison to the situation in ordinary
calculuse This provides an Interesting source of uncertainty about our results.

One of the most prominent applications of the calculus of finite differences to computing
i1s the theory of numerical interpolation, integration, and so on. An interpolated or inte-~
grated value of a function is represented as a linear combination of tabular entries, either
directly, in which case we speak of lagrangean type formulas, or in two steps in that first,
certain simple linear combinations of the entries are formed, so called dlfferences of
various orders, after which process the result is formed as a linear combination of one or
two entries and a number of differences of increasing orders. The coefficients by which
these differences have to be multiplied tend to zero rather rapidly in general. As long as
only a finite number of terms are used both methods are equivalent, apart perhaps from
round ing-off errors. The computer can only use, of course, a finite number of terms, and
the question arises: "How many terms?* This is a very interesting question with a lot of
aspects. First of all, it might not be superfluous perhaps to emphasize the fact that in
general an arbitrary accuracy cannot be obtained by taking more terms into account, if at
the same time the "step", i.e. the increment of the argument of the entries is kept constant,
In general, the series diverges, and if it happens to converge it 1is an extreme coincidence
1f the sum is the result that one wants to obtaine Therefore, one has to be modest in the
nuber of terms. Under certain rather weak restrictions, the error committed by stopping
after n terms In all these types of processes 1s equal to the product of three factors. The
first factor is a rather irrelevant with increasing n, decreasing function of the spot at which
one interpolates and so on, the second is the n-th pawer of the step and the third is the
derivative of order n+a (g belng some constant) of the manipulated function somewhere in the
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interval determined by the arguments used in the process. From this observation, one can
prove the following general statementse The greater the step the mcCre necessary, dangerous
and inefficient is the use of ihigher differences. The smaller the step, the more super-
fluous, harmless and efficient is the use of higher differences.

If smaller steps are used in integration, say, obviously a large number of them have to
pe taken in order to reach the aime If high-speed computers are used, there are no direct
objections to the use of very small intervalse This 1s a very nice situation. All
remainder terms decrease enormously in size. Either one can increase the accuracy consi-
derably in this way or one can abstain from the use of differences of high order. In the
last case one gets instead of higher accuracy something else of high value, viz. ease of
programming. The tendency towards ease of programming may here and in similar cases easlily
go so far that one accepts only the crudest possible methods. In order to keep the accuracy
constant one has then to decrease the step extremely. Not only does this decrease the
efficiency of the high-speed computer but it also may introduce errors of another type, vize
those due to rounding offe Moreover in cases where all entries have to be stored e.g. 1n
the solution of elliptic partial differential equations, the required storage space may
easily become prohibitive.

Both these remarks point our attention to another branch of mathematics, viz. statistics.
The study of the phenomena due to rounding off errors follows lines closely related to those
followed in mathematical statlstics. It is of vital importance for modern computing and
here a direct stimulus to mathematics comes from computing. This study is moreover rather
interesting from a mathematical point of view also. Here again, apparently simple problems
need already powerful tools of analysis and more than that, one fruitfully introduces geo-
metrical and numbertheoretical concepts. The first results of general character reveal
unexpected and peculiar phenomena.

The second difficulty mentioned, viz. that of the storage of many function values in the
solution of partial differential equations, 1s overcome at least in principle in a remarkable
way by the introduction of the diffusion analogy, analyzed years ago by Courant, together
with the application of the Monte Carlo method. Here the close co-operation with the stati-
stician is evident and the theory of the random walk is rapidly extending, due to the stimulus

of computing.

Another interesting point arises in connexicn with the Monte Carol method connecting
comput ing with the theory of numbers, viz. the generation of random digits and random numbers.
Of course, one can make those by means of special electronic devices, the electronic coins,
pbut it 1s much more interesting and also more practical in relation to the reproducibility of
the garmbling process to generate them by computing. The question arises then, how to
generate very long sequences of numbers or digits, "very long" meaning, with a very long
period of repetition of the same pattern, Moreover the numbers cr digits must rass success-—
fully, statistical tests for randomness. A proper method has been indicated by Lehmer, who
defines the sequence by the congruence U, = a u -1 (mod N), O < uy < Ne Each number 1is com-
pletely determined by its predecessor, and as tgere are only N .qwurbers different modulo N, the
sequence is periodic and its period is less than N. If one chooses a arbitrarily with res-
pect to N, the period may be only a small fraction of N but, corresponding to a given N,
there exists a maximum period and a can be choseh in several ways so that one obtailns that
maximum period irrespective of the value uje This is a pure numbertheoretical problem. I
suggested some time ago the use of recurrent sequences of second or higher ordere Indeed,
it one defines the sequence e.g. by u, = Up_x+1"Un-k* 2 term is defined by 1ts predecessors,
and therefore the first obseﬂyation teaches that the period 1s less than N Now a number
which we know is less than N®X has a good chance to be considerably larger than a number that
is less than Ne The formation is moreover extremely simple, the simplest example being the
Fibonaccl sequence u, = _ +un_2, SO that there was a good reason to investigate the matter
in considerable detail, Extensive studies have since been mde by several research workers
at the Mathematical Centre and I think it a good example of real contact between mathematics
and comput ing. The computer here yields the stimulus and some provisory theorems most
1likely to be true as a first working basise The pure mathematicians have not only provided
the correct proofs but they have done much more; they added to pure mathematics a new chapter
that was at the same time of practical value to the computers Moreover, each new practical
application of number theory is of interest as such, as there are still people who think that

numbertheory is impractical.
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At this moment it is perhaps worth while to ask whether high-speed computing can be of
any value to pure mathematics, because number theory is then one of the most likely candi-
dates to profit. The field certainly lies open here. For instance, the search for parti-
cular numbers can be extended to a somewhat higher level and can suggest conjectures that
may be proved or disproved, but usually remain open, For instance, the search for new
Mersenne prime numbers has been a welcome prey for the fast computers and the computations
performed on the SWAC have ylelded interesting results. It would be of real theoretical
interest, for example, to go a step furth%r than could be handled by the SWAC 1n its present
state, and to investigate the number -1+2 191, for if this proved to be prime then a large
amount of theoretical work should be Justified in order to prove or to disprove the conjecture:
It m = 2T1l-1 is a prime number, then m = 2M2-4 1s also prime. The validity of this con-
Jecture would for instance imply a constructive proof of the existence of a prime-generating
functione

Another helping hand can of course be lent by tabulating functions. There are people

who do not appreciate tablemaking, and therefore I shall particularise somewhat by taking a
specific example. Quite recently I developed a rather general transformation that enables
us to compute functions from thelr heavily diverging asymptotic expansionss This method is
in itself not directly meant for high-speed computers but it has the peculiarity that for
application one needs extensive tables of very peculiar functions (unrelated to the speclal
function that one wishes to compute, of course). The computation of these tables 1s an
enormous task, and here the high-speed computer can render welcome help.

Quite apart from any applications of the computers, their construction alone yilelds
problems in many fields of mathematics. It is well known that the design of circuitry is
to a high degree equivalent to problems in formal logic. Boolean algebra or Aiken algebra
form nowadays tools of the computer engineer. In general also all questions with respect
to binary representaticn of digits or numbers suggest problems. For instance, the following
1s a problem connected with error detecting and correcting codes: how many confligurations
of n blnary digits can be constructed that differ from each other in at least d digits?

The solution 1s not knowns. It my be regarded as a problem in combinatorial algebra, but
it is also a geometrical problem in n dimensions: How many solid hyperspheres of diameter
d? can be attached with their centres to.the corners of a hypercube of unit size? In this
form it is closely related to a well-known subject in modern geometry, viz. that of the
closet packing of spheress

Closely connected 1Is the theory of switching functionse Many results in Alken's tables
of switching functions are really clarified by regarding them from a geometrical point of
view. If one defines a polytope, formed by corners of an n-dimensional hypercube of unit-
size oriented along the coordinate axes, to be at its inside if the corners have not a
coordinate in common and at its outside if they have, then a reflection on the table of
switching functions reveals the fact that for n > 4 there are regular isotopes that fit into
the inside as well as in the outside, whereas for n < 4 they do not existe

A third problem arises from a question of Alkens If the decimal system 1s to be used
for a computer, and k parallel lines of binary digits are put available to represent deciml
digits, then k 1s obviously at least equal to 4. Is it possible to derive a coding scheme,
if necessary at the cost of a greater value of K, such that the sum digit and carry digit in
the addition or multiplication of two decimal digits can be obtained, say, by simple permu-
tations or more generally by circuits of given simplicity? Duparc has analysed this and
similar problems successfully, but his proofs require concepts of grouptheory.

Van der Pol has dealt recently with problems related to the sum of the digits in any
scale of the integral part of functions of X. The first results already are of a certain
Interest to computing and perhaps an interesting field is opened here. In general one might
say that mathematics is quite well armed to answer successfully the pecullar questions arising
in high-speed computing. 0Of course, there are certainly fields in which a lot has to be
done, e.g. 1In the theory of repetitive processes.
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Discussion

.~ DRe FOX (NPL) said that a further important aspect of the effect of machines on computing
was due to the fact that the people who had beccme proficient at desk computing had not, in
general, adapted themselves to programming, for which somewhat different skills were needed
and consequently a large number of people using machines had not had the benefit of a thorough
experience of the difficulties of computinge Skilled computers knew of the many ways in
which errors could arise, and hence the need for checking all work must be strongly emphasized,
It is not sufficient to verify that the programmes are correct, i.e. that they do what the
programrrmer wants them to do. There must be adequate checks to verify that the solution satis-
fies the original mathematical problem. Also, since the numbers occurring in the course of
computations in machines are rarely seen, more thought is necessary about the mathematlical
analysis of the problem before it 1s programmed than is required before a desk computations
There is a tendency for this to be neglected because some clients now expect results far too
quickly. There is also a tendency to skimp this preliminary mathematical work because pro-
gramming is novel and hence more interesting.

. With regard to Prof. Wijngaarden's paper, Dr. Fox said that he took a practical attitude
in the use of finite difference methods. If, in forming the difference table, it is fo ﬂgg
that the sign of the nt'h difference oscilla%ss and 1ts absolute magnitude 1s less than 2
then the interpolation polynomial of the n order could be used for all applications. For
interpolation, small intervals, making n smll, are more convenient, but for differentiation
of a function, larger intervals will give more correct significant figures. For electronic
rachines smaller intervals may mean more serious build up of rounding-off errors and often
a larger store.

MR. OLVER (NPL) agreed with the last remarks of the previous speaker and conslidered the
other error arising in the use of finite difference formulae, viz. the truncation error.
For an interpolation formula f(a + ph) A, + A16 + A 6 +.¢¢ this error is represented by
a remalnder term of the form Ay ne? (&), Ncw ™ (£) 1s, in practice, of the order of the
h difference and therefore the remainder term is of the same order of magnitude as the
first neglected terme .

DR. TURING (Manchester University) preferred a different expression for the remainder
term

£(z) - P(z) = fc £(t) (2-21) (2=25) 000 4¢
(t-z) (T;'—‘Zl) (t—Zz)e 0o
where P(z) 1s the interpolation polynomial coimciding with the values of the function at z,,
Zosese and the contour integral includes z, z19 Zoeoo but not any other singularities of
the integrand. This formula is useful for evaluation of the remainder and showed that
special consideration must be given to interpolation near singular polnts of the functlonss

He agreed with Dr. Fox that extra care 1s needed in the analysis of problems because
the computer 1s not able to see the numbers arising in the machine in the course of caqmputa-
tion. On the other hand, the complete analysis of the methods, necessary in programming,
enabled an upper l1imit to the error to be more easily worked out.

TRe BULIARD (NPL) considered that, so far, automatic computing machines had for the
most part been rather trivially used on problems for which the solution was easlly obtalned
to a 1limited accuracy, but for which somebody had been willing to pay for finding a more
accurate solutions Now the important thing for physicists was intuition, and in many flelds
they were lacking thise. This was especially true where non- linear equations were concerned.
The detailed consideration of the behaviour of certaln such equations, using computing
machines, would be a way in which a fund of physical intuition could be built up, SO that
physicists could get the feel of such equations and, scorning the detailed mathematics,
could say 1t was obvious by intuition!

PROF. HARTREE (Cambridge University) quoted Jeffrey's remark that in order that a series
should be useful for calculation it was neither necessary nor sufficient that it should
converege. As an example of the care needed in inferring the numerical order of magnitude
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of a quantity from the order of msgnitude of the corresponding expression, he referred to a
reminder term of the type AhUt" (£)e If Richardson's process 1s applied to find an estimate
of the value of this, there are cases where the result obtained would be grossly out since

! (£) for the different values of h used might differ by several powers of 10.

18. Linear Algebra on the Pilot ACE
by
Je He Wilkinson

National Physical lLaboratory

Introduction

The basic problems arising in the field of linear algebra are from a mathematical stand-—-
point comparatively simple, but in practice they often prove intractable because large two-
dimensional arrays of numbers are involved and consequently the number of arithmetic opera-
tions required for their solution is almost prohibitive on desk machines. It is to be
expected then, that linear algebra should be a suitable field of operation for high-speed
automatic computers, but it appears at first sight, that, to be satisfactory, such a computer
should possess a large high-~speed store, Or at least a large intermediate store. Although
the P1lot ACE 1s particularly deficient in both these requirements it is probably true that
in the last year 1t has been more successful in dealing with problems in this field than in
any othere Its sucess has been due to the fact that the auxiliary Hollerith equipment used
on the machine has proved very reliable, and the method of optimum coding has made it practi-
cable to use Hollerith cards as an intermediate store for binary numbers, speed being achieved
by carrying out nearly all computation between rows while reading from or punching on thems
In this paper I shall discuss the use of the machine for:

1, solution of linear similtaneous algebralc equations.

2e Matrix multiplication.
3. The extraction of the latent roots and vectors of matrices.

Solution of Linear Equations.

The problem of solving large sets of linear equations by direct methods has received
considerable attention in the last few yearss This work indicates that for desk machines
the most satisfactory method is that in which the matrix A of the set of equations

AX = Db (1)

i{s expressed as the product of & lower triangular matrix L and an upper triangular matrix U.
Thus the solution of (1) is reduced to the solution of

Lux = b )
This is expressed in the form

Ly = Db (3)

Ux =y (4)

The sets of equations (3) and (4) are both triangular in form and can easily be solved by
what is usually called a back substitution process.
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This method has two advantages over most other methods. It gives a somewhat greater
accuracy and it involves recording many fewer numbers On paper. The second of these advan-
tages does not carry so much weight on an automatic computer because when a number arises as
the result of an arithmetic operation on such a machine it is, so to speak, already written
downe The first would appear to be equally commendable on any equipment, but on automatic
machines there is a complicating factor. It is not easy to foresee how large the largest
element of L and U 1s 1ikely to be and it 1s found in practice that even for sets which are
only moderately ill-conditioned quite large numbers do arises Consequently on a high-speed
computer it 1s necessary elther to allow a fair number of spare digital positions to accom-—
modate possible increases in size of numbers (this usually means using double-length arith-
metic) or alternatively to resort to floating arithmetice Either has the effect of decreas~
ing the accuracy obtained from a given storage capacity, and at the same time increasing the
time taken for a solution. For this reason the method has not so far been much used on the
pilot ACEs Instead the method of successive elimination of variables or pilvotal condensation
has been adopted because it is easy to arrange the computation in a form in which the use of
floating arithmetic is avoided. The variant of pivotal condensation which 1s used 1s that
in which the variables are eliminated successively in the natural order, t.e. beginning with
Xy and ending with Xpqe but the first row is not chosen automatically at each stage as the
pivotal row, but instead that row 1s chosen which has the largest coefficient in the variable
which is about to be eliminated. Thus in the reduction from order n to n-1 the row with the
largest coefficlent in Xy is chosen as the pivot and Xy is eliminated from each of the other

(n-1) equations by adding a suitable multiple of the pivotal row to ite Because of the way
in which the pivotal row is chosen the multiplying factors cannot exceed unity. After a
single reduction the largest coefficient in the reduced matrix cannot be greater in absolute
value than twice the largest coefficient in the original mtrix. After m reductions the
largest element is at most oM times as large as the largest original coefficient. It is
possible to construct sets in which this factor is achieved but in practice an increase sel-
dom takes place; more frequently the coefficients become progressively smaller, particu-
larly if the equations are ill-conditioned. It was not considered necessary to make an
automatic provision for dividing rows of the reduced matrix by a factor in the event of
their growing too large, which would have used valuable storage space, but instead it was
rgsarded as adequate to have an arithmetical check to detect if any coefficient exceeded

2 in absolute value on a 32-digit machine, to stop 1if this occurged9 and divide by a factor
using a separate programmfu If the coefficients are less than 23 before reduction then
they must be less than 25 after reduction and therefore the numbers cannot grow out of- range
in a single reduction. It is interesting that in thousands of applications of this programme,
this arithmetic check has never shown a division to be necessary although the original matrix
of the coefficients 1s usually scaled up by a power of ten until the largest elements have

9 decimal digits. Included in the programme for reductlon are the usual arithmetic checks
based on the sum of the elements of each row and an additional check that the multiplying
factors are not greater than unity, i.e. that the correct row has been chosen as pivote In
order to prevent trouble from row sums exceeding capacity, sums divided by a power of 2 are

used instead of true sumse

The completion of the problem requires the solution of the triangular set formed by the
n successive pivotal rows. It is not possible to use a fixed blnary point in this part of
the processs Instead a reasonable position for the binary point 1s chosen, based on physical
considerations or otherwise, and the back substitution proceeds until the value of a variable
obtained exceeds capacity. When this occurs the binary point is adjusted in the values of
the variables already found, and the process is continued with the adjusted position Of the
binary points i.e. a continuous adjustment of the binary point is adopted instead of a true
floating binary point because it 1s faster and needs fewer instructions.

A number of programmes based on the above process have been prepared. The simplest of
these is known as the 'fast'! programmes This deals with the largest sets which can be
solved while storing all the coefficlents in the memory. The programme consists of four
parts A, B, C and D. The decimal data 1s placed between A and B and the complete pack is
put in the Hollerith reader. pProgramme A is read in first and immediately calls in the
decimal data, stores 1t in the memory and then calls in Programme Be This carries out the
reduction and then calls in Programme Ce programme C effects the back substitution and then
calls in Programme D which converts the final answers and punches out decimal results. It
also punches a card with -1.0 on it to determine the decimal point in the solution. Thus
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a floating decimal notation is avoided at the end. The programme will deal for example with
a set of order 13 with two right-hand sides or a set of order 10 with 10 right-hand sides.
(The arithmetical operations take only a few seconds, less, in fact, than the time taken to
read the data). Although one or two important problems have been done which involved the
solution of a large number of sets of small order, most of the sets to be solved have con-
tained a large number of variables and for these, other programmes exist which use cards as
an Intermediate stores The original data is first converted by a programme into binary
form and punched on cards, one number on each row of a card, an integral number of cards
being allocated to each row of the equation. Since 12 binary numbers may be punched on a
card, a set of order 30, for example, will have 3 cards for each row of the equation, that
1s, 90 cards 1In all. An arbitrary number of right-hand sides may be dealt with, and asso~
clated with each row is a row sum The main programme, which carries out the reduction,
operates as follows: The pivotal row is read in and kept in the memory and then each of the
other rows of the equations is read in in turn and the corresponding reduced row punched out.
Computation is carried out between rows of cards while punching. The machine determines

the next pivotal row during this process and retains 1it. The reduced set of equations Is
then transferred from the punch hopper and reduced one stage furthers Throughout the course
of the programme the machine is reading or punching continuously. The time taken is com-
parable with that which could be achieved if it were possible to store all numbers in the
high-speed store on a machine not using optimum coding. The latest programme of this type
deals with equations up to order 192,

Back substitution 1s carried out by a separate programme in which the pivotal rows are
read in one by one starting with the last. For sets of order 32 and less, back substitutlon
can be done on up to four right-hand sides simultaneously so that the machine is then working
at about 80% of the speed it could achleve 1f all numbers were in the high-speed store.

The greatest weakness of the above method 1s that no advantage can be taken of the
existence of .zeros in the coefficients except in the punching and conversion of the original
decimal datac Sets in which a very high percentage of the coefficlents are zero are of
common occurrences For these an iterative method has been used based on the Gauss-Seldel
processs The equations are first converted into binary form using a programme and each non-
gero coefficient is punched on one line of a card together with a blnary number giving the
mmber of the variable with which 1t is associated. As a first approximation to the solution
an arbitrary vector 1s fed into the machine (or a better approximation if one is available)
and then a complete iteration 1s carried out by reading the binary matrix through the reader,
carrying out the computation between rowse Thus for a set of order 120, say, with 2000 non-
gero coefficients, the matrix would be punched on 167 cards (12 per card) and the time taken
‘for a single iteration would be %g%.minutes. Unfortunately sets of this type usually

‘involve a large number of varlables and there are (in general) no zeros in the solutlon
‘vectors If therefore the set of equations has a number of right-hand sides 1t is not pos—
sible to store a number of iterating vectors simultaneously. For sets up to order 64, three
right-hand sides may be stored at one time and there 1s time between rows to deal with all
three. Sets up to order 200 may be solved, but for the higher orders only one solution at

a time can be dealt withe This is a great weakness 1f the programme 1s being used to invert
a matrix, because n separate solutions are necessary in this case.

For sets in which the non-zero coefficlents consist of a band of width three centred on
the diagonal, the method described at the beginning of this section has been usedo The
upper and lower triangular matrices are then also of speclal form, each of them consisting
of a band of coefficients of width two. A programme based on this method using single-
length aritimetic 1s trivial but not very useful, because either very low accuracy must be
used or else the programme will frequently fail because of numbers growing out of range.

A programme using double-length arithmetic in which the original data may contain 14 decimals
or less has been made. This permits the numbers to grow considerably in the course of
computation without giving trouble.

Natrix multiplication

Although no great diversity of methods exist for matrix multiplication it is an operation
of such frequent occurrence that 1t 1s important to have efficient programmes for dealing with
ite Since the Pilot ACE has such a small memory, subroutines for matrix multiplication in
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which all matrices are stored is of little value, Matrices have almost always been of such
a magnitude that card storage has been necessarye.

The simplest of the programmes for forming the product,
AB = Cy

stores A in the memory, reads inB cne colum, X, at atime, forms Ax Iin the store at high

speed and punches it oute A row of column sums is kept in A and the machine performs the
distributive checke This programme may be used for mxn matrices A where both m and n may

take values noOt -greater than 14; matrix B may have ary nunber of colums,  For a 14 X 14 by a 14 x 14,
the time taken is 14 seconds for the computation, plus the time of reading and punching the
binary cards. No computation 1s done between rows, For matrices of higher order there are
a number of programmes in which the computation 1s carried out between rowse Typical of
these is the following which will do matrix multiplications up to order 52, Three column
vectors of B Xy0 X5 and Xz are read into the store and then matrix A 1s read. Ax1 sz and

A%, are formed simultaneously during reading and then punched out. The distributive check
is"also carried oute The machine is occupied for about 80% Of the reading time which is
about as high a percentage as may safely be used. Although reading and punching is taking
place continuously the machine is achieving about 70% of the speed which would be possible 1if
all members were in the memory. For a set of order 47 for instance, which needs 4 cards per
row and has 48 rows because the row of column sums is included, the time taken for the multi-
plication is

4 X 48 47
x (Integer greater than —)
200 3

since 3 columns are dealt with at a time. This is rather less than 15 minutes. For sets

of higher order it 1s possible to do only 2 columns at a time or.-one columne The 1limit for
one column work is over 200. For large matrices it would clearly be economic to partition

in order to use the three—-column progranmmes

Latent Roots.of Matrices
The methods used on the Pilot ACE for finding the latent roots and vectors of a matrix
have so far all been based on iterative processes. The simplest of these, for finding the
latent root A and latent vector x such that
AX = \X,

is that in which an arbitrary vector X, is chosen and from it a sequence of vectors X, is
found, such that

Yoy = AX

n

n

Xntq = Y+ /No

where N is a normalizing factor.

Then Xn tends to the latent vector corresponding to the largest latent root Ai " The
speed of convergence 1s comparable with the speed with which

(’\2 \° >0 where A, 1s the next root.
A
It A and A are nearly equal this rate may be quite _slowe In this case, the speed of

convergence may be greatly accelerated by the use of Altken's process for obtaining an
improved vector from three equally spaced approximatlons x" Xptgr xr+23' The ith com=

porient of the imprcved vector X 1s obtalned from the ith components of the three apprcximations
by the formula \

132
(14567)



2

X
i r r t2s r+s
Xt Z2r e e -
i 2 i . i
X, - 2% X
r r+s  Tp+ 2s

Where the separation of roots is poor, the speed of convergence may be increased by iterating
with (A — pI), where I is the unit matrix and p is constant, instead of with A. This matrix
has the same latent vectors and 1ts latent roots are all p less than those of A. The sepa-
ration of roots thus becomes (Aq - p) to 0\2 - p) instead of }\1 to }\2. By a suitable choice
of p 1t may'be possible to effect a considerable improvement. In particular we can deal
with the case A, =-)\1 which otherwise gives rise to a non convergent sequence of vectors.

when a root has been found it may be removed from the matrix, The process of removal
used for a symmetric matrix is different from that used for an unsymmetric matrixe

In the symmetric case the vector which has been found is normalised so that the sum of
the squares of its components is unity. The matrix A1 is then formed, defined by

A1 = A ~ \XX's
This matrix has the same latent roots and vectors as the original matrix except that the root
corresponding to \ has become zero., The roots and vectors may be found and removed succes-

sivelyo The reduced matrices are all of order 'n' and when the last root has been removed
the final matrix should have zero components everywhere apart from rounding-off errors.

For an unsymmetric matrix the method of removal i1s as follows. The vector x Is first
normalized so that is largest component. 1is unity. Suppose this 1s the rth component Xn

of xo Then the reduced matrix A' has its (i, J) component a' 13 given by

L}
81373137 a3 Xy

This is an (n x n) matrix with its rth row consisting of zero elements. Suppose y 1s a
gecond latent vector of A corresponding to a root u, Choose ¢ and 3 so that the vector z
defined by

2 = ox + [y (1)
has zero for its rth component so that

a+£:3yr=0ﬂ @)

then A'Z = AZ - (arj xi) Z

Ald X + @Y) - (apy %y) f(ox * 8y)
OAX + B.UY - OAX - By, X

M(B Y+ ax)
=z A (3)

This means that the vector z 1is a latent vector of the matrix 'A’ corresponding to a latent
root e The latent roots of A' are thus the remining roots of A, but the latent vectors
are linear combinations of those of the original matrix A and the vector which has been
removeds [Equation (2) shows that the latent vectors of A' all have zeros for the rth
component., We may therefore omit the rth Tow of A' which 1s zero anyway and the rth
column since 1t 1s to multiply a zero component 1n z and thus work with a square matrix

of order (n-1). The latent roots may be found by a successive application of the abave
process but the set of vectors which are found will not be the true latent vectors.
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These may be found as follows. Suppose the first two vectors found are x and z. x will
be a true latent vector but z will contain only (n - 1) components. Extend it to n compo-
nents by putting a zero as its rth component where the rth is the largest element of x.
Then from (1) the true latent vector y corresponding to z 1s given by

y=1pxtaqz (4)

If x, 1s the rth row of the original matrix then

x;y = px;x + qx; z
f.e. B = DA+ Q(X, 2)
y = (x;z)x + (u - A)2, ignoring a multiplying factor.

The true latent vector corresponding to the ith vector found by the above process may be
found by (1 - 1) applications of this simple algorithm

The above processes have been programmed for the Pilot ACE. For the symmetric case
there 1s a programme which does not use cards as an intermediate store which will deal with
mtrices of orders less than 20. In the iteration programme advantage 1s taken of symmetry,
a triangular matrix only being stored. The time for a iteration on a set of order 19 1s
24 seconds.

For the unsymmetric case the largest matrix which can be dealt with without the use of
cards 1s of order 15. The time for an iteration of order 15 1s 2 secondse For the unsym-
metric case there is a programme for sets up to order 64, using cards as an intermedliate
stores The matrix A is produced in binary on cards and one iteration is performed each time
the matrix 1s reade The time for an iteration of order 60 is 14 minutes. A programme for
the Altken process has been used in connection with this latter programme and gives an enor-
mous saving in time for-matrices with poorly separated rootss The Aitken programme is
applicable to vectors of any orders

A second iterative method which has been used is that based on successive matrix squaring.
If the sequence A, AZ, A4, A® sseew 1s produced then the successive matrices ultimtely con-
sist of a set of n columns, each of which 1s parallel to the largest latent vector. The
columns tend to this vector as fast as
r
2
(7\&) ‘
— 0
Ay o

A high rate of convergence is achieved even for quite poor separation, but since there is n
times as much work in a single iteration than in the previous process it will not pay to use
this method unless poor separation is expected. .

A programme based on this method was made at an early stage of development before the )
machine had its present storage capacity. This could cope with a 12x12 matrix. An interest-
ing feature of the programme 1s the method used to avoid true floating arithmetice A power
of 2 is associated with each of the maurice% as a multiplying factor, this factor being chosen
SO0 that the largest element lies between 22 and 9 A trial matrix multiplication is
performed in which only the relative size of the elements of the products 1s of intereste
The largest one so far formed is kept at each stage of this preliminary mult;géicatégso
From it a shift is determined which will make this element lie in the range to .

A second multipiication is then performed in which all the elements of the product are recorded
each being given the appropriate shift. The appropriate power of 2 to associate with the
derived mtrix is easlly determined. For a symmetric matrix, the largest element in any of
the squares will be on the diagonal and therefore the preliminary multiplication need only
form the n diagonal coefficients. This method of organizing the programme gives the highest
permissible accuracy for a given storage space and is still faster than floating arithmetic,
even for the unsymmetric case. The use of the Aitken process in connection with the simpler
iterative process probably means that matrix squaring will hardly ever be used.
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A third iterative process, for use on symmetric matrices only, 1is that due to Hestens
and Karush. In this method, starting with an arbltrary vector x,, a sequence of values Ar
and X tending to a latent root and vector are formed from the re?ations

'
)\ = w
r X

1
Xp Xp

X

r# = %t a(Ax, = Axp)

where ¢ 1s a suitably chosen constant. The value of A} associated with Xp is usually called
the Rayleigh value for that Xp, In general Ar has twice as many figures correct as the

vector X, after a certain stage. If one value of \ only is required and the latent vector
{s not needed accurately, this 1s a good method. The speed of convergence of the vector

1s no better than can be obtained by iterating in the simpler manner with (A - pI), the
choice of a suitable value of p being as simple as that of a suitable q. If the vectors are
needed accurately the third method thus compares unfavourably with a simple modification of
the first method and its programme is more extensives Fast programmes based on it have

been made and also a programme using cards as an intermedlate store for sets up to order 32¢
The programmes are now little useds

Discussion

DR. HARTLEY (University College, London) remarked on some features of the method of
solution of linear equations on the Pilot ACE which were useful when the equations arose in
statistical worke The reduced equations were punched out and a back substitution could be
done on each set thus finding the solution in terms of 2, 3, 45 vve varlabless The stati-
stician often required these solutions before he knew how many variables to take and hence
did not want the order of the variables to be disturbed.

MR. LIVESEY (Manchester University) said that he had used the Manchester machine for
linear algebra and found the large auxiliary store was very convenient since a matrix of
order up to 100.could be held In it. often where the latent root of a matrix was required,
this matrix was derived from a small amount of data concerning some vibrating system and it
would save a large amount of punching data if the machine could handle the whole probleme
In general, the programming of this first part was more work than the programming for the
tinding of the latent roots, and what was required was a programme sufficiently flexible to
set up the matrix in for instance all critical speed problems.

DR. FOX (NPL) said the one disadvantage of the method used up to the present on the
Pilot ACE for finding latent roots was that no use could be made of a known good approxima-
tion to a latent vector, for which the corresponding latent root was neither the smallest nor
the largest, when all that was required was a more accurate value of this particular latent
vectors Here Rayleigh's principle provided a useful method for estimating the latent root,
but there is mo method for improving its accuracy.

MR WILKINSON said that there was no technique on the ACE Pilot Model for improving an
approximation to a middle root and vector analogous to that sometimes used on desk machines.
If p were the approximation to the required root, then iteration with (A—],‘)I)"1 would give
rapld convergence in general, but the labour of finding (A.-pI)"1 was itself far from negli-
gibles This approach was particularly valuable when the root in question was bounded on
each side by an unwanted complex roote He said also that he agreed with remarks of
Mr. Livesey and found that the first part of the problem often consisted of matrix multipli-
cations.

MR, DAHLQUIST (Swedish Board for Ccmputing Machinery) mentioned that a method of solution
of partial differential equations involved the inverslon of matrices of which the only elements
that were not zero were those on or near the main diagonal and gave the reference tKarlquist,
Tellus, November, 1952".
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PROF. HARTREE (Cambridege University) asked about the method used on the P1llot ACE.for
finding latent rootsy Does not the removal of the latent vector by the expression
(a - A\x x') involve at each stage the loss of more and more significant figures, and what happen
1f the vector chosen initially is orthogonal to the vector corresponding to the largest )
latent root?

MR. WILKINSON replied that a satisfactory estimate of the errors in successive vectors
was a theoretical problem of some difficulty. At the moment an upper bound, which was
clearly a gross overestimate, was all that he had been able to finde Whenever it had been
possible to determine the accuracy of a solution, the errors lad been astonishingly smalle
Moreover, in the symmetric case, the matrix which had been left when all the roots had been
removed had, in all cases in his experlence, elements none of which were greater than three
in the least significant places He emphasized that iteration was always continued until the
latent vector had settled or was going through a cycle of values very close together, so that
the vectors which were removed were always Very accurates Where the smallest roots required
were small compared with the largest, the percentage error was of course greater In these
roots, but such inaccuracy was inherent in the problems

PROF. HARTREE disagreed with the last remark, pointing out that the matrix may have
arisen from theoretical considerations in which case it would be exact.

MR. WILKINSON added that the vector chosen initially was 2ero and the whole process
started because, in the division routine as programmed, the result of dividing zero by zero
was equal to 31 successive oness on no occasion so far had this vector proved to be ortho-
gonal to the latent vector corresponding to the largest latent root, though it was clear from
the behaviour of the iterates that it had sometimes been an unfortunate choice so that the
largest latent root had taken longer to assert itself, Unless the matrix was of a rather
special form, absolute orthogonality was extremely improbables

MR. HEAIEY (Rothamsted Experimental Station) said that if a set of linear equations
arising in statistical work were i11-conditioned this had a significant meaning. Some
solutions were much better determined than others and this was clear when the Gauss-Seldel
process was useds Was there anything corresponding in the process of pivotal condensation?

MR. WILKINSON saild that in the hundreds of sets of equations which had been solved on
the Pilot ACE the worst case of ill-conditioning was on a set of order 40 where the origimal
matrix elements had 9 significant decimal digits and the reduced matrix had a dlagonal ele-
ment of only 4 significant digits. In this case the back substitution gave a solution with
4 correct significant figures which was the best one could get from such a reduced matrixe

Dr. GOCDWIN (NPL) remarked that on several occas lons when a customer had sent in a very
i11~conditioned set, the customer's theory had been wrong and the equations should have Dbeen
singular! He suggested that extremely jl11-conditioned sets should be viewed with grave
suspicione
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19. THE NUMERICAL SOLUTION OF ORDINARY DIFFERENTIAL EQUATIONS
by
Lo Fox and He He Robertson
National Physical Laboratory
Introduction

Differential equations arise in many contexts. They may be involved In the investiga-
tion of the behaviour of some physical system, or they may be derived as the easiest method
of evaluating particular functions, and in this sense they are of considerable assistance in
the work of tabulating the functions of mathematical physics. We may accordingly require
only a few figures in the solution, sometimes merely a graph, Or we may rneed ten (r mcre accurate
decimal places in a mathematical tables The equations may be linear on non-linear in vary-
ing degrees of complexity, and their associated boundary conditions may be given at a single
point, or may be shared among two or more points in the range of integration.

These considerations suggest that no single method will be satisfactory for all problems.
A well-equipped computational centre should have at its disposal a variety of methods, from
which the most appropriate can be selected for any given problem. There is a considerable-
literature on methods for use with desk computing machines, each new method aimed at improving
either the convenience or accuracy of the calculation, or both. In the present state of
development of high-speed computers we find that emphasis is naturally focussed on methods
which are easy to code and which make the best use of the limited storage space. Speed and
efficiency of input and output is another important consideration.

Though these questions are clearly of immediate importance, it 1is probable that, as
coding becomes easler, an obvious requirement, and machines acquire more storage, the accuracy
0f desk machine methods will attain more importance than their inconvenlence, and some of
them will find favour also on high-speed computing machines.

For numerical purposes ordinary differential equations are best classified according to
the position of their associated boundary conditions. If all these conditions are specifled
at the same point of the range of integration, we shall call the problem an initlal-value
problem: 1f boundary conditions are shared between two points iIn the range, we shall speak
of a boundary-value problems Our methods of solution will depend primarily on the class to
which the glven problem belongse.

Initial-value problems.

Here a differential equation of order n has all its associated n boundary conditions
given at the same point of the range. The techniques of solution all come under the general
heading of "step-by-step" processess These techniques can be subdivided further as follows.

1. Methods not involving finite-~differences, of which the two most common are (a)
Taylor-series method and (b) the Runge-—Kutta methods

2¢ Methods which involve finite differences, but in which the differences are never
formed. lagrangian formulae are used throughout. The methods of We Ee Milne
provide typical examples of this class.

3. Methods involving finite differences, making use of the difference tables. These
methods again divide into two classes, of which the first attempts to obtain the
correct answer at each step (prediction and almost immediate verification), while the second
tirst obtains an approximate answer at every point, making subsequent correctlon, for example,
by the so-called "difference-correction' method: the latter we shall call *indirect" methods.

4, Other methods, such as those of Raylelgh-Ritz, Galerkin, and "collocation", take a
series of specially chosen functions which satisfy either the differential equation
or the boundary conditions, and determine the constants involved in the serles by solving a
set of simultaneous algebraic equations.
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We shall consider briefly the adaptation of most of these methods to high-speed computing
machines. only section (4) above receives no further mention.

The Taylor-Series. method

@iven the value of the function and its first n-1 derivatives, we can cg%cula;g the nth
derivative y from the differential equation, and successive derivatives yn » yn eso DY
successive differentiation of the given equation. We then calculate the function and its
derivatives at the next pivotal point from the Taylor series

1 |
y0+hyz) +—; yg teae (1)
2
2
gL+ hyn +  —ynt 4,4,
o [0} 21 o

y(x, + h)

y'(xy + )

and so on, By this means we advance one step, and by changing the sign of h in (1) we have
a powerful check on a previous value. '

This method, which so far as we know has not been used on high-speed computers, should
often be quite practicable., These machines are generally well adapted for summing series
like (1), and iIn many cases successive derivatives are conveniently obtainable from recur--
rence relations, Full accuracy is achleved at each step, and there is no difficulty about
changing the interval. The method 1s not so convenient when successive derivatives can be
obtained only from very complicated expressions.

The Runge-Kutta method

This method can be applied only to an equation of first-order, or to a set of simultane=
ous equations of first order: 1t can therefore be used for any initial value problem by
taking dependent variables ¥, ¥'s Y"oc oo There are several variants of this method, but a '
typical formula of reasonable accuracy for the production of the value y(xo + h) is given by

Y(Xy + D) = V(X)) +§ (k) + 2k + 2K + K )y - @
where

K = hf(x7).

K, = hf(xy + #h, ¥, + 4K)

Ky = hf(Xy + 40, ¥ + 4K) > (3)

k, = he(x, ; h, yo * kg) |

and the differential equation is given by
y' = £(X,Y) : (4)
It can be verified that (2) agrees with the Taylor serles as far as the term in h4o

The convenience of this method 1s obvious. The main part of the work is the computation
of f(x,y) for various values of x and ¥, S0 that only one process is involved. There 1is no
difficulty about changing the interval, and no special device is needed at the starte Few
quantities have to be stored in the machine, on the other hand it is not easy to determine
the truncation error at any point, or the accumulation of such error, and the usual check Is
a repetition at a smller intervale This method has been described in detail by S. Gill
(ref.1) and is now a standard process on most machines.
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Methods. using Lagrangian formulae

We turn now to methods which use finite-difference formulae in their lagrangian form.
Typical of these methods is that of W. E. Milne (ref.2)« For the first-order equation (4)
he finds a tentative value of y,,, from the formula

ah
R A A R 6)

calculates the corresponding value of ypi4 from the differential equation and then gets a
better value of yp,, from the formla

h
Ynet = Vneg + 2 Oy © V'ng ¥4V (6)

Again the value of Yn+ so obtalned agrees with the Taylor serles as far as the term in h40

This method needs special treatment at the start, does not lend itself to easy change
of interval and needs to store more quantities at each stage. Apart from these drawbacks
it would seem to involve less computation per step than the Runge~Kutta methods  The
extension of both these methods to the solution of simultaneous first -—order cquations 1is
obvious.

Special "predictor® and "corrector® formulae have been suggested by Milne for a second-
order equation which involves no first derivative. We quote the predictor

- e
Yoty T In * Ynp " ng * - OVp T B + 5TRp) )
and the corrector
r
Yp = 8p-q = Yn-o + ;5 (Yh + 10yg_1 + yﬁaz) (8)

The methods of the last two paragraphs can give only limited accuracy.  If fifth and higher
differences of y are significant the results are in error, and can be 1lmproved only by
repeating the processes at a smller interval. We turn now to methods which use finite-
differences, but as with the Taylor-series method can take account of all significant terms
in the relevant formulae, First we consider methods whereby extrapolation is followed by
almost immediate correction.

The Adams—Bashforth method

This method also applies directly only to first-order equations, and Is again a matter
of prediction followed by verification. The basic formula for prediction 1s given by

1 5 _ 3
+ (1 + Ut — N 2 + ‘73 +ooo)hy'n ° (9)
8

Ynt1 = In 2 12

From this we can calculate a tentative y'n+1 from the differential equation, and obtain a
better value of Int1 from the formula

Yoy =gt (L =o V- TR - 2B . (10
n+1 n 2 12 o4 o9 n+l

139
(14587)



Here less direct computation involving the differential equation 1s needed, but the
method has the serious disadvantage of requiring to store more quantities, and often many
more, at each stepe. The coefficients of successive differences, moreover, decrease only
slowly, and rounding errors may accumulate rapidlye.

Central-difference methods

The large coefficients in (9) and (10) can be avoided by the use of central-difference
formulae, but central differences at a particular point are not available until several more
steps have been performed. The general Drocedure used on desk machines for an equation of
order n is to record the function, its various derivatives up to order n, and all the dif-
ferences. To advance it is necessary to estimate some central differences, and the check 1s
carried out at a later stage, dependent on the\number of significant differences.

These methods do not appear to provide useful techniques for high-speed computing
machines. Many quantities are stored and the cyclic process may need several repetitions
if the original estimates are not sound. These difficulties, indeed, are apparent to desk
computers, and the tendency is to use small enough intervals to ensure that no differences
of very high order are significant, and to make estimation accurates There 1s therefore
here a practical limit, rather than a theoretical one, to the size of interval which can be
used.

Indirect methods

Indirect methods try to remove these difficulties In two ways. First, all derivatives
are expressed in terms of pivotal values, and nprediction® involves only pivotal values.
Second, "correction® is performed only after a complete approximate solution has been obtained
with the use of simple "predictors*. Consider, for example, a second-order equation

yr o+ ¥y £(x) +gx,y) =0 (11)
Usirg the central-difference formulae 1 1
s = Opeg ¥ Ypoq BV - ;;‘5 ot ;:) 87y ooe
) e 1 s (12)
Wr =2 (Vpaq = Ypoyg) o Moy, +—5_'0“’6’.YI{"" J

we can replace (11) by the equation

h h 2
Tpeg (14 - fp) = Fpg (== ) ¥ 29, - g%, ¥) = A (yr)}

1 1 . 1 3 1 s (13)
where A= (==—8%+ — 8% o) +0f(- —UE + —UE oos)
12 90 8 30

In the first approximation we neglect A and calculate successive Vr by recurrence:

two initial values are required which can be calculated from the given initial conditionse
We then compute A (yr) from the central difference of y, and obtain a correctionn toy
from the equations - ’

h h [ e )
L T J

with the two initial values of n equal tO zeros Here we have neglected only the terms
A (nr)g and further improvements can be effected if these are significant.

Though the equations seem formidable, there are several advantageous features of this
methods First, the only quantities stored are sufficient pivotal values to enable all
significant central differences to be obtained, and the difference corrections A calculated
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from the differences. Second, we can work at a large interval, thus reducing the accumula-
tion of rounding and truncation errors. Third, the corrections n indicate the number of
correct figures in the solution.

For linear equations this method is fast and accurate, and for non-linear equations of
the form (11) there 1is little extra difficulty. A non-linear equation of the form

V"= T (X YY) (15)

on the other hand, involves at each step the solution of a non-linear algebralc or transcen-
dental -equation. The difficulty depends on the form of the non-linearity, and Newton's
method is often effective, The corrections n can nearly always be obtained from a linear
recurrence relation, as in (14).

A second-order equation which involves no first derivative can be expressed in a form
which involves a very small correction. The equation

y o= 1(x,¥) (16)

has the central-difference equivalent

Al

1 5
- = 1R ' 1 - < =
Vel ~ o BT ®rey, Tpat) P4 ey - Ehzf(xrq Vpe) (7139 * 'Shzf(xr’yr)} *A ) =0 a7
1. 13

8 - m—— 68 0oy

where A = —
240 15120

an equation analogous to (8), used in Milne's methode Again this method 1s quick and power-
ful for linear differential equations, non-linear equations necessitating the solution at
each step of a non-linear algebraic equation.

These techniques, and others involving first-order equations, have been discussed by Fox
and Goodwin for use with desk calculating machines (ref.3) Their adaptation to high-speed
computers appears practicable and often deslirable.

Boundary-uvalue problems

when we have a second-order equation for which a boundary condition is given at each end
of the range of Integration, two possible procedures are available. First, we can use
arbitrary second conditions at one.point, integrate by step-by-step methods, and combine
solutions obtained in this way so that the other boundary condition 1s satisfied. This
method is attractive but often laborious. In particular, whenever the complementary function
increases at a rate faster. than yhe required particular integral, rounding errors increase
and may become S0 great that the step-by-step solutions require the retention of a large
number of guarding figures to absorb the building=-up errore In some cases the number of
guarding figures is prohibitively large. Second, we can use other techniques 1in which both
boundary conditions are satisfied simultaneously. We now conslder the latter method,
applied to second-order equations.

We take first a linear equation of the form
y o+ L(x)y *t e(X)y = K(X), (18)
f‘or which the finite-difference.equation is given by

h h
Foag (1 ¥ 2 )+ %, 1~ > tp) - (2 - hzgr)yr * A(%’r‘ = hzkr 19)

. 1 1 1
A-_- _—..641-:-3— 66 eve + Nt ('--ués + (“1‘“;65)
12 90 8 30
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Using the "Indirect Methods" previously explained we obtain a first approx imation by solving
(19) with A neglectede The simplest boundary conditions specifty Yo and y., the two end
values, so that the set of equations (19) are now soluble as a set of simu?tanedus algebralc
equations. For this a nice technique is avallable, described by Thomas (ref.4) and based
on the theorem that a square matrix A can be expressed as the product LU of lower and upper:
triangular mtrices. If the right-hand side of the equations is represented by a vector b,
then we solve Ay = b by first carrying out the triangular decomposition, then solving for an
auxiliary vector z from the equation Lz = b, finally obtaining y from Uy = 2. The matrix A
has a simple form, and this is reflected in the forms of L and U, and all the computations
can be expressed by simple formulaes The matrices are shown below, gaps denoting zero

elementse.

A L U
349 24p 1 Ug Yo
' Ly 1
31 22 23 11 Yoz Y3
Azp 23z 83y o Uzz  Uzy
43
343 4 s Uy YWs

The computation is summarized by the following equations:
(1) determination of L and U

(special) Ugq = 844

-

Up,r+1 = 8p,r#1 , ~
(general) . j rt1,r Yrr = 2r+g,r . ' (20)
L 1r*1,r Up, r+y * Ur+1,r+1 = 8p+q,rH1
)

(1i)determination of 2

(special) z.=Db
(general) lr+1,r %r * Zrp1=Prtq

(iii)determination of y

(special) Unn Yn = 2p )
2)
(general) Up,r Yp ¥ Up,rig Ypbt ° Zrey

This process 1s easy to code and quick to performe When the first appraxlmtion has
been obtained the difference corrections can be calculated and the process repeated.

For non-linear equations the matter 1s more complicated. The simultaneous algebraic
equations are non-linear, and no very satisfactory technique exists for thelr solution.
They can often, however, be solved by an iterative procedure 1lnvolving alterations in the
coefficlents but not the form of A after each iteration, For example, if y is an approxi-
mte solution of the non-linear equations (17) (with A neglected), now regarded as sirmltand
ous equations, a correction n can be found from the linear equations typifiled by

I ICYCAN _ el [0 . 529 1. ‘
nr+1{1 '121'12 @y> r+1}+r\r"1 {1 5 I’P<ay> et } ‘nriz + 6h2 <ay/ r} 0 (23)
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Eigen—value problems.

Eigen-value problems are of boundary-value type and homogeneous. If we use the same
tinite-difference equations as in the previous section, a linear second-order equation reduces
to the determination of the eigen-values and vectors of the matrix equation

(Aa-1Ny0 (24)

for which standard techniques are available on most ‘high-speed computers. This method has
decided advantages over the corresponding step-by-step method. No initial knowledge of an
approximation to the required solution is needed, and several solutlons, if required, can be
calculated almost simultaneously from (24).

Programming on the ACE Pilot Model at NPL

We now give a brief description of the programmes so far produced for the solution of
ordinary differential equations using the ACE Pilot Model at NPL.

1.~ The Runge—Kutta method

We use G1l1's adaptation of this method, which takes equations somewhat different from
the set (3), reducing the number of storage locations for each equation from four tO three.
The programme has 74 instructions, including a multiplicatlion routine, solves up to 10 simul-
taneous first-order equations, and can be extended to 32 with no more instructions. The
time taken for a single step of one equation 1s (70 + 4T) ms where T ms 1s the time required
to compute the function f£(x,y) in (4). It 1s convenient to use, and the facility with which
the interval of integration can be halved, while keeping down the rounding error, lends
itself to an easy determination of the truncation and building-up errors. This is done
effectively by retaining a few guarding figures, and it has been found useful, when
integrating over a long range, to punch out this extra word as well as the function, in order
to restart the process at any point and obtain identical resultse

2. Methods using Lagrangian Formulae
We have not programmed any of Milne's methods, but a programme for "prediction followed
by immediate verification", using simple Lagrangian formulae, has been produced for the
equation
¥y = LX)V, @5)
and can be extended almost trivially to the case
¥ o= L(X,¥)e (28)

The simple finite-difference recurrence equation is given by

v, = (2 - W)y, - v_q * O

(27)
1 1
A= — 8 = — 8% —
12 90
We assume 66y0 to be zero and use the differential equation to write
4. - 2.2
6%y, = =6°n%t, ¥, (28)

In general, a smll interval will have to be used, soO there are less significant figures in
hzroyo than in the function itselfs By computing foyo to the same number of significant

figures as in ¥y, we are able to carry a few extra figures in the function which 1s used to
absorb the rounding error due to taking a large number of stepss
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We write

y=Y+w
(29)

-2Pne

F

where Y 1s a single-length word and w 1s a word of p binary digits designed to absorb the
rounding error, when the formula (27) becomes

+ ~ - . -
¥, w1=2Yo Yo+ alip - Wy +2PF, Y,
(30)

Yy tw =¥+ W

2 =-p .
- -IE ("F_l Y_ + 2 FO YO - Fl Yl)
At any stage Y and w are obtained from the first of (30), in which the A of (27) is
neglected (prediction), and immediately corrected by the inclusion of the second term on the
right of the second of (30)., corresponding to the inclusion of A(Y + w). 55 instructions,
including a mpltiplication subroutine, are required, and 11 storage locations for the functions
» Fy FY and 8°FY. The faéllity' for shifting the contents of a delay line 1s used to ensure
that the quantities required at one step are in the correct positions for their application in
the next stepe The time taken per step is 15.ms plus the time required for computing f(x).

A second programme exists, similar to the above, in which the fourth difference 1is taken
to be zeros 38 instructions, including a multiplication subroutine, are required and 6
storage locations for the function. The time for one step is 10 ms plus the time for calcu-
lating £(x)e

There is also a third programme for solving (25)., which takes advantage of the absence of
the first derivative, using the linear form of (17) given by

12 e 101° P
(- Gf)9 s B gy = (- Sy + A0
where ( 1)
1
A==-—=6%y,-
240 ’

Starting with given values Y4 and y, we recur three steps forwards and two backwards, then
compute 6 Yo by the Lagrangian formula. The pivotal value vy is then improved and we repeat
the process wich Yo and the corrected ¥, as new starting valuess The procedure is clumsy and

lengthy but may sometimes be useful when y 1s rapidly increasing, for we need left-shift only
two numbers when they reach a predetermined size.

3. Indirect methods.

A programme exists for the application of the indirect central-difference method for
s0lving the more general equation
Ry
—= = 1(x)y + g(x), (82)
d

which again lacks 1ts first derivative. The recurrence relation corresponding to '(31) 1s now

e 1000 n? ‘
1 -=t)y il «
12 171 = (2 + mp5=f )y, ~(1 = I;:rl)yl 1z (g +1oz, ey + A (yy) (33)
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.and we ignore in A differences of orders greater than 12. There are two parts of the
programme. From the first we calculate an approzimation using (33) with A = 0, difference ¥,
.calculate A and punch out the values of ¥, p° f and A at all points of the range. The second
cprogramme reads in these numbers 1n large bi%ches and we can obtain the correction n from the
equation

10 +
(1 = —f)n, = (2 + ==== £ )a = (1 = —£)n_, T O (34)
1z 1M 1z oo 2 Tt
which neglects %l- 88 The value of n 1s added to the corresponding value of y at each

stage and puncheﬁO out,:\

For the calculation of A we store the appropriate number of central differences, a new
line of backward differences being formed as soon as a new pivotal value becomes available.
Twelfth differences are retained in A, and a warning is automatically given if these go
beyond a certaln size, serving as a check agaix_lit agcidem:al errorss In the second part
of the programme a simlilar warning is given 11‘245 én is not negligible.

To obtaln the required A at the first point of the range the recurrence relation (33) 1s
used to compute several pivotal values in the reverse directions This is performed at the
start of the first programme and the instructions are then overwritten with those for produ-
cing the differences and the corrections A.

The programme was designed to fit in with the characteristics of the Hollerith punche
If it is desired to punch out numbers, then allow the machine to do some computing before
calling again for a punch cycle, the clutch my have disengaged and will have to complete
the cycle before engaging againe. This fact may affect the time taken for a problem by as
mich as a factor of two, so it is desirable where possible to lave the punch running con-
tinuously or for the duration of several cards. The programme does all the computing
.between rows of punching and 4, 2 or 1 values of ¥y can be punched per card provided there 1is
sufficient time to calculate the required number of values of f and g between cards. Other-
wise f and g can be precomputed and fed into the machine in large numbers..

The main programme takes 160 instructions including subroutines for multiplication and
division and uses 64 storage locations for the functions, leaving 96 instructions and 32
storage locations in which to form or store the functions f and g« The time taken when
running continuously to punch out 100 values of the un-corrected function is about 15 seconds,
These values can then be corrected and punched out in decimal by the second part of the pro-
gramme In something under a minute. A programme is in course of preparation for the solu-

- tion of the general linear equation

a2y .
Iyt emy tul) = 0, (35)

using the same type of indirect methods

In this case the first programme must punch out the four quantities ¥, 11% f, {-‘25 g and
A, for each step, so it has been designed to punch out a maximum of two values of y per card,
and tenth differences are taken into account.

In all the programmes of this kind it is a trivial matter to ignore differences of
orders less than ten or twelve when these are insignificant, which might happen if the .-
chosen. interval 1s too small,or at a point at which 1t 1s really desirable to increase

the interval,
4. Matrix Methods

The programme in use for solving boundary value problems of the type (19) has already
_been described by Je. He Wilkinson. It can use a maximum of 64 pivotal points, working with
the equivalent of about fourteen decimal figures. It is a simple matter to formand to
repeat the solution with this correction as the right-hand side of the equations.
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Checking

Many problems solved on automatic high-speed computers, for example the evaluation of a
single algebraic or transcendental expression, can be checked only by repetition: such a
repetition would with advantage involve, 1if possible, different orders of the computational
steps. In the solution of differential equations, however, differencing and spot checking
should guard completely against the possibllity of accidental error. Systematic building-up
error can best be detected by a previous mathematical investigation: the latter is perhaps
even more desirable for work with these machines than for work with desk machines.
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Discussion

DR, MILLFR (Canmbridge University Mathematical laboratory) agreed that, compared with
difference methods, the Taylor series method often has the disadvantage of necessitating the
evaluation of complicated derivatives. Frequently however 1t is easy to obtain a recurrence
relation for the derivatives and this fact makes the class of equatlons which are amenable
to the Taylor series method larger than 1s often supposed. The method has been coded on
EDSAC by Re Brooker for the evaluation of the error function in the complex plane by inte-
grating the relevant differentlal equation along lines parallel to the imaginary axis.

With regard to central difference methods he thought that in spite of the drawbacks
mentioned in the paper it should be possible to produce a practicable programme on same high-
speed computing machines. Estimation of the differences could be made by the machlne itself,
taking as a first guess, for example, some fixed multiples of the last three differences of
the same order. '

DR. FOX mentioned that the use of recurrence relations for obtaining successive deriva-
tives was in fact mentioned 1In his papers

DR. BIANCH (National Bureau of Standards) remarked that if the homogeneous part of an
ordinary differentlal equation 1is linear in form then it is sometimes advantageous to use an
integral representation of the equation on account of the greater stability of the solution.
She had recently written a paper on this aspect. She enquired whether the Taylor seriles
method needed the use of a smller interval than other methods.

DR. MILLER replied that just the opposite was true; the Taylor series method could be
used at very wide intervals. As an extreme example, he had carried out the Integration of
Bessel's equation at a unit interval keeping 25 decimals; the number of terms required
varied between 25 and 80. There 1s no theoretical difficulty in the use of wlde intervals
as there may be with differences; the Taylor series always converges within 1ts circle of
convergence.

DR. TOCHER (Imperial College, London) said that Milne's methods were being used on the
relsy computer at Imperial College. A difrriculty had been encountered in the solution of
the radial equation.
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wheré, for smll values of r
t(r) = k(k-1)r 2+ o(r™1),
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Near r = O the solution behaves like constant X r¥and for rge k a prohibitively srmall
interval would be required. The usual transformation y = r u rrcducéd an equation in which
a term in the first derivative is present and soO was not in the standard form of Milne.
However, Re S. Lee had found some recurrence relations of Milne's type for dealing with this
kind of equation.

Some work was also going on concerning predictor formulae of Milne's type for the first
order equation

ay
- = f(xo y)0
dx

The general form of such a formula 1s given by

= a
y1 OyO + a1y_1+ eea t+ any__n + boqo + blq‘1+ eoe t bmq_m’

where q = hdy/dx. This uses n + m - 2 storage positions in the machines They were finding
out at Imperial College which formula has the smallest truncation error and which leads to
the smallest rounding error for fixed values of n+m ranging from one to tene

Prof. HARTREE (Cambridge University) said that Dr. Fox had mentioned two ways in which
higher differences could be taken into account when using difference formulaes These were
the central difference processes 1n which a correction is made at each step and the after-
correction or difference-correction processes. A procedure intermediate to these which 1is
worth investigation consists of integrating at two intervals simultaneously. Four steps
are taken at an interval h and two at an interval oh and then Richardson's h® extrapolation
tormula is used to eliminate the. leading term in the truncation errore

The method described in the paper for solving the approximate finite difference equation
by the process of matrix inversion was readily applicable to the solution of partial differen-
tial equations of the elliptic kind. He wondered if this procedure was essentially the same
as that referred to by Dahlquist in the discussion of the preceding papers

Mr. DAHIQUIST (Swedlsh Board for Comput ing Machinery) replied that he believed this was
S0e He also remarked that he had been carrylng out an investigation of predictor formulae
similar to that mentioned by Tocher. One feature of such a formula was that if it was based
on k previous points and had an error term of order th then it was only stable if p > k + 2«

PROF. WIJNGAARDEN (Mathematisch Centrum Amsterdam) remarked that numerical methods for
solving second-order differential equations generally gave less accuracy in the derivative
than the function, but the solution of two simultaneous first-order equations determined both
quantities to the same accuracy.

20. The Solution of partial Differential Equations
by Automatic Calculating Machines

by
Ne Eo Hoskin
Manchester University

Any method for performing a calculation with the use of desk machines can be programmed
for an automatic computer but, owing to the inherent limitations of such calculators the best
method for hand computation is not necessarily the most practical when used on automatic
machines. This difference arises because human intuition can no longer play a part, the
storage space 1s limited, and also because provision has to be made to deal with all possible
conditions which may occurs
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The differential equations specifically mentioned below are those of second order in
two independent variables, but the methods are in general capable of extension to a larger
number of dimensions, The storage requirements will increase with the number of indepen-
dent variables and the organization will become more complexe For most partial differen-
tial equations the high-speed store of an automatic machine will be much too small to meet
the storage requirements and an auxiliary store will be necessary. This may be one of
several types such as a magnetic drum or magnetic tape, or the results may even be taken out
on punched cards or tape and fed back into the machine when required. Since transfers to
or from the auxiliary store are relatively slow processes, the number of such transfers should
be kept as low as possible. More discussion of this point will be given when considering
elliptic differential equations.

The methods of solution will depend on the type of differential equation considered and
it will be simplest to consider each type separately. We may mention first the Monte Carlo
method since it may be adapted to solve these problems where the value of the function is
specified on the boundary of the reglon over which the differential equation is valid.
However, the convergence 1s extremely poor and the number of runs necessary to achleve a
desired accuracy is usually excesSsive. It may be a practical method if the behaviour of
the function is only required in a small section of the domain of integration.

It is assumed throughout that any method chosen will be stable, SO that errors do not
build up excessively. This would have to be considered even if the solution were being
obtained by hand but if an unstable method 1s being used on an automatic machine the effects
will probably go unnoticed until the error becomes so great that the programme breaks down.

Parabolic Equations.

We will discuss the methods of solution by reference to the diffusion equation in one
dimension

x . (x)Q§£— ' 1)
at’, D 8}{2 [ .

which governs conditions in the region
0<x <1, 0 t €

and with boundary conditions given onx = 0, X = 1, and t = 0. These boundary conditions
are those which often occur in practice, and since the conditions are open in time it is
usually easiest to integrate in the direction of increasing t.

A finite difference equation may be constructed by replacing the derivatives by finite
differences between function values on a rectangular mesh with intervals At and Ax. The
difference equation will depend on the way in which the derivatives have been replaced (here
the question of stability will have arisen) but. in all.cases-an equatlion is obtained which
relates the values of the functions at time (t + At) with those at time t ( and perhaps
those at time (t - At))e The resulting equations may be solved for the set of function
values lying alengthe mesh 1ine (vt + At) and the same programme may be used to solve for
the functions at (t + 2At) by changing t to t + At and replacing f(x, t) by f(x, t + At) etcs
The boundary conditions on x = 0 and x = 1 can be taken into account fairly simply. Even
1f normal derivatives are involved it will add only two equations to the total number of
simultaneocus equations to be solved.

An alternative method is to replace the derivatives with respect toO only one of the
independent variables by corresponding finite differences. In this way ordinary differen-
tial equations are obtalned. In equation (1) this may be done in two ways: (a) by repla-
cing the derivative with respect to X and thus obtaining a set of simultaneous first order
differential equations which may be integrated along the lines x = nAx, or (b) by replacing,
the time derivative and obtaining a second order differential equation which has boundary
conditions on x = 0 and x = 1. The disadvantage of having closed boundary conditions makes
(b) less amenable to machine use than (a) and in addition the process (a) is immediately
extensible to more than one space variable and to non-linear equatlons.
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Hyperbolic Equations

The methods mentioned above for parabolic differential equations are also suitable for
solving hyperbolic equations and method (2) may be used without modification if the equation
possesses oOpen boundary conditions in time.

However, since the characteristic curves of a hyperbollc differential equation are real,
it is possible to programme a machine to obtain the function values at the points formed by
the intersection of the two families of characteristics. This may be done even if the
equation is not linear, although it may involve an iterative process at each step.

Elliptic Equations

When a solution to a hyperbolic or parabolic equation is sought by the method of finite
differences it is at worst only necessary to solve a set of simultaneous equations for the
values of the function along one mesh line t = constant since the function depends on previous
and not on future values, However for an elliptic differential equation the value of the
function at any point in a region depends on conditions holding on a curve totally enclosing
that region. Therefore, when the equivalent finite difference problem is formed it is neces-
sary to solve a set of simultaneous equations for the values of the function at each mesh
point, including points on the boundary which are included by expressing the boundary condi-
tions in finite difference forms Therefore the number of equations is much greater in the
case of an elliptic equation than for a parabolic or hyperbolic equation of corresponding
complexity. The problem of storage 1s now much more important and is a dominating factor in
the formtion of a programme to solve the equation on an automatic computers An auxiliary
store is a necessity and, since the access time to this store is relatively lengthy, processes
which require a large number of transfers to or from the auxiliary store are to be avoided
if at all possibles However it is often possible to transfer information in blocks of
numbers (rather than in single numbers) and this fact may be put to good effecte Consider
the problem of solving the equation

== (2)
D
“to be solwed on a rectangular net. We may form the corresponding difference equation
n 4‘
S a1, =-00 (3)

i=o0 D

connecting the value of the function at a point with the values of its neighbourse One may
choose the simplest form, using a square mesh of length h,

1 ’ 4npo ‘
1 -4 1} ¢t + o@mhH= (4)
1
or the more accurate form
1 4 1
amp;
4 =20 4 f + O(h = 1 (5)
D
1 4 1

and 1f any point is being considered three rows (or colums) are involved. Therefore a saving
in time 1s effected if it is possible to transfer a row (or column) of function values In a
single operation. Also if it is possible to hold three rows of function values simultaneously
in the working store the function values along the whole row may be adjusted before another
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transfer 1s nesessarye If the number of points in the row is too large to be transferred at
once, or if the space available in the working store is insufficient to hold trhe contents of
three complete rows the data must be transferred in sectionss

a a
a [ XXX} L] 1 L] 2 [ LR N e [ L] [ 9 9 LR R
b, b, D
b by P r< rtF Preg Op  Preg
e e ® ] L] 0699 o [ 9 ] ° 9eQ0
¢ ¢
c 990 ° 1 02 L] [ R R} ¢ 9 (] L] 9 L] LR X
Set 1 set 2

The contents of rows a, b and ¢ contalning the numbers 1 tor (l.es transfers are made-
in blocks of r numbers) are brought down as Set 1. This enables the values of the functions
b1 to br-i to be adjusteds The function br cannot be adJusted since br+1 (perhaps ar+1 and

Cr+1) 1s not avallable in the working store. Therefore some duplication has to be made as
shown. 1.e. 'br-1 and b, must also be present in Set 2. If more complicated difference

equations are chosen the problem of storage will become progressively more complex, e.g. 1f
the equation has non-constant ccefficients it may be necessary to store these, although it
will sometimes be more practical to calculate them when required. However, if more compli-
cated equations are considered in which the error term 1s much smaller, less points need

be consideredeo

The task of devising a programme to deal with all types of boundary is a formldable one
but in many cases the specific problem will be of sufficient Iimportance to Justify time being
spent in devising individual methods. However, some possibilities suggest themselves when
constructing a general routine. Let us first consider a rectangular net covering a rectangular
regione In this case, the problem of recognising a boundary point 1s very simple. The
points on the mesh may be numbered in order; each number being of the form m = pk + Js where
p 1s the number of points in each row and J specifies the distance along each rows

3p| 3p +1 3p 1)
2p| 2p|/t1 2p 1J
p pl+1 p ]
0 1 2 J p-1

The boundary points are then given by the following conditlons:

k= 0, k= maximum value of kK, J = 0, J =

All other points are interlor points.

P -1

This system is so compact and suitable for a machine that it is desirable to transform
the domain of applicability of the differential equation to a rectangular region, 1f such a

transformation is possible.

This results in the difference equation having non-constant

coefficlents, a serious disadvantage in hand computation, but when using an automatic machiné
this 1s outwelghed by the ease with which boundary conditions can be taken into account.
This 1s especially so since the normal to the boundary lles along a mesh line,

( 145 67).
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in some cases it will be impossible to transform the region to a rectangular region
and in this case the problem becomes more complicated. However one may label each type oOf
point by means of a tag-number and this can be done by using the least significant digits Of
the value of the function itself, In this way, by an analysis of the tag the programme can
distinguish between interior and boundary points and use the appropriate difference equation
to adJust the function values The details of the boundary conditions will have to be stored
together with the value of the function at the bcoundary pointe These may be stored in
storage locations adjacent to the function value or some other location which may be found
by further analysis of the tag-number.

. When the elliptic differential equation 1s replaced by a finite difference equation, a
set of a large number of equations must be solved simultaneously. When the problem is done
by hand, the obvious choice would be the relaxation process but this has severe disadvantages
when applied to machine use, the main ome being that the cholce of the next mesh point to be
‘adjusted depends on a condition satisfied by the présent value of the residual at that pointe
This means that the value of the residual at every point of the mesh must be Inspected; this
1s extremely wasteful of machine times Also one of the advantages of the relaxation process
when used by hand is that all calculations are performed with small numbers (the residuals)
but this advantage disappears when the calculations are performed by an automatic computer
since 1t is no shorter or easier to calculate with numbers of few digits than it is with
numbers Just within the range of the machine.

Therefore a straightforward iteration process seems most appropriate for machine use, but
the form of the process is arbitrary. We again consider points_on a rectangular net of
square mesh, using the same numbering as before, and denote;py ¢g,k the value after n itera-

tions of the function at the polnt m = pk + J. The simplest iteration process Is that
known as the Richardson process which for Laplace's equation applies a correction to each
point, thus

LSS S IS + + o8 + - 40" |

Pk 9t @] 0tk 0Y et et Ok 4%.1(}
Usually a = 4+ §ince this value gives optimum convergence and also results in the disappearance
of the term ngko

A modification of this process is the Liebmann process which applies this correction in
succession using corrected values already obtained. It in the net considered here the
process 1s started at m = 0 and continues with Increasing m, the equation becomes

g 4o | gR L 4 gD + gDt 4 gD n |
Pk = 93,k "‘Lq’s—ipk Ptk * 0kt ¥ 9 THOpeK |
and again ¢ 1s usually taken to be +; the residual at the pivotal point is then temporarily
reduced to zero with each application. The convergence of this process 1s better than that
of the Richardson process but it has.the disadvantage of having to retain the corrected value
in the working store for use in adjusting subsequent points.

When the relaxation process is used in computing by hand, greater convergence may be achieved
by "over relaxation® and this is also true when an automatic computer is used. The conver-
gence of the Liebmann process 1s improved by choosing o > % For lLaplace's equation on a
mesh of pq points (where p and q are large), Frankel has shown that the optimum value of q is

1 )/5! 1 1 1

o g = == == -2
4 p? qz
For more complicated equations it may be difficult to calculate the actual optimum value of ¢
but a value may be found empirically. In a problem actually considered solutions were found

for various values of ¢ and the optimum value was found to be ¢ = %e This value should beas
good as any other arbitrary choice unless the actual optimum value can be calculated.
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The convergence my also be improved by retalning previous solutions (if this 1s possible
Without cvertaxing the auxiliary store). In order to improve the accuracy of the solution
it is possible to use the difference correction technique and thus take higher differences
into account. or again the solution may_be found on a net of different mesh length and an
improved solution found by Richardson's e - extrapolation process.

Throughout the plamning of a programme one has to consider the factors of speed, accu-
racy and spaces The three are interdependent and the programmer has to attempt to obtain
the maximum efficiency by considering all threes The main point to remember 1s that much
time will be wasted 1f the programme has to deal with many possibilities. It 1s better to
have a complicated equation where all complications occur in an ordered manner (e.g. non-
constant coefficients) than to have a simple equation which has to be applied in a non-
rout ine mannere

Discussion

PROF. HARTREE (Cambridge University) opened the discussion with two allied warnings.
Just as it was dangerous to stipulate general principles for programming when concerned only
with a projected machine, so also broad principles relevant to the numerical solution of both
parabolic and hyperbolic equations could be misleading. For example, although, as in para-
bolic equations, most problems involving hyperbolic equations had boundary conditions of the
open type, cases did exist in problems with periodic solutions in the time variable which had,
effectively, closed boundary conditions.

PROF. HARTREE'S next point concerned parabolic equations. Suppose the time derivative
has been replaced by a finite difference approximation. Then the step-by-step integration
of the second-order equation in the space direction 1s unstable, and it is necessary to use
relaxation, or equivalently the process of matrix Inversion of the approximate finite dif-
ference equations described in the previous papers

Thirdly, he queried whether 1t was wise to consider parabolic and hyperbolic equations
together; he himself regarded hyperbolic as one stage more difficult than parabolic equations.

His fourth point was to remind his audience of the fact (implied in Hoskin's paper) that
1f the coefficients of the second derivatives in a hyperbolic equation were functions only
of the independent variables, then it was possible to determine initially the whole mesh of
characteristic curves; but if these coefficients involved the dependent variable it was
necessary to obtain both the characteristics and the function values simultaneously at each
step. An obvious example of this latter case was the equations of supersonic flow, where,
incidentally, there were effectively four simultaneous equatlons, not necessarily algebralc,
to solve at each stepe

Fifthly, he admitted that he used to think that the possibility of relaxing a partial
differential equation depended, merely, on whether it was elllgtic or nots But consideration
of the simplest relaxation pattern for the elliptic equation ©w<p = K¢ shewed that 1f Kk were
positive, relaxation was easier the larger k was, but for negative K, relaxation was imprac-
ticables Conversely, although on first sight the simplest finite difference approximtion
t0 the Wave equation

P, Fu

% 2 ot?

Cc

in the X, ct plane was the worst possible from the relaxation point of view, it was immedia-
tely soluble. - Moreover, since the general solution 1s F(x + ct) + G(x - ct), the finite
difference equations and the differential equation have a common solution; so that there is
no truncation error.

gixthly, e qucted an example of an elliptic equation from a wave guide calculation where
a purely mechanical process of relaxatiocn did not in fact converge to the correct solution.
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He concluded by an appeal for more research with desk machines on all types of partial
differential equations before too much energy was devoted to solving them on automatic
computerss

MR. HOSKIN replied that the greatest difficulty of using relaxation methods on automatic
computers was the considerable amount of organization required.

DR. HARTREE replied that this was far worse for non-linear equations.

MR. HOSKIN then gave as an example the non-linear equationc?p = sinhp, which he had actually
solved on the Manchester machine. He had transformed the independent variables so that the
boundary conditions became rectilinear, but the equation became even more complicated.

Dro Hartree commented that the original equations could be written as

and the coefficient of p on the right hand side was positive, SO that this elliptic equation
belonged to the class for which relaxation was easily used.

DR. FOX (NPL) agreed that the matrix inversion process for the space-wlse equations was
'very satisfactory when sclving parabolic equations step by step in times With regard to
these elliptic equations which are not suitable for relaxation he had encountered this dif-
ficulty in two kinds of problemes Firstly, problems of forced vibration demand the solution
of the equation :

V2 +Kp = £z,

Unrefined relaxation was not necessarily a convergent process, but the finite difference
equations could quite readily be solved directly, by the Gauss - elimination process for
examples Secondly, elgen-value problems may lead to the equation

V2 +KBp=a0,

‘where the value or values of k which provided non-trivial solutions satisfying the boundary
-conditions were required, in addition to the solution ¢« Here the difficulty was not
easlly overcome, but general experience and a process of using changes 1in k to liquidate
the residuals had enabled him to obtain solutions. He concluded by remarking that he
regarded elliptic equations as harder to deal with than hyperbolic or parabolic especially
when they involved ccnditlons. on curved boundaries. More research was required.

DR. IEE (Admiralty Research laboratory) suggested the possibility of speeding the con-
vergence by letting the quantity menticned in Haskin's paper in connexion with the Liebmann
process, vary from point to point. He outlined a process for choosing ¢ as the solution

progressed.

Finally MR. WILKINSON observed that when using the method of characteristlics, 1t was
usually possible to get a very good initial guess from the differences to the solution
by iteration of the four simultaneous equations mentioned by Prof. Hartree.
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THE UTILIZATION OF COMPUTING MACHINES - 11|

Chairman: Dr., L. Fox

21a Mathematical Tables
by
E. T. Goodwin

National Physical Laboratory

A. THE PRODUCTION OF MATHEMATICAL TABLES BY A HIGH-SPEED DIGITAL COMPUTER

Introduction

The effect of the advent of high-speed digital computers on the preparation of
mathematical tables has two distinct aspects. We may be concerned with the preparation by
the machine of tables for general use and this I shall discuss in the first part of this
paper; 1in part BsI shall conslder the preparation of mathematical tables for direct use
within the machine in the course of its work.

- In discussing these two topics we shall need to consider four broad classes of
mathematical tables. These are tables of elementary functions, such as the exponential or
trigonometric functions; tables of higher mathematical functions, such as the exponential
integral or Bessel functions; tables of "physical functions", usually simple functions
contalning experimentally determined constants; and truly "physical tables" which have been
obtained from the results of experiments, the drag law for projectiles being a good example
of this type of table. 0f these, 1t is the tables of higher mathematical functions whose
production will be most profoundly affected by the use of electronic machines and all the
points I wish to make will be brought out by reference to this class only. .

The Inmediate effects of Electronic Computation

The three main stages 1n the production of a mathematical table are planning, computation
and publication. For many years computation and publication have afforded problems of
roughly equal complexity, though recently publication difficulties have tended to increase.
The immedlate effect of using high-speed computers 1s to reduce the labour of computation by a
factor of the order of a hundred. That 1t will be impossible to continue publication of
tables produced In this way by letterpress 1s clear for two reasons; the printers could not
possibly keep pace with the output of tables; also 1t 1is now possible to compute many more

. large tables and the cost of publishing them all in this way would be prohibitive.

‘ It has been suggested that the solution to this problem 1s to dispense with publication
‘and to make the table avallable on, for example, punched cards, or the table might be
planned and programmed but the computation postponed until a specific need for numerical
‘values arose, the exlstence of the programme belng advertised meanwhile. I do not believe
that elther of these suggestlons can have more than a limited success. They can be very
helpful as far as the world's mailn centres of computation are concerned but for small
organizations and individuals there will be no substitute for a published table.

Alternative Methods of thliéation

0f the various possible alternatives to printing by letterpress, the one that appears
likely to be most convenient and that can at the same time yleld results of good quality is
photographic reproduction from mechanlcally-prépared copy. There seems no reason why
tables prepared in this way should fall very far short of the high standard of presentation
established in the past by such bodies as the British Assoclation Mathematical Tables
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Committee. But really good results can only be achieved by the exercise of great care, and
then only with the right sort of equipment.

The copy will be prepared on some form of mechanical typewriter, - I am using "type-
writer" here in a very general sense. This typewriter may be linked directly to the
computer or may be an independent unit whose operation is controlled by punched cards,
magnetic tape or whatever may be the normal form of output of the computer.

The second alternative has been chosen in our Mathematics Division, where we have an
IBM electromatic typewriter controlled by a card-reader supplied by British Tabulating
Machine Co. The usual objection to the direct linkage of typewriter and computer lies in
the relative slowness of the typewriter compared with the speed at which the computer can
produce results. But even 1f a sufficilently speedy typewriter were available, a high
standard of presentation can only be achieved by independent operation. A well set-out
table cannot be planned in complete detail until the results have been calculated and
examined,

In this connexion it 1s important that the control of the typewriter should be as
flexible as possible, The effective presentation of a table depends very much on such typo-
graphical detalls as the.ability to suppress leading zeros, or signs, the inclusion of the
sign at the head of blocks of five entries and when sign-changes oeccur and so on, The
cholce of a suitable form of type is also very important, of course, as is the cholice of the
paper on which the table is typed.

Apart from the question of speed, photographic reproduction has the advantage of
eliminating the necessity for a great deal of proof-reading, hitherto made necessary by the
errors occurring during typesetting. Unfortunately proof-reading of the typewritten copy is -
still necessary as we cannot be certain that the correct figures have always Deen typed even
though the punched cards, for example, are known to be correct, Various checking devices
can be built into the control of the typewriter but I do not think that any experienced table-
maker would ever De prepared to assume its infallibility, Proof-reading is a very time-
consuming operation and this ralses seriously the question of whether an automatic proof-
reader can be constructed, Such an instrument, if moderately priced, would form part of the
equipment of eny computing organisation of even moderate size.

Planning the Future Mathematical Tables.

The completion of a number of existing projects for mathematical tables will be hastened '
by the use of electronic computers; the form of such tables 1s unlikely to be altered
appreciably, however, Where electronic computation will have 1ts biggest effect in table-
meking 1s in the preparation of very much more extensive tables than has hitherto been
possible. In referring to more extensive tables I am thinking of their scope rather than
their physical size; it is, indeed, essentlal that the latter should not be allowed to
increase proportionally to the former,

From the human computer's point of view the 1deal table gives him precisely the function
he wants and 1s linearly interpolable. It has been quite justiriable to give him such
tables in the past, tables usually of elementary functions which could be kept within a
reasonable compass. But such a policy cannot be pursued in the future; not even a large
organization would have the shelf space to store, or the money to buy, the volumes that would

ensue.

Two methods of restricting the size of tables of higher mathematical functions have
already become common practice; these are the use of suxillary functions and of some form of
modified differences. A third method which 1s more recent is the use of auxiliary functions
of the argument as well as the function. As an example of the successful use of all three
methods I may mention a table jJust completed in the Mathematics Division of NPL from which
one may obtain 8 or 9 decimal values of any of the Bessel functions Jp, Yp, Ip and K, for

integer orders of n up to 20 and a range of argument from 2 to infinity, ths whole table
occupying 20 pages. The user of such a table will have to do a small amount of computation
to obtain the values he requires but this inconvenience is completely outweighed by the
advantage of having a small compact table readily avallable for use.
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where we are concerned with the tabulation of a function of one variable, even 1f it be
over an infinite range, for a moderate number of values of any parameters involved, we may
expect such methods as these to enable us to present the tables in a reasonably compact form.
The satisfactory tabulation of a function of two or more varliables, however, presents a
problem of a different order of magnltude. No single complete answer to this problem 1s
11kely to be found, but recent work by F. W, J. Olver of our Mathematics Division suggests a
line of approach that may be very proflitable in many cases.

Olver has shown that the Bessel function Jy (V z) has an extremely powerful asymptotic
expansion in descending powers of V&, Though the coefficients involved are compllicated
functions of z they can be tabulated and the series used to compute Jy (V 2). In this way
the tabulation of a function of two varlables can, for a considerable fraction of thelr total
range, be reduced to the tabulation of a number of functions of one variable only. It is by
such methods as this, in which analytical methods are used to break down the tabulation to
one of a smaller order of magnitude, that we may hope to produce usable tables of higher
mathematical functions.

It is, I think, worth labouring the point that, 1f 1t i1s not to be misapplied, the use
of high-speed computers to produce tables’ of this nature will not lead to a decrease in the
necessity for preliminary planning and analytical work. Indeed when we consider the rate at
which tables can be computed on these machines 1t 1s clear that there will be a demand for a
considerable increase in the analytical 1nvestigation of the functions' properties. It will
not be necessary to discover such erudite methods of avolding computational labour as in the
past, but this gain will be more than offset by the difficulty of working out really compact

methods of presentation.
B. THE USE OF MATHEMATICAL TABLES IN A HIGH-SPEED DIGITAL COMPUTER
Introduction ‘

In the first section of this paper, I referred to four broad classes of mathematical
tables. Tables of each of these four types are needed for use in computations carried out
in high-speed digital computers. The use of elementary functions or of the simple physical
functions in this way generally presents no great difficulty. They are usually easlily
calculable, a simple programme for their computation can be incorporated within the main
programme, and 1n the case of elementary functions this will usually be a standard
subroutine. When electronic diglital computers were first being developed, there was a
tendency to assume that the use of other forms of mathematical tables would present no
greater difficulty; the assumption was that the table could always be stored in the machine,
either in its main high-speed store or on punched cards, magnetic tape or whatever the
auxiliary store might be. In practice the problem cannot be dismissed quite so summarily.

The high-speed store of a machine 1s usually of a very limited capacity. In all but
the simplest of problems it 1s all too rapidly filled up with instructlions and subroutines
for carrying out the computation. Though an Intermediate store offers rather more scope
and though it or the high-speed store may well include subroutines for the determination of
elementary functions, a programmer would be unwilling and usually unable to include a
complicated programme for the determination of a higher mathematical function. Thus the
table would have to be stored 1n the auxiliary store and one 1s immedlately brought up
against the problem of the time of search in a table stored in this way. This 1s
particularly true for an extensive table so that, even though the auxillary store may be of
unlimited size, a considerable advantage can be gained by making the table more compact.

If one regards a programme for the computation of a function as belng a particular form
of table of that function then i1t will be seen that the maln problem before us 1s the
production of the most compact table possible for use in the machine, I now consider some
ways 1n which this may be ‘attempted.

Elementary Functions
Though I have sald that the use of elementary functions and simple physical functions

presents no real difficulty, space in the high-speed store is so valuable that there is every
incentive to produce the most compact possible programme even for these functions.
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Many functions are convenlently calculated from series expansions; this 1s particularly
so 1f several such functions are required 1n one problem when the subroutine for summing a
series is common to all computations. The effectiveness of such a method depends on the
number of terms that have to be retalned to obtain any required degree of precision and this
may be drastically reduced by the use of Chebyshev polynomials. A series of such polynomials
provides the lowest degree polynomlal that approximates to a given function with a certain
precision over a prescribed range of the argument x. For use In the machine, the series may
then be rearranged as a polynomial in X. A collection of such approximations is being
prepared 1n the Mathematics Division by C. W. Clenshaw. Typlcal examples of the saving
achieved in this way are given in Table I. It is worth noting that the use of Chebyshev
polynomials 1s closely allied to the use of modifled differences referred to earlier in this
paper under *"Planning the Future Mathematical Tables".

TABLE I
Number of ‘terms in
Function Range Accuracy -
Taylor expansion | Chebyshev expansion
eX O0to1l 10D 14 9
~D ¢l 10D 8 7
cos X 5 0 >
-1 T T
sin"* x T =t0o~ 10D 25 10
ve A2
1n(14x) 0to1 10D 1010 14

A closely allied method of producing more compact representations of functions 1s the
Rational Approximation method of C. R. Hastings Jnr. of the Rand Corporatlomn. His method
appears to be. somewhat empirical. . Where he produces polynomial repreccntations these
strongly resemble or are identical with those obtained using Chebyshev polynomials.

However, as the name Implies, his method consists in general of producing rational approxima-
tions to functions and so is more general than a method which can only produce polynomial
approximations. Some of the formulae he obtalns are remarkably compact and hls results are
1ikely to be of conslderable value to diglital computers. Unfortunately such accounts as I
have read of Hastings' methods suggest that they owe a great deal to hls particular flair for
the work. A systematic mathematical attack on these llnes would be of great interest.

Higher Mathematical Functions

Both the methods just referred to can be used in a similar way for some higher
mathematical functions. When this 1s possible a simple programme can be obtalned for the
computation of the function and, once agaln, the most convenlent "table" of the function 1s
this programme. But it cannot be expected that this will always be the case, particularly
when the function contains variable parameters or has two or more independent varlables. In
such cases Olver's method, referred to in an earller sectlon, should agaln be helpful. Even
1f 1t 1s used, however, 1t appears very unlikely that it would be possible to avold storing
some form of table in the machine. .

As I have sald the maln requirement for any table stored in the machine 1s that 1t
should be compact. We can, therefore, expect that the methods mentlioned 1n the section on
"Planning Future Mathematical Tables", as enabling tables to be considerably reduced 1in size,
will again be useful. Indeed such methods as these may be used to an even greater extent in
an electronic machine, as the added labour of computing the function from a highly condensed
table is of less importance than when the work ls undertaken by a human computer.

There is a distinction between the human and the mechanised computer that should be made
at this point. With the human computer a table can very largely be judged on its own merits;
for example the necessity of having a table of Everett coefficlents for use with a table giving
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high-order differences for interpolation is not regarded as welghing heavily agalnst the

~ convenience of such a table. With an electronic machine such considerations may be of great
importance. Since the programme for many problems contalns a subroutine for summing power
serles, 1t may well be that the most convenlent table for machine use will give coefficlents
in such serles rather than the more usual modiflied differences.

Physical Tables

I will conclude with a few remarks concerning the use of tables derived from experimental
work. Again, wherever possible, the table will not be stored but will be fitted by, for
example, a sequence of polynomials whose coefficlents are stored. It 1s very important
indeed that the table should not be endowed with a spurlous degree of precislon, particularly

-when this seriously complicates the problem of fitting it satisfactorily with simple
functions.

In some cases a strong distinctlion 1s made between real accuracy and nominal accuracy.
Though the experlmental work on which a table 1s based may be of very limited precision, the
table may have been deliberately smoothed to a much greater precision in order to obtain
greater consistency between results of computations based on 1its use. In such a case it may
be advantageous to go right back to the experimental results in order to fit them by simple
functions which may nevertheless be designed to give the required degree of nominal accuracy.

Discussion

MR. SADLER, (H.M. Nautical Almanac Office) sald that Dr. Goodwin had listed three stages
in the making of tables - planning, calculation and production. The importance of good
presentation of printed tables should also be stressed. To obtaln the best presentation,
tables could not be produced directly from an automatic calculator.

Thirty years ago mathematical tables and particularly tables of logarithms were used as
instruments of calculation as well as books of reference, In the future only casual users
would need printed tables. Systematic work on automatic calculating machines would use
tables punched on cards or from the machine store. To cater for these casual users, tables
must be produced at a minimum cost with the maximum amount of data per page. They could with
advantage be reproduced photographically but good leglbility must be preserved, Proof
reading would always present a problem, for even if the print unit could be made completely
reliable photographic copying 1is never perfect. An efficlent automatic proof reading
machine would be a great boon.

DR, BLANCH (National Bureau of Standards) sald that high-speed automatic calculators
could produce vast numbers of tables, but that publication would be difficult. She raised
the question as to whether, according to the theory of the "Survival of the Fittest", the

blgger or the better tables would survive.

Table making has tended to be treated as a background problem for some high-speed
machines, and for this purpose tables must be uniform and therefore often cumbersome.

The preparation of planned tables of speclal interest to physicists or mathematiclans
has never been profitable. However, 1f thelr requirements could be specified and programmes
produced, 1t should be possible in the immedlate future to provide by high-speed machines a
cheap service of this kind,.

Much could be done to produce tables of five, six or even eight significant figures by
methods such as those of C. R, Hastings.

The users of electronic machlnes tend to be over-enthusiastic and rather inexperienced
computers. It 1s most essential to be able to state the accuracy of the final results, and
to obtain a knowledge of the properties of a function before computation.

MR. OLVER (NPL), said that in the planning of future tables standard interpolation
facllitles are desirable, In addition to the complication of changing variables etc., in
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exlsting compact tables there 1s a cholce of interpolation facilitles. One can use modified
differences, reduced derivatives or Lagranglan formulae. Chebyshev polynomials might provide
a better method for interpolation. It would be necessary to tabulate functional values,
together with the coefficlents of the interpolation polynomial of lowest degree.

Such tables would have the advantages that no tables of interpolation coeffliclents are
required, a larger interval of tabulation 1s possible than when using differences, and
derivatives can be calculated falrly easily from the same tables, Preliminary tests have
indicated that this method of interpolation ls guicker than standard methods.

MR. SADLER pointed out that such tables do exlst on punched cards, but for use in inter-
polation the functional values of a printed table would have to be faked.

MR. OLVER agreed that‘raked functional values of the form f£(x) + 55/61,440 could be
used, but said that it 1s possible to tabulate true functional values by using a modifled

polynomial with only slight loss 1n accuracy.
MR.” ROUTLEDGE (RAE)}, stressed the lmportance of considering the errors arising from the

. o
use of Chebyshev polynomials. Any f(%) = %, ay T,(x), truncated to N terms, 1s not the

polynomial which deviates least from £(x) over the range (-1, 1) although it 1s a good fit:
the theorem is strictly true only when f(x) is a polynomial of degree N + 1, Chebyshev
polynomials are Fourler serles squashed into polynomials, and curtailed Fourler series are not
necessarily the best fit to a series of functional values.

Considerable errors arise in derlvatlves calculated from Chebyshev polynomlals. The
differentiated series based on the polynomial of five terms may produce a derivative with an
error five times as great as that of the functional values. The Taylor series on the other
hand can be differentiated without loss of accuracy.

Mr. Routledge derived an expression for the remainder in terms of functional values,
from the contour integral formula quoted earlier by Dr, Turing for the remainder term in a
finite difference expansion.

DR, MILLER (Cambridge University Mathematical Laboratory), compared the errors arising
in interpolated functional and derivative values produced by the use of n terms of a Taylor
series and by a Chebyshev polynomial. Errors in the derivative are not so serious as
Mr. Routledge had suggested. The gailn in accuracy when using n terms of a Chebyshev
polynomlal in preference to n lerms of a Taylor series to calculate functional values 1s &z,
while the loss 1n the derivative 1s only n.

Interpolation facilities are an essential part of a table, but users require as small a
table as possible. A table with modified second differences 1s better than a llnear table,

and the use of Miller's ™modifled Everett Chebyshev formula" reduces the number of
tabulations required for a linear table by a factor of approximately fifty.

22. Applications of Electronic Machines in Pure Mathematics
by
J. C. P. Miller
Cambridge University Mathematical Laboratory

Many pure mathematiclians can see no way in which their studies can be asslisted by
electronic computers. There are, nevertheless, many processes which, thoueh not completely
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numerical, can be standardizéd and codifled. Some of these can involve long and tedious
work, and it may be possible to use a machine.

In additlon to such applications there are cases where numerical tables can shed new
light on certain questions of Interest, or where they may suggest new problems for study.

I shall consider under the followlng headings a few cases known to myself or which have
interested me. I am conscious that I have probably missed many other applications.

ALGEBRA 1. Elementary
2. Group-theory
3. Matrices

TABULATION

NUMBER-THEORY
i. Diophantine Problems
2. Factorlization and Listing primes
3. Other problems

ALGEBRA
Elementary

Many 1nvestligations involve algebralc or similar processes. It may, for instance, be
useful to manipulate a power series.” It 1s relatively simple to code up multiplication,
division and powering (integral or fractional} of a power series. It also is easy to deal
with differentiation or integration term by term.

Such processes have been considerably developed and used by theoretical chemists under
Dr. S. F. Boys In Cambridge; 1in particular, J. L. Turner has made EDSAC routines for
applying recurrence relations to or differentiating series of the form

Y% X YB zY u<5 or Y EL (-0 x)yfB 2Y ué, and so on.

Turner's routines 1nvolve obtalning new coefficlents from old ones, read in on a tape,
then combining and re-arranging the terms, and presenting them to the user on an output tape,
ready to be printed or used again.

Group-Theory

(a} C. B. Haselgrove, 0f Kings College, Cambridge has investigated routines which, from a
small number of defining relatlions for the generators of a group, seeks out all possible
further relations, useful in reducing a given combination of multiplications to its simplest
form. These relations can then be used, by means of another routine, to determine all the
elements of the group. This ploneer programme is not fast, nor can it deal with large
groups, but 1t demonstrates the possibility of using a machine for such problems,

(b) Haselgrove has made up another programme which also starts from a number of defining
relations conrecting the generators of the group. It makes a 11ist, however, of elements of
the group and the product of each by each generator. Elements are numbered 1n succession
and colincldences eliminated. In thls way the order of the group 1s determined, and a
'linear' multiplication table formed. This 1s much more rapid than the earlier programme —
30 to 50 times faster. It can deal with very large groups by means of sub-groups of
manageable order. The same treatment is then applied to a sub-group and 1ts co-sets; the
order of a large group may thus be found as the product of manageable factors.

The Investigation of group-theory is still at a very early stage of development,
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Matrices

The use of machines in connexion with matrices -~ the evaluation of determinants, the
inversion of a matrix, the determination of latent roots, etc. comes rather in the realm of
applied mathematics, Nevertheless, the need to tackle these problems on electronic machines
has stimulated a very great deal of research and development of methods; one may mention
particularly the work of C. Lanczos at the Institute of Numerlcal Analysls at Los Angeles,
on his method of minimized iterations.

TABULATION
Several tabulations have been undertaken in attempts to prove, disprove or throw light
on various mathematical conjectures. In any case, I maintaln that a full understanding of
any mathematical function 1s Incomplete without at least a skeleton tabulation, which may
well bring out qualities that might otherwlse be overlooked.

Other tables have been made purely from interest (a very proper pure mathematical
outlook!) and, when made, have suggested new properties or relationships for further study.

C. B, Haselgrove has tabulated the Riemann Zeta-function J (» + 1t) and <f(1 + 1t) for
t = 0(0.1) 100, in connexion with an attempt to disprove Polya's conjecture that

n
An) =2 A (r) never becomes positive for r > 1. Here A(r) = (—1)k, where k 1s the number
1

of prime factors of r, repetitions being counted, Thus A(1) 1, A (8) = -1, A(15) = 41,
N (120) = —1, etc, Thls also allows study of the zeros of <5(é + 1it), famous 1in connexion
with the Rlemann hypothesis, that all complex zeros of 4 (s) lle on the line s = % +1¢,

Other investigatlons by A. M. Turing, Manchester, and by J. B, Rosser and D. H. Lehmer
in Los Angeles have been more concerned with the mere locatlion of many zeros, rather than
with accurate determination of a few early ones.

Another table, produced on hand machines rather than electronically, will illustrate
the point that new investigations may be suggested. Ehis was computed by D. F. Ferguson
of Manchester, and glves coefficlents in powers [F(x)] of the product

F(z) = (1 -x(1- xz)(l -3 ... (1-% ...
The power series for k = 1 and kK = 3 are very simple

F(x} = 1- X% - w2 4 30 4 x7 - 12 O 315 4 ¢B2 4 ;%6

2 4 6
(with differences 1, 3, 3 % 5, 3 etc. between successive exponents)

[F(x)]%=1-3x+ 525 - 78 4+ 9210 ...

(the exponents being triangular numbers). The power K = 24 glves Ramanujan's well-known
function T(n). Other cases where k 1s a submultiple of 24 have also been investigated by
L. J. Mordell, R. A, Rankin and others. Ferguson's tables, which extend to 300 coefflclents
for each k = 1(1)24, and some coefficlents for k = 26, 28, 30, have lead to Interesting new
relations involving k = 5, 7 and 11, and have demonstrated many interesting cases with zero
coetficlents for k= 4, 6, 8, 14, 22, 26. In particular, for k = 15, Just one zero
coefficient — that of X53 .- has been found; this fact was found of great interest by

D. H., Lehmer.

Examples could be multiplied. But this must suffice.
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NUMBER THEORY

Diophantine Problems

A problem suggested by Prof. L. J. Mordell for investigation by EDSAC will indlcate the
usefulness of machines here.

The relation a® + b3 + e3 = 3, has two known solutions (1, 1, 1) (=5, 4, 4).
(a) Are there others? (b) Is there a parametric form?

There is a parametric form for a.5 + b3 + ¢® = 1, namely
a = ot b = 3t - ot c=1-9t3

There is also a form for ad + p® + e = 2, namely

a=6241 b=1-6t5 ¢=-6t°

(¢) Are there other cases where a parametric form is possible (not counting obviously
related forms for, e.g. k=8, etc.)? (d) Are there other solutions for k=1 and k=2
which are not given by the formula?

There were very few known sets of solutions for other values of k - jJust a few 1sclated
ones with small (a, b, ¢).

A search for solutions with k < 100 has been made on EDSAC by M. F. C. Woollett and
myself, resulting in some 433 solutlions, nearly all new and the majority primitive, which is
probably complete to a = 3000. (a) (b) (¢) (d) k = 2 remain unanswered, %.e. none found.
( k=1, k= 18, yes.

Although the original questlons have not been answered, yet the large body of solutlons
obtained gilves more material for study, and ralses new questions. Why are there so many
solutions (17) for k = 83? Why are there so many "blanks" among values of k of form 9n 4 37
(No solutlons have been found for k = 30, 33, 39, 42). Will the values k = 240, 264, 31%,
336 ~ 8 times as large - be equally barren?

A further search 1s to be made for values of a, b, ¢ (+ or -) each of the form 2\ + 1.
This reduces the trials in the ratio _22;_7 and still gives all solutions 1n the interesting case

k=on 3, The value of k permitted will be ralsed to 2000 or more.

Other 1ike problems have been suggested by Prof. Mordell, for example, a search for
solutions of

x° + y2 + 22 4 2xyz = 49

other than the obvious (7, 0, 0O). If there 1s one more, then there is an infinity of
others; the problem 1s to find Just one.

Factorization and listing of primes

Problems of this nature have interested many machine users. This is probably because
they are simple to understand, and because many of the methods are quite straightforward, The
interest continues, but now it 1s more concentrated on the attempt to use more sophisticated
and highly developed methods to see how they work with very large numbers.

Factorization routines have been constructed by several machines; all work by testing a
series of divisors that includes all primes up to the square root of the number tested.
Some very fast routines have resulted, which can factorize numbers of order 10* or larger in
a matter of minutes.
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One interesting new feature has resulted from the mechanization of the process; this is
a method for developing remalnders after division of N by successive odd numbers, 1n the form
of a recurrence relation, apparently unsuspected before its development by G, G, Alway.

Factorization routines may be used for listing least factors of a succession of numbers,
or for listing primes. It 1s however, much better to design fresh programmes giving a
sleve (as originally done by Eratosthenes) and to cast out In succession multiples of
2, 3 5 7, 11, etc. up to VN, N being the largest number tested. It does not seem very
suitable to make factor tables in thils way, since the listing of least factors requires so
much output, and the saving over hand methods 1s less pronounced than with many problems,

However, the listing of primes can be done economically so far as output is concerned,
and a succession of improved programmes has been prepared for EDSAC, and a prime-sileve
programme for the Pllot ACE. The ACE Pilot Model programme yilelds sleves, on cards, for a
million numbers between 10 x 10° and 20 x 10~ In about 3% hours. The latest EDSAC programme
1ists primes in a million in the same range in about 13 hours, 1n the form of S leading
digits and 10 sets of 3 final digits per line of the printed page. Another EDSAC tape
glves differences /Ap between successive primes in a simple coded form on teleprinter tape at
the rate of 125000 range per hour. With Pilot ACE results used for checking, nearly
3 millions have been covered in this way, largely as a background Job for EDSAC.

Refinements of the programme are possible and it 1s hoped to improve speed still further.

Other Problems

(a) Primitive roots. - A.E. Western 1s interested in finding primes with very large least
primitive roots, e.g. -one 1s known with 73 as least. Machines can help in this search,
John Todd has prepared a programme on SEAC and dealt with primes to 50 000,

(b) Quadratic partitions.  Several problems make use of partitlons kp = a® + b2 for various
fixed D and special small k (e.g. 1, 2 or 4) depending on D, where p 1s any prime in certaln
arithmetical progressions (about half 05 all primes for each D). Also of interest 1s the
least solution of the congruence kp = n® 4 D, EDSAC programmes have been prepared for the
cases D= 1and D=7, Solution with D = 1, p near 150000, takes about 14 seconds.

(¢) Tests. for primulit%? Fermat's theorem has been used for testing primality of numbers of
the form kp 4+ 1, and kp® + 1 with p = 2127 _ 1; the converse of Fermat's theorem 1s true for
k <'p In these cases. In this way, primes were found on EDSAC, larger than 2 - 1, proved
prime by Lucas about 77 years ago and for 75 years the largest known prime. In fact

180p2 + 1 held the record for some months.

Later Lehmer used Lucas's test on Mersenne numbers of fgo - 1, and on SWAC on
January 30th 1952, raised the record again to 2521 _ 4 ang o - 1. Since then, still using
SWAC 2§?e largest known prime has been successively 2 _79 1, then 2R3 _ 1, and now stands
at 2281 .71 (ref. 1)

To summarize, electronic machines are playing a part in pure mathematics by suggesting
new problems with the help of tables prepared by the machines, by carrying out masses of

computational, algebralc or other processes which can be codified, and by enabling processes
that have been developed to be used and tested to a greater extent than was previously possibld

References

1, Two New Mersenne Primes, Math. Tab., Wash. 1955{ 7y 72,

Discussion

DR. TURING (Manchester University) sald i1t was really quite difficult to find useful
things to do on a machine, partly because in pure mathematics there was no urgency about
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getting a solution, and partly because some of the fun of 1t was lost when a machine was
used. He suggested two problems of Iinterest:

1. To find the Bettl numbers and torsion coefficlents of a topological manifold. For
example, Into how many separate spaces does 1t break up? The manifold could be described as
a totallty of simplexes (such as triangles) under prescribed incidence relations.

Topologists have a definite procedure for finding these numbers but it is so tedlous that it

has hardly ever been tried.

2e To tabulate the Riemann-Zeta functlon with a view to possible disproof of the
Riemann hypothesis that all zeros of the function have real part 4. The labour of
calculating even a single value of the function 1s such that one should calculate it at only
a few polnts near each zero expected, and then interpolate, Titchmarsh has verified the
hypothesis up to t < 1468, where t 1s the imaglnary part of zero. The range from t = 24 000
to 25 000 has been checked on the o0ld Manchester University machine,

DR, TURING stated that he now had a method of investigation sultable for large t, in
which the work was so arranged that the calculation of one value leads quickly to the
results at all other points in a chosen range, For 1011< t <1011 4100 one might use this

method and expect to find about 1000 zeros.

DR. WIJNGAARDEN (Mathematisch Centrum Amsterdam) suggested that the assertion that a
computing machine cannot help pure mathematics must be made with caution. For example if
one found a zero of the Riemann-Zeta function off the line s = 4, or found an exception to
Fermat's last Theorem that a™ + b® = c® 1s not possible for integers if n > 2, one would
certalnly have contributed to pure mathematics, and would In fact upset several theories
which had assumed the truth of these hypotheses.

The real fun of mathematics lies in making statements that one can prove oneself and
that others can prove to thelr satisfaction. If a falrly large number 1s stated to have a
certaln factor tg%glcan at once be verified., But no such test is availlable for the
statement that 2 - 1 is prime, which to this extent is not a proper contribution to
mathematics, unless someone has a theorem influenced by this result.

He went on to describe a geometrical representation of a combinatorial problem which had
been suggested by a study of switching circuits. The vertices of a hypercube in four
dimensions may be represented as four-diglt words formed by thelr coordinates, taking one
vertex at the origin and side of unit length. A set of such words represents a set of these
vertices which will define a polytope, either interior to or on a face of the hypercube
according as the set of words have not or have a digit "in common®. For example
0000 represents an equilateral tetrahedron within the hypercube, but 0000, in which all words

0011 0011
0101 0101
1001 0110

have the same first digit zero, represents an equilateral tetrahedron in one face uof the
hypercube, ’

MR. ROUTLEDGE (RAE) told the story of the argument between Hilbert and Brouwer early
this century concerning existence proofs; Hilbert had sald he would produce a rule of thumb
procedure for establishing the truth or falsehood of any statement in any branch of
mathematics. Turing had proved in his paper "on Computable Numbers® that no such mechanical
procedure exists, and that there exist numbers which no machine could ever calculate, The
logic of propositions however admitted of such a procedure, as did also elementary School
Algebra and Geometry. For the general calculus of properties and relations a decision -
method was not possible, but became possible 1f properties only and not relations were used,

MR. ROUTLEDGE sald he had programmed for the ACE Pilot Model a decision method for the
propositional calculus based upon the Disjunctive Normal Form rather than Truth Tables., This
was entirely non—-arithmetical. Each 32-digit word represented five six-digit symbols of a
statement, and 100 symbols accommodated in a long tank formed the largest expression with
which he could deal.
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23. The Application of Automatic Computing Machines to Statistics

by
K. D. Tocher

Imperial College, London

Introduction

The work of statisticlans covers a very wide range and in each of the various branches a
great deal of tedlous work can be involved. It has been suggested that automatic computing
machines could be used to advantage to eliminate much of this drudgery and it 1s the intentiomn
of this paper to make a brief survey of the various branches of statistics and the value of
automatic machines to the work of these branches.

Without claiming that the 1list is exhaustive, the more important branches of
statistical work can be enumerated as

1. Census work.

2. Sample surveys.

3. The Analyslis of Designed Experiments.

4, The Analysis of Data,

5. ' Quality Control and Sampling Inspection.
6., The Design of Experiments,

7. The Calculation of Sampling Distributions.
8. Sampling Experiments,

Census Work

Most mathematical statisticlans, and quite a few economic ones too, would deny that
census enumeration was a part of statistics and would dismiss it as mere counting,

Notwithstanding this, the popular conception of statistics is so intimately connected
with census returns that some remarks on this activity are not out of place, In spite of
the simplicity of the task undertaken, of counting and recording the number of items in a
set of mutually exclusive classes, the volume of data involved is so enormous that problems
of organization become very serious.

I should 1ike to stress that I do not think that our present level of development of
machines is sufficlent to undertake a complete census enumeration. The number storage
involved becomes far greater than anything avallable yet. '

Consider the National Census 1nvolving some 6 x 107 individuals. If the detalls of
that could be recorded on a single Hollerith card, then using a machine with a single
Hollerith Iinput the passage of the data into the machine would take about 8 months! Since
1t would take 50 girls about that time to punch the cards there would be little point in
speeding this process up. However 1t 1s clear that the data can only be used in this form
once or twice 1f present day rate of progress is to be exceeded. This difficulty arises
because present methods allow whole batteries of machines to perform parts of the job
simultaneously. If the work 1s to be done automatically it must all .be done by one machine.

The coding used in punching the cards will be one convenient for the punch operators and
1s hardly 1ikely to be suitable for use inside the machine, where a binary classification
scheme 1s clearly most suitable, The translation from one code to another might be done by
the machine and this would only take a 1ittle longer than the 8 months of input time,

Whatever standards of reliabllity we finally achieve with these machines, 1t will be an
optimist who thinks hils machine will be faultless for 8 months continuous operation.
Faultless operation is necessary, for granted the value of a complete enumeration accurate at
one past Instant of time (a value most statisticians would strongly deny) then complete
accuracy 1is essential.
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The machine can be regarded as on production - the production of translations - and as
with all production the quality of the work will vary. To give a check on the machine I
suggest that a system of sampling Inspection of the translations should be Instituted, The
translation of items, chosen at random by the machine and constituting some small proportion
of the total, should be printed out and compared with a manual translatlon. If faults are
found, the machine must be overhauled and recent production repeated.

Such a checking system would probably be supplemented by a daily check on the machine's
functioning using test programmes, but to the layman the correctness of every result tested
is far more convincing than any other test.

The machine would almost certainly be unable to hold all the translations within 1tself
~and even 1f thls were pos-ible 1t would be undesirable since a power fallure or other major
fault could lead to the complete loss of the results. A system of punching the translations
on cards or tape would be the safest process. This could be transferred by a set of
machines to magnetic tape for faster refeeding to the machine for the census proper.

The machine code woltld consist of a bilnary number which gives the class to which the
individual belongs. To 1llustrate the further processes, consider a simple example where
the data recorded for each individual consists of (1) its sex (11) 1ts age (111) 1ts annual
income (1v) 1ts marital status. Then the number of classes possible inside each heading is

(1) 2 male or female.
(11) 108 age to nearest year.
(111) 13  income groups would be sufficlent.
(1v) 7 single, married, widowed, divorced n times n=1, 2, 3, 4.

Thus the total number of blnary diglits required to describe an individual is 1+ 7+ 4+ 2 =

7
6 x 10" __
i5. There would be an average of 5 “—*2111nd1v1duals in each group. Suppose we allow

20 times that number for the maximum. Experience in previous censuses could fix a more
realistic safety factor. Then 15 bilnary digits are required to store the possible number of
individuals 1n any classiflcation.

Whatever the actual subdivision of the storage into numbers may be it 1s always
possible to programme the machine to use 1t as if it were composed of 15 diglt stores., We
shpuld require about # 000 such stores and far more for any real census problem,

As each plece of data is read in, 1t (or a part of it) 1s read as the name of a store
and 1 1s added to that stcre. When all the data has been classifled, the numbers in the
stores must be combined together sultably to translate back into the normal classification
and the numbers printed out.

The theory of information indicates that 1t will be impossible to compress the data into
a smaller number of bits than 1t takes to write out the detalls of each indivldual. The
method of translation used 1s chosen so that the work 1s most easily organized within the
machine, Until a machine of sufflicient size exists nothing much can be done and when 1t
does the method of coding suggested above leads to a very simple organization of the problem.

There 1s no doubt that, one day, it will be possible to builld a machine with a
sufficiently enormous store but I have every hope that statisticlans will be able to convince
those concerned of the superlority of sample censuses before that day arrives.

Sample Censuses and Surveys

The results of a complete census can be obtalned with sufficlient reliabllity from a
properly chosen sample of the population. Similarly if information is required concerning
the distribution of some quantitatively measured quality 1n a population a survey of the
.population based on samples 1s all that 1s required and has distinct advantages in time and
cost over a complete survey. It 1s also possible to estimate the error of the sample which
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gives an bbJectlve measure of its reliabllity - a thing completely missing in a complete
census, which obtalns the true population state for a single instant of time.

Such surveys are not restricted to human populations but are extensively used 1in
agriculture to glve estimates and forecasts of crops of varlious kinds.

The work of a sample census or survey breaks into 4 dlstinct phases:

1, The survey 1s planned. This settles (a) the methods to be used to select the
sample;

(b) the procedure to be adopted to collect the sample (and counter measures 1if
these procedures fall, e.g. what to do if the caller in a house survey can obtaln
no answer at a chosen house) and

(c) the method of analysls to be used,
2. The selection of the sample.
3, The collection of the sample.
4, The analysis of the sample.
Clearly, phases 1 and 2 require no ald from any machine.

The selection of a sample always involves, in any properly conducted survey, some random
selection to ensure the validity of the errors determined by the analysis. Although the
methods 1n use at the present time are exceedingly tedlous they are rather difficult to
organize on a machine. There i1s 1ittle difficulty 1f a population can be defined precisely
by, say, a map reference or a serlal number, National Identity Card numbers are not an
example of this latter class since certain numbers like ATAU4173/4 do not correspond to any
individual (this would be my younger brother if I had one). In most. cases the only complete
and accurate description of the population is an enumeratlion and 1n these cases the
translation of this 1ist into a form suitable for the machine to use 1s more work, even more
tedlous than that involved 1n our present manual methods.

The analysis of sample survey data 1s very simllar to that of complete census WOTK,
except that the scale of the work 1s reduced and that counts are replaced by welghted
counts and averages. The central difficulty, that the work includes the sorting of a large

volume of data, remains.

The detalls differ to such an extent from one survey to another that 1t 1s difficult to
believe that a common programme could be evolved which would solve all the organizational
problems of different surveys., The labour of constructing these different programmes 1s
another factor mitigating agalnst the use of automatic calculating machines In sample surveys.

However, much survey work today 1s mechanized with punched card machines, and there 1is a
great future for the development of machines which are faster, more flexible and have a
greater internal storage capaclty than the present punched card machines, but still remalin only

partlally automatic.

In particular, a machine with a function similar to that of the sorter which rearranges a
large quantity of data on, say, a magnetic tape at about 20-50 times the present rate would be
an enormous aid in both complete census and sample survey work. With such an adjunct to an
automatic computing machine many of the problems discussed above might become soluble.

The Analysis of Designed Experiments

Experiments divide naturally into two classes according to our amount of knowledge
concerning the phenomenon under lnvestigation

1, When there is 1little understanding of the underlylng laws, experiments are performed
'to find out what happens'. In such experiments there 1s very little room for
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planning, Several possible outcomes are considered, and arrangements made for
observing which occurs. The type of analysls involved is a loglcal one.

2. . Whén the basic laws of behaviour of the system under study are understood and there
"1s a mathematical theory or 2 working pragmatic procedure already known. The
unknown quantities are merely the values of certaln parameters in the mathematical
theory. The observations are subject to errors, and the problem involved 1s one of
estimating these parameters with the minimum possible error, In this sltuation, it
1s possible to plan the experiment so that the effect of the errors on the optimum
estimates 1s minimized.

The study of methods of estimation 1s a central problem of statistics and most work has
been directed at the case where the unknown parameters enter the problem linearly. Suppose
our theory asserts that our observations, 1f not perturbed by error, would be llnear
functions with known coefficients of the parameters we wish to estimate: In matrix
symbolism, if y 1s a vector of observatlions, Q the vector of the parameters and the
coefficients are given by a matrix g, then )

ey =2 8

where E(X) denotes the expected or mean value of X, The errors assoclated with Y are most
naturally measured by their variances and correlations. In the most important case, where
errors are of equal magnitude and independent, v~(y) = Io2 where C° 1s a scale factor.

The estimates of minimum variance (least error) are given by the method of least squares
(a theorem due to Gauss). Symbolically

A
2= @2 tay

Uo = @o s

I

(1)

Hence the design problem is to choose the coefficients of g which control the conditions of
the experiment so that the dlagonal elements of (a'a)~! are minimized. :

One of the most important branches of experimentation amenable to this treatment, known
as a linear set-up, 1s that of agriculture. Here a large tract of land 1s divided into
blocks and then each block into plots. Within each block different treatments are assigned
to the different plots and then, 1f the differences used are confined to those between plots
in the same block, fertility differences arising between plots 1n different blocks are
eliminated, Since the natural assumption, that the fertillty of neighbouring plots 1s more
nearly equal than that of distant plots, 1s usually true, this method of analysis glves great
accuracy. This analysis assumes that the difference between two treatments in the same block
is Independent of the block chosen, which 1mplies that the response on a given plot can be
written in the form ty + bj where tj corresponds to the treatment applied and by to the block
in question. If there are t treatments and b blocks we require to find ’
1y €2 eeeer CTpy D4y Doy eeees Dpe These are subject to one linear restralnt but we
will not emphasise this complication in what follows.

This 1s a simple example of a linear set-up 1in which the elements of a are elther O or 1.
Thus the analysis to determine the best estimates of ¢ and b 1s merely a matter of forming
a'a, 1inverting and applying (1), However, 1t 1s not uncommon for t and b to be as large as
100 and then the formation and i1nversion of a 199 x 199 matrix cannot be undertaken light-
heartedly even with automatic computers. A little simple algebralc analysis reduces the
inversion necessary to one of a t x t matrix instead of (t4b-1) x (t+b-1).

The problem of the design of block;qxperlments of this kind consists in attempting to
minimise the dlagonal elements of (a'a) ~. Success in this enterprise usually results in
a'a having a comparatively simple form with a small set of, say, p different values
arranged systematically and symmetrically.
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In a large class of designs, known as partially balanced designs, the inversion of this
matrix can be reduced to the solution of p equations for the p values arranged in the same
systematic and symmetrical arrangement as in the original matrix (a'a). Typlcal values of p
are 2, 3, or 4 while p = 8 1s a rare case.

The wide variety of different experimental arrangements posslble leads In current
practice to a wlde variety of different techniques of analysis. It will be advantageous if
it is possible to provide a single programme which will analyse almost all, 1f not all, block
experiments. This comprehensive set of instructions must be desligned so that the
complications necessary for the more complex deslgns are by-pissed for the simpler designs
which do not require them. Unless this 1s achleved the speea of calculation for the simpler
and more commonly occurring designs will be severely reduced, resulting in uneconomical
operation of the machine,

A common form of analysis which would form the natural basls for the master programme
proceeds as follows. Linear compounds of the observations are formed from the block and
treatment totals. Suppose these are called Q1 1=1, 2,000t The estimates of t are
formed as linear compounds of the Q's. The coefficlents of these compounds are the
p values mentioned above, The linear compounds are formed by sorting the Q's Into p sets,
accumulating the Q's 1n each set as they are sorted and then taking a welghted sum of these

totals.

The sorting process can be expedited by preparing partition matrices which can be fed
into the machine at the same time as the data and can be formed in the first place by the
machine using another programme. This programme could be a common one for finding the
partition matrix for any experiment,

By a suitable arrangement of the order of input the time of analysls can be reduced to
very little more than that for the input. The storage required i1s only about 2t numbers.

A more complicated analysls, known as an inter-block analysls, 1s possible and uses the
‘Information available for comparisons between blocks and allows for the decreased precision
of such comparisons. In this analysis a'a 1s replaced by a matrix (L which depends on the
ratio of the error variances within and between blocks. This has to be estimated from the
data. The construction and inversion of L1 can be avoided by an iterative procedure based
. on the normal analysis. For further detalls see ref. 2.

In some experiments the varlous treatments consist of combinations of varlous factors at
different levels and then a so-called factorial analysis of the treatment effects 1s reguired.
This consists of making a special set of comparisons of the treatment constants estimated from
the experiment and 1dentifying these with a factor or the Interaction of pairs of factors, and

SO OIl.

This may be performed best on an automatic calculator as a simple analysis for block
effect carrled out not only on the original observations but on linear compounds formed from

observations in the same block.

Thus as an extremely simple example consider four treatments O, 1, 2, 3, formed as the
combination of 2 factors each at two levels with each block contalning each treatment exactly
once. writing tg, ty, tg t3 as the responses from the four treatments in a typical block
the quantities 4, B, C, D are formed

A =tygtty iyt

BTk ' i fwo (?)
C =tyg+ty=ty=tyx = A=-2(ty + 13

D =ty=-ty =ty ttgz = A-2(t; t1y

An analysis of A glves a test 1f there is a block effect, one of B 1f there is an average
(or maln) effect of one factor (averaged over the two levels of the other factor). C gives a

170
(14567)



similar test for the other factor averaged over the two levels of the first one, while D gives
a test of the effect of one factor changes as the level of the second factor 1s altered — in
the statisticlan's terminology a test for interaction. .

If the names 0, 1, 2, 3 of the treatments are written in binary form 00, 01, 10, 11, the
first digit glves the level of one factor, while the second digit gives that of the second
factor. Then using the ldentitles on the right hand sides of (2) the required compounds can
be built up from the partial sums (1)t1+t3, (11) ty +t3 and (111) ty+ts,.  The terms included
In these sums are found as (1) those with 1 in the least diglt of their binary name (11) those
with 1 In the leading digit (111) those whose digits sum to 1.

This method of selecting the terms can be generalized to cases with more factors and to
cases with more than two levels. More detalls can be found in Kempthorne (ref. 1).

If the observations for a plot are stored with the store number corresponding to the
treatment name then simple modular arithmetic on the names in turn can decide 1f the term
should be added or not into a particular compound. Alternatively, the names of the
admissible treatments can be generated successively.

The maln application of these treatments 1s to agricultural problems when the effort of -
analysis by present day methods 1s still only a small fraction of the total effort in
performing the experiment. The time scale 1s so long that rapld analysis 1s not necessary.
However, in Industrilal application the time and effort to perform the experiment 1s much less,
and rapid analysis might be essential for the effective use of these experiments. These
might then form the basis of routine Industrial quality control schemes.

Among the most important experimental arrangements which are not linear set-ups are those
known as quantal response experiments. The result of a test on some object may be positive
or negative; there are no shades of response., Of a group of objJects, some wlll react
positively and the rest negatively and we can regard a randomly chosen object as having a
probabllitg P of reacting positively., Now suppose that the test depends on some
parameter U so that as 6 is varied P will vary. In many cases the relation between P and 6
can be expressed as

b1 e .
P[5 e ‘L-(x-u-)z/zoz [ =‘/ 0 L exp (-axP)ax

. w Vem
.......................................... 3
o (3)
=j’° 7 dx

A typlcal experiment consists of testing a set of n objects at a level B,, another set
of n, objects at a level 6,.... and finally a set of objects at a level Qn‘ In these
SeLS Tys Tpeeee Iy give positive results,  The problem 1s to estimate [ and O of

equation (3).

A well-known estimation procedure with several desirable features is the method of
maximum 1ikelihood and an application of this gives the estimates as the solution of the

equations ‘
n <r1 _ ni-r]> Zl - 0
2 Py 1—P1

=l
m r N4=T '

1 11
(I
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Present day procedure consists of an 1teration, each step of which consists of a welghted
nyZ nz= -
regression involving welights 5;71:;;5 ( =PQ. Tables of?;q ?ﬁihave been constructed and are
used 1n this technique,

Z
For mechanization of this process a method of evaluating-;—is required. This 1s glven
by the continued fractlon extension due to Laplace

1-P=72 (LE_ S ) ................................................... (5)
x+ x+ x4+ /

This does not converge well near the origin and a modification by Thiele's method would
be used in practice to improve the convergence in that range. The 1terative procedure now
used could be abandoned and the equations (4) solved by blvarlate inverse interpolation.

These analyses are performed in great quantities throughout the country, dbut at any
establishment only a few are required. The organization between the consumer establishments
and a machine would be quite difficult. A more practical solution might be for experiments
to be standardized (this is so to a large extent already) with fixed values for m and n, and
equal intervals of A say, and to use a machine to construct tables which give the solutlons
for all possible results, Such tables would be very bulky but various symmetries could be

utilised to reduce thelr size.

Certaln other laws relating P to the parameter O are sometimes used and there 1s a
certaln controversy about the best laws to use. (This 1s an example of an experimental
situation of type (b) with a working pragmatic procedure known, rather than a real theory).
An extensive programme of numerical work 1s necessary to throw light on this problem and a
machine could be of great assistance in such a project.

One of the malin applications of this quantal response analysis is in insecticide
research. In some complicated situations, the simple model outlined above 1s unsatisfactory
and more complex models have been studied theoretically. Methods of analysis still need
developing, for these models are considerably hampered by the volume of computing which may
be eased by automatic machines,

Analysis of Data

Most of a statistician's work 1s concerned with the analysis of results collected from
various sources and not from planned experiments.

Much work of this kind falls Into a branch of statistical analysls known as
multivariate analysis. The basic assumption made 1s that groups of n observations can be
regarded as having a Joint n-dimensional normal distribution. Such a distribution 1s
completely specified by a set of n means and an n x n symmetrical varlance matrix, The
objJect of the analyses 1s to determine these parameters and to test for certain relations
between the parameters of different distributions.

The first step in all such analyses 1s to form a sample varlance matrix. If a typical

[N
n-dimensional observation 1S ¥yn., ¥pps eeses ¥yp then the matrix required is {wzl Yir YJ;}
=

where N 1s the total number of observations. The building up of the scalar products

+1)

stores avallable

simultaneously 1s quite easlly effected providing there are at least
- for numbers.

The general difficultlies of scalar products do not arise in this case since the
observations only have 3 significant decimal digits at most and scale factors can be ad}usted
" so that products are accumulated at the back end of the arithmetic unit, eliminating problems
of loss of accuracy due to cancellation. The contribution to each scalar product from an
observation can be added at the same stage 1n the calculation, removing the need to store the

whole of the data.
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The further stages of the analyses involve constructing other matrices from this matrix
and then either solving a set of simultaneous equations or finding the latent roots and vectors
of a matrix. All these are standard numerical problems and the origin of the matrices usually
ensures that the various forms of 1ll-conditioning sometimes encountered will be absent.

Other fruitful sources of heavy computing in statistlcal work are periodogram and
corrélogram construction in the analysis of time serles. This 1s also very sultable for
mechanization.

The theory of time series has attracted considerable attention of late years and there 1s
a growlng literature on the analysls of models and on the prediction of the consequences of
these models. Much less work has been done on methods of analysis of actual time series to
distinguish between alternative models, Such work as has been done has suffered from lack of
adequate numerical verification. This 1s another research project which could benefit from
the use of automatic computing machlnes.

The remalining sources of numerical work In statistlcal analysls spread over a wlde range,
but the outstanding omissions from the discussion so far are ranking methods and the
calculation of X2 goodness of fit criteria. This work appears to be rather difficult to
organize on automatic computing machines.

Sampling Inspection

One of the chilef advances in British production technique during the last war was the
wholesale introduction and acceptance of sampling inspectlon and quallity control. The
methods used then and now are extraordinarily simple but very effective. If the methods
could be more complicated, then further increases in efficiency might arlse.

The baslc assumption of sampling inspection is that when production 1s under control a
certain small proportion p of the product willl fall some relevant test. If the quallity
deteriorates this proportion will rise. Batches of product are assumed homogeneous, a
random sample 1s taken and tested. The proportion p is estimated and, if 1t 1s reasonably
established that the true p for the batch is higher than 1s tolerable, then the whole batch
is rejected or tested in its entirety to eliminate defective ltems (rectifying schemes).

The test must be a function of the number of items tested and the number found defective,
Some schemes of inspection fix the number tested per batch beforehand (fixed sample schemes)
while others have rules of selection which allow the sample size to Ilncrease in the more
doubtful cases' (sequential sampling). If at any stage of the sampling the number of 1tems
tested 1s n with r defective and n-r effective this can be plotted on a sampling inspection
diagram or lattice as the point (r, n-r). The succession of points form a path and sampling
ceases when thls path meets a boundary on the lattice. This boundary 1s in two parts, an
acceptance boundary and a rejection boundary. By varying the boundary different tests are
derived. Most of the boundaries in use are simple ones for which the properties of the
corresponding tests can be derived theoretlically. Except for these simple boundarles the
calculation of the performance of a test can only be discovered by numerical analysis. This
1s exceptionally simple and could be organized on an automatic computing machine. A programme
of research on these lines 1s being considered at Imperial College.

In certain cases the assumption of homogeneity within each batch is Justifiled, e.g. when
the batch 1s a natural unit of production. In other cases the production is continuous and
then the batching 1s arbitrary and breakdown in quality can occur in the middle of a batch,
introducing heterogeneity. The random selection within the batch re-establishes homogenelty
but disturbs the assumed binomial distribution and reduces the power of the test procedure.

Theories of sampling for continuous production are now belng developed and it 1s 1likely
that many numerical problems will arise. When these have been solved it is almost certain
that practical schemes for sampling continuous production will be more complex than those used
in batch production and then machines might be useful in the factory itself. )

In quality control qualltative tests are replaced by measurements and then the continuous
production does not lead to quite the same difficulties as sampling inspection. The problems
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of quality control are similar to those of sampling inspection and the following remarks will
apply equally to both forms of production control.

Once the idea of using the machine to perform the necessary calculations involved in the
executlon of the tests 1s admitted, much more complicated sampling schemes can be envlsaged.
A product can be sample inspected at several points of 1ts production process and the flnal
decision made on the totality of the test results. Present day practice regards each stage
of production as unrelated to all others and SO 10sSesS DOWer,

It will be possible to replace the present-day two sentence schemes (accept or reject)
by many-sentence schemes. As a simple example suppose the productlion 1s batched and each
batch 1s sampled at two points of the production line A and B, then the sentence at A can
be (1) reject batch (11) accept batch but stiffen sampling test at B (111} accept batch
(1v) accept batch and relax test at B. It might also be possible to arrange that signlficant
discrepancies 1n the tests at A and B could alter the future sentencing at A i.e. that the
scheme may be made to adjust 1tself to the actual conditions of production.

Clearly to jJustify an automatlc machine in a factory all the inspection results of the
factory must be processed by it and 1t only needs a little 1magination to see that special
input and output devices attached to the machine could be arranged so that it chooses 1ts own
samples, collects the results of the tests and indicates the final sentences all automatically.
These sentences could be framed in terms of corrective action to the machlines as well as a
sentence on the product. This gives a form of automatic factory control.

It might be argued that it would be better to arrange that the machine can send instruc-
tions to take the corrective action directly and so eliminate the waste almost entirely. This .
i1s more difficult than 1s usually realized. The results of tests, especlally quantitative
tests as used in quality control, are themselves subjlect to error. In a sampling scheme
these errors are averaged out and thelr effect allowed for, and have a very limited effect on
the final result. If machines were belng constantly adjusted because of errors in the tests,
then instability of the machine processes could easlly be set up with disastrous results. It
an averaging scheme were used to prevent this instabillity, then real changes of quality could
occur withcut immediate corrective action and so production would still be wasted. If the
errors of tests were eliminated the extra cost of providing and malntaining the additional
expensive apparatus might exceed the saving on waste production.

The speculation in the last paragraphs may prove to be false but I think 1t 1s certain
that in one way or another automatic computing machines will in time play a revolutionary role

In our factoriles.

The Design of Experiments

We have seen that block experiments can be arranged so that the amount of work involved
in thelr analyslis 1s substantially reduced. The conditions necessary for the reduction are
known, but all possible experiments meeting these conditions have yet to be discovered and
present day methods of discoverlng them are tedious.

The conditions gilve rise to a serles of dicphantine equatlions whose solutions generate a
class containing all the possible solutions to the arrangement problem. This class must be
further reduced by testing 1f the members of that class also satisfy a combinatorial require-
ment., There are very few methods known as yet of solving these problems and resort has to
be made to trial and error methods which are extremely slow.

This ralses the questlon of using machines for solving combinatorial problems and shows
that this 1s a branch of pure mathematics which will have useful applications., At the
moment there does not seem to be an adequate arithmetical theory for this subject.

Macmahan's work when tried 1n practice 1s rather disappointing. For example, the function
he proposes for enumerating the number of Latin Squares consists of a sum of terms each 1 or O
according as a given square corresponding to the term 1s Latin or not. This amounts to the
trial and error method of trying each possible square in turn. It 1s extremely dangerous to
assume that the great speed of these machines will enable such crude methods to woOrk. For
the enumeration of the 8 x 8 Latin Squares, by testing every 8 x 8 square consisting of
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8 replicates of 8 distinct symbols, 1f the machine enumerates test squares at the rate of
10 a second, the enumeration wl;l take 10 centuries.,

A possible starting point for a numerico-analytic theory of combinations 1s the work on+
balanced incomplete block designs of W. S. Conner who uses the properties of Hess€ and other

invariants of algebralc quadratic forms.

The theories of design relating to factorlal experiments involve Abellan group theory,
‘and have now been reduced to routine enumeration which could undoubtedly be performed on

automatic machlnes.

Problems of rank correlation and other non-parametric tests can also lead to problems in
diophantine analysls and problems of enumeration.

The Calculation of Sampling Distributions

Given a set of random variables denoted by x and their Joint differential distribution

p(x)dx, a function y of x has a cumulative distribution which is defined by

F ) =/plx)dx

xeRy
where Ry 1s a region of the n-dimensional space (x }dependent on the value of y. If x
denotes a set of observations (usually independenc s0 that p(x) = n1 p(xl)) and y is an
estimate of some parameter of the distribution, then F(y) 1s the cumulative sampling
distributlion of this estimate.

.- In many cases the dimenslionallty of the problem can be reduced by analysis to 1 or &,
0ften the function F(y) can then be determined by

(a) the solution of a differential equation, ordinary or partial.
(b) a recurrence relation
or (c) an expansion (1) power serles,
(11) asymptotic serles,
(111) continued fraction,

(1v) in terms of some complete set of orthogonal functions, e.g.:
Fourier expansion.

Thus the evaluation of sampling distributions involves problems which are perfectly
familiar in numerical analysis. The fact that all the quantities dealt with are probabllities
and therefore non-negative often simplifies the investigation of errors. Many of these

X o2 '
functions behave 1l1ike f e"EX dx for large X, and the extremely slow growth of this function

1s sometimes a nuisance but can usually be turned to advantage.

For some of the less frequently used functions the construction of tables 1s adequate,
but for certain functions (already extensively tabulated) the need is for methods of
calculating spot values needed in other more advanced distributional theories. The most
important functlons of this type are the AJ, t, Z and F distributions used in the analysis of
varlance. Since this aspect of the use of machines has been dealt with by E, T. Goodwin in
another paper of this Symposium, nothing further need be said here.

The theory of stochastic processes and time series also givesrise to similar distribu-
tional problems and these often involve the solution of integral equations. The exlstence of
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yet another fleld of application of these may stimulate some worker in numerical analysls to
consider this rather neglected branch of his art.

Sampling Experiments

Certain sampling distributions defy reduction by analysis to one of the forms considered
in the last section. In that case the multiple Integral may be evaluated numerically, but
i1f the boundary of Ry i1s at all complicated (as it will be In these cases) the problems of
error determination are exceedingly difficult and it is difficult to programme the

calculation for an automatic machine,

A well-established technlque used by statisticians in this case 1s that of a sampling
experiment. A model of the parent population is made and samples are taken from it
repeatedly. From these samples a hilstogram or sample frequency curve 1is constructed and
sampling repeated until the chance fluctuations have been averaged out to acceptable limits,

Performed manually this 1s extremely slow and is only used when all else falls. The
rapid calculating rate of automatic machines widens the possibllity of using this method and
in certain cases 1t can be shown that sampling experiments can be more efficlent than

deterministic methods.

This arises from the fact that the truncation, even In the deterministic method, 1s

1
fixed by the number of points N which is considered and is proportional to pj;— where n 1s

the dimension of the space, whereas 1n the sampling method the truncation error can be made
negligible by using sufficlent figures in the random numbers. The sampling error is

proportional to %ﬁ" independent of the dimenslonality of the space.
There 1s conslderable controversy concerning the source of random number that should be
used. The alternatives seem to be

1. to use sets of previously prepared random numbers (taken from tables such as those
of Tippett or Kendall and Babington-Smith).

2, the generatlon of the numbers by some physical process, e.g. the random decay of
radlo~active material.

3. the generaﬁlon 0of pseudo random numbers by some arithmetic process, e.g. taking as
the (n+1)t number the middle diglits of the square of the n B pumber.

The first of these methods suffers from the disadvantage that the quantlity of such numbers now
avallable 1s 1imited and the large amount of input will slow the machine down. The second
has the disadvantage that the numbers and therefore the calculations are not reproducible.

The numbers generated could be recorded but then external or auxlllary storage would be
needed for this and the repeat calculations would be of the first type.

The objection to the last alternatlive is that the numbers are not truly random in the
sense of Von Mlses, since a rule exists for predicting a member nf the series from previous
members. Without entering into the philosophical questlions concerning the meaning of random,
for practical purposes the numbers are required to be generated by a process which has no
relation to the purpose for which they are to be used. Hence, 1f an experimenter can convince
himself that he can convince his critics that there is no relation, then this method can be
used and has considerable computational advantages.

The next problem 1Is how to convert the random numbers into random variables. A1l
n~decimal numbers constructed as a set of n random numbers are equally likely,_and for large n
can be regarded as random variables uniformly distributed over the range [0, 1]. If a random
variable has a distribution p(x)dx then f%ﬁp(x)dx takes values In the range [0, 1], solving,

for y, the equation y
Fy) =" _p@ax=2 ..eenn (6)

—
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where Z is a random variable uniformly distributed in the range [0, 1]. gives y distributed
as p(x). This method 1s completely general, but involves the calculation of the inverse
tunction to F(y) which may be rather difficult.

For certain speclal variates, other methods can be used. For example, 1f a normal
variate 1s required the average of n uniform variables 1s nearly normal for n about 10, and
this extravagant use of random numbers will be much quicker than the use of the particular

case of equation (6).

Random normal deviates are so much in demand that, 1f the first alternative for the
generation of numbers 1is used, then these can be normal deviates wlth advantage. If uniform

variables are required these can be found by the formula U= Z];i mod. 1. For
o 1=1
moderate n(> 10) this formula gives sufficiently accurate results.

Sampling experimente are not confined to the solution of sampling distribution problems.
Any 1nsoluble probléi mathematically formulated involving a stochastic element can be
simulated on an automatic machine, and the results from the model used to indicate the
behaviour in the real problem. Examples of this technique already used include problems
concerning queues of aircraft at alrports, and of cars at traffic lights, 1life and death
processes, the storage required in factories, and the optimum renewal procedure for electric

lamps.

There 1s developing a school of thought which advocates solving deterministic problems by
these methods. The deterministic problem 1s replaced by a stochastic one for which some
distribution involved can be shown to be related to the solution required. For example,
Laplace's equation can be solved by showing that the distributions involved in a suitable
random walk are related to the solution of this equation. These methods are too new for any
final Judgement on thelir merit to be given. .

Summa ry

This brief survey has served to show that automatic computers can be of conslderable
value to statisticlans. There are, however, certain logically simple problems for which
these machines are not very suitable. This should give an incentive to our engineers to
build, not bigger and better machines for the same job but different machines for a different

Job.
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Discussion

MR. STRACHEY (National Research Development Corporation) mentioned some of the
difficulties involved in Census calculations. Though there was no multiplication or
division, the amount of data and the number of sub-totals required were so great that the
process was not economic on these complicated machlnes. There is much sorting and many card
passages are needed and even assuming that 32 000 totals could be formed in each run the time
taken on the Manchester computer 1s about 5000 years - slow, even for the Census‘

DR. HARTLEY (University College, London) agreed with this and suggested that for such
problems the first essential was high-speed input and output, allled to sorting equipment.

The technique of experimental sampling, using the Monte Carlo method, can be used to
obtain a frequency distribution, for example, of the range, that is the difference between the
largest and smallest values in random samples of five, say.: For.this:purpose.tablesiof_random
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numbers are required, but 1f these are generated in the machine there 1s no input problem,
and hlgh-speed computers are then very useful. Mr. Fieller had developed a method which
reduced the number of samples required. He computed also a second statistic, the control
variable, whose frequency distribution is known exactly-and 1s simllar to that of the range.
The resulting calculations are arranged in a double-entry frequency table in which the row
and column sums give respectively the frequency distributions of the control variable and
range in the sample. Adjustment by multiplication to the known dlstribution of control
provides the required range distribution. If the two variables are perfectly related the
matrix of entries in the frequency table 1s diagonal. The accuracy of the result is
determined by the magnitude of the off-diagonal elements.

MR, HEALEY (Rothamsted Experimental Statlon) sald that the advent of high-speed
computers would have as large an effect 1n statistics as had that of desk computers. In
particular, they will be of great use in the analysis of time serles and In problems such as
crop forecasting, when answers were required quickly. They have less application in the
analysls of experimental data because of the complexity of the assumed model hypothesis.

Programming might take longer than desk computation,

DR. TOCHER disagreed with the last point. Mr. Healey's methods for agricultural

problems have widespread application, and a large number of the rather less complicated
problems can be put 1n a systematlc form and a common programme made for use with high-speed

machlnes.

24, General Discussion on Machine Utilization
opened by
D, H. Sadler,
H.M. Nautical Almanac Offlce

I think you wlll agree with me that it 1s rather inappropriate for me to open the
discussion, because I have never used an electronic machine and the subject of this
discussion is primarily the utilization of these machines, You may find it interesting that
a desk computer should listen to your discussions today and pass some remarks on them. But
first of all I should 1ike to say that I am surprised at how much I agree, since I expected
to find a lot of points of disagreement., I agree particularly with Prof, Hartree's remarks,
both in his opening address and those he has made on machine utilization, and with those which
Dr. Fox made. It is very tempting for those computers who have been brought up in the hard
school of desk computing to regard it as essential for the computing to have a background of
these methods, and while I am beginning to doubt it myself I still think that one of the
things that 1s perhaps lacking in the usage of electronic machines at the present time is a
sufficient number of people with adequate background of ordinary computing methods.

I hear (I know nothing about these things) talk about microseconds and machines working
at very high speeds; then we have an enormous amount of effort belng put into speeding up
these machines which are already very fast. To speak of modernizing is to use such words as
optimum coding, microprogramriing and so on, but I would ask something about how much time is
spent on planning the Jobs for the machines so that the maximum use is obtalned from the
results. In statistics you plan experiments, but how many physlical problems are planned in
this sense, so that the data derived from the solution of your equations on the electronic
machines can be interpreted?

I have very little contact with the world of electronic machines but even I know of three
problems that have been solved, two in this country and one 1n America, in which numerical
results have been useless simply because two or three hours consideration was not spent in the
early stages, thinking what use could be made of the results when they had been obtalned.
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Therefore I would 1lke to support very strongly the suggestions that have been made earller
that the people programming problems on electronic machines should get right down to the root
of the problem with 1ts originators in order to ensure that they are solving the correct
problem, and 1f possible that the solution when obtained will be of direct use. There is
another reason. It seems to me that among the methods we have heard there have been very
few new computing methods. But of course there are new techniques, techniques which perhaps
have been forced upon the users of electronic machines by storage capacity limitations which
¢ircumvent, for instance, the use of differences, but which make 1t more economical of
storage capaclty to use the Lagrangian type formulae rather than formulae involving simple
differences. It seems to me that by golng to the root of the problem it should be possible
to derive much more direct methods of computation than those which have previously been used

on desk machines.

The paper that has been of particular interest to me was that on the commercial applica-
tion of electronic machines as exemplified by LEO, The particular interest to me is that our
production of navigational astronomical almanacs has very much in common with this commercial
work in that we have a very large output of relatively small amounts of simple arithmetic.

Yet it seems to me that the successful application of electronic machines to commerclal
problems does open up the possibllity of thelr successful application to problems over a much
wlder range. I am thinking now about survey problems and similar problems which at first
sight do not look as 1f they are sultable for very fast electronic machines. In a purely
astronomical field - and here I am distingulshing between astronomy and astro-physics, for in
the astro-physical fleld you have got the same type of problem as occurs in the ordinary
physical problem — we have several problems dealing with celestlal mechanlcs of the solar
system which are suitable for solution by electronic machines. In the problem of determining
the future of the solar system we shall have something llke 30 second-order non-linear
differential-equations to solve simultaneously, and since we want the solution not for all
time but at least for a very long time, we shall have to carry anything up to 10 or 20 extra
decimal digits in order to guard against building-up error, and I think the storage problem
will be very considerable.

I must say that I have listened to this discussion today with very great interest, and I
feel quite sure that the large number of people who attended this Symposium and the enormous
amount of enthuslasm shown will result not only in the application of -the 0ld methods of desk
computing but will also in a very short time produce new methods or techniques. In conclu-
sion, I think it is a great plty that these electronic machines do not yet seem able to
improve on desk computers as far as relaxation methods are concerned.

Discussion

DR. VAJDA (Admiralty Research Laboratory) gave some detalls of the computations involved
in problems of linear programming and the theory of games.

DR, MILLER (Cambridge University Mathematical Laboratory) ampliflied his earller remarks
about remalnder terms in finlite-difference formulae. The remainder term glves an upper
bound, often much too large, and other curtalling criteria are more practicable. They must,
however, be used with care: ‘'"stopping at the smallest term" is not satisfactory unless the
terms are decreasing rapidly. The theory of the replacement of a function by a polynomial
had been treated by Whittaker in his discussion of "cardinal functionse'.

MR. BENNETT (Ferranti Ltd.) described experiments at Manchester in the solution of
differentlal equations, involving an automatic adjustment of the finite~-difference interval.
A Milne predictor formula checks that the Interval 1s the right size, the final integrations
being performed with a smaller interval.

DR, TURING (Manchester University), reverting to the question of truncation of infinite
serles, said that it was best to determine the required number of terms by analysis, since
rules of thumb could break down in certaln circumstances. This happens, for example, in the
use of Fuler's transformation for accelerating the convergence of infinite serles, when the nth
term has a pole for a non-integral value of n.
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DR. GOODWIN (NPL) supported thls comment, In that particular example, the correct
result is obtained 1f the Euler summation is carriled out to the end, but this would te done
only by an intelligent computer who noticed the pecullarity of the function: a machine,
using a standard routine, would probably fall.

In further support of the need for careful planning he quoted scme examples of the
solution of ordinary differentlal equations by finite-difference methods. The equation
v' + 20y = 19¢7%, with y(0) = 1, has the solution e~% and with some methods can be solved at
an interval X =% Other methods break down when the complementary function e~ X 1s so
badly represented as to be exponentially increasing. This fact can be used to advantage in
solving so-called "stiff® equations, in which the wanted solutlon 1s well-behaved but all
other solutlions increase very rapldly. It may be possible to choose a representation of the
equation which gives so bad an approximation to the unwanted solutlons that they decrease,
instead of increasing, and the wanted solution 1s obtalned quite accurately.
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CIRCUITRY AND HARDWARE

Chairman: Mr, E. A, Newman

25. Gates and Trigger Circuits
by
W. W. Chandler

Post Office Research Statlon, London

Introduction

This 1s a very large subject - too large to be treated adequately in the time avallable.
It 1is proposed therefore to give a very brlef summary of our findings on MOSAIC and other
electronic machines, leaving if possible some time for dliscussion.

Gate Circuits

The generalized gate circult 1s a device which, supplied with signals from "N" sources,
willl itself provide a signal 1f "X" or more of the input leads are simultaneously stimulated,
where X may have values from 1 to N. If X= 1, the device may be called an "OR" gate; 1If
X =N, 1t may be called an "AND" gate.

The obvious way to provide a "gate® facllity 1s by a multiple potentiometer system.
The drawbacks of such an arrangement are:

1. Reduction of level 1In output signal relative to input-directly proportional to N,
2. Varlation and instability with time, of avallable resistors.

3. The fact that such an arrangement draws current from the origlinal sources, and
thus cannot be repeated often on any one signal bus-bar,

The first of these objectlons 1s usually decisive 1n very high-speed machines, where
avallable voltage swings are 1n any case low due to necessity for low time-constants.,

Improvement may be effected by the use of dlodes (thermionic or crystal) provided that
the gate 1s an "OR" or an "AND" gate. Voltage swings are then transmitted with very little
reduction, but a load, albelit a small one, 1s still thrown on the sources of signals. To
avold even this trouble, 1t 1s necessary to use some scheme whereby each input lead 1s
terminated on a separate valve, Or at least on a separate electrode, Thus there are the
techniques using the control and suppressor grids of a pentode (satisfactory 1f a signal
sufficiently large te swing the suppressor .is avallable), feeds on several valve grids, the
anodes of the valves belng commoned (in which case amplificatilon, phase reversal and change
of absolute level results) and feeds on several valves connected as cathode followers with
cormon cathode (in which case level and phase are retalned but amplitude may be slightly
reduced). In all types of circuit, 1t 1s usually necessary and always desirable that the
gate shall be either of "AND" or "OR" type, and the clircuit should be re-cast to make this
s0,- The polnt 1s 1llustrated by conslderation of the MOSAIC Adder circult below.

An "Adder* circult is supplled with three signals, the A and B digits (from the two
numbers A and B to be added) and the C or carry dlglt. The output 1s two-fold, one line
providing the required sum A + B and the other deducing the carry dlgit to be fed back to C
for the next A + B digits. The answer "1" 1s required on the "Sum" line if the sum of A B
and C 1s 1 or 3; the answer "i1" 1s required on the "Carry" line 1f the sum of A B and C 1s
2 or 3. All other answers are 2ero.
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The logical circult shown has the required facilitles, and at 1low speeds 1s satls-
factorlly transformed into the networks also shown. It has however one gate circuilt of
the type to be avolded, namely the circult provided with 3 inputs, (N = 3) any 2 of which
acting together are to be effective (X = 2). It 1s desirable to find another circuit which
does not rely on such gates. .

Such a circuit may be derived (using clrcuit algebra) as follows:

If fq(4,B,C) represents line 1 output
and f2 (4,B;C) " " 2 output (carry digit)

thenfy (A.B.C.) = A.B.C. + (A*B+C). f2 [(4B,0)]?
and f5(A.B.C.) = A.B.C. + A.B.C.1 + ABL.c+ aliB.C.
the dashes indicating negatlion.
.. £5(4,B,C) = A.B.(C + Cl) + A.C.(B + Bl) + B.C. (A + Al) by adding A.B.C. twlce.
= A.B. + A.Co *+ B.Co

I1f, instead of using the variables A and B directly, we first derlve the two new
variables A.B. = G and A+B = F, using slmple "AND" and "OR" gates, then:-

£1(AB.C.) = (A.B.).C + [(a+B)+C). [£2(aBO)]'= G.c + [F+cl. [f3(4B,0]'
and fg(A,B,C) = A B+ (AtB).C= G + F.C

These latter two equations give a loglcal solution involving only simple mAND® and "OR"
gates In F, G and C. The logical dlagram and the equivalent circult dlagram are shown, the
switching in the latter case belng by dlodes and cathode followers. This 1s the MOSAIC
adder circuilt.

Trigger Circuits

Many types of binary triggsr clrcult are avallable, and there 1s time here only to
indicate qualities held to be deslrable, which have been 1ncorporated into the standard
MOSAIC trigger. In general, the symmetrlcal type of clrcult, in which each anode feeds the
opposite grid, the two cross-feed clrcults belng identical is preferred to other types -
for instance, that where feed one way 1s by anode coupling and the other by cathode
coupling - for a variety of reasons. The "ON" and "OFF" signals are of exactly the same
kind, the two half-circults are Ilndependent and can therefore be separately tested, the
circuits themselves are very easy to design and appreclate, and the 1nput signals can be
specified with respect to flxed voltages - not for Instance with reference to a cathode
which is 1tself at a varylng voltage level. It 1s admitted however that the above does not
cover the subject, and the preference may be merely a personal one, The remaining points
however are regarded as fundamental.

1., It 1s deslrable to separate the operating connexions from the internal (or
stabilizing) connexions. The obvious solution 1s to use pentodes, stablllzing on the
control grids and switching on the suppressors = an application of the "One electrode-
one job" technique already referred to by Dr. Coombs 1nh Paper 5. The highly-favoured
double-triode valve 1s eliminated by this method, 1t 1s true, and of course the number
of separate valves 1s increased, but the advantages are felt to Justify the 1ncrease.

2. The upward swing of the control grilds is limited DYy grid current. I1f the downward
swing 1s also limited - by dlode clamps connected to a voltage Just below cut-off - a
trigger 1s obtained which 1s sensitlive to small and short duration input signals, and
1s furthermore unaffected 1n speed of operatlon by wide varlation 1n the resistors
constituting the cross-feed networks (provided of course that these networks glve stable
D,C. conditions). An essential part of the clrcuit 1s an additlonal condenser feed
from each ancde to the opposite grid giving an A.C. coupling effect, Without the dicde
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clamps, these condensers tend to increase the total resolving time, since the controi
grids are depressed too far; with the clamps, this effect does not arise. Triggers
of this type can be made to respond 1In a few milli-mlcroseconds.

3. The output should be taken from a buffer valve, so that the output circult may be
designed independently of the internal circuit parameters.

Fig.1 depicts a trigger circuit, designed in accordance with the above principles, which
1s the standard blnary trigger used throughout MOSAIC.

Discussion
MR. Re T. CLAYDEN (English Electric Co. Ltd.) 1n referring to this paper and to the one
presented by Dr. Coombs said that the pollcy adopted 1n the deslgn of MOSAIC seemed to be to

use a profusion of valves, combined with "one electrode - one Job", In MOSAIC some
6000 valves are used whereas, using ACE Pilot Model circuiltry, only 2800 would be required.

For example, the dlagram (Fig,2) shows a

.“}-—-{}-—-%E
¢ F

A— i —h

Fig.2

trigger clrcult using fewer electrodes and valves than the MOSAIC trigger. The common
cathode coupling 1s used thus making full use of the cathode. The input 1s applled to
Grid A which 1s used only to drive the trigger. Buffer stages are elimlnated and the anode
1s used only for the output. One D.C. coupling 1s used as agalnst two 1n MOSAIC and even
this can cause trouble 1f the resistors change 1n value. The pentode shown 1n the output
stage of the MOSAIC circult 1s not essentlal. Further the Pilot ACE circultry does not
make use of notorilously unrellable suppressor characteristics. The CVD speclflicatlon for
CV138 allows a very wlde tolerance on these.

MR. D, 0. CLAYDEN (NPL) sald that the original design for the ACE Pilot Model specifled
that the output of a trigger or gate should be known and independent of valve characteristics.
Fig. 3 shows a simplified gate circult on these lines. The voltage across the 10K cathode
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resistance is large in comparison with the grid blas of any valve used so that for any
reasonable grid swing the cathode current 1s not altered appreclably. -,

>
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Fig.3
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Double-triodes are used for this circult throughout. The signal 1s applied to Gl.
If G1 is at, say, + 10V all the cathode current passes through Al and 1f 1t 1s at, say.
-10V 1t passes through A2 so that at elther anode quite a definite voltage equal to the
product of cathode current and anode load 1s obtalned. More elaborate clrcults are
obtalned by connecting valves 1n cascade as shown 1Q,F¥g.4.

Fig.4

8 —— =t =200V,

~=300V.
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out of the four anodes, any comblnatlon of voltages corresponding to the Input signals
A and B may be obtalned, , Furthermore by comnectling the two anodes as shown the logical
operations A and B and A ¥ B can be pzrformed.
i
DR. COOMBS (Post Office Research Statlon, London) In reply sald that the "one electrods
one Job" policy seemed to have been misunderstood. It means that one electrcde should nct
do more than one job and not that every electrode must do something.

Pentodes are used as output valves in order to maintain the uniformity of valve type.
This entalls no sacrifice of efflciency or increase 1n cost and has the advantage of easler
servicing. The Pilot ACE type trigger saves one grid at the expense of troublesome manual
adjustmsnts, whereas the double-pentode trigger can be installed as designed without further
adjustment. Regarding the use of suppressor grids the valve specification quoted 1s not
relevant to the typlcal application of CV138 valves In MOSAIC. D.C. switching 1s never
used On sSuppressors. Triggers are switched by an easily obtalned very high A.C. signal
on the suppressors and the valves are not necessarlly cut off.  The clrcults are so
arranged that only & small voltage movement on the anode Is required.

MR. NEWMAN (NPL), from the chalr, remarked that In the triggers used 1n the ACE Pllot
Model the tolerance on elther grid 1s about 10 volts. They, also, functloned as designed.

25a. Parallel Ferroresonant Triggers
by
Prof. J. Garcla Santesmases
Conse Jo Superilor de Investigaciones Clentificas, Spaln

Introduction '

in a clircult made up of a reslstor, an alr-core inductance and a capaclitor In serles
or parallel, currents are completely determined 1f the applied voltage 1s sinusoidal.

If an iron-core inductor 1s substituted, the aspect of the problem is changed, and the
inductance becomes a functlion of the current. Whenever this element 1s present in a
circuit, an accurate study of the circult becomes difficult because of the distortlon which
the core Introduces in the voltage or current waveforms. Under certaln conditions, two
stable states can be obtalned. This phenomenon 1s referred to as ferroresonance.
Ferroresonance can occur In the serles circuit (different current for the same voltage) or
in the parallel clrcult (different voltages for the same current).

A systematic investigatlon of the parallel ferroresonant circult has been made by the
writer (ref.-1 and 2).

At the beglinning of last year, while I was in the Computation Laboratory of Harvard
University, I started working on a trigger circuit whlch 1s based on parallel ferroresonance
(ref. 3,4,5).  Afterwards I continued this work in Madrld University.

Parallel ferroresonant circuit

We shall consider a parallel circult conslsting of a reslstance, an Iron-core Inductor
and a condenser (fig.-1).  Assume the applled voltage V 1n the circult 1s sinusoldal, and
the source has a very low Internal impedance. To simplify studying the problem In a
general way, we can also assume that the current through the circuit 1s sinusoidal, and the
losses In the iron and the reslstance of the coll are negligilble,
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Under these conditions, 1f we conslder effective values, we can write:

2
2= (£)? + - om? (1
Equation (1) can be wrlitten as follows:
Ip-C =1, (2 1,° +(_V_~>2 =1 (3)
1% RI

where Iy 1s the current through the condenser and the coll in parallel. In fig. 2 the
equation (2) 1s represented by the curve (1) and the equation (3), which Is an elllpse, by
the curve (2). The points of intersectlon of these twWo curves are the operating polints-of
the circuit for the assumed current. In the flgure two ellipses have been Indicated
corresponding to the same value of the current I;, with two resistances, Ry and Ry, (Rq< Ro).
The influence of the parallei resistance in the behaviour of the circult may be observed.
By drawlng the corresponding ellipses for different current values, and the same resistance,
the ferroresonant curves may be obtalned.

It 1s possible to obtain the ferroresonant curves in an easler way by using a network of
circles instead of a network of ellipses (ref. 4).

Using one of these constructlons and assuming the same 1deal conditlons 1t 1s possible
to study graphically the behaviour of thls circult (ref. 2 and 4/).

In fig. 3a the shape of a ferroresonant curve is shown. Assuming a constant voltage
source is used, thils curve 1s'stab1e in all 1ts branches.

U | U
b
f
|
|
|
|
h |
\\ =
N
SN
| ‘s\
|
|
| \ a
I
!
|
|
d 1°
|
|
|
1 : o I, Ip I, 1
(2) Q)
CONSTANT VOLTAGE SOURCE CONSTANT CURRENT SOURCE
Fig.3
188

(14567)



It should be pointed out from the experimental point of view, that the losses on the
iron-core have a very great influence on the shape of the ferroresonant curve. As these
losses Increase, the curve becomes less accentuated until a limit is reached where there 1s
no ferroresonance.

Constant current source. Ferroresonant triggers

If we apply a constant current source to the parallel circult, the ferroresenant curves
are not stable In all branches (fig. 3b). The branch a ¢ 1s unstable.

Let us assume that e 1s the operating point, which corresponds to a current Igs
and that we Increase the current, When I; 1s reached, the voltage Jumps abruptly to the
operating point b. If, now, we decrease the current to the same orlginal value Iog, the
voltage will follow the branch b ¢ untll the point f 1s reached. Thus, 1in thls operation
the voltage has jumped from e to f. If we perform the same operation but In the contrary
directlon, decreasing the current first, the operating point will drop from f to e.

Obviously thils ability to change from one stable state to another meets the requlire-
ments of a trigger circult. It 1s not necessary to use a change In the alternating current
for triggering the circult. We can use current pulses as well. For this purpose, we can
assume that 1in the lron-core inductor direct and alternating magnetlzing forces act
simultaneously. If, in these conditlons, we change the value of the direct magnetizing
torce, the shape of the ferroresonant curve changes too. A family of ferroresonance curves
for different values of the dilrect current ¢ 1s shown in fig. 4.  The explanatlon of this
family of curves 1s based on the fact that incremental permeability decreases when the
constant fleld 1s Increasing.

u
ll)
I -
o Ip I
Fig. 4
189

(14567)



Assume the alternating current 1s Iy, the direct current 1g, and the operating point A,
If the direct current changes from 1p to 1y, the ferroresonant curve changes from II to I,
and, as the alternating current I; remalns unchanged, the operating point Jumps up to B.
If now the current 1; Increases to the Initial value 1o, the operating point drops to C.
So that a decreasing current pulse 12;1 , Jumps the operating point from A to C.
Similarly an increasing current pulse (}5—12) drops the operating polnt from C to A,

In fact, Instead of using a source of direct current and another of alternating current,
our tests have been carried out using a single source, the plate circuit of a pentode (fig. 5).

For a certain blas on the grid, and a certaln voltage from the oscillator. the current
through the coll should be the superposition of a direct current and an alternatling current.
By changing the voltage of the oscillator or the grid blas, the alternating or direct current
1s changed. ‘

+

Fig.5

A similar effect to that of a change In grid bilas can be obtalned as follows. If we
apply two secondary windings to the core of the coll (fig. 5) and we send a pulse to the
winding A in the direction Indicated by the arrow, whlch decreases the constant flux through
the core, the system will change from the low to the high state, Inversely, a pulse In the
opposite direction through the coll B will re-establish the low state. The output is
obtalned after detectlion of the modulated wave.

In order to get an output not connected to the plate circult (which may be of Interest
1f 1t 1s desired to use various units in series with the obJect of constituting a counter),
the system indlcated in fig. 6 may be employed. This dlagram also shows the procedure for
obtalning two outputs opposite 1n phase.
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With these basic principles some trigger circults have been designed and the experimental
tests have been successful.

The first tests (ref. 4} were carried out using a core made of Mu-metal. The carrler
frequency was 70 kc/s. About 1.8 D.C. ampere-turns per c¢m, and 1 A, C. ampere-—turns per Ch.
were required. In these condltions the system was triggering with pulses applied
successively to the one or the other secondary, with a rate up to 12 kc/s. The ampere-
turns per c¢m corresponding to the current pulses were about 0.8. The pulse width should be
equlvalent to about two or three waves of the carrler frequency.

A second serles of tests has been carrled out at Madrid, using cores made of ferrites.
We have increased the carrler frequency up to 1 Mc/s, and the rate of pulses up to 180 Kkc/s.
About 4 D.C, ampere-turns per cm, 1.3 A,C. ampere-turns per cm, and O.5 ampere-turns per cm
of current pulses are used.

A plcture of the modulated wave, and the corresponding output after detection, as
displayed in the oscilloscope, 1s shown In fig.7. - The carrier frequency 1s 1 Mc/s and the
rate of pulses 1s 20 kc/s. The output and the modulated wave for the same carrier
frequency at a rate of pulses of 65 kc/s 1s shown in fig.8. The modulated wave at a rate
of pulses of 150 kc/s and for a carrler frequency of 1.5 Mc/s 1s shown in fig.g.

It should be pointed out that thls trigger needs no more than one core for performing
the same operation as the equivalent vacuum~tube trigger.

The fundamental 1deas and experiments of the parallel ferro-resonant triggers have been
described. At present, we are making experiments in order to put several units In serles
(which will glve the advantage of using the same current for all of them) and in such a way

to make a counter,

I wish to express my gratitude to Professor Howard H.,Aiken, the Director of the Harvard
Computation Laboratory, and to Sres. Rodriguez Vidal and Sdanchez Rodriguez for the help they
have glven me in the Unilversity of Madrid.
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FIG.9.

Carrier frequency: 1.5 Mc/s.
Rate of pulses: 150 ke/s.
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26, Mercury Delay Line Storage

by
M. Wright

Natlonal Physical Laboratory

Introduction

Comput ing machines using mercury delay llne stores have enjoyed conslderable success
for over flve years. The keynote of this success 1s rellability and since the store 1s
the largest part of any machine the rellabllity of m.d.,l. storage can be taken_ as
established.

A storage system can be assessed In respect of three major features:

1., Cost
2. Rellabillity
3, Speed and access time

The initial cost of m.d.l. storage 1s falirly high in ccmparison with that of some other
storage systems but thls 1s relatively unlmportant. In order to assess the economics of
any storage system a comparison with the cost of maintenance and the cost of the rest of the
machine must be made. The initial cost 1s, therefore, less Important than it 1s sometimes
stated to be. :

The easlest way of analysing the reliabllity of any storage system 1s to consider its
possible faults. In general these can be dlvided Into four classes:

1. Complete and continuous breakdown

2. Breakdown for certain pulse patterns only

3. Random plckup

4, Intermittent breakdown of the types (1) or (2)

Mercury delay lines are free from (2) and can be made free from (3). The assoclated
circultry may of course exhibit any of these faults, but that 1s true of most of the
circultry of a computer. '

It 1s convenlent to base the assessment of m.d.l. storage on our experience of the
designs used 1n the ACE Pllot Model. Many published descriptions of delay lines are
avallable (ref. 1,2,3) and the assistance derived from them 1s fully acknowledged.

The Hechanical Design of the Pilot Model Mercury Delay Lines

Three lengths of line are used, with nominal delays of 32U s, 64Us and 10244 S, The
two shorter types are simllar in deslgn and all have a mechanical length adjustment. :

Each short line is bullt from a straight length of mild steel barrel, % in. bore, 1/8 1in.
wall, the ends of which are threaded to take the crystal assemblies. The barrel 1s mounted
vertically with a fixed crystal holder at the bottom and an adjustable one at the top. The
crystal holders on all the delay lines are slmilar but the methods of mounting are different,

The bottom holder 1s fixed onto a steel disk which screws onto the end of the barrel,
whereas the top holder i1s fixed onto a thin tube. A micrometer type adjustment 1s fltted
to this tube, which is free to move only up or down so that the electrode connexion can be
taken from the centre via a hole 1n the side. i .

The holder contalns a perspex insulating disk, # in. In dlameter, which 1s clamped in
position by a steel ring. A brass electrode, 3/8 in. in dlameter, 1s set In the perspex
insulator with its surface recessed 0.001 in, below the rim of the perspex.. The crystal,
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which 1s 4 in. 1n diameter, rests on this rim and 1s retained 1n that positlicn by a light wire
spring. The spring 1s mounted on four pillars fixed to the steel clamping ring.

The crystal 1s made of X cut quartz 0.007 in. thick. The surface finish on the face
which sits on the perspex rim is matt but the other, which 1s in contact with mercury, 1s
polished.

Mercury appears to wet the surface of pollshed quartz so that a rellable and Intimate
contact is maintained. Originally the crystals used were matt on both faces. At that
time the lines were filled first with methylated splrit, which was then displaced by fllling
wlth mercury. It 1s believed that these lines worked by virtue of a thin f1lm of spirit
between crystal and mercury which wetted both surfaces. They tended to fall after a few
months - possibly due to the gradual disappearance of thls film, The lines are now filled
directly with clean mercury. There have been no line failures of the type orlglnally
experienced since this technique has been used. The method of polishing thin quartz crystals
1s simple and few breakages occur during the process.

There is an alr gap of 0.001 1in, between the crystal and the brass electrode. The
mechanical impedance of this air gap 1s effectlvely zero and no energy 1s transmitted into 1t
by the transmitting crystal. Most of the energy which appears at the recelving crystal 1s
reflected at this back Interface and 1s sent back towards the transmitting crystal. The
attenuation of the signal in a long mercury delay line path 1s 15 dB and this reduces the
reflected signal to a level 20 dB below that of the primary signal. An artificlal
attenuator 1s inserted in the short lines so that the reflected signals are 20dB below the
primary signal. This attenuator is a fine-mesh grld of steel wire which 1s mounted In the
barrel at an angle of 480 to the axis.

The long lines make use of a double reflection path. They are bullt from two stalnless
steel tubes, # In. bore, 1/8 1n. wall both mounted vertically. The tubes are held parallel and
brazed into two blocks, one at each end, after which the projecting ends of the tubes are

ground parallel.

A block housing the transducers 1s fitted to the top of the tubes and another, with
450 reflecting surfaces, 1s fitted to the bottom, all Joints consisting of fine-ground flat
surfaces held in contact. The wave path 1s down one tube across the reflecting block and

up the other tube.

The reflecting block, which 1s a right-angled triangle In section, 1s bored to extend
the tube holes to the two perpendicular faces and the holes 1n these faces are Joined by a
horizontal hole, Polished stalnless steel reflecting disks are fixed to these faces, which
are accurately ground so that the angle between them 1s 900, The angle of inclidence of the
beam on the reflecting disks is thus 459, In this connexion 1t should be noted that total
reflexion occurs for angles of incidence greater than 300, )

The transducer block is also bored to extend the tube holes, and to accammodate the
crystal mounting. A hole for filling 1s drilled in the side of this block. The mounting
for the crystal holder 1s kinematically designed to provide two rotatlons about mutually
perpendicular axes, and a vertical translation for path length adjustment. The overall
length of the mounting 1s about five inches.

Assembly

The materials in contact with the mercury are steel, perspex and quartz. All the
steel parts are cleaned thoroughly by wiplng with benzene and finally rinsing in clean
benzene or acetone. Care 1s taken to ensure that no brazing material gets 1nto the tubes
during construction, The quartz 1s cleaned In benzene OT acetone but the perspex 1s
cleaned only with a dry cloth. - The parts are left to dry and are then assembled. Fresh
mercury 1s used to fill each line but it 1s only a commercial grade, of 99.5% purity.

The signal obtainable from the line 1s very small immediately after fllling but after
24 hours the output signal 1s normal. This effect 1s probably caused by small bubbles of
air which form during the filling process and which gradually disperse. The angular
adjusters are set to glve a maximum signal and the line is then ready for use.
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Working Tolerances

The bandwidth of the line and its transducers at the crystal frequency (15 Mc/s) 1s
about 7 Mc/s. The 1input consists of 0.3 pgs clock pulses, wldened to 1 Us, at 1 Mc/s
repetition rate. The bandwidth required to transmit these 1s about 2 Mc/s. The driving
and recelving circults are designed to gilve a total bandwidth of about 3 Mc/s so that the
pulse rise-time at the output 1s 0.1 to 0.2 us. The output pulse 1s reshaped to give a rise
time of less than 0.1 us, and 1s then used to gate clock pulses into the input of the line.
Since the clock pulses are only 0.3 js wlde and the gating pulses are 1 us wide, a timing
tolerance of 10,35 uUs 1s avallable. The length of the delay line can be set to the optimum
and controlled to +0, 1us which represents a temperature control of +40¢, Allowing for the
pulse rise-time, the final working tolerance 1s 10.15 ps. Each delay line 1s inspected
daily but alterations are made much less frequently.

The total attenuatlion of the long delay lines (1024 us) 1s about 60 dB at 15 Mc/s.
By careful assembly and design the variatlons between one llne and another are reduced but,
as an extra precaution, a +10 dB gain control is provided in the transmitter. The gain of
the recelving amplifiers 1s not independent of temperature and of valve characteristics.
Also, the long and short lines differ 1n attenuatlon. The galn control provides means of
ccmpensating for all these variatlons.

Normally a signal of about 70 volts D. A.P. (double amplitude peak} 1s sent to the
transmitting crystal and the output from the recelving crystal 1s amplified to produce
20V pulses after rectification.

The long llnes used In the ACE Pllot Model are housed in a large box 10 x &' x 7 ft.
high, which is made of 3/16 1n. thlck hardboard. There 1s a door at one end so that the
1ines can be Inspected easily. A single fan stirs the air in the box, which 1s
thermostatically controlled to 30 +49C,

Cost

The cost of a complete mercury delay store such as that 1n the ACE Pilot Model, 1. €.
using long and short delay lines, 1s estimated to be about £10 per word of 32 digits or
about 7/- per dlgit. Two thirds of this cost 1s for clrcuitry and the other third for the

delay lines themselves.
Reliability
.Four types of fault were mentioned at the beglnning of this paper.

1. Complete and continuous breakdown

2. Continuous breakdown for certaln patterns
3 Random pickup

4, Intermittent breakdown

Complete or intermittent breakdown can be caused by several types of fallure

1. Incorrect length

2e Broken crystals

3 Misalignment of the crystals

4, Mercury creeping behind the crystals, and shortcirculting them
Se Poor contact between the mercury and the crystal

6 A temperature gradient across the mercury

The required delay time 1s dependent on the delay in the clrcuitry but the lines can be set
to the optimum delay by the length adjustments.

Faults due to broken or misaligned crystals do not occur except by accident or
carelessness, Mercury has been known to get behind a crystal but 1f the perspex rim l1s
machined flat and not mistreated, this should not occur.
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The contact of the mercury and quartz can be Impaired by contamination of elither,
Under normal conditions no such trouble has been found, but on one occasion during
experiments solder got into the mercury and ended the 11fe of the line with a disconcerting
suddenness.

A temperature gradlient across the mercury column can cause a corresponding velocity
gradlent and a consequent bending of the beam. This 1is never sufficient to cause trouble
in the Pllot ACE unless a source of heat 1s dellberately applied to one slde of the tube.

As far as the lines themselves are concerned, there are no features which can give rise
to faults dependent upon pulse patterns, and the cause of any such faults, it they occur,
must be sought 1n the clrcultry.

There remain only faults represented by the loss or plckup of pulses. In this respect,
mercury delay lines offer the exceedingly important advantage that they can readlly be
operated at signal levels such as to render them, practically speaking, lmmune from such
faults. (The Pilot Model lines are normally used so as to glve pulses of about 70 mV D.A.P.
at the recelving crystal.) It 1s our common experience that in the absence of any specific
and readily identiflable maladjustment, or any mechanical defect such as a faulty plug-and-
socket connection or similar break In screen continulty, the storage system nelther galns
nor loses a single diglt even 1n the longest runs.

Finally, it may be polnted out that m.d.l. storage 1s Intrinslcally free from any
1imitation on the number of tlmes that any ltem of stored informatlon can be read.

The working life of a mercury delay line 1s not yet known with certalinty. In the
Pllot Model, four long lines and nine short ones of the latest type have been working for
about a year without any replacement, and other users can no doubt clalm even longer runs.
For all we know to the contrary, thelr life may be taken as indefinitely long.

An Experimental Multi-Reflexion Type

Amerlcan workers have produced some very ingenlous and sophlsticated designs 1n which
compactness 1s achleved by multi-reflexion paths. We also have experimented on these
with some success. One of the 1ines now in use 1s a metal tank 9 inches by 7 inches by
14 inches. Eleven adjustable polished steel reflecting plates are distributed round the
four narrow walls and the ultrasonic beam 1s sent round and round in the enclosure by
450 reflexions from these. The orientations of the surfaces were adjJusted optically and
the line worked without further adjustment when filled. The total attenuation in thils
1ine 1s about the same as in the comparable double-reflexion line already described,
indicating that there 1s no appreclable loss in reflexlion under these conditlcns.

An Apparent Anomalous Velocity Effect

The carllest models of the short lines were of fixed length, and 1t was observed that
the delay was 0.3 us longer than the calculated 32 liS. The discrepancy was confirmed by
further experiment and 1t 1s understood that the effect has been noted elsewhere, There
has not been time to eluclidate 1t.

Speed, and Access Time

Mercury delay line storage can be used at very high pulse repetition rates, t.e. at
very high digit frequencles., A practicable upper limit 1s set by a number of factors,
e.g. crystal strength, temperature control requirements, attenuatlon, and some features
of assoclated circuitry, in particular circult delays. It appears that 5 Mc/s 1s about
the highest digit frequency that could be realized in the present state of the art. This
would require a carrier frequency of about 30 Mc/s.

As far as access tlme 1s concerned - the delay line store does not offer the possi-
b11ity of direct access to required words which 1s such a valuable feature of some kinds of
electronlc store. On the other hand, as previous speakers have shown, a sultable loglcal
design and the use of optimum coding enables the effective access time of a delay-line cum
magnetic-drum system to be reduced %o that of a single-word delay line.
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Discussion

MR, WILLIS (Cambridge University Mathematlcal Laboratory) asked 1f 1t was possible to
trangnit two or more pulse trains simultaneously using different carrier frequencles. The
author sald this was certainly possibly but had not been tried at NPL.

DR, PINKERTON (J. Lyons & Co. Ltd.) mentioned some difflculties that had been
encountered in the operation of the LEO delay lines and in particular, fallure due to the
mercury not making a "wet" contact with quartz. A wetting medium of glycerine and water
(with an anti-rust material added) had proved satisfactory. Polishing the crystal faces
was a more expensive solution. The modulation system used was the same as at the NPL. He
gave 5 dB as the attenuation in the mercury column as agalnst the 20 dB 1n the NPL lines.
The author 1n reply said that the polishing of a crystal face cost only five shillings,

The higher attenuation in the NPL lines was probably due to the different carrler frequency
as well as to the narrower bore.

In reply to a question about the cost of mercury delay line storage, the author gave
an estimate of £120 for a 1000~-digit 1line and its clircultry.

Mr. STRINGER (Cambridge Unlversity Mathematlical Laboratory) confirmed the efficacy of
the polishing of the crystal face to secure "wetting" by the mercury, and described a new
type of line now being made at Cambridge, 1n the form of solld rectangular steel blocks
bored with holes parallel to the upright sildes and the base, with 450 reflecting plates at
the junctlions of the holes. An accurately machined plate, resting on the machined top
surface of the block, carrles the crystals.

DR. COOMBS (Post Office Research Station, London) said that they had had some trouble
at Dollis H1ll due to stray plck up at the low-level end of the lines, and advised that
ampllfiers should be mounted as close as possible to the low-level ends and that leads should
be well screened and earthed. The author replled that there had been little or no pick-up
trouble at the NPL and that operation with the largest practicable signals was a good
safeguard agalnst 1t.

27. Applications of Magnetostriction Delay Lines
by
R, 'C, Robbins and:..R. :Millership: .

Elliott Bros. Ltd.

SUMMARY

Mercury delay lines have been wildely and successfully employed. In comparlson with
the magnetostriction line they have certain disadvantages, chlefly thelr welght, slze,
complexity and temperature instabllity. The magnetostriction llne 1s slmple, cheap and
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robust and may be constructed to give a zero temperature varilatlon. The latter, however,
may not be used over as great a frequency range. Other forms of solid delay line tend to

be too complex.

It 1s felt that for use 1n digital computers the magnetostriction lines of the type
described have consliderable advantages over the other forms of delay line which have been

used,

INTRODUCTION

The magnetostriction delay line 1s an acoustic line, in which the input electrical
energy 1s converted into an elastic wave which then travels along the llne and 1s reconverted
into electrical energy at the output. A short varilable delay line of thils type wiich
operated with a rectangular pulse input of the order of 5 us 1n width has been described
by Bradburd. It 1s the purpose of this paper to describe certain forms of magietostriction
delay line which have been developed and some of the ways In which they have been applied
or in which their use 1is envisaged in electronic digital computing equipment.

DESCRIPTION OF DELAY LINE

General

The 1line in 1ts simplest form consists of a length of phln wire or tape of a magneto-
strictive material threaded through a coll near each end (fig.1).

Polarisu'ng

Magnet.
‘ —3 —
I End
i l cl
Inpot. Outpub AP

gL
Simple Form of Magnetostrictive  Line.

If an electric current pulse 1s passed through one coll the portion of line affected
by the resulting magnetic field willl undergo a change 1n dimensions. As a result, stress
pulses will be transmitted along the line at the velocity of sound in the material. The
stress pulse arriving at the second coll produces a change In the magnetic Induction of
the delay line materlal by virtue of the reverse magnetostriction effect and consequently
an electric pulse 1s Induced in that coil.

Output Pulse Shape

A simplified explanation of the production of the output pulse 1s given 1n fig.z. -
Consider a step waveform of current supplled to a delay llne having one short coll and one
long coll. As the magnetlic 1induction at the input coll bullds up, a stress proportional
to the inductlon 1s established, the extent of which is determined by the length of the colil,
and by the time requlred for the magnetic fleld to penetrate Into the material. This
stress pulse 1s propagated down the line in the directlon of the second coll. As the
stress pulse passes through this coll, the value of the magnetic induction integrated over
the coll length alters 1in the manner shown. Consequently a voltage 1s induced 1In the
output coll proportional to the differential of thils waveform.
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Production of  Outbput_ Pulse.

From the input step wave, .two output pulses will Dbe obtalined of width determined by
the length of the shorter coll and the time taken to establish the stress pulse, and with a.
separation determined by the length of the longer coll. The same output 1s obtalned if
the colls are reversed so that the longer coil 1s in the input position, A negatlve
golng step will produce two similar pulses of the opposlte sense so that a wlde square wave
will produce four output pulses. If the length of the long coil 1s reduced these may be
combined so that two output pulses are obtained, each with a positive and negative going

* portion. With a2 narrow rectangular input pulse these also may be comblned to give the

characteristic output form shown in the dlagram.

A number of factors have heen neglected such as attenuation, possible mode conversion
of the acoustic pulse, effect of input and output circults, but the explanatlon serves to
indicate the necessity for utllising colls of an appropriate length and of material
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sufficiently thin, i1f an adequate output waveform 1s to be obtalned with a narrow input
pulse. Examlnation of the type of output obtained with a very short coil and a very long
coll has proved most useful 1n the Investlgatlon of thils type of delay llne and 1n the

prediction of 1ts performance.

End terminations

It 1s necessary to termlnate the delay line at each end In some form of damping pad in
order to prevent reflexion of acoustlc pulses from the free ends of the line, This pad may
consist of rubber or neoprene clamped to the end of the line, or the end may be lmmersed 1in
grease or a termination of sultable shape and material may be moulded on the end. The
silze and shape of the termination will depend on the material used but sultable pads can be
easlly and simply constructed to occupy a very small space and yet reduce the reflexlons to
1% or less of the required pulse, )

Veed for Polarization

The stress pulse 1n the line produces a change in the easy direction of magnetization
of the magnetic domains. In the case of a materla. with positive magnetostriction a
tension will produce a rotation towards the directlion of the applied tenslon whereas for a
material with negatlve magnetostriction the rotation is towards the transverse direction.
If the material 1s In the unmagnetized condition the directlon of spontaneous magnetization
of the individual domains will be randomly orlented throughout the materlal. A stress will
therefore produce a number of equal and opposite rotations, the net change of 1induction will
be zero and consequently no output will be obtalned. It 1s necessary, therefore, to apply
a static polarizing fleld at the output position 1n order that a change of induction, and
hence an output, should be obtained. The nature of the output will depend upon the direction
and magnitude of the polarizing fleld so that for a unidirectional Input pulse, a positive
going, negative golng, or zero output can be obtalned. This effect has been utllized 1n the
construction of a static magnetostriction system which will be described later. Also the
shape of the output will depend on the direction and uniformity of this fleld and this fact
has been used 1n the constructlion of some of the llnes to produce a good output pulse shape.

The amplitude of the output pulse 1s a functlion of the magnitude of the polarizing fleld
at the output. With a longitudinal field the output rises to a maximum as the field 1s
increased and then diminishes as saturation is approached. For nickel the optimum value
1s of the order of 60 oersteds which can readily be reallized by using a small permanent
magnet which 1s adjusted for maximum output from the line.

It may also be of advantage to have a polarizing magnet at the input positlon, although
this 1s not necessary when large Iinput pulses are used.

Losses

The losses 1n the delay line are such that amplification of the output 1s necessary 1if
a usable pulse 1s to be obtalned. These losses are largely due to 1lnadequacy of the
electromechanical coupling at the input and output and very little 1s due to attenuation of
the acoustic wave. The value for nickel of the latter quantity 1s approximately 6 dB/ms.
It 1s possible to construct delay lines of considerable length since the attenuatlion forms
such a small part of the overall loss and llnes of about 6 ms. delay could be operated with a
reasonably simple amplifler. It appears llkely that distortion of the pulse rather than
amplitude consideratlons sets the limit to the delay times which can be obtalned.

For a llne constructed of nickel the attenuation 1s smaller fcr the material in the
hard drawn state than when annealed but the magnetic propertles are better 1n the annealed
conditiocn. It is, therefore, advantagecus in. such a line to construct the line of hard
drawn material and to anneal this at the coll positlons.

Delay Time

The delay time Introduced 1s, of course, dependent upon the path length of the acoustic
pulse and on 1ts veloclty. The veloclity of longltudinal waves 1s glven, approximately,
by v = /E/p where E 1s Young's Modulus and P ls the density. Perhaps the most sultable
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magnetostrictive material for the simple form of line 1s nickel, which has a high
magnetostriction constant and 1s readily avallable In a sultable form. The veloclity of
sound in nickel 1s such that the delay time obtalnable 1s 5.2 us/in. so that for a 1.5 ms.
delay 24 ft. of llne are required. The line, however, may be colled and this length can
easlly be accommodated 1n a space about 18 1n. square, A line may, 1n fact, be colled,
within limitations, to any convenlent shape and could, for example, be wound round 1ts
assoclated amplifler.

Temperature Stability

Since the delay time 1s a function of the elastic constants and the length 1t will, in
general, be temperature dependent. The varlation 1s largely due to the variatlon of
Young's Modulus, the thermoelastic coefficient belng much greater than the coefflcient of
1inear expansion. For nickel the thermal coefficlent of the delay time 1s 1.4 x 1074/ OC
or 0.14 us/ms/oc which 1s less than half that of a mercury delay line.

This variation, however, although small may stlll be too great for certain applications,
particularly 1f very long delays are required. Using the silmple type of construction,
there 1s no material which 1s sufficlently magnetostrictive and yet shows a sufficlent
decrease 1n temperature dependence. However, with very little increase 1In the complexity
of the system a line may be constructed In which the main body of the line consists of non-
magnetostrictive materlal and the ends only are plated with nickel or have magnetostrictive
material attached. For a line constructed in this manner wlth Elinvar as the line material,
the thermal coefficient of delay was -7.2 x 106 OC or less than 1/100 us/ms delay/ocC,
This value could 1n fact be Improved by sultable heat treatment but for most practical
purposes such a line may be consldered as belng Independent of temperature, It should be
saild that this type of 1ine may be operated without plating the ends - in fact 1n the same
manner as a nickel 1ine but there 1s some decrease in amplitude,

Apart from its simpllicity of construction and space saving conslderations, an
attractive feature of this type of lilne is that the delay can easily be varled. Also an
output can be obtained from any point on the line and may be obtalned from several positions.
This feature has been used in the constructlion of pulse generators and the statlc store
mentloned previously.

EXAMPLES OF THE USE OF MAGNETOSTRICTION DELAY LINES
IN TWO TYPES OF SERIAL STORAGE SYSTEM AT 330 Kc/s

Two examples will be given to lllustrate the application of magnetostriction delay
lines as storage elements. The first example 1s that of a 1.5 ms, delay line used as a
16-word (512 diglit) storage 1loop. It represents our first serious application of this
type of storage. The second example Is taken from a recent development on which work is
still In progress. and 1s that of a single package 1-word store. Between these two we
kave other applicatvlons which are In current use,

A 1.5 ms. Line used as a 16-word Storage Loop (512 digits at 330 kc/s)
Type of Line

The delay line conslists of about 24 ft, of 42 SWG nickel wire wound in a loose flat
spiral and resting lightly on 1ts supports, The sending and receiving colls are allke and
both consist of 500 turns of 50 SWG wire wound on a glass former about 0.05 1n. long.

With the nickel wire threaded through:the coll, the inductance 1s about 150 UH and the D.C,
resistance 1s about 50 ohms. A driving pulse of 40-50 mA peak glves an output of about
2 mv,

End reflexlons are reduced to a negligible level by means of terminating pads con-
sisting of short lengths of rubber tube fllled wlth a sultable grease...

Circuit and vae-fbrmsl(ﬁigs.-g and 4)

Input pulses from the computer are of greater wldth and amplitude than clock pulses,
They are applled to a gate which lets clock pulses through to a pentode driving stage
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delivering about 8 mA pulses to the primary of a current step-up transformer. This in
turn dellvers the required drive-current to the sending coil on the delay llne, a
polarising magnet being used:to preserve a unidirecticnal exciting field.

Output signals from the delay line are amplified by means of a 2-stage pentode
amplifier to an amplitude sultable for clipping and pulse-lengthening. The overall
voltage amplification can be set to any value between 10000 and 40000 approximately. As
the signal waveform 1s substantlally balanced over a digit perlod, a good low=frequency
response 1is not required and the amplifier 1s dellberately given a band-pass characteristic
extending from about 75 K¢/s to 750 Kc/s. The positive portion of each digit signal is
used to charge a pulse-lengthening condenser which 1s discharged at the end of each clock
pulse perilod by an externally generated reset pulse.

A more or less conventlonal crystal diode array is used to control input and resircula-
tion of stored words.

The complete circult uses four E.F.91 pentodes, a 12AT7 double triode (as a pair of
cathode followers) and an E.B.91 double dlode (for the pulse lengthener), The power
consumption 1s about 13 Wh D.C, and 12 Wh A,C. for valve heaters.

Composite Storage Loops and Performance

Blocks of elght such 1.5 ms. lines have been connected in cascade, with a regenerating
circuit between each pair, to form 128-word storage loops each with a total circulation
time of 13 ms. This arrangement has no particular advantage other than economy in address
¢ircults and for thls reason was used in a particular computer for which the correspondingly
long access time was acceptable. (It should be mentioned that with improved techniques
and low temperature coefflcient line material, 1t now seems practicable to use delay lines of
up to 3 ms delay.)

As in this application nickel lines are used, the effect of temperature change amounts
to a delay change of about 1/12 digit period/©C. Means have been taken to compensate for
this by using a clock whose frequency 1s accurately controlled by the delay in a similar
line, housed In the same enclosure with the storage loops. With Elinvar lines thils should

not be necessary.

This particular applicatlion has worked sufficlently well to demonstrate a number of
advantages of this method of storage, but has also proved useful in demonstrating a number
of weak polnts in the original design. Some of these have already been corrected on the
machine 1tself, others have been avolded 1in later applications.

The chlef troubles have been:

1. Signal distortlon due to excessive support constraint (fig.s/.- This effect was
markedly microphonic and could be much reduced by keeplng the lines in a state of
low frequency vibration. Improved supports have almost entirely removed this
trouble.

2  Change of pulse width with duty cycle (fig.s(iii)).  This fault though not

serlous has the effect of reducing delay tolerances. It results from trying to get
too much advantage from a transformer drive, The effects of current reversals due
to A.C. coupling can be reduced but not removed by the use of a polarizing magnet,
and this reduction becomes less useful the greater the driving fileld compared with
that necessary to saturate the nickel. It 1s now considered that there is 1little to
be galned by uslng a current step-up transformer, and so D,C. drives are being used.

3 interference. This was largely due to bad earthing and Inadequate filtering

of supply lines. The worst of this was cured by the Insertion of a small metallic
shield between the pick-up coll and the base plate of the delay line.

4, Inadequate gain stabllity.
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A Single Package 1~word 34-digit Storage Loop
Type of Line

In this case the delay line consists of a single loop of about 2 ft. of nickel tube of
one of the standard sizes used In the manufacture of valve cathodes. The outslide dlameter
is 0,036 1in. and the inslde dlameter 0.031 1n, It 1s slotted and annealad 1In the region
of the input and cutput transducers. The colls have 900 turns of 49 S,W.G. wire and are
about 0.15 in. long. Under working condltions they have an Inductance of about 1% mH.
With input pulses of 20 mA peak, a useful output from the line of 1/3 to 1/2 V 1s obtalned.
The two ends of the line are terminated with neoprene pressure pads.

Circuit and Wave—forms

The circult is considerably simpler than that described for the 16-word store. It
employs a 6CH6 pentcde to provide a direct drive of 20-mA pulses. Cathode degeneration 1s
used to define this current within reasonably close limits so that agelng of the valve
(which, hcwever, 1s very much under-run) should not cause rapid detericration of drive.

The 1line output amplifier 1s a 12AT7 double trilode with a small amount of overall
current feedback. The positive portion of 1ts output 1s strobed by means of a narrow
pulse (about 0.4 {S wide) and a sultable dlode gate.

The output from this dlode gate 1s then lengthened by a clrcult using a 12AT7 double
triode and the lengthened pulse is terminated by means of an externally generated reset
pulse of the kind used throughout the computer. The resulting lengthened pulses are of the
standard form required by the logical circuits of the computer.

Gating of Input and regenerated signals 1s carrled out by means of a crystal dlode array
of much the same type as that used in the 16-word storage 1loop.

In all, the circult uses 3 valve envelopes (two double triodes and a pentode) and
14 crystal dlodes. It consumes about 94W D,C, and 8%W A.C, for valve heaters.

The whole circult including the delay line goes into a plug-in package 64 In. x 94 1n.
x 1% 1In. thick.

So far only preliminary bench tests have been carried out but these have Dbeen
encouraging. Lying open on the bench it has stored for about 7 hours wlthout error, this
being the longest period over which we have tested 1t. It is very non microphonic and can
be hit quite hard while in operatlon, without adverse affects.
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COMPARISON OF DELAY LINES
Re qui rements
The major requirements for a delay line are that:

1. A reasonable, though not necessarlly faithful, reproduction of the input should be
obtalned.

2, The overall energy loss should be small.
3. The delay should be reasonably constant with variations of temperature etce.
4, The size should not be excessive nor the constructlon over—-eclaborate or fraglle,

These requlrements may be realized by making use of an acoustic line. Although a gas
- would appear to be the most suitable material since the delay for a given length will be
great, the bandwidth requirements for pulse operation are such that a solid or liquid
medium is preferable. The attenuation of the higher frequencles 1s not so great 1in these
media and an efficlent electromechanical transfer can be obtained. The most wldely used
transducing mechanism 1s the plezo-electric crystal and of these X—cut quartz has been most
frequently employed.

Mercury Delay Lines

There are certaln apparent advantages in using a liquid as the transmission medium,
Shear wave propagation 1s excluded and 1n general the velocity 1s lower than for solids.

Mercury 1s very suitable since the mechanical impedance 1s high and a wider bandwidth
can be obtained with a quartz crystal than can be obteined, for example with water.
Furthermore mercury has a very low attenuation for sound waves (1.9 dB/ft. for a 0.25 -
0.5 us pulse). A good match my be obtalned with a quartz crystal so that a reflexion
coefficient of only 12% or less may be obtained.

The velocity of sound in mercury 1s reasonably low (17.25 pus/in.), about the same as
in water, so that a substantial delay may be obtained in a reasonable space and the
varlation of delay with temperature 1s falirly low (-340 x 10-6/0C) which 1s considerably
lower than for most liquids.

The problem of delay variation with temperature may be overcome with a liquid 1line by
utllizing the fact that water has a temperature coefficient of the opposite sign to that of
most liquids, so that by mixing 1t with other fluids (e.g. ethanol, methanol) 1n the correct
proportions a small or zero coefficlent can be obtalned. In this type of 1llne, however,
the mechanlcal impedance of the fluild 1s still low and the attenuation 1is higher than for
mercury.

Mercury lines have been wildely and successfully used but have certain disadvantages
when compared with the magnetostriction lines described. The major disadvantages are
their welght and size, even with a folded line, and the complexity of input and output
systems which require considerable accuracy in machining and alignment. The delay can
only be varied over a small range and even then a fairly complex system is requilred, The
signal 1s sensitive to temperature gradlent and there 1s the necessity for containing the
liquid 1in a robust sealed contalner and the attendant difficulties of transporting the line,

The temperature varlation although small is still so large that some form of temperature
compensation 1s necessary for a long delay.

Magnetostriction Delay Lines
In comparlson the magnetostriction lines are extremely simple, being cheaply and easily

constructed and yet are extremely robust. The delay can easlly be varled so that a wide
- tolerance in manufacture 1s allowable since the line can be rapidly and accurately adjusted
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to the required delay. Consequently no accurate machining 1s required. A delay time of
considerable length can be made to occupy a very small space and the line 1s light and
easlily transportable. Moreover the lines may be made independent of temperature without
detracting from their propertles and wlthout any substantial Increase 1n complexity. The
1loss 1s much the same as that of a mercury line and In fact magnetostrictlon delay lines may

be constructed to glve a much greater output.

The major disadvantage of the magnetostriction line lies 1n 1ts frequency limitation.
Lines have been operated with 1 Mc/s pulse input but it appears that in practice the upper
1imit of this type of line would be about 2 Mc/s, whereas a mercury line may be operated
with an input pulse frequency well above that flgure.

In the case of the simple magnetostriction line the problem of bonding the transducer to
the medium and obtalning a match does not arise since the medium 1s the same throughout.
It 1s necessary to use wire or materlal sufflclently thin to allow rapld penetration of the
applied magnetic field but the use of material In this form does closely define the acoustlc
path due to the gross mismatch with the surrounding air. Sultable materlals are avallable
in this form, Agaln the delay in the magnetostriction line 1s easlly varied and the output
is avallable at any polnt along the line. This latter fact 1s true even 1in lines with zero
temperature coefflclent when these are constructed In the simplest form, although there 1s
some loss of output because of the poor magnetlic properties.

Other solid delay lines

Other forms of solid delay line, with plezo-electric transducers, have been used,
although not, 1t 1s believed, in computing equipment. The major apparent disadvantages are
that multiple mode propagation is possible and it is in fact somewhat difflcult to eradicate
secondary vibrations and the complex pulses which arlse due to poor contact between the
crystal and the medium. The attenuation 1s higher, in general, than for mercury and the
velocity greater although this disadvantage may be counter-balanced by the fact that a more

compact form of line can be used.

Fused quartz has been used to construct some delay llnes, largely because the attenuatlon
1s small and a good accoustic match 1s possible with the transducing crystal. An X-cut
quartz crystal bonded to a fused quartz "line" shows a power loss 7 (B better than for
mercury. Short delays have been obtalned using a stralght through path in a rod of quartz
and longer delays have been obtalned by Arenberg using rultiple reflexlons 1n a solld block.
The chief disadvantages of this latter system were that multiple pulses were liable to occur,
very accurate machining of the block was necessary and difficulty was experlenced in obtaining
quartz blanks of the required size. So0lld delay lines have also been made usling magnesium
alloys which have a sufficlently small attenuations In thils case a Y=-cut quartz crystal was
used to propagate the shear mode, since the attenuatlon for this mode 1s smaller than for the
longitudinal mode and also the veloclty of propagatlon 1s smaller. The technical problems
of bonding shearing crystals to sollds are considerable and consequently this type of line
suffers from some of the dilsadvantages of a quartz line.

Electromagnetic delay lines

For-very small delays it 1s probably:more convenlent to use an electromagnetic delay
1ine and it 1s possible that a comblnatidn of short electromagnetic delay lines with
transistor coupling would produce a long and yet economical delay 1ine.

OTHER APPLICATIONS OF MAGNETOSTRICTION DELAY LINES
Frequency Dividing Circuit (Fig.6)

This system 1s certalnly not novel, but 1t 1s one which works out 1n a very convenlent
and simple form using a magnetostriction line.

A single-shot pulse generator 1s used to launch an acoustic pulse along a line, the delay
of which 1s adjusted to the reciprocal of the lower frequency required. The output pulse
from the delay line 1s then used to gate a pulse from the glven pulse train and so to re-fire
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the single shot generator. Means should be taken to prevent the possibility of more than
one pulse clrculating round the loop, but with this arrangement it 1s possible to obtaln
division by any integer within reason. For high division ratios, high stability of

delay 1s necessary so that a low temperature coefficlent delay 1line 1s desirable, This
feature, together with the general ruggedness and the ease with which the delay can be
varied, makes the magnetostriction delay line very useful for this application.

Serial Word Generator (Fig.#4)

One advantage of the magnetostriction line over other types of acoustic delay line lies
in the fact that one can arrange colls at intermediate polnts along the line without serious
effect on the trensmission,

It 1s qulte possible to construct a magnetostriction delay line for 330 Kc/s with
30 or more colls spaced at digit intervals. If the line 1s sultably polarized, a single
pulse propagated along it will induce a response 1n each coil 1n turn so that by connecting
the appropriate combination of colls to a common pulse regenerator circuit, any requlired
'serial number of about 30 digits can be set up.

The system can be worked elther way round, and, in fact, 1t may be advantageous to
have only one coll connected to the regenerator and to do the switching at a high level by
dlrecting the driving current pulse to the appropriate combination of coils.

If for practical reasons coll packing becomes excessive, two or more lines can be used
with sultable interleaving of the coll positions.

Static Storage on Magnetostriction Delay Line (Fig.8)

The polarity of the output from any given coll in the word generator Just described
will depend on the direction of magnetic polarization of the line within that coll, Such
polarization can In fact be provided by the remanent magnetization of the line 1tself.

If therefore a positlve response 1s used to Indicate a "1" and negative response to
Indicate a zero, a number may be stored in statlc form on the line by locally magnetizing
1t in the appropriate direction at each pick-up coil position. If all the pick-up coils
are taken to a common regenerator circuit, the stored number can be read. off, without
erasure, by transmitting an acoustic pulse along the line.

This system has been demonstrated In principle but has not yet been applied.
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' COMPARISON BETWEEN DELAY LINE AND OTHER HIGH-SPEED METHODS OF STORAGE

In general the cholce of storage system to be used in any glven set of cilrcumstances
involves too many conslderations to be discussed here. Instead we shall try to consider
some ways 1n which the development of magnetostriction delay stores may modlfy previous
conclusions,

Mercury delay lines are probably the most likely choice for diglt frequencles higher
than 1 or 2 Mc/s, though for small capaclty storage the electromagnetic delay lilne used 1n

conjunction with translistors, seems a probable rival.

Similarly the Magnetic drum 1is probably the inevitable choice for non-volatlle storage
capacity greater than about.100000 digits, (Less 11kely would be. the 'use.of two=state  toroids.)
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Agaln, c.r.t. storage meets the requirements for rapld access storage of medlium
capaclity (a few tens of thousands of diglits).

It might seem therefore that the fleld is well covered by well-proved techniques and
that there 1s no need to introduce a new one which has limitatlions all of 1ts own, Against
this, magnetostriction line storage 1s relatively cheap and simple to construct, the
circults are simple and 1t can be almost unaffected by temperature, It 1s suitable both
for small capaclty rapid access storage (up to one or two thousand digits), and for medium
capacity long access storage (a few tens of thousands of diglits) and can be used in con-
Junction with large capaclity magnetic drum storage without any speclal means for digit
rate conversion. .

With mercury delay line storage, one can synchronise the drum to a llne, but it 1s
necessary then to keep all lines of the delay storage system at nearly the same temperature
as each other. - Using magnetostriction storage, the drum can be synchronised either to a
crystal or to a line, and temperature changes need have little effect.

Where only medlum capaclty long access storage (say, 50000 digits) 1s required, long
line magnetostriction storage may well appeal to those who revolt at the thought of
rotating machinery. It certalnly seems to compare favourably with long line mercury
storage for digit rates below about 1 Mc/s, on grounds of simplicity, cost and temperature
insensitivity. Though a medium capacity store using magnetostriction lines wouid probably
need more equipment than would an equivalent drum, such equipment would consist mainly of a
number of similar circults of a simpler and less speclalized type than would be used with
the drum. On the other hand, the large extent to which the capaclity of a drum can be
Increased with little increase in equipment and cost, and the non-volatility of this form of
storage, are advantages which will often outwelgh those of the delay line,

The argument in favour of using the type of storage system possessing the simplest and
least number of types of circult, probably welghs more heavily in the case of the small
capacity rapid access store, A rapld access store for about 20 words, using magnetostriction
store packages of the kind described in the second example, would require a total of about
200 valves, rather over half of which would be assoclated with address finding. This 1s
4 or 5 times the number required by the equivalent c.r.t. store, but it would use only the
one type of package differing from those used elsewhere in the computer. Servicing should
therefore be conslderably simplified without likelihood of reducing reliabllity.

Two furthér considerations are worth mention:

1. The rapld-access magnetostriction store can probably work up to 2 or 3 times
the digit frequency practicable with a c.r.t. store but not much higher, It has no
tread-around-ratio® limitations and no time 1s lost by need for regeneratlon.

2. The useful silgnal level at the output of a short magnetostriction delay llne at
230 kc/S 1s between 40 and 50 dB higher than that appearing at the signal plate of a
c.r.t, store at the same frequency.

Discussion

MR. COOKE-YARBOROUGH (Atomic Energy Research Establishment, Harwell) asked about the
best wire dlameter, annealing, and method of support. The author replied that the wire
should be thin enough to allow complete flux penetration. Two types had been used at
Elliotts - nickel tube of 0.0025 in. wall and 0.036 1n, outside dlameter for short lines,
and 42 SWG nickel wire for long lines. Nickel lines are improved by anneallng, though the
increased permeabllity leads to increased flux-penetration time. The essential feature of
the wire support is small constraint.

MR, BRADFIELD (NPL) sald that the magnetostrictive delay line was first used 1In 1947
in the USA. In 1948 1t was used at the Telecommunications Research Establishment and had
been further developed by Ferranti's. It was used at the NPL for the precise measurement
of the elastic constants of alloys. The method of support adopted at the NPL was to thread

211

(14567)



the wire through a grease-flilled tube, Greater energy could be obtained by the use of
torsional vibrations Instead of longltudinal ones. A sultable materlal for the wire was a
cobalt-1ron-vanadium alloy, 1f properly made and annealed. Barium titanate tubes had also
been useds MR, WRIGHT (NPL) asked Mr. Bradfield what was the maximum frequency that could
be used with magnetostrictive delay lines.

MR. BRADFIELD replied that he estimated the 1limit with 42 SWG wire to be 0.5 Mc/s.
He saild that it had been found with mercury delay lines that by fixing to the crystals a
backing of plastic, loaded with tungsten powder, a very good Impedance match was obtained
with consequent good dlssipation of energy and no reflexlons. The bandwldth was also
improved,

MR. ELLIOTT (Elliott Bros. Ltd.) emphaslzed the cheapness of magnetostriction stores,

28. Cathode Ray Tube Storage

by
T Killburn

Manchester University

Introduction

Since the theoretical aspects of cathode ray tube storage are consldered in a paper to
be published elsewhere (ref. 1) and the rellability of the c.r.t. store In the present
Manchester machine 1s dlscussed in companion papers at thls Symposium (ref. 2, g}, this
paper 1s confined to the practical application of c.r.t. storage to a machlne now being
built at Manchester University. It 1s perhaps of some interest to conslder first the
general shape of the machine itself, before confining the discussion to the c.r.t. store.

The machines bullt in recent years at Manchester have operated completely 1n the serial
mode. Though it 1s reallzed that In some applications speed 1s the dominating factor and
leads iIn 'fixed=-time' machines to parallel operation with little regard to cost, 1t 1s still
felt that serial operatlion 1s in general correct for 'sclentiflc' machlnes, since less total
equipment 1s required. The statement that parallel machines are preferable because they
have more ldentlical units is not thought to be of much importance in view of the fact that
the total number of units 1s greater, Further, 1t 1s thought that parallel machines tend
to be somewhat inflexible, since the high cost of parallel reglsters leads to the provislon
of only a limited number of them. This puts an unpleasant restriction on both the machine
designer and user, especlally since the arrival of the B-tube.

The bias which this general line of argument gilves towards serial operation has been
unfortunate for c.r.t. storage, since the rapld-access feature of thls type of store 1is only
partially exploited in a serilal machine. However, experience has shown that the minlmum
‘capacity required of a rapld-access store 1s about 10000 digits, 1f flexiblllity of programming
i1s to be retalned and if the time for transfers from intermedlate to rapld-access stores 1s
not to become too large. Since 10000 digits, or, about 10 c.r.t!'s are essentlal 1t 1s no
longer a question of saving equipment but of arranging essentlal equipment, namely 10 C.T.t.
stores to the best advantage, Undoubtedly, considered from the polnt of view of the C.r.t.
store alone, a parallel arrangement 1s to be preferted, since speed is achlieved without extra
cost.

With a parallel store postulated, should the remalnder of the machine be operated in the
parallel mode? For the reasons glven above this question was answered 1n the negative.
It was then deslirable to operate serially‘at_such'a speed that the increased speed obtalned
from the parallel c.r.t. sStore was not squandered. For this to be so, the diglt frequency
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had to be 1 Mc/s. This frequency, sultable for the computing circultry, was too high for
reglsters to be provided in terms of serlally operated cathode ray tubes, which in any case
are somewhat expensive. The answer to this problem 1s, of course, - especially within these
four walls — delay lines,

With this backeground of a machine contalning a parallel c.r.t. store and delay line
registers established and the reasons for such a cholce glven, the organization of the c.r.t.
store in relation to the basic machine rhythm 1s now described.

Parallel-Series: Series—Parallel Conversion

Fig. 1 shows schematically a 10-tube parallel c.r.t. store. This holds 1024 ten-dlgit
words and operates at the standard perlod of 10 us/diglt. The read output of the store
which 1s present for 5 Us 1s gated by a read pulse 1 Us In width, and Iinserted 1into a 10 us
electrical delay llne, at points separated by 1 pus along the line. The timing of the front
edge of the read pulse, which is shown by the vertical arrows in fig.2(i), 1s set to glve
the optimum tolerance for gating the 5 us read output, and occurs at a time tr (say 2 us)
betore the end of an actlon perlod. By inserting a delay t, at the end of the read output
delay line, the serial output from the store is made U0 emerge exactly within the 10 ps scan
period (ref. 4, 5) following the action period In which that word was scanned In the store.
Thus, the waveforms generated to control the scan and actlon beats of the parallel store
can also be used to control the serial computation.

A similar procedure is used for writing information into the store. Here, words arrayed
in the write input delay line durlng a scan beat, are gated, or tflashed' into the c.r.te.
store durlng an actlion beat.

Basic Rhythm

From the previous sectlion, 1t will be apparent that the normal arrangement of scan beats
for regeneration alternating wilth action beats has been retalned, except that here, of course,
scan and action beats are only of 10 ps duration.

Fig. 2 shows the basic rhythm of 6 beats to a bar. The 1nstruction, which is 20 digits
or two words 1n length, 1s scanned during the action beats Al and A%, and appears in serial
form at the store read output during S2 and S3. During S2, the 'b,f' part of the Instruc-
tion 1s taken to select the B-tube line and the function 1involved. Since the function part
of the instruction is mainly concerned with computing as opposed to C.T.l. storage, nothing
further will be sald about thls phase of the operation: except that the b diglts cause
addition to the 's', or address, part of the instructlon during S3; 1f required. At the
end of S3, 's' (or 's + b') selects the 10-digit number scanned during A3. Because only
1024 addresses exist In the store, only 10 digits are required for control transfers and
B-tube operations, so that the "short number" operations are complete when the 10-digit
number has emerged durlng S4. S4 1s overlapped with the S1 beat of the next bar, and thus
. a short number operation takes 60 LS to perform Numbers are written into the c.r,t. store
by arraying them in the write input delay line during S3, and flashing them Into the store
at the beginning of A3 '

For long number (40 digit) operatlon, the bar is extended to 120 us to allow time for
the selection of three further ten-diglt words. It is natural to locate the four words
required in addresses s, s + 1, s + 2and s + 3 and the two words required for the
instruction in ¢ and ¢ + 1, where ¢ 1s the number in the control register, During action
beats then, the addresses required are elther ¢ or s, or addresses obtalned by adding 1 to
these numbers. In a similar manner, addition of 1 to a ten-dlgit reglsters glves the
addresses required for sequential scanning, for regeneration purposes, during scan beats.
The way in which this normally unchanging addition of '1! during both scan and action beats
1s used to generate the c.r.t. raster and select raster addresses 1s now brlefly described.

The Raster Circulator

Two 10 us delay lines are arranged, as shown In fig.3, 1n a closed loop in company with
an adding circult. One line, L, 1s tapped at ten polnts, flve points being fed to the °
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X time-base unit and five to the Y time-base unit, These connexions are made via gates so
that L can be flashed by a microsecond strobe, exactly in the same way as that used for the
write Input to the c.r.t. store. The flashing Instants for L are shown in fig.2(111) by the
arrows, the numbers arrayed along the 1line at these instants belng gilven below the arrows.

At a particular instant, say that between S2 and A2, ¢ + 1 1s arrayed along L (fig.3) and 1s
flashed 1into the time base units causing the address part 's' of the instruction to be
selected during A2, At the same instant, n + 1, the regeneration count 1s arrayed along the
second delay line, but 1t 1s not used until the end of A2 when, increased by unity by the
adder, 1t 1s arrayed as n + 2 along L. It will be seen that:

1. the regeneration count 1s Increased by one every alternate beat, causing
sequent ial regeneration of the raster.
and :

2. appropriate replacing of ¢ by s, and s by ¢ causes the correct selection of active

addresses, for example
¢; ctl s s+1; s+2 s+ 3 c+ 2 etc.

This method of raster generation and selection is much more economical than methods using
thermionic valve binary counting.

Results

The methods described are operating successfully though the most stringent testing will
occur only when the machine itself 1s complete.

In some parallel c.r.t. stores, serious trouble has arisen because only small read-around

ratios have been achieved, whilst the machine design was such as to demand large ratios.
In the present case, the maximum theoretical ratlo of 1024 has been obtalned experimentally,
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512 has been obtained with some degree of certainty, and 256 with what 1s thought to be
complete certainty, though as stated above only the machine 1tself can give a safe answer
this question. However, since the maximum read-around ratlio which will ever arise In
practice is 228, no difficulty 1s expected.

Conclusion

The association of cathode ray tubes and electrical delay lines has met with
considerable success, It seems reasonably certaln that the speed of the final machine
based on this principle wlll be ten times that of the present machine, and that the final
machine will only require, when other factors are also taken into consideration, less than
half the number of valves used 1n the present machine.
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Discussion

In reply to Dr. Pinkerton, the author sald that it was not necessary to regenerate
after each delay line. Three valves sufficed for regeneration after 16 llnes,

MR, COLEBROOK (NPL) said that the respective merits and demerits of c.r.t. and
delay line storage were very nicely balanced and 1t would be difficult to guess which was
1ikely to be favoured 1n future, quite apart from the fact that both might be superseded.

MR. McPHERSON (International Business Machines, World Headquarters, New York) referred
to I.B.M.'s development of a truly parallel 2000-word C.T.t. store using 3 1n. tubes.
Regeneration 1s carried out durlng the action period. Special tubes which impose no
programme limitation have been successfully developed.

MR. NEWMAN (NPL) remarked, that it looked as 1f a combination of c.r.t. and delay-line
storage could result in a machlne almost as fast as a delay line machine.

DR. BOWDEN (Ferranti Ltd.) pointed out that increase of computatlon speed gave a
diminishing increase in total speed of solutlon of complete problems. He had calculated
that on average, lncreasing the Manchester machine speed to infinity would only glve a 50%
decrease in the total time for a problem.

DR. HULSIZER (Illinois University) mentioned the two machlnes of the Von Neumann type
they had made— one being retained at the University for research. The store 1s fully
parallel, with 40 ordinary commercial tubes, of which one in five proved to be serviceable.
The read-around ratio had been raised to 120 by some recent improvements, Access time 1is
18 us and additlon takes three access times. The normal method of 1input 1s a Ferrantl
tape reader, ‘
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29. Memory Studies and other developments at
the National Bureau of Standards

by
Ralph J. Slutz

Natlonal Bureau of Standards

INTRODUCTION

Since 1946, the National Bureau of Standards has been engaged in a comprehensive
program of component development for electronic digltal computers. While mich of the
early effort was directed toward input and output equipment, speclal electro-static storage
devices, based on the Haeff type of holding beam tube, were investigated. This is the kind
of storage where you have a ho¥ding gun of slow electrons 1n additlon to the writing gun, and
S0 attempt to have contimious stabllity in the tube. This was found to be beyond the state
of tube construction art In those days, and 1t did not seem sound at that time to go for
extensive construction of so compllicated a speclal vacuum tube. Incorporation of storage
devices 1nto complete MEmCry systems for use in a computer began with the design of SEACk
(ref.1) 1in late 1948, Originally the SEAC was intended to be an "interim" camputer —-——-
to be completed qulickly and simply and used in the interim caused by the delayed delivery of
commercial equipment. The circults were to be copled from existing techniques and the
loglcal structure was to be minimal.

It soon became evident, however, that the then "existing techniques" left much to be
desired, and they required extensive engineering to make them satisfactory. While carrying
this out, 1t also proved possible to generallze the minimal loglcal structure, making pro-
vision for future additions adequate to complete a full-scale machine (ref.2).  In spite
of the extensive englneering needed, the installation was put 1nto regular operation a little
over a year and a half from the start, Thus in the SEAC deslgn the pressure was on
immediate completlon of equipment. The basis of the memory design was the mercury memory
planned for the EDVAC, and changes were introduced only where they appeared signiflicant for
improved relilabllity or circuit uniformity.

Subsequent to the completion of the SEAC, work was started on the design of speciallzed
equipment for the Office of the Alr Comptroller, United States Department of the Air Force,
This equipment 1is to be appllied to the solution of economic equations of very high order
arising from the Project SCOOP (Sclentific Computation of Qptimum Programs). For this
application, the lndividual computations are relatively simple, but a very large number of
them are required. The general loglcal design of a machine sultable for this use was
worked out by 1951 (ref;gl and since that time work on this program has been concentrated on
the necessary input-output devices and the random-access high-speed memory needed.

Shortly after work was started on the SEAC in the Washington laboratorles of the Bureau,
a development program was also started 1n the Los Angeles laboratorles. This work was
almed at the design and construction of a machine to provide computation services in its
area. It resulted in the bullding of the SWAC.¢ The program 1s now continuing with the
primary aim of the extension of that facllity. I may say, 1n referring to SWAC how
interested I was to see the Pllot ACE, for I realized from seeing it the influence his stay
at NFL had on Dr. Harry Huskey, and on the initial planning of SWAC.

The subject of discussion in this paper 1s a very broad one. In order to keep the
paper to a manageable size I have tried to duplicate as little as possible of what 1s 1In
already-avallable reports. Thus.the amount of detall in each of my descriptlons is
definitely not intended as any indication of the Importance of the subject matter —-— it
1s instead merely an inverse functlion of the amount of information already distributed,

% SEAC stands for "Natlonal Bureau of Standards Eastern Automatic Computer®.

+ SWAC stands for Natlonal Bureau of Standards Western Autcmatlc Computer.
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ACOUSTIC MEMORIES

In designing the acoustic memory for SEAC, the physical structure of the EDVAC memory
was used almost without modification. The circultry of the EDVAC memory, however, had not
yet been completed, so 1t appeared wise to develop circults which would fit well with the
others in the SEAC. This resulted in a complete gb initioc circuit design. The results
have been highly satisfying. The memory has been found to have a wilde temperature
tolerance, to have no difficulty with mercury contamination, and in general to give highly
reliable performance. It has been 1n operation for just about three years now and has had
only minor circult modifications, It has been so satisfactory that a version modifled
only slightly is being Installed in the new computer now belng assembled --- the DYSEAC
(ref.q) This new computer 1s being installed in a truck traller and the ruggedness of an
acoustic memory 1s attractive for this service. Interestingly enough, the ruggedness of
this particular memory was not at all recognized at first. It was found, though, that
once precautions had been taken to prevent the mercury from spilling, the line could with-
stand accelerations of 5g with no difficulty. DYSEAC, started late 1n 1952, 1s primarlly
for classified milltary purposes. In essence the computer 1s intended to handle a quite
flexible connexion between the computer and its auxillary devices - storage devices to
display results, and input devices not under the computer's control. DYSEAC has certain
features provided in it to make 1t capable of running in joint operation with similar
computers so that the computers can share portions of each other's memory In carrying out
work which is too large for any one of them to handle. In the interest of getting this
second SEAC going rather rapidly, it is quite similar circuit-wlse to SEAC, and actually the
mercury memory of SEAC has been taken over almost entirely in view of the very good
experiences there has been with that memory. But DYSEAC does differ qulte a blt from

- SEAC 1n:loglc. Power has been put on 1ts completed units, but the machine is not qulte

complete yet.

The general deslgn features of acoustic memorles are sufficlently familiar to make a
review of them unnecessary. Instead I will concentrate on some of the less common parts
of the design. In doing so I will have to be rather technical, since it is Just such
points that are inadequately handled by the exlsting general descriptions. I hope you will
bear with me.

Contamination

) One of the most frequently asked technical questions 1s about contamination of the
mercury. At the time the SEAC memory was belng designed there was a great deal of
uncertainty about thils question, Since we planned to use individual glass tanks for the
mercury, we were interested in the effect of the two on each other. On the one hand it
was reported that in time. the mercury would leach contaminant out of the glass and form a
surface film which would eventually spoll the contact of the mercury with the quartz crystal
transducers or with the signal leads. On the other hand at least one chemist claimed to
have seen clean mercury stored in Pyrex glass for several years with almost no visible
contamination. The sltuation was far from clear. Many varied suggestions were offered
for helping matters. On the one hand 1t was proposed that a strong solvent be used to
leach the contaminants out of the glass walls. On the other hand it was thought that such
strong measures might be unnecessary, 1f not actually harmful.

) Luckily 1t was planned to operate the computer for some time under the direct super-
vision of 1ts design englneers. Thus 1t seemed appropriate to take a modestly experimental
approach to the problem, and observe the results of experlence. The memory was dlvided
into six groups of mercury tanks, The first group made up about half of the total number
(28 -out of the 64 tanks), and 1ts treatment was complicated enough to give a feeling of
being on the safe side, The remalning five groups (of about 8 tanks each) had varylng,
and simpler, treatments. The treatment of the large group was as follows:

1. Serub the internal surfaces of the tank with a cotton swab soaked in carbon
tetrachloride, ’

2. Immerse the entire tank in the vapor of bolling trichlorethylene for 15 minutes,
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3. Alr dry.

4. Soak for 4 hours in 1;3 nitric acid at 70°c,

Se Flush many times with distilled water, and

8. Bake at 200°C for 2 hours.

Perhaps the simplest of the treatments was the followlng:
1. Scrub with carbon tetrachloride as above,

2. Alr dry,

3 Rinse with distllled water three times, and

4. Alr dry.

Unfortunately this rather elaborate experiment must be reported as a fallure =—-

" unfortunately, that 1s, as an experiment, but fortunately enough for SEAC performance.

No difference has been observed among the different types of cleaning, since no difficulty
at all has been encountered from contamination. In the three years since the memory was
assembled there have been only two tanks removed from position. One was qulickly removed
because 1ts length differed from the others by more than 1/10 ps delay. The other tank
was unnecessarily removed before the difficulty was discovered to be a faulty plug-in
connexion. - .

So much for contamination of the crystal surface, With respect to high-resistance
signal leads, though, 1t must be mentioned that another design feature of the memory
makes 1ts performance very Insensitive to high impedance at this point. This feature 1is
the circult used to prevent electrical "feed-through" on these tanks, and willl be described
next,

Electrical "feed-through"

Becayse of the individual glass tanks used for the mercury lines, a clrcuilt difficulty
1s present which would be greatly reduced 1n Installatlons using metal containers. In the
glass tanks 1t is difficult to get a ground connexlon of sufficlently low Impedance.

Tests on;the circult showed that without such a good ground, spurious electrical signals
reached the recelving transducer with significant amplitudes. A ground lead of two or
three inches of wire produced an electrical signal amplitude of 20% of the acoustic slgnal.
Very slight amounts of increased contact resistance between the mercury and the ground lead
Increased the electrical signal until 1t equalled the acoustic one. Since the spurious
slgnal 1s not appreclably delayed while the signal within the acoustic line 1s, 1t could
produce serious 1interference. It was thought for a short time that there would be very
serious malntenance difficulty in keeping the ground resistance low enough for satisfactory
operation, but we were able to include In the design satisfactory protection from this
difficulty. Instead of using the customary single—ended circuit, the driving circult was
1solated from ground by a transformer. The transformer secondary return and an assoclated
shield provided a separate "ground" return to the mercury column, adjacent to the regular
ground lead. Thus the circulating current of the driving signal 1s kept out of the ground
path common to both driving and recelving transducers. Using this circult on both ends

0of the mercury line reduced the electrical feed-through signals to a point where they were
entirely negligible in comparison with the acoustic signals. No trouble has been observed
from these feed-through signals, even though observations have been made with ground-lead
resistances of the order of tens of ohms!

Temperature tolerance
The temperature of the mercury lines is controlled by electrical heaters; two heaters

are used wlth separate thermostats to reduce temperature differences from one part of the
block to another, and are able to keep the temperature of all of the mercury lines always
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within a range of about 0. 8°c, The design of the recirculation amplifier gating is such
as to give a much wider temperature tolerance than this. This tolerance is achleved by
using design principles 1ntroduced by Samuel Lubkin. The output of the rf amplifier and
detector 1s a pulse of approximately 0.8 Us duration (the pulse repetitlon-time 1s one us.
This pulse 1s sensed by a narrow "strobe" pulse and the result triggers a transformer-
coupled blecking oscillator. (The circuit 1s shown 1n Fig.1.) For maximum temperature
tolerance, 1t would be desirable to have the pulse transmitted through the acoustlic line
capable of proper strobing over a duration of Just one Us, but the transformer-coupled
blocking osclllator requlres about half of each microsecond to recover, Thls reduces the
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permissible output duration to less than desired, so the pulse width 1s Increased by using
a delay-line broadening clrcult. The broadened pulse then gates an 8 Mc/s carrler, and

the final stage amplifles the result for driving the acoustic line. The net effect of this
procedure is to sense the incoming pulse with a strobe of the order of 0.2 s duration, and
then to generate a resultant pulse nearly one us long. Thus temperature variations which
shift the total delay of the mercury column may shift the timing of the stored pulse over a
total range nearly equal to the pulse repetition time before any trouble is experienced with

synchronization.

For the length of line used, 384 us, a temperature change of about 8.89C should shift
the timing by a full microsecond. Measurements were made on one acoustic line, and gave a
timing tolerance which corresponds to a total temperature range of 7.9°C or 149F., This
particular measurement of course made no allowance for length alfferences among the various
lines, but these have been found to be small, Obviously there 1is no difficulty whatever in
maintalning temperature within a range which 1s of the order of 100F.

Sel f~-checking

Recently 1t was found to be easy to add to the SEAC circults which automatically check
the correctness of memory operation. This 1s done in the simplest possible manner. An
already-avallable extra pulse position In each word 1s used to make the total pulse count
of that word even (or odd) when the word 1s transmitted to the memory. When each word 1is
read out it 1s automatically checked to verify that the total count still fits this gross
check. :

This simple addition 1s mentioned here because 1t has made much more of a difference
than was anticipated when 1t was planned. The procedure for correcting difficulties in the
memory 1s now much different from what it was when the memory was non-checking, Formerly
the difficulty might not be apparent until considerable false computation had proceeded.
Now the moment that any tank In the memory becomes marginal 1t shows up and indicates which
tank 1s affected. This permits prompt correction.

Quite properly the earliest electronic computers were made non-checking to keep them
simple —~=- 1t was enough of a feat to get the slmplest possible assembly to operate. Now
that the basic technlques are pretty well in hand, 1t is my opinion that much can be galned
by attention to the relationshlp between the machine and the people who operate it.
Relatively slmple amounts of checklng can very materlally ease the burden of both the mailn-
tenance engineer and the mathematical coder and programmer. Other machine features which
warrant detalled study are the order code used, automatically-scaled number representation,
the organization of input-output media, and the efficient use of the still relatively~
expensive high-speed memory.

‘Solid acoustic lines

A very small amount of work has been done on solid acoustic 1lines. It 1s mentioned
here mostly as an 1ndication of present interest.

Some two years ago a start was made toward using solld materlals instead of the mercury
lines. A magnesium alloy line was obtalned which had delay and frequency characteristics
simllar to those of the SEAC llines. An Interesting feature of this lilne was 1ts use of
reflexlon of the acoustic slignals. The delay per unit length of the line was less than for
mercury, so the same delay required a longer 1line. In order to test it convenlently in the
same equipment used with SEAC, the magnesium alloy line was folded: two corners at 450
were used to reflect the acoustic wave, This line was entirely acceptable although 1t did
have significantly lower band wildth than 1s possible with mercury. The project was
abandoned, however, because of difficulties In obtaining additional material with uniform
characteristics.

At present the construction of the DYSEAC 1s stimulating our interest in rugged
memories, and additional studles are being undertaken with quartz and glass lines. It now
begins to appear that satisfactory supplles of these materials may become avallable.
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ELECTROSTATIC MEMORIES

Since this subject 1s much more generally famlllar than the others belng dlscussed, 1t
will be handled with less detall.

SEAC memo ry

With the completion of the SEAC, work was begun on a program aimed at equipment more
directly designed to handle the economic calculatlons of the Office of the Alr Comptroller.
It took only a little study to show that the major englneering effort needed to lle In the
flelds of input-output devices and of memories. Thus active work was started thereln. The
SEAC 1tself made a good engineering tool for this work, since 1t had been deslgned with
provision for the ready attachment of a varlety of both 1lnput-output devices and memor les
(ref.2) In fact, from the early loglcal design of the machine, provision was made for
operation with either a serlal or a parallel MEMOTY o.eess Or With both simultaneously. The
memory inter-connexions included both the simple serial connexion and also a complete shift
register for conversion fram parallel to serlal or from serlal to parallel. The control
ecircults also were designed to provide elther the fully-space selection needed for & randam-
access memory or the partially-time selection needed for a sequential-access memory. With
both types of memory simultanecusly avallable, the control 1s capable of consldering them as
parts of a common memory, and so can refer arbltrarily to one or the other as the program

might indicate.

This feature of the SEAC was used to facllitate work on a prototype electrostatic
memory similar to that described by Willlams and Kilburn (ref.5). This memory was designed
with a capacity of up to 1024 words of 45 bits each, although 1t has most frequently been
run at a capacity of 512 words. It 1s fully parallel, the 45 bits of a word belng stored on
each of 45 cathode ray tubes, and the 512 words belng obtalned by having 512 storage positlons
in each of the tubes. The access cycle 1s 12 us. Since the SEAC cannot ask for words more
often than once every 48 us, this gives time for at least three regeneratlons for every
machine reference, Details of the constructlon of thls prototype memory are given in other
reports and so will not be repeated here.

In trial runs with the SEAC this memory has completed a total of some 400 hours of
useful computation, but 1t has never reached the long-term rellability of the SEAC mercury
memory. This appears to be caused by no 1lnherent fault of the storage tubes themselves, but
to result from the extraordinary sensitivity of the deflexlon system and the signal sensing
Systems In comparison, the slgnal from the SEAC acoustic memory has something like 100 times
as much voltage and at much lower Impedance. Also 1ts selection system 1s fully digltal
rather than analogue. We were, perhaps, "spolled" by the SEAC circuitry, which has been
deliberately designed for low-impedance, high-power operatlicn. Noc-where does 1t have any-
thing like che sensitivity of the electrostatic memory. The difficulties introduced by that
sensitivity were not adequately realized in the original design, and it 1s now difficult to
overcome the weaknesses without completely redoing the system. Nevertheless, thls prototype
has provided much valuable information in assessing the capabllitles of such a system.

SWAC memory

An independent effort was the construction of the electrostatic memory for the SWAC at
the Los Angeles branch of the Bureau. This also 1s a fully parallel memory, with a
capaclty of 256 words of 36 bits each, and an access cycle of 8 US. At one time during the
development of thls memory the avallable cathode ray tubes had so many flaws that serious
consideration was gilven to using the defocus—-focus storage scheme, This did indeed decrease
the flaw problem, but 1t so adversely affected the read-around-ratio that 1t was dropped.

This memory 1s now 1n regular operation with the SWAC.
Refill sensing
Recently R. Thorensen has suggested a new method of operating an electrostatic memory

of the general Willlams-Kilburn type (ref.6). Thls consists of sensing the amplifler output
at a later time than has been usual (and inverting the output in applying it to the customary
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control circuits). In the dot=-dash method of storage the output when a dash is sensed
is customarlily a short positive pulse followed by a strong negative pulse. It has been
customary to sense the presence of the dash from the positlve pulse, but this new scheme
{s to sense the presence (or absence) of the subsequent negative pulse. This negative
pulse 1s inferred to arise fram secondary electron reflll of potentlal "wells" adjacent to
the beam, Thus I have called 1t "reflll sensing",

This method has not yet been tried 1n a full memory system, but tests on 1ndlvidual
tubes seem to lndicate that this subsequent pulse 1s less affected by tube blemlshes and by
read-around-ratio than the customary method. That 1s, 1t 1s possible for the machine to .
make a greater number of references in the vicinity of any given spot without spolling 1ts
information.* The tests have shown improvements in thls read-around-ratio by factors
of two and three times.

This question of read-around-ratio 1s particularly important to the American develop-
ments because these memorles are being designed to be fully parallel and to work with
computing circuitry having pulse rates around Mc/s. This question hardly arises when the
memory 1s used in serial fashlon, or with lower camputing rates. Then it 1s Impossible for
the machine to make frequent enough memory references to be troublesame,

Tube improvement

In addition to the circuitry development work, a program ls underway almed at the
improvement of the storage tube 1tself. In fact, most of the American laboratories have at
last swung over to the viewpolnt commonly expressed 1n England some time ago ~——- that
commerclal cathode ray tubes have so many weaknesses for this use that significant effort is
warranted toward getting special tubes, At the National Bureau of Standards, this work has
been carried out largely in co-operation with commercial cathode ray tube manufacturers.
Several serles of tubes have been made and tested, with the aim of improving both the electron
gun and the storage surface (ref. 7,8). The gun can be improved in the direction of pro-
ducing a beam that 1is narrower, a beam with sharper edges, and one having reduced deflexion
defocusing. These are of course objectives 1n the deslgn of commercial cathode ray tubes,
but for storage work there 1s very little requirement’for light output from the tube, SO the
beam can be narrowed down without worrying about the reduced light output. Laboratory tubes
already received indicate that the read—around-ratio can be better by at least a factor of
two than 1t 1s 1in commercial tubes —-- 1in some 1lnstances factors much hlgher have been
observed, The electrostatic memories currently operating have maximum permissible read-
around-ratlos in the range of 20 to 100. Tests on the SEAC memory indicate that 1t should
be feasible with commercial tubes to work In the range of 100 to 200, but individual special
tubes have tested up to 500 to 2000. It remains to be seen, though, whether such high
values would be achlevable 1n the production of signiflicantly large lots of tubes and in
thelr simultaneous operatlion in a full computer memory. The operation of a full memory
1s very different from tests on a single tube.

Surprisingly, the series of tubes In which the storage surface has been studied has
shown nothing significantly better than a standard Pl phosphor prepared with great cleanli-
ness. It was thought that surfaces of mica, or. phosphor surfaces having no binder would
be slgnificantly more uniform, but this has not been shown 1n the tubes tested so far. On
the other hand, extreme cleanliness 1n preparation seems adequate to produce satisfactorily
clean surfaces using the standard phosphor.

DI ODE-CAPACITOR MEMORY

A recent development In the search for rapld-access memories 1s the dlode-capacitor
memory scheme (ref. ¢).  Thils was suggested by A. W. Holt, and 1s being developed by a group
under his dlrection. It 1s an excellent example of the lnadequately-recognized situation,
that the difficult part of a rapid-access memory 1s not the memory but the access. This
scheme uses the simplest of storage devices, an ordinary capacltor and gets 1ts importance
from the efficlent access scheme used.

* Read-around-ratio 1s defined as the ratio of the number of machine references to spots
adjacent to a given spot, to the number of machlne references to that spot. The permissible
maximum for this ratio 1s increased as the Interaction between adjacent spots 1s decreased.
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Circuit

The basic storage element of this memory 1s shown 1in fig. 2. The connexion E 1s used
for both reading and writing, while the two dlodes between A and D are used as a "squeezer!
to connect the capacitor to the reading-writing circults, as will be seen, During holding,
both diodes are blased 1in thelr back directlon. For example, A might be held at =4V with
respect to ground, and D held at +aV, Then 1f the capacitor has a charge of, say, 2V both
dlodes will be blased in thelr back direction and only small currents will flow into or out
of the capacltor. Now for reading, suppose that both points A and D are forced to ground

A <__-_-’C B’f lc-———-——-)‘D

BASIC STORAGE ELEMENT
DIODE CAPACITOR MEMORY

FIG.2
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potential ("squeezed"). This will cause one or the other dlode to conduct and a voltage
willl appear across the resistor R. If C was charged with 2V of such polarity as to make

its lower terminal (in the figure) more negative than its upper terminal, then when the
squeeze occurs there will appear at E a pulse of -2V, which then dles out with the time
constant RC. This wonuld be recognlzed by the reading circuits at E as the binary diglt
nzero', If the polarity of the charge on C had been In the opposite direction, the squeeze
would have produced a positive pulse instead of negative, and would be recognized as the
binary digit "oneh, Thus the content of the storage element has been read, but 1n dolng so
it has been (at least partially) discharged and the information lost from the storage element.
The Information must be rewritten to continue the storage beyond the reading operation.

In order to write (or rewrite) Information it is merely necessary to force the lead E
to the desired state during the squeeze, and hold it there until the squeeze 1s over. Thus
while A and D are at zero volts, suppose that E 1s forced to +2V and held there at least
until A and D are returned to their normal voltages of -4 and +4 respectively, Then the
capacitor 1s left with a charge of 2V and upon the next squeeze 1t will produce a positive
pulse at E, That 1s, we have written a "one'". Obviously the opposite 1s equally possible:
forcing E negative until the end of the squeeze Will write a "gzerot, Note that once A and
D have returned to thelr normal voltages, the charge on the capacitor will be undisturbed by
later changes of E, provided the magnitude of E's voltage never exceeds 2V, Thus E can have
other pulses on 1t, elither positive or negative, and the charge stored on C will remain
unaffected because both diodes will remaln with backward blas. This 1is Importaent for
organlzing many basic storage elements into an efficient memory assembly, and 1s the reason
for charging the capacitor to only + 2V while blasing the dlodes twice as much.

In the description so far the dlodes have been implicitly assumed to be 1deal, having
practically Infinite forward conductance and practically zero backward conductance, The
effect of finlte forward conductance is modest; 1t will reduce somewhat the output pulse
amplitude, and 1t wlll determine how long a writing pulse must last to charge the capacitor
adequately. The effect of finite backward conductance, however, 1s critical. During the
holding operation relatively long times will elapse, and even minute currents through the
diodes will disturb the capacltor charge. The unit would gradually leak toward a condition
of no charge on the capacitor, or even a condition In which the sign of the charge is
reversed. Thus the permissible duration of the holding operatlon 1s determined by the rate
at which the capacltor charge leaks through the diodes' back current. Arbitrarily long
storage of Information i1s achleved through regeneration: before the capacitor charge can
change to a point where there 1s danger of losing the information, the memory control circulits
as a routine read the content of each cell and rewrite 1t accordingly.

Gating amplifier

What is needed at point E, then, 1is an amplifler which will sense the polarity of E
during the early part of the squeeze perliod, together with a gate structure which will
force E to the deslred polarity durlng the latter part of the squeeze period. For reading
or regeneration, E 1s forced to the same polarity that was read; for writing new informa-
tion the polarity to which E is forced is Ilndependent of what was read, but 1s determined
by the new iInformation being written. Such a gating amplifier 1s easy to constructe
The amplificatlon required 1s very modest, since its input 1s a pulse whose amplitude 1s of
the order of one or two volts. The gating can be accomplished with standard techniques.
The whole thing can be done with two or three vacuum tubes and several dlodes, and need not
be described further here.

An Interesting point 1s that the memory in thls form permits the ready incorporation of
powerful self-checking features. The Input to the gating amplifier 1s expected to be
bipolar, That 1s, a definlte pulse should be recelved every time a storage element is
read, This pulse may be elther positive or negative, depending on the information content
of the storage element, but it should not be zero. If a signal approaching zero amplitude
1s recelved it 1s a direct Indication that the operation of that particular storage element -
1s marginal. Thus at the expense of some complication of the gating amplifier 1t can be
made to recognize three different input levels: acceptably: positive, unacceptable, and
acceptably negative. An unacceptable Input need not, of course, be restricted to belng very
close to zero. A pulse of anything less than, say, one third of the normal ampl 1tude might
be sensed as belng unacceptable. This would glve a very prompt indicaticn of incipient fallure.
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In order to achleve acceptable efficlency, 1t 1s essential that one such gating-
amplifier serve many basic storage elements. Fig.3 shows how this 1s done. The busses A
and D are made common to all of the bits of a particular computer word, and a particular
gating amplifier serves the same blt on each of many words. Thus for 256 words of 40 blts
each we might have 256 pairs of leads A and D, and 40 gating gmpliflers. For reference to
word b, the busses Ap and Db would be squeezed to zZero voltage, while all of the other palrs
would be held at thelr normal values of ~4 and +4V, In this way each gating amplifier
receives a pulse from 1ts bit of the selected word, so the word 1s available 1n parallel at
the gating ampliflers. These amplifiers can then write into thils word, or rewrite 1t,
without affecting the other words, since all diodes in the other words remain with backward
blas as already described. After the squeezing, busses on word b are returned to normal,
any other word may be referred to In the same way. Thus we have a fully parallel, random
access memory. Regeneration 1s of course handled by having the memory control intersperse
regeneration cycles between the computer access cycles. For the regeneration cycles, the
words are read one after the other, and rewritten to thelr former state.

Regeneration

At present the quantitatlve aspects of the regeneration problem appear to be the
greatest limitation on this entire memory scheme. As a rough approximation conslider the
following argument: the rate of discharge of the capacltor durlng holding 1s proportional
to Iy, where Iy 1s the back current of the diode at a voltage of about 4 to 6V.  Simllarly,
the rate of charging during writing and re-writing is proportional to Iy, where Ip, 1s the
forward current at something lilke 0.5 to 1V, The safe holding time and writing time are
inversely proportional to these rates, so the ratio of the permissible holding time to the
writing time 1s Just I¢/Ip. This ratio of permissible holding time to writing time
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indicates how many wrilting operations can be done before it 1s necessary to come back and
rewrite a partlicular bit. Thus 1t is an approximate measure of the number of bits that
can be served by one gating amplifier, When we 1Include safety factors, reading time, and
possible selection times,this flgure comes In the range of about

1 A
10 (If/ b} to 750 {Ir/Ip).

For actual dlodes, this means that with the customary germanium whisker dilodes, only some

32 to 64 bits can be served by each gating amplifier. It 1s of course possible to have
multiple sets of gating amplifiers, but having many such sets would seriously increase the
cost of the system, On the other hand, minlature selenlum dlodes glve a much better flgure
of merlit: 1t would appear possible to operate safely with 256 to 512 bits per amplifier,
These dlodes have much greater capacltance than the germanium, but the balanced construction
of the squeeze circult overcomes much of the difficulty caused. An 1deal diode for this
application 1s the new sillcon junction dlode, which has a simple thermally-diffused
Junction, Laboratory models of these dlodes have been able to withstand rather less back
voltage than the germanium or selenium, but they have a fantastic If/Ip ratlo. The back
voltage these units will stand 1s of the order of 20V, but that 1s entirely acceptable in
this memory circuit. On the other hand the ratlo If/Iy 1s greater even than some thermionic
vacuum dlodes. Only two such diodes have so far been avallable to us for test,* but they
formed a baslic storage element with writing times of a few microseconds and holding times

of two to three seconds. The dlodes tested appear capable of operating in a memory with

10 000 words per amplifier, with safety factors of 10 In the forward directlion and 100 1n the
backward direction. Right now these unlts are rarities, but there appears good hope that
they will be available in quantity and at reasonable cost In a few years,

A possibllity that should be mentioned for the future 1s the use of capacitors which
exhibit strong voltage—-charge hysteresis. Such capacitors could be used in this system
without requiring tight limits on thelr characteristics. This sytem would permit much
looser specifications for the capacitors than present alternative proposals for their use,
Using them in thils system would eliminate the If/Ip restriction on the number of memory
elements served by each gating amplifier, The specifications for the dlodes would also
be greatly relaxed, but there would be no decrease In the number of dlodes needed.

Selection matrix

The system described so far achleves reasonable efficlency for the gating amplifiers,
but requires a selectlon clircult capable of squeezing the appropriate palr of busses for a
particular word. This could be accomplished by the customary dlode matrix, but the
customary form of such a matrix has large standby currents. In this memory the squeezing
busses require relatively large currents; the resultant selectlion matrix is feasible, but
draws large amounts of standby power. To avold this, a selection matrix using transformers
and dlodes 1s used as shown 1n fig. 4. This glves a matrix which has no standby power
requirement, although it does require more input drivers than would be necessary with a
multi-dimensional dlode matrix. For the transformer-diode matrix, 2n Inputs are required
to select from among n? words. The matrlx 1s made up of two sets of crossing busses (X and
Y in fig.4). At each crossing a dlode and transformer are connected as shown. Normally
all of the X busses are held at, say, +10V, and all cf the Y busses are held at -10V,
This puts backward blas on the diodes assoclated with each transformer, so no current flows
through any transformer. If one X bus 1is dropped to -10V, still no current will flow; but
if simultaneously one of the Y busses 1s ralsed to +10V, then Just the one transformer at the
crossing of these two busses will recelve 'a signal. Thus 1f; 1in the flgure, Xa is
lowered to -10V and Y1 ralsed to +10V, the transformer secondary connected to busses Ac and
Do will squeeze the voltage on these two busses together. This willl select the desired
word.

% These dlodes were loaned us through the courtesy of the Bell Telephone Laboratories;
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"Experimental program

After testing individually the elements of the system, a laboratory model was bulilt
contalning 16 words of 4 bits each.

With this model in 1ts final form several successful
lengthy tests of storage were carried out.

On five occasions the unlt was left running
for three-day perilods and was found to have the correct Informatlon at the end of that
time,
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Front View of Diode-Capacltor Memory Rack
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Fig. 6

8 Bit Memory Package & Transformer "AND" Gate
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Results with the laboratory model have been sufficlently promising to make it
desirable to test something more nearly approaching a full memory. Thus, a prototype 1s
being bullt now which will be attached to the SEAC and so tested In the same way as the
electrostatic memory prototype has been tested. For the dlode-capacltor memory, the unit
is deslgned for a capaclty of 286 words of 45 bits each, but only 128 words of 8 bits each
are belng bullt as a start. Since the words have only 8 of the customary 45 bits, 1t
will not be possible at first to operate the SEAC exclusively from this trial memory unit.
However, since the SEAC will operate from both the acoustic and the dlode-capacitor
memories in Integrated fashion, 1t 1s possible to do extensive testing of the new memory
by using test routlnes stored in the acoustic memory. If all goes well with these tests,
the memory wlll undoubtedly be expanded to a useful slze,

The photographs show thls unit as 1t 1s now belng assembled, together with a view of
the 8-blt memory package. It will be noticed that very little attention has been pald to
compactness 1n thls constructlon. Quite the opposite, the units have been deliberately
separated to permit access to them during experimental runs. Bracketing estimates on a
full-scale memory assembly indicate that a thousand words could be packaged in 20 to 50 cubic
feet.

In describling the operation of the memory no mention was made of the access rate that
can be achleved. That 1s because this 1s primarily limited not by the memory elements but
by the external circultry.  The characterlstics of the dlodes in the memory unit determine
the ratios that were discussed, but within wide limits the operating rate can be selected
by selecting the capaclitor size, This generallzation becomes more limited 1f dlodes are
used which have large capacltance themselves —--- such as the selenlum dlodes, but for low
capacltance diodes the generallzation 1s reasonable. In the experimental equlpment being
built the actlve part of the basic cycle will be a 3-us perlod during which reading and
writing occur. This cycle 1s repeated every slx microseconds, the remalinling three micro-
seconds belng used for recovery of the transformers In the selectlon matrix,

Conclusion

The dlode-capacltor memory has several advantages. One especlally nice one 1s that
there are no very weak slgnals or sensltive leads. The minimum signal 1s of the order of
a volt across a few huvndred ohmms, and all of the selection 1s truly digital -—- there are
no analogue voltages to be derived, and all characteristics of the materials are bounded
on only one slde. That 1s, there 1s no 1imit on the upper end of the dlode characteristic:
it does not have to be matched to the other dlodes In the clircuilt. The memory 1s very
rapld ——-- access to random information 1s possible at well over 100000 words per second ——
and 1t can be very rugged in construction where this 1s an Important attribute.

On the other hand, 1t has several dlsadvantages too. A large number of dlodes are
required for a large memory. A memory of 25 000 bits requires 50 000 diodes, and it still is
an open question whether 500¢0 dlodes will give rellable operation even when the design
allows them wide tolerances. Still, three years' experience with some 15000 diodes In SEAC
indicates that such an operation 1s not entirely out of llne, Also, schemes have been
worked out for rapid maintenance testing of such a large memory, a form of marginal checking
which should permit replacement of drifting units before they cause trouble in computing.
Yet, so many individual elements to be assembled will of necessity make for higher
fabrication cost; present estimates indlcate that for the same capaclity the cost would be
approximately twice that of a mercury acoustic mamory or a Willlams-type electrostatic
memory (the units we have constructed indicate roughly equal cost for these latter two

types).

It would appear at present as though the proper balance among cost, performance, and
serviceabllity 1s something that only more experience can indicate. We hope that the
prototype conatruction will give us the experlence necessary to determine this balance.
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(In presenting his paper, Dr, Slutz added to 1t considerably. The following 1s an almost
verbatim report of the additional matters)

THE STATAC SCOOP

A third computer was actually started before the second. It was intended to meet the
requirements of the Office of the Alr Comptroller, which demand, mathematically, various
manipulations on large matrices. The formulatlon of the Office's economic equations
require the solution of many large underdetermined sets of linear lnequalitles. To give
you some idea of the size of the problem we have already done problems for this work in
which we handled simultaneously 36 sets of 80 X 80 matrices - that 1s 80 equatlons in
80 unknowns. The Air Comptroller has used SEAC regularly on this work, and 1s now using a
UNIVAGC, 1nstalled at the Pentagon. our third machine 1s intended to extend thls work,
and to handle 38 or more 2000 X 2000 matrlces simultaneously. Consequently this 1s a
problem which entalls tremendous input and output. The actual computations are relatively
simple - this 1s very nearly a data handling problem - and I agree fimmly with Dr. Bowden
when he says, for many such problems, that 1f you speeded up the rate of computation you
would sti1ll hardly affect the total output. This was true when the SEAC handled this
80 X 80 X 36 problem because about 96% of the time was then used in feeding 1n successive
values from magnetic tapes and getting partial answers back on magnetic tapes, and only 4%
of the machine time was being spent doing any computation 1nside. Consequently, 1in our
plans for this next STATAC SCOCP machine, we have put conslderable emphasis on achieving
a more satisfactory use of machine time. We believe thls balance definitely requires a
sizeable lmprovement in access to the high-speed memories of the machlne, so that we have
been working to that end. I will digress and describe the general input-output scheme
proposed for the STATAC SCOOP.

_We have devised what we call a concurrent input-output scheme, which means that more
than one operation 1s taking place inside the machine at one time. For a single channel
you can think of 1t largely in this fashlon. If you consider the entire memory of the
machine, a typlcal input order might be to fill a certain portion of this with data, and to
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bring new data into another portion of it. Now if you know you are not going to operate
with this other portion of the memory until all the new data 1s 1in, you have a very simple
situation. You can let the rest of the computer Kkeep on golng, quite independently of the
input process, and in fact it 1s quite easy to arrange this, To prevent rather stringent
timing requirements for the coders we have felt that they should not have to allow time for
the new data to get in. For optimum efficiency, and optimum timing, a coder may wish to
know how long it 1is going to take and to code accordingly, but we thought it was essentlal
that the machine should not make an error if he comes back and starts referring to some of
these words in the computation program before they actually arrive in the machine, So

for this concurrent control we have set up interlocks in the clrcuitry such that the

computer can continue to compute as long as 1t 1s referring anywhere.in.tlhe memory other then
to that portion which has not yet been filled. If for instance the computer tries to refer
to a word which has not yet been stored, the machine then will blcck out utntll that particular
word has been received, and then will carry on with its program. Though this does increase
input speed, the best that can be achieved with a single concurrent input arrangement 1is

jJust a 2 to 1 saving on problem soluticn time, and that only occurs when the solution time
and the input time are exactly equal. We therefore extended the system to include not Just
one channel of concurrent control but sixteen such channels, so that i1f one channel 1s
reading into one portion of the machine another channel may be reading into another portion
of the memory and the same interlock system 1s applied. To make this possible for sixteen
channels so that the coder cannot cause the machine to make errors we have provided additional
interlocks to prevent overlapping of the channels. This, by the way, 1s described at

length in the NBS report of June, 1951 by A. L. Rhelners.  With this kind of input you need
something that 1s rather faster 1n access than the serial delay lines, so in preparation for
the actual construction of this machine, we have been working with memories of very short
access time. We made tentative plans for an electrostatic memory of the Willlams type with
a cycle of about 3 - 4 Us. As described above, we have assembled a prototype of that with
the SEAC and have been experimenting with 1t quite extensively. Also in parallel with that
we have been working on the diode capacitor memory (DICAP) also described above.

SELF-CORRECTING CODES

I will now go a littlé further into the problems assoclated with sel f-correcting codes.
Mr. Davies dismisses them rather shortly in his paper with the statement that thelr use in
a system adds much complexity to 1t. But the added complexity may be relatlvely small.

Mr. Hamming of the Bell Telephone Laboratories has done some very significant work on
error correcting codes of maximum possible efficlency. He shows that an error correcting
code for each word in a 48-digit-word machine would only need another 6 check digits per
word to permit the detection and correcticn of any one error in the 54 diglts. Seven
check digits suffice to detect and correct one error, or to detect and halt the machine for
any two errors 1n the 55 digits.

If you assume that errors will be less likely than one 1n each word, you can construct
an even more efficient code. A total of ten check digits 1s all you need to detect and
correct one, or detect, without correcting, two errors in an assembly of 8 words, provided
you assume that not more than two errors will ever occur in this assembly.

However I feel that the mathematical beauty of Hamming's work has hindered the
practical application of self-correcting codes. Those codes which are mathematically
most efficient turn out to be quite inefficient equipment-wise, and the complexity of the
check for the correcting process 1s very great. o

I would 1ike to mention some thoughts we have had about the use of self-correcting
codes in machine memories. The englneering design of these should be in accord with
two principles, both of which seem trivial when expressed, but are usually overlooked.
The first is the need to fit the code to the equipment, and the second 1s the need to
balance the efficiencies of the mathematical checking process, of the equipment and of the
human operators.

Hamming's typical highly efficlent codes are based on the assumptlon that there will
be a 1imited number of errors in a given number of digits and that an error will ccnsist of an
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incorrect reading of a digit. This is true of mercury delay lines, but not of output
printing, nor of pickup from single channel magnetic tapes. In these the most typlcal
error 1s not an incorrect reading of a digit:but the complete missing of a digit.

Hamming's type of code cannot-handle such errors, because the count goes wrong, and the codes
will not tell which digit 1s missing. This shows the need to fit the code to the equlpment:

The second principle - that of balancing mathematical equlpment and human efficiencies =
leads to the use of codes which, though mathematlically not so pretty as those due to Hamming,
are very simple and require very little equipment. As an example, 1f you have an electro-
static store of 48-diglt words a simple system which permits you to have full correctlblility
for a single error in those 48 digits 1s to group them ele ctrically into a 6 X 8 rectangle,
and to carry out odd-even checks on the sum of each row and column. This needs 14 extra
dlgits, an increase of 30% but calls for very simple correcting equipment. The system
observes about 40% of all double errors, but some give false information and are not caught.

The application of these two principles to a mercury memory leads to interesting
possibilities. Suppse we wish to check a serles of delay line tanks by & self-correcting
code. The most typlcal type of error is not one In which a digit is omitted, but one where
a digit ‘is read Incorrectly. .. Usually a whole tank 1s affected and several diglts are
wrong simultaneously. -. A really rellable self-correcting code for such a mercury memory
can be constructed by adding. to each tank enough check digits to permit you to recognize the
correctness of that tank to the required degree of rellabillty. If you assume that only ond
error ocecurs at a time one check digit will suffice, To allow for two or three errors you'
need two or three check digits. You can attempt this on every tank - making them extra
long - so that you can sense errors in individual tanks. Or you can have Just one self-
correcting tank, Just lilke all the others, In a complete array, You arrange that this
carries the sum modulo 2,- i.e. the diglt-by-digit sum of all the others. You maintain this:
in operation as follows. Feed the outputs of the output access circultry and of the speclal
tank Into a serlal subtractor, then add thls to the output of the input access circultry by
a serial adder, finally passing the result back to the check tank, Every time you feed a
new word 1nto the memory, the old one 1s subtracted and the new added to the check tank, so
that the check tank always contains the sum of all the others. A simple operation inside
the machine to sense the presence of an Incorrect tank permits you to read the check tank
and then to subtract from this reading all the other tanks except the one that went wrong,
The result 1s the word which should be Iin the bad tank.

There are other similar schemes you can apply to other systems. One has been worked
out for application to electrostatic memorles. You might have two such memorles, and have .
the cholce of the full capa:ity, just error checked, or of operating with half capaclity but
in a fully self-correcting way. Such schemes applied to electrostatic memories allow many-
of the tubes 1n the system to fall completely, even to be pulled out of thelr sockets,
without the machine knowing that anything has happened.

This 'ls the sort of thing you may need in machines deslgned for control appl icatlons,
such as the control of chemical processes. The machine simply must not faill in the mlddle .
of a chemlcal process,

Discussion

MR, TOOTHILL (Military College of Sclence, Shrivenham) sald that they had tried a
capacitor memory similar to that described by Dr. Slutz but had concluded that the need to
use large capacitors with large charglng current made 1t too expenslive.

DR, SLUTZ, in reply, said that the dlode transformer matrix he described had been
developed particularly to avold the need for large standing currents. Printed clrcult unlts
had also been developed to reduce the coste. o :

MR\.' COOKE~YARBOROUGH (Atomic Energy Research Establishment, Harwell) was interested to
note that Dr. Slutz was favouring selenium dlodes instead of germanium. Hls own experience
had led to the oppasite conclusion; selenium tended to develop a high forward resistance.

DR, SLUTZ replied-that they had not declded about selenium but were considering 1t.
The important characteristic 1s the ratlo of the resistances, rather than the actual forward
resistance, and this is larger in selenlium. A preventive maintenance procedure on SEAC :
led to the replacement of about 25% of the total number of germanium diodes each year.
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SERVICING AND MAINTENANCE

Chairman: Mr. F. M. Colebrook

30, Preventive or Curative Maintenance
by
E. A. Newman

National Physlical Laboratory

An electronic computer differs from mcst €lectronlc equirment in the ccmplexlity of
its organization and the simplicity of its basic circuitry. To trace a fault to a particular
functional unit will usually be difficult, but the pin-pointing of it, once this has been done,
relatively easy. For this reason a malntenance procedure which 1s effective for other elec-
tronic equipment may be unsuitable for computers. We must bear thls in mind when comparing
malntenance techniques. There are many possible ways of servicing the usual kind of equip-
ment, where the complexity, 1f any, lles in the c¢ircultry, and even more when the equipment 1s
organically complex, as in the computer. It takes a long time to assess the value of any
method, and since no computer of the modern kind has so far been in full use for very long,
no final concluslions can yet be drawn.

We cannot compare the merits of different malntenance techniques until we have same
criterion by which thelr effectlveness can be assessed. This must clearly be related to the
normal use of the computer, This can be 1llustrated by reference to other kinds of mechanism.
For example, 1t 1s essentlal that an alrcraft should never fail in flight, even 1f 1t has to
be grounded most ¢f the time to ensure this. On the other hand, a production machine tool
will be Judged by the total quantity of 1ts good output. A Jomputer, as normally used, 1s to
be compared with the machine tool rather than the aircraft, for it 1s usually its total output
that matters — though there may be exceptional instances where the other criterion applles, as
for example in the forecasting of the result of the American Presidential election. Even
neglecting such speclial cases, however, the criterion will still be complex, for at least
three-separate facters must be considered,

1. the rellablllity of the computer, which may be defined as the time required for a
given computation with faultless operation, divided by the time actually taken,
Including all servicing and repair time;

2. the size and grading of the servicing team;
3. the cost rate of replacements,

The relative welghtings of these factors is very difficult to Judge. A small Increase
in rellability in a very fast machine is worth more than a similar increase in a slow one, and
would Justify a correspondingly larger servicing team,

In elther case, the economic value -0f the extra output must be balanced against the cost
of the extra labour. Similarly, 1f the replacement of all valves at regular intervals made
1t possible to reduce the servicing team by one, the cost of the probable unexpired 1ife of
the valves would have to be balanced against the saving of labour cost.

Two main kinds of malntenance procedure can be distinguished: preventive maintenance,
in which inciplent faults are located and prevented before they occur; and curative main—
tenance, 1n which faults are located and cured as they occur, Obviously, the maintenance of
aircraft must be preventlive. That of computers need not be, and in practlce existing schemes
of maintenance are likely to be variously compounded of preventive and curative processes.

235

(14567)



Advantages of curative maintenance are:
1. the machine 1s unavailable oniy wﬁen faulty;
2. an actual fault will, in general, be easler to locate than an Inciplent fault;

3. 1t should minimize replacement costs., .
On the face of 1t, these advantages seem So considerable as to be decisive; but there
are two counter considerations.

In the first place, computers, llke human beings, can be off colour without being
definitely 111. That 1s to say, because of their organic complexity, they do not necessarily
move sharply from a state In which they make no mistake into one in which they do nothing
right. More often they drift into a condition in which they will do scme programmes
correctly and make errors in others. With a machine In this state it can sometimes take a
very long time Indeed to locate the defective functional unit, even though the fault, when
pin-pointed, proves to be a very definite electronic defect. It 1s not always thus, for many
faults develop sharply and are quickly found; but 1t happens often enough to make a case for
some degree of preventive maintenance,

The second and even less obvious consideration which affects the balance between preven-
tive and curative maintenance 1s the quite disproportionate effect of even a small breakdown
on the total output. This 1s due to the dislocation of the operator's routine caused by the
breakdown. Most operators can get far more out of a faultless 8 hour run than out of the
same total working tlme broken by faults into a number of shorter periods.

But even allowlng for these two considerations, preventive maintenance will still fall
short of justificatlon 1f 1t absorbs far more servicing man-hours than curative maintenance.
To be really effectlve, preventive malntenance must pre-detect nearly all potential faults -
or at least nearly all the troublesome ones. This calls for the Inspection of every part of
the machine several times in the average interval between the faults that would otherwise
occur,

Two main preventive procedures can be distinguished:

1. The whole machine 1s given a thorough and periodic electronic check - elther as a
whole in a single major operation or by parts according to a regular rota, Neither
way 1s obviously better than the other, and as far as we know at the NPL no syste-
matic comparison by trial has ever been carried out.

It 1s clear that this kind of procedure, 1f really thorough, will take a long
time, and 1t 1s open to question whether 1t will save as much time as 1t wastes,
The process can, of course, be shortened by limiting 1ts scope. If, for example,
most faults are due to valve fallure, all the valves can be taken out and checked
at Intervals. But, unfortunately, this handling might itself be a cause of faults
that would not otherwise have occurred. Operaticnal evidence on this point 1s
inconclusive,

2. The alternative preventive maintenance procedure 1s known as marginal checking,
The idea 1s that by varying certain sultable operating conditions, grid or anode
voltages, heater currents, or even frequency, any circults which have incipient-
faults can be made to fall while those free from such faults, and therefore more
tolerant of the marginal check, will continue to function. The method 1s not
applicable to all kinds of circult, but where 1t can be used 1t would seem t0 have
great advantages. Programmes can readily be devised to locate a functional unit
in which there 1s a definite fault. Such a programme, in conjunction with a sult-
able marginal adjustment, should therefore locate an incipient fault. The precl-
slon of such fault location can, of course, be Increased by reducing the size of
the sectlons of the machine to which the marglnal varilation 1s applied.
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The method has the further advantage that 1t does not involve any mechanical
disturbance of the machine. It may also have some dlsadvantages, and there 1s a
need for cperational evlidence on 1t. We cannot unfortunately provide any such
evidence at the NPL because the ACE Pilot Model has very 1ittle bullt-in marginal
checking. It is being provided throughout in the DEUCE but this will not glve us
any valld camparative data because the DEUCE will also be an Improvement on the
Pilot Model in many other respects. For example, it will run much cooler, Also
the P1lot Model has some good and some not so good circults, but the DEUCE will
have only those which have been found to be good.

These two machines 1llustrate another falrly obvious point about maintenance procedures,
namely, that they must be adapted to the construction of the machine. The ACE Pilot Model
is bullt up of replaceable plug-in unlits, but the individual components are not normally
accessible during operation. In the DEUCE, on the other hand, the units will not be so
readily replaceable, but all components will be accessible.

The replaceable unit constructlon has some obvious advantages. For example, 1f replace-
ment of a unit clears a fault, this must be In the abstracted unit, which can be repalred
away from the machine without loss of machine time. Routine preventive inspection 1s simi-
larly facilitated by thls type of construction, the units being examined in succession on
special test set-ups, again without loss of machine time. Oon the other hand, this implles
extensive spares and camplex test gear, both expensive in initial cost and in upkeep.

There 1s also another and less obvious drawback. Taking full advantage of the plug-in
construction implies falrly frequent substitution of units; but this continual mechanical
disturbance may 1itself contribute materially to the Incldence of faults.

Finally, plug~-in units Imply a multiplicity of plug and socket contacts and all the
potentlal fallures associated therewith. :

This last consideration ralses the whole question of the best slze of detachable unit.
In current practlice there 1s a wide range in this respect, from the valve itself at one end,
through "packages" consisting of one or two valves and thelr assoclated components, up to
units such as those in the ACE Pllot Model which carry 20 or 30 valves and their circultry,
sufficient, say, for a complete adder.

our experience with the ACE Pllot Model leads us to favour the larger units, provided
the valves themselves are very readlly detachable. We find that once a fault has been
jocated 1n a functional group, 1t 1s falrly eas1ly pin-pointed. On the other hand, we find
1t very desirable that the valves themselves should be plugged in. We have In fact a
special range of test valves - double triodes with one or other of the triode pins removed
(known locally as port or starboard johnnies because of their red and green markings) - which
we f£ind exceedingly useful.

Now, having surveyed the arguments about preventive and curative maintenance, fixed or
detachable units, and so on, what conclusion can be drawn? Briefly, the conclusion that at
present no general conclusion can be drawn. This 1s largely because of the interdependence
of maintenance and design. We can declide on a maintenance technlque and engineer the machine
to suit, or englneer to meet some other requirement and make the maintenance procedure con-
fg;g to thls deslign. Either way, detalled and conscientious recording of performance and
sedvicing, for prolonged periods, 1s the only way to get the evidence we need. We have our-
selves been keeping very comprehensive fault records. The analysis of these 1s difficult,
and there 1s much still to be done. It 1s hoped that the discussion on this paper will clear
some of the fog away and that the frank interchange of experiences will lead to a clearer
view of the way ahead.

Discussion

~ MR. PHISTER (Cambridge University Mathematical Laboratory) distingulshed between
maintenance efficiency (detection and repalr of faults) and reliability, which depends on the
fault rate. The figure of merit for rellability will depend on (a) the speed of computation
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which determines the amount of work done between faults and (b) the efficlency of preventive
maintenance. The relative Importance of these elements will depend on the use to which the
machine 1is put. Briefly, therefore, rellabllity {s determined by the number of useful unit
operations per fault.

MR. COOKE-YARBOROUGH (Atomlc Energy Research Establishment, Harwell) sald that machines
are switched off outside working hours for fear of break-downs and such time should therefore
be counted as unserviceable.

MR. WRIGHT (NPL) said that a reliability figure should also take account of the number
of useful cperations lost in repair time.

The author observed that the overall measure of rellability 1s the ratlo of the useful
work actually done in a given time to the amount which would have been done by the machine 1f
in perfect condition.

MR. R. T. CLAYDEN (English Electric Co. Ltd.), drawing a comparison with a broadcast
service, advocated the duplication of computers for regular service.

MR, WILLIAMS (NPL) sald that 1f machines were duplicated, Users would call for full out-
put from both! Malntenance efficiency is determined by total fault -repair time rather than
by the number of faults. In the ACE Pilot Model many faults had been due to resistor drife,
Plug and socket faults had been unimportant. Test programmes are helpful but cannot easlly
be made to detect every fauit.

DR. PINKERTON (J. Lyons & Co. Ltd.) maintalned that the important thing 1s to find what
causes breakdowns and how to prevent them. LEO 1s tested and inspected and readjusted as a
regular routine. Suspected valves are removed and tested and 1f satisfactory, replaced, but
not in the same socket. They are regarded as downgraded and put in circuits known to be
tolerant.

MR. DAVIS (English Electric Co. Ltd.) said that intermittent faults in the ACE Pilot
Model could often be located by tapplng parts of the machine. Suspected valves were tested
in circults which simulated the working conditions. Routine maintenance included monthly
inspection of all mechanical parts and random removal and checklng of units. Check pro-
grammes were used to locate & fault 1n a large block, which 1s then more closely scrutinized
by inspection of wave forms at sultable points. In addition to dlagnostic programmes, prob-
lems known to be speclally exacting are used to test the machine. Such problems are analyseq
to determine the points at which the programme 1s liable to cause the machlne to fail.

MR. RUBACH (A1l Power Transformers Ltd.,) recalled that wartime experience with radar
equipment showed that preventlve maintenance could be overdone and could cause more faults
than 1t prevented. This may have been due tO 1oW grade malntenance personnel.

The author, summarizing, sald that evidently, different groups have bullt up different
dlagnostic and maintenance techniques according to the needs of the particular machine, e.g.
some groups favour an analytical approach whereas others use an objectlve method. In genera]
results tend to be the same. The total time wasted 1s the product of the number of faults
and the average time taken to find a fault. Preventive maintenance probably discloses more
faults but enables them to be more easily detected and repaired, whereas otherwise a lesser
number of more obscure faults are observed. Marginal checking might very well be a mearfs of
reducing the "fault x time" product. '
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3}, Experience with Marginal Checking and
Automatic Routining of the EDSAC

by
M. V. Wilkes, M. Phister Junr., and S. A. Barton

Cambridge University Mathematical Laboratory

Introduction

This paper contains an account of certaln experimental marginal checking facllitles
which have recently been fitted to the EDSAC. The experiments are still I1n progress but it
1s thought that a short account of the results which have been obtained so far will be of
interest,

Ideally, marginal checking should be included in the design of a computing machine fram
the beginning and it 1s not very satisfactory to add it to an existing machlne, This was
particularly so in the case of the EDSAC which had undergone many modifications since it was
completed in 1949, with the result that both the logical design and the physical layout were
not quite as stralghtforward as they might have been. At the same time, this situatlon made
the provision of a system which would faclilitate fault location and maintenance particularly
attractive. The main object of the work, however, was to obtaln experience which 1t was
hopec would be useful In the deslgn of future machines, The EDSAC 1s a serlal machine and
what ‘18 sald In this paper relates primarily to machines of that type.

There are two maln benefits which may be hoped to result from a system of marginal
checking. In the first place, marginal checking should enable loss of operating margin due
to deterloration of valves, or drift of component values, to be detected and rectified before
becoming serious enough to cause errors under operating conditiocns. This should result in a
material reducticn in the chance of a machine fallure occurring durlng operating hours. In
the second place marginal checking should be of assistance in locating those eluslve faults
which occur in some programmes and not in others, or which occur apparently at randam.

These faults are frequently due to a particular circuit being "on the edge" and falling
occasionally when the pulse pattern presented to it 1s a particularly unfavourable one.

Such faults should be accentuated and made easier to locate when marginal checking is applled,
especially 1f the marginal checks are arranged so that they can be applied to the various
units of the machine Independently. While marglnal checking may be expected to assist In
the locatlon of apparently random faults of the type just descrlbed, 1t 1s unlikely to Dbe of
assistance 1n locating intermittent faults due to dry joints or mechanical fallure of
components.,

Attenuation of pulses

As a first step in the fitting of marginal checking to the EDSAC 1t was declded to insert
switchable attenuators in a number of leads carrying pulses or control waveforms, During
marglnal checking these attenuators, which are normally inoperative, are switched into
clrcult and the actlon of the machine tested by means of a test programme especlally desligned
to be as searching as possible. If any of the pulses or control waveforms have became 1low
in amplitude as a result of component deterioration, errors are likely to occur when this
test 1s applled. It will be noted that during marginal checking the machine operates 1n the
normal manner under the control of a programme and that no speclally introduced test pulses
are used.

A simple form of resistance attenuator is used and in order to avold undue lengthening
of pulse leads all attenuators are controlled by relays operated from a central panel. The
circult used 1s shown 1n fig. 1; 1t will be observed that during normal operatlion the relay
contacts are open so that there 1s no danger of the marginal checking system giving rise to
extra faults due to faulty relay contacts. Since the attenuators are all connected between
the output of a cathode follower and the lnput of another cathode follower or ampllfying
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‘valve the presence of the 200-~0hm resistance In the pulse lead has no appreciable effect
during normal operation. The  attenuators are mounted on small plates clamped to the machine
framework at convenlent points. ‘

In all, 45 attenuators were fitted, 15 1n the store and assoclated access circuits, 11 in
the arithmetic unit, and 19 in the main control. Careful consideration was given to the
amount of attenuation to be Intr.duced. It must be greater than the greatest reduction In
pulse amplitude which can occur between successive marginal tests as a result of component
deterloration. On the other hand, if the attenuation 1s too great there 1s a danger of mis-
leading results being obtained by testing the machine under conditions widely different fram
those of normal operation. Moreover the use of too much attenuation will result in adjust-
ments being made to the machine, and components being replaced, before this 1s necessary;
not only 1s this wasteful of material but 1t 1s also wasteful of time, since the camponents
must be located before they can be replaced. With these conslderations in mind an attenua-
tion of about 10% was declided on for the attenuators fitted to the EDSAC, although the ’
circuylts would have stood rather more than this. It was hoped that 10% attenuation would be
encugh to turn infrequent and apparently randam errors into consistent ones. In addition to
reducing amplitude the attenuators have the effect of reducing slightly the effective width
of the pulses passing through them. Care was taken when choosingfthe points at which the
attenuators were introduced to avold any situation in which pulses passed through more than
one attenuator before being amplified and regenerated. The object of this was to make 1t
possible for the machine to be tested with all attenuators in circuit without pulses in any
part of the machine being unduly attenuated.

‘ One immediate result of fitting attenuators was the discovery that same parts of the
machine had hardly any operating margin at all. A number of modifications were therefore
made, the last and most striking being the complete reorganlsation of the clock pulse dis-
tributing system which had, up to that time, been overloaded. Only when these modifications
had been made was 1t possible to operate the machine with all the attenuators switched®into
circult. We feel that the bringing to light of unsatisfactory features 1n the design of a
machine 1s not the least advantage which accrues from the introduction of marginal checking
1f marginal checking is included in the design of a machine right from the beginning many
weaknesses 1n the, design will be avolded altogether,

. 240

(145867)



It 1s always difficult to evaluate the effect of any modification made to a machine by
comparing the records of malntenance before and after, since the time Intervals are rarely
long enough for the records to have any statistical slgnificance., This difficulty 1s
especlally acute In the case of the EDSAC, since a number of modifications of various kinds
have been made to the machine 1n the past year and others are 1n progress. The remarks
which follow are based therefore, partly on general 1mpressions. During the two years
immedlately before the introduction of the attenuators we had had an average of about 25
faults per month., About 9 of these were cured by adjusting ampliflers, 6 by the replacement
of valves, resistors or condensers, and the rest by miscellaneous adjustments mostly to
mechanical equipment. We expected that after the initial difficulties assoclated with the
introduction of marginal checking had been overcome, the machine would settle down with about
the same number of failures per month - perhaps very slightly more since camponents would be
replaced before they had deteriorated quite as far as formerly. We hoped, however, that
most, 1if not all, of the 15 fallures a month cured by replacements and amplifler adjustments
would be forestalled by marginal checking, and would not cause breakdown of the machine during
operating hours.

The results were somewhat disappointing. On an average of only 3 occaslions a month
were replacements or adjustments made as a result of marginal tests with attenuators switched
into circuilt. Not more than this number of fallures durlng running hours can, therefore,
have been forestalled. These results presumably Indlcate that the assumption upon which
marginal checking with attenuators 1s based - namely that the primary effect of ageing of
valves and camponents 1s to cause a deterioration In pulse amplitude — 1s false. On con-
sideration this conclusion does not seem unreasonable and 1t might perhaps have been anticl-
pated. A change In the value of a resistor 1s just as likely to Increase the galn of an
amplifier and hence to Increase the amplitude of a pulse as to decrease 1t, and this can lead
to trouble in varlous ways. For example, 1t may cause spurious pulses wnich should be below
a fixed threshold to exceed that threshold; alternatively, 1t can cause pulses to become
lengthened and run into one another. Once these facts have been appreclated 1t will be
reallised that the use of attenuators for marginal checking 1s logically unsatlsfactory since
the variation introduced 1is one-slded. It would be more satisfactory 1if switchable attenua-
tors allowing for (say) 0%, 10% and 20% attenuation were fitted and the machine run normally
with 10% attenuatlion, marginal checking being performed first by switching to zero attenuation
and then, In a second test, to 20% attenuation. However, this 1dea has not been followed up,
since a more attractive scheme, described 1n the next section, presented 1tself.

Marginal checking of amplifier adjustments

Pulses which have become reduced In amplitude, or which are slightly late compared with
the clock pulses - for example, as a result of having passed through a number of gates In
cascade - are regenerated at various points in the EDSAC by means of the circult shown 1in
fig. 2. This iIncludes a delay line which retards the incoming pulses by slightly less than
2 ps (the pulse Interval), an amplifier and a gate fed with clock pulses. If the clrcult 1s
correctly adjusted, the ocutput pulses are cleanly-gated clock pulses. It will be notliced
that positlve feed-back 1s Included In the clrcult so that, even 1f the waveform emergilng
from the delay line falls before the end of the clock pulse being gated, the output 1s never-
theless held up untll the end of that pulse. The amplifier 1s of a non-linear varlety, and
the potentiometer 1s adjusted so that the first valve 1s normally cut off. In thils way
spurious pulses generated by internal or end reflection in the delay line are eliminated.

For satlsfactory operation the potentiometer must be so adjusted that there 1s sufficlent
supression of spurious rulses and, at the same time, sufficient gain In the amplifier. There
is a small range of adJustment over which both these conditions are satisfled and when
initlally adjusted the potentiometer 1s set somewhere in this range. The method of marginal
checking now belng described 1is designed to verlfy that no drift sufficlent to cause the
adjustment to become marginal has taken place. It consists in applying small voltages,
first positive and then negative, to the lead marked "marginal checking lead" in the dlagram.
This has the same effect as moving the slider of a potentiometer a few degrees, first in one
direction and then In the other. The marginal checking leads from the various ampllifiers
were taken to three-position switches mounted on a central panel. About 80 ampliflers
required treatment in the manner just described; of these 20 were In circuits ldentlcal with
that shown in fig.2, and 60 were in similar circulits carrylng control waveforms. The
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voltage to be applled to the marglnal checking leads was chosen with conslderations in mind
similar to those mentioned above 1in connexion with the choice of the amount of attenuation to
be introduced by the variable attenuators. After some preliminary trials it was decided
that a suitable voltage was +1.5 volts.

The system of marginal checking just described has been most successful. Since it was
installed at the end of January 1953, a number of adjustments have been made to ampliflers as
a result of Indicatlons obtalned during marginal checking, but no fallure of the machine
which could be corrected by the adjustment of an amplifier has occurred during operating
hours, There 1s no doubt that the system has enabled substantial Improvement to be made in
the standard of serviceabllity of the machine,

The main reason for the success of marglnal checking applied tc the amplifiers 1s, no
doubt, that changes occurring elther in components or valves are most serious when they are
directly assoclated with ampliflers. In addition, changes which take place in components
not directly assoclated with amplifiers can often be compensated for by making an adjustment
to an amplifier; these varlations are, therefore, brought under control by marginal checking
appllied to the amplifiers, It would seem to be a sound practice, whenever an adjustable
control 1s provided in .a circult, to provide also a means of marginal checking by which 1t can
be ascertalned that the control 1s set well in the middle of its range of satlsfactory opera-
tion. The marginal checking switch should, 1f possible, have exactly the same effect on the
circult as moving slightly the preset control, first in one dlrection and then In the other.
The exlistence of a large number of preset controls 1s a weakness in a machine which has no
system of marginal checking but, 1f marginal checking along the lines Just indicated 1s pro-
vided, 1t becomes, on the contrary, a source of strength. .

At the present time both pulse attenuators and marginal checking switches for the ampli-
flers are fitted to the EDSAC. Some of the attenuators have been rendered superfluous by
fitting marginal checking to the amplifiers and these will probably be remcved. . Others - such
as those in leads carrying pulses which set or reset flip-flops - still serve a useful purpose
and will be retalned.

Marginal testing of the store

Mercury tanks are used in the high-speed store of the EDSAC and each tank has assoclated
with it an amplifler and clipping circult which must be set up by adjusting a potentlometer.
Marginal checking has been applied to this adjustment in a manner similar to that descrlbed
in the last section except that, instead of switching positlve -and negative D.C. voltages In
turn, a 50-cycle A.C. voltage 1s applled. This means that the test can be carrled cut In
one operation Instead of two. Apart from its use in routine marginal checking, the method
1s particularly convenlent when the amplifiers are belng set up with the help of an osclllo-
scope, since the effect of the marginal varlation up and down 1s clearly vislble on the
screen,

The application of a low-frequency alternating voltage for marginal checking purposes
can only be adopted where there 1s no possibility of alternating voltages spreading to parts
of the machine other than those belng tested. The circult used in the EDSAC store has an
A.C. coupling with a short time-constant Immedlately after the point at which the alternating
voltage 1s Introduced and thils effectively blocks the 50-cycle signal. 50-cycle A.C. has
also been used In Cambridge for marginal checking in a plece of equipment which is D.C.
coupled throughout; here the 50-cycle signals are applied to the grids of valves which, in
normal oreratlion, are sufficlently cut off to prevent any current flowing in their anode
circults, The use of low-frequency A.C. 1s not to be recommended for testing circuits which
carry pulses only rarely, since the testing voltage 1s at 1ts peak for only a small fractlon
of each cycle and, unless & wery long time 1s allowed for the test, there 1s a danger of
the circult not belng adequately tested. Where the method 1s applicable, however, there 1s
no doubt that it is highly convenlent.

Marginal checking was.fltted to the store amplifiers 1n March 1952, Shortly before

this, however, the store had undergone extensive modificatlon which had Improved 1ts general
performance. It 1s, therefore, difficult to assess the value of the marginal checks and
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there 1s some difference of opinlon in the laboratory. Some people think that the use of
marginal checks during setting up and occasionally during routine malntenance has contributed
substantially to the trouble-free operation of the store; others think that a comparable
performance would have been obtained without it. It 1s true that few adjustments have been
carried out as a result of indications provided by marginal checking but this may merely
indicate that marginal checking enables an optimum adjustment to be achleved in the first
place.

Automatic routining

When marginal checking 1s fitted to a machine, routine checking beccames a matter of some
canplexity, since various test programmes have to be run with, and without, margins. Shortly
after the attenuators were fitted 1t was declded to make the entire process automatic, This
was done by controlling the attenuator relays from a unlselector (rotary stepping switch)
which could be stepped from one position to the next under the control of the programme.

All that was necessary was to put the correct input tape in the photoelectric tape reader and
to start the machine. The various test programmes were then carrled out, with or without
margins, according to the wiring of the unlselector. The system has recently been modified
'S80 as to Include marglnal checking of the ampliflers.

Routine testing procedure

The complete testing procedure for the machine 1s now as follows. First the store is
tested and the clock pulse frequency adjusted to the centre of 1ts range. The tape reader
1s then tested, use being made of a marginal check which consists in switching a reslstance
in series with the lamp so that the amount of light falling on the photocells 1s reduced.
These tests are carried out manually using sultable test programmes. Next, the automatlic
routining equipment 1s switched on and a com[rehensive test lasting about six mlnutes Is
carried out automatically. A1l machine orders are tested and two different tests are applied
to the entire store. Each test 1s carried out three times; first without any margins,
secondly with the attenuators switched in and a positive voltage applied to the marginal
checking leads of all the amplifiers, and finally with the attenuators switched in and a
negative voltage applied to all the ampliflers. After each test, symbols are printed ldenti-
fying the test and indicating whether an error occurred. When the test 1s finished the
machine stops and the operator examines the record. If there has been a fault the operator
can endeavour to locate it by stepping the uniselector to positions, not used in the routine
tests, 1n which marginal checking 1s applied only to certain sectlons of the machlne. If
necessary he may then make use of the switches controlling the attenuators and amplifiers
individually. This feature of the marginal checking system fitted to the EDSAC 1s of great
value. Sometimes faults which the system would not, at first sight, be expected to cover
can be successfully located. This 1s because a fault 1in a particular part of the machine 1s
1ikely to be sensitive to any change In the operating conditions in that part of the machine.
Even a very slight change in the behaviour of the machine when a marginal switch 1s operated
may be sufficient to suggest where the trouble 1s to be found.

Small faults which show up during testing of the machine under marginal conditlions are
corrected 1f this can be done without the expenditure of a great deal of time. Otherwlse the
fault 1s tolerated. The reason for this policy 1s that one of the maln objects of testing
the machine under marginal conditions is to reduce the time taken to locate the eluslive faults
that occur under normal operating conditions by turning them into consistent ones, This
object would be defeated if a corresponding number of elusive faults occurring under marglnal
conditions had sti1ll to be located. Needless to say a rare fault which occurs under marginal
conditions 1is carefully noted and 1f 1t persists for any 1ength of time efforts are made to
locate 1t.

The autamatic routining system has proved very successful. It is quicker and much less
trouble to use the automatic routiner than to do the same tests by hand. Exactly the same
tests are carried out on every occasion and a printed record of the results lg provided.

There 1s no danger of tests which are found to show an error very rarely belng gradually
dropped without anyone being conscious of 1t. Further, the automatic routlner can be operated
by an unskilled person who need not have a detalled knowledge of the testing procedures in :
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use, Although the automatic routilner takes care of the normal dally testing of the machine,
1t 1s advantageous to run other test programmes from time to time, since it 1s found that dne
programme will bring to light faults missed by others; the greater the varlety of test pro-
grammes in use the higher the standard of serviceabllity which can be maintalned.

Conclusions

We are at present still feeling our way towards a full understanding of the factors
affecting the occurrence of faults in an electronic computing machine. Until this has been
obtained 1t will not be possible to lay down the logical principles on which a system of maln-
tenance should be based. We will attempt to summarize in this section the general conclu-
sions at which we have arrived so far.

In evaluating any system of marginal checking it 1s important to keep clear the two
fundamentally distinct benefits which such a system might glve; these are, (1) a reductian
in the number of faults which occur in scheduled operating time, and (2) more rapid locaticn
of such faults as do occur. our experience shows that a reduction in the Incldence durilng
operating hours of faults due to the steady deterioration of valves, or to changes In the
values of components, can certainly be achleved by an efficlent system of marginal checklng.
This 1s of great value, since the majority, although not an overwhelming majority, of faults
in the EDSAC are of thls character, There are also a large number of miscellaneous faults,
mostly of a mechanlcal nature - dry jolnts, bad contacts, faulty valve holders, and such 1like.
Individually, one 1s inclined to put these down to bad luck and to say that they are unlilkely
to recur. However, we find that fresh faults of the same kind appear at a steady rate; Iin
a particular month they may even account for half the total number of faults occuring. The
number of these faults 1s belng gradually reduced as a result of improvements made to the
machine and in a new machine 1t would undoubtedly be less than in the EDSAC. However, we do
not think 1t will ever be an entirely negligible factor governing machine serviceablllty.

It 1s sometimes supposed that when valves approach the end of thelr useful llves they
begin to deteriorate at an 1Increasing rate, If this were so valves about to fall would be
located by marginal checking. our experlence, however, 1s that deterioratlon continues
slowly throughout the 1ife of the valve until a sudden fallure occurs, usually by the valve
becoming soft or losing 1its emission completely. Marginal checking serves to control the
steady deterloration but 1t does not give warning of when the valve 1s about to fail. The
behaviour we observe may be accentuated by the fact that many valves In the EDSAC are used In
circults which have a good deal of negative feed-back so that the effects of cathode deterior-
ation are masked. Marginal checking of the amplifier ad)ustments may also be regarded as
providing negative feed-back, the malntenance engineer forming part of the feed-back 1loop.

A system of marginal checking intended to help in fault location must cover the whole
machine with few gaps. Given this we are 1n no doubt that marginal checking reduces the
amount of time taken to locate a fault and makes the accurate dlagnosis of 1ts cause more
certaln. The fault can then be cured once for all. If the dlagnosis 1is not accurate,
there 1s a danger that the machine may be made to work by adjusting an ampllfiler, or by
replacing a component, either of which 1s only remotely connected with the faulty circult;
this will not give a permanent cure and sooner or later the true cause of the fault will have
to be found, Thus one fault may be responsible for several breakdowns of the machilne.

Much more extended trials wlll be necessary before 1t 1s possible to glve any numerical
estimate of the extent to which a system of marginal checking can lead to improved service-
abllity of a machine, All we can say 1s that our experilence so far has confirmed us In our
original optimism. A positive recommendation we can make 1s that whenever an adjustable
preset control 1s provided in a machine there should also be provided a means of marginal
checking by which 1t may be verified that the control 1s set well In the mlddle of 1ts working
range.

Discussion

DR. PINKERTON (J. Lyons & Co., Ltd.) said he had largely followed EDSAC practice in
marginal testing, but had sought to make the procedure quantitative, e.g. a known A.C. Dblias
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voltage is applied to the ampliflers and the tolerated range 1s recorded and taken as a
measure of thelr state. Marginal test adjustments have also been fitted to the store, not
only on pulse amplitude but also on pulse-repetition frequency and the tolerated frequency
range 1s noted for each delay line. It has also been applled to the photoelectric reader as
a + 5% varlation of 1llumination.

DR. COOMBS (Post Office Research Statlon, London) asked whether a gradual reduction of
valve heater voltage on a machine would glve useful indlcation of "edginess" of clrcults
arising, possibly, from drift of resistor values.

MR. NEWMAN (NPL) strongly supported marginal testing, 1ts great advantage belng that 1t
could be applied without any mechanical disturbance of the equlpment. It had only been used
in a limited way on the ACE Pilot Model but was teing incorporated wherever possible in the
DEUCE.

MR. DAVIS (English Electric Co. Ltd.) asked whether marginal testing had proved useful
in pin-pointing the locatlon of a fault.

MR, PHISTER sald that at Cambridge, marginal testing had proved as valuable in pln-
pointing the location of a fault as 1n reveallng 1nciplent faults. He questloned the value
of DR. PINKERTON'S quantlitative procedure, It took longer, and quantitative values would not
be characteristic of the circult but only of the particular components.

DR. PINKERTON agreed that the measurement and recording of margins took longer but
thought this was justified by the additional Information. An 1tem which was cbserved to
have a less-than-normal tolerance range on test could be noted for early detalled inspection.

MR, WRIGHT (NPL) sald that the P1lot ACE circults were designed for definite tolerances
of component values and operating voltages and these theoretical ranges can be checked by the
marginal test procedure.

DR. GRIMSDALE (Manchester University) sald that the Manchester machine had no bullt-In
marginal tests, but the facility for slow applicatlon of the heater voltage was used as an
overall marginal test by running with reduced heater voltage.

32. Diagnostic Programmes

by
R. L. Grimsdale

Ferrantl Ltd.

Introduction

Diagnostic programmes or test programmes are an essentlal part of the servicing scheme
of a large electronic computing machine.

The paper deals with some of the general aspects of these programmes, Details of the
test programmes designed for the Manchester machine are given in the Appendix.

Types of fault

Faults can be classified In two groups, firstly according to their outward effect or

appearance as
1, Englneering faults.

2. Loglcal faults.
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and secondly according to duration as
1, Permanent faults,
2. Intermittent faults.

An englineering fault may be defined as a condition in which a part of the machine 1s not
working as 1t was desligned. A logical fault 1s one iIn which the machine falls to produce
the correct result to an operation. An engineering fault may result in a permanent logical
fault or an intermittent logical fault or in no fault at all. A programme 1s only capable,
by 1its very nature, of testing for logical faults.

As a general rule, the cause of a permanent fault is easy to find. Dilagnostic pro-
grammes are useful 1n this case for two reasons. The location of the fault can be 1solated
to within a small part of the machine in a very short time and secondly a loglcal system for
searching for the fault 1s automatically carried out.

Intermittent faults present a very difficult problem. If the occurence of the fault is
not too frequent, for example on average once every 10 minutes, 1t may be possible to do use-
ful computing. For thls to be possible 1t is necessary that programmes put to the machine
have incorporated checks at frequent intervals so that in the event of a fallure not too much
time 1s wasted. If the fault 1s fairly frequent then it may be possible to find it by using
a dlagnostic programme which 1s continuously repeating. Now the programme may consist of a
large number of instructions, on only one of which will the machine fail. In order to
Increase the probabllity of this instruction being obeyed, whilst the fault is present, the
number of instructions should be kept to a minimum.

It 1s therefore desirable to get an approximate 1dea of the location of the fault and
then a shorter, less general programme can be used.

If the frequency of the occurrence of the fault 1s such that 1t 1s not possible either
to find the fault or to proceed with the computation, for example 1f the fault occurs once
every two minutes, then the supply voltages are varied and this may result in making the
fault more frequent in occurrence,

The Diagnostic Programme as part of the General Servicing Scheme

Faults in the electronic circuits are almost invariably finally located by usling an
oscllloscope to observe the waveforms. Even 1f the fault Is completely dlagnosed without
the need for an oscilloscope i1t is desirable to check the waveforms after the fault has been
cleared.

It is a good plan to perform a dally inspection so that faults may be antlcipated.
That 1s to say there may be "engineering" faults which have not yet developed Into logical
faults. ’

Marglinal checking (that 1s the alteration of operating conditions of the valves e.g.
varlation in supply voltages) used in conjunction with dlagnostic programmes 1s a very
valuable tool.

The dally maintenance at Manchester is arranged as follows. All the test prograrmes
are run and, 1f there 1s no fallure, the heater voltage 1s slowly reduced by about 5%. It
there 1s st1ll no fallure, the heater voltage 1s returned to normal. Then as part of a
general Inspectlion of the whole machine a small section of 1t 1s examined in detall. Simple
tests are made to check the emlssion of the valves in situ. A different part of the machine
1s taken each day and during the course of a few weeks the whole machine 1s checked.

The Scope of Test Programmes

There 1s a certain section of the machine in which there must be no fault for a programme
to run and it follows that 1t 1s not possible to use test programmes to find faults in this
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section. This part of the machine 1s assoclated with the generatlon of the baslc waveforms,
However, a fault in thls section 1s generally very obvious. For example, it may manifest
1tself on the displays on the operating console as the absence of part or all of the raster.

There 1is another section of the machine in which the location of the fault can be indl-
cated by a programme but not preclsely specifled. In the remalnder of the machine the fault
can be pin-polnted to one or two valves. The relative sizes of these sectlons 1In the
Manchester machine has been estimated by counting the number of pentode valves in each.

They are

no indication 27%
approximate indication 29%
precise indlcation 44%

‘The second purpose of Test Programmes

In addition to locating faults, test programmes are useful in lndicating that the whole
machine 1s workilng correctly. The "overall test" was designed with this ailm 1In view. In
conjunction with the storage tests this routine gives a substantlally complete check of the
working of the machine. Furthermore, In the event of fallure, the overall test glves the
approximate location of the fault.

Approaches to the design of Test Programmes

The essential problem is to find the Instruction (and possibly the number on which the
instruction performs) which the machine has falled to do correctly. When this 1s known the
instruction can either be set up on a row of switches and the Instruction repeated continu-
ously or a very simple programme cen be constructed using only two or three instructions
including the defective one, In addition, a list of probable valve fallures*which would
produce the fault can be provided with the test programme.

One way of declding the way in which a test programme can be ccnstructed to test a par-
ticular unit 1s to consider all the possible fallures of the component parts of the unlt.
Whilst 1t would be deslrable to make the programme include tests for all these fallures, a
more direct approach 1s to consider the ways in which the instruction assoclated with the
unit may fall and to determine all the different digit comblnations of the numbers on which
these Instructions act,

A principle which has been adopted In the design of test programmes for the Manchester
machine 1s to bulld up each programme from a simple starting point. It 1s first necessary
to assume that certain elementary functions are working, for example, the subtractor and the
test faclility; then using these, further Instructions can be checked and these Instructlons
can then be used In testing other Instructions.

Conc lus ions

Experience on the Manchester University Computing Machine has shown that test programmes
are essentlial for efficlent and rapid servicing.

It has been observed that, when the test programmes were first used on the Manchester
machine, fallures were not uncommon, but as the faults dlagnosed by programmes were cured the
failure rate diminished considerably. In other words, the machine "learns" to do the test
programmes. This 1s, of course, an indication of the value of the programmes.

In view of the value of these programmes, 1t 1s suggested that machine designers should
keep them in mind, and design so as to reduce to a minimum the part of the machine - quoted
as 27% for the Manchester machine 1n a previous part of the paper - which cannot be tested by
a programme.

One;deflciency In the scheme originally adopted for test programme design resulted from
the assumption that the most difficult numbers which a circuit had to handle cculd be stated by
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the desligner, This has proved to be untrue and far more stringent testing ls obtalned by
using random numbers (for example, see Random Multipller Test-Appendix 2.)

The programmes which have been used most in the particular case of the Manchester machine
are the overall test, the multiplier test, the c.r.t., storage test and the magnetlcs storage
test. These and other tests are described briefly in Appendix 2,

Appendix 1
The Manchester Mark II Machine

The machine has 8 c.r.t. stores each of which can hold 64 twenty-digit lines of informa-
tion. An instruction occuples one twenty-digit line and a number generally occuples two
consecutive twenty-dliglt lines, The Cathode ray tube stores are backed with a magnetic drum

store, which 1s divided into tracks, each track being equivalent In capacity to two c.r.t.
stores.

There are four subslidiary c.r.t., stores. The control store holds a number representing
the position of the instruction next to be obeyed. A second llne on the control store holds
the digits of the Instruction belng obeyed.

The B-store has 8 twenty-digit lines, and 1s used, with 1ts assoclated facllitles to
modify instructlons. It can also be used ror other purposes including keeping a count
of the number of times a loop of instructions has been obeyed.

The accumulator store is double length so that 1t may accammodate the product of two
forty=-dlglt numbers, Speclal provision 1s made in the arithmetic Instructions to give access
to the more and less significant halves,

The multiplier store holds two 40-digit numbers — the multiplicand and the multipller.

The more important facilities of the machine are as follows:— addition, subtraction, the
logical operations "and" "or" "not equivalent", and units to find the position of the most
significant diglit of a number, and to find the number of "ones" 1n a number (the sideways
adder). A fast multiplier 1is also provided.

Appendlix 2
The Library of Test Programmes for the Manchester Machine

In general In the event of a fallure the routine stops, and informatlion about the
failure 1s dilsplayed on one of the monitor tubes on the operating console.

The Qverall test

With the exception of the c.r.t, and magnetic storage this 1s a complete check of the
whole machine.

This routine 1s stored permanently on the magnetic drum. The routine 1s arranged so
that after every transfer of a section of the programme from the magnetlc drum store to the
¢.r.t. store, the contents of the c.r.t. store are checked by a summatlon of all but the last
line and the sum campared with the check sum on the last line.

The first sectlon deals with the accumulator and part of the arithmetlc unit - the adder,
subtractor and logical operations.

The individual answers to a serles of operations are recorded and at the end all the
mb-answers are summed and the final result tested. In the event of fallure, information
ran be obtalned by examining the sub-answers on the c¢.r.t. store monitor tube on the console.
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Test programmes should be divided Into two categorles (a) verification programmes to
check whether the machine is in a reasonable working condition (b) analytical programmes
designed to glve an indication of the location of a fault.

It Is possibie to use many mathematical programmes as verification test programmes, as,
for instance, when a camputation 1s frequently repeated with different data. Runs can be
repeated at intervals, with marginal test voltages applied, and the results campared with

those obtalned originally.

MR. CAMINER (J. Lyons & Co. Ltd,) was surprised that any mathematiclan would risk using
a machine with a fault occurring as frequently as once 1ln ten minutes, as was suggested In
the paper. This, he said, would involve frequent arithmetic checks and might cost twice as
much time for checking as for useful computing, A computing machine, in his opinion, should
only be used when 1t was In perfect working order as far as could be ascertalned.

DR. FRIEDMAN (Cambriage University Mathematical Laboratory) agreed that computing
machines appear to learn to do test programmes but thought thils was due to a weakness in the
test programmes., He supported Mr. Phister's test-programme rota proposal.

MR. WILLIAMS (NPL) pointed out that the impression that camputing machines learn to do
test programmes arlses from the fact that the service engineer learns from them how to detect
particular machine faults which are quickly rectified when they occur or are permanently
cured by slight local redesign.

MR. WRIGHT (NPL) thought that by studylng the fault record of a machine and its deslgn
it should be possible to design good test programmes for verification and diagnostic purposes.
He suggested that faults dependant on pulse pattern should be classified as conditional
permanent faults.

MR. D. O. CLAYDEN (NPL) agreed that dlagnostic and test programmes should be based on
experience of machine faults. Full details of the programmes should be written up for the
benefit of all machine users and particularly for the service englneers.

The author, 1n reply, agreed that machines appear to learn to do test programmes. He
- preferred to keep the number of test programmes as small as possible so that users could be
familiar with them.

Although generally agreelng with MR. PINKERTON on terminology he pointed ocut that
englneering faults do not necessarily cause loglcal faults.

The use of mathematical programmes as test programmes was a useful technlque but could
not always be applied.

33. Component Reliability in the Computing Machine
at Manchester University

by
A. A. Roblnson
Ferrantl Ltd.
The camputing machine at Manchester University has now campleted more than 7000 hours of
total running time, and 1t 1s Interesting to examine the records of camponent fallures to
compare rates of fallure of different components and to analyse the causes. The 11st of

recorded fallures fran 15 July 1951 to 21 February 1953, a pericd of nineteen months covering
7420 hours of total running time, 1s as follows:
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Number used

in machine Failures
Resistors 8500 (estimated) 19
Capacitors 1500 ( * ) 10
Valves 4053 304
Storage tubes 12 28

This 1s intended to cover all kinds of ccmpcnents of which more than five have falled.
It excludes the power supply equipment, and also a quantity of resistors which did not fall
but were replaced as a result of modifications, or, 1in the case of some RMA type 1 resistors,
because they appeared to be over-rated.

RMA type 1, 2, 8, and 9 resistors are often referred to as 2, 1, %, and i-watt resistors,
but reference to the curves of recommended maximum rating against ambient temperature shows
that at these ratings type 1 has a margin of only 50% at 400C ambilent temperature, whereas
types 2, 8, and 9 have 100% margin. This may account for type 1 resistors showing signs of
deterioration. our policy for some time has been to replace type 1 resistors by vitreous
enamelled wire-wound types.,

The causes of fallure 1In resistors weére as follows:

Open circult 12 (9 of these were
wire-wound)

Reslistance

decreased 5

Unrecorded 2

Total 19

and for capacltors

Short circulted
or low resistance 6

Other causes or
unrecorded 4

Total 10

Thus the most cormmon cause of resistance fallure 1s open circuilt, and also, seelng that only
about 10% of resistors in the machine are wire-wound, a disproporticnate number of fallures
are In wilre-wound reslistors. In capacitors the most common cause of fallure 1s loss of
insulation.

We now come to valve fallure which 1s by far the most common form of camponent fallure
that we have met with. The rule 1s that wherever possible each valve fallure shall be
recorded in the machine log book together with a dlagnosis made of the cause of failure. The
taulty valves are kept for examination, and recently a batch of 244 of these valves was
examined in the laboratory to check the working of this system. The results were as follows:

Valves examined 244

Valves for which a diagnosis had been gilven 144

Valves dilagnosed correctly according to laboratory tests 90

Valves found faulty, but wrong or no diagnosis given 98

Valves in which no fault was found byllaboratory tests 56
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It will be seen that the diagnosis, when given, were right in nearly two-thirds of the cases,
The proportion of valves In which no fault could be found does not seem unduly high,
especially as this number will certainly include valves with obscure Intermittent faults
which are not easlly detected In the laboratory.

The numbers of fallures of the different valve types are:

EA 80 (CV 1092) 106 fallures out of 2408 valves
(4.4% 1n 7420 hours)

EF 50 (CV 1091) 109 fallures out of 870 valves
(12.5% 1n 7420 hours)

EF 55 (CV 173) 45 fallures out of 525 valves
(8.6% 1n 7420 hours)

Other types 44 fallures out of 250 valves

(largely CV 138) (17.6% in 7420 hours)

All types together 304 failures out of 4053 valves

(7.5% in 7420 hours)

The following table classifies the causes of fallure In the valves whose faults were
ldentified in the laboratory.

EA 50 EF 50 EF 55 Other
(CV 1092) (CV 1091) (CV 173) types
Low or no emission 27 72 22 10
Cracked envelope or soft 5 - 2 6
(A1l but one
were CV 138)
Heater open-circuilt 3 - 3 2
Interelectrode leaks or
shorts. 30 2 2 1
Other cause - 1 - -

The EA 50 appears the best type from the point of view of percentage fallures, but
accounts for a large proportion of the total fallures because of the large number of valves
used In the computer. Many failures are due to Interelectrode leaks and short-circults,
which points to a weakness in the insulation of the valve. This taken together with the
difficulty in finding a satisfactory valve-holder and the fact that the EA 50 1s nearly obso-
lete, has determined us to replace the EA 50 by the CV 140 in future machines. At present
we have no first-hand quantitative Information about the reliability of the CV 140, but we
belleve that 1t wlll be at least as rellable as the EA 850,

In the cases of the EF 50 and the EF 55 the majority of fallures are due to loss of
emission, which does not necessarily point to any weakness 1In the construction of the valve,
The fact that the EF 55 has a lower percentage fallure than the EF 60 may be accounted for by
the EF 55 having been on the average more conservatively rated than the EF 50, Recently we
have tended to rate the EF 850 more 1ightly, but a result of thls pollcy has been to make the
average rating of EF 55's st1ll more consservative.

Among the miscellaneous types an outstanding feature 1s fallure of five CV 138's wuhere
the valve has become soft, Four of these were cracked near the pip, which rules cut the
suggestion that the seals were stralned durilng insertion.
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Fig. 1 shows the mean hours per valve fallure averaged over successive periods of one
thousand hours plotted agalnst time. (There are only small differences in the modés of
variation for the different types.) There 1s a decrease in hours per valve fallure
to about 15 at 2000 hours, and after that an Increase, which has recently shown signs of a
check. At present there are on the average about 35 hours of total operation time per valve
failure. We attribute the change of trend at 2000 hours to the introduction of a twenty-
four hour working day which took place at this time.

With regard to storage tubes, the computer uses twelve of these, all of type VCRX 266,
There have been 28 fallures in the 19 months under review, corresponding to an average working
life of nearly 3200 hours, or, on a basis of calendar time, of just over eight months, of
these tubes, 18 have suffered fram a manufacturing fault which serlously shortens their life.
Fortunately the cause has been found by the manufacturers, and tubes are now being produced
free from this fault. It is noticeable that storage tubes show a high proportion of rejec-
tions due to open or short-cilrcults, leaks inside the tube, or other faults that cannot be
put down to wearing out of the tube, This may be a natural consequence of the developmental
nature of the tubes. The demand for storage tubes 1s at present Increasing rapidly, and we
hope that the situation will be improved when storage tubes are made in larger quantities,

Two other sources of unrellability in the machine do not concern the fallure of com-
ponents. They are power supply Irregularities, and unsteadiness of storage tube deflectlion
wave-forms - often an effect of power supply troubles. Between them these have had an
effect on overall rellabllity comparable with that of valve fallures. Two lines of attack
are possible. The first, which has recently been carried out with outstanding success, 1s
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the reorganization of the deflection wave-form generators, so that power supply Iirregularitles
have less effect on deflection wave-forms. The second, which will be carrled out as soon as
possible, 1s improvement of the power supplies with the obJect of removing the irregularities
at the source.

To summarize, examination of the records of faulty components In the computer at
Manchester University has shown that the majority of component fallures are of valves. Just
over 4000 valves are used, and the average fallure rate has been very nearly 1% per thousand
hours of total running time. Storage tubes have shown a much shorter life than valves, but
the camparatively small number used has usually prevented thelr high rate of fallure from
having an appreclable effect on the overall rellability of the machine. Failure of resistors
or capaclitors has been rare, but wire-wound resistors have been found significantly less
rellable than carbon types. Other Important causes of fallure are power supply Irregularitles
and the resulting unsteadiness of storage tube deflection wave-forms.

Methods avallable for Improving rellability are the reduction of storage faults by the
methods outlined, and an attempt to decrease the number of storage tubes subject to functional
fallure as opposed to cathode fallure. Little Improvement can be expected from Improvement
of resistors and capacitors. Reducing functional fallures 1n valves could produce an
appreciable but not a large reduction In total fallures. Any large improvement in this
direction In a machine of fixed size involves prolonging cathode 1life by even more conserva-
tive rating of the valves, or by making use of types having unusually long cathocde 1life.

Discussion

(Note: Those parts of the discussion on Paper 31 which were found to be more relevant
to Paper 33, have been Included in this discussion.)

MR. CARTER (Telecommunications Research Establishment) sald he was disturbed about the
number of low-emission fallures in c.r.t.'s particularly in view of the fact that the emlssion
density 1n tubes used for storage 1s relatlively low. They had had many fallures 1n silvered
mica condensers, but little trouble with resisters after eliminating a particular varlety of
carbon resistcor.

MR. KITZ (Instituto Nazlonale per le Applicazione del Calcolo, Italy) referring to the
¢c.r.t. fallures, sald that the prolonged running of such tubes, or ordlnary valves, at much
less than their normal emission had been found to be very bad for them, for reasons not fully
understood,. The low-emlssion fault in a c.r.t. might perhaps be cured by "flashing" -
running for a shortytime at high emission and high temperature.

DR. PINKERTON (J. Lyons & Co. Ltd.) sald that a high proportion (same 300 out of 2000, of
a certain type of double diode had shown a great Increase of slope resistance. "Flashing"
with 8-=10 V. on the heater, effected some Iimprovement. He noted that the author seemed to
have had no trouble with plugs and sockets or valve holders, which was also his experlence.
He had had many fallures of small ceramic condensers, and some In silvered mica condensers;
also drift in high-value "high-stability" resistors. He had found that valve heater fallures
were very Infrequent. In LEO the heaters are switched on and off very slowly - about 2
minutes belng allowed for each process.

MR. NEWMAN (NPL) found that the valve rellability figures for the Pllot ACE and MADAM
were not very dilfferent when fully analysed. Some of the ACE Pllot Model valve fallures
might have arisen fram mechanical aisturbance on pluggling chassis In an out. Heater fallures
were rare, In many cases of apparent low emission, the real cause was found to be "interface"
effect. The apparent higher failure rate in c.r.t,'s might be due to thelr more stringent
operational requirements as compared with the on-off behaviour required of valves.

There had been very few condencer fallures in the Pilot ACE, and little trouble with
resistors, except for large drifts in the value of "high-stability" types of over 100 00O ohms.
These seemed more numerous than they really were, because they gave rise to very troublesome
types of fault.
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DR. COOMBS (GPO Post Office Research Station, London) sald that in his experlence,
large electronic equipments work best when they are left alone as far as possible, He was
horrified by DR. PINKERTON'S procedure of taking valves out to test them - which was like
digeging up potatoes to see 1if they are growing.

There seemed to be no agreement about the relative merits of leaving heaters on continu-
ously or switching on and off as required by the use of the machine. This was belng 1nves—
tigated on MOSAIC by applying the different procedures to different large groups of valves.
The switching on and off 1s done slowly - over a perlod of a minute.

There had been much-talk of valve fallures, but 1t was equally true that a good modern
valve would stand a surprising amount of bad treatment and he gave Instances of this. Work
directed to very long valve life (100 000 hours or more) 1s making good progress and a con=-
siderable improvement in this respect could reasonably be anticilpated.

DR. GRIMSDALE (Manchester University) replled to DR. COQMBS, that the Manchester machine
showed fewer faults when 1t was run continuously.

MR. RUBACH (All Power Transformers Ltd.) suggested that components which had been
subjected to drastic processes in manufacture, e.g, vitrification or bakelizlng, were likely
to be unreliable In use and should not be chosen for computers.

MR. PAGE (NPL) sald that a routine testing of all valves In a chasls, found many valves
which would have been rejected on Initial test, though the chasis still worked. Such
routine testing would tend to exaggerate apparent valve fallures,

MR. GRIMSDELL (Mullard Research Laboratorles) described experimental confirmation of
increased fallure rate in minlature valves due to frequent plugging in and out. {Other
speakers reported similar observations.) The continued running of valves with reduced
heater voltage could be very harmful, 1f there was appreclable anode current.
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MED IUM=SIZE DIGITAL COMPUTING MACHINES

Chairman: Mr, J. R, Womersley

34, The Harwell Ccmputer
by’
E. H. Cooke-Yarborough

Atomic Energy Research Establishment, Harwell

Introduction

The Harwell Computer (ﬁig,‘i) diffters very markedly from other automatic computers
designed up to the present. It may be of interest, therefore, first to relate the reasons
for adopting this unorthodox design, and then to show In what ways the deslign has influenced
the use of the computer.

In 1950 the Harwell Computing Group were finding that an increasing amount of their work
involved much computation of a simple but repetitive nature, Such work performed on a desk
calculator is extremely tedious for the operator and there is a real danger of errors arising
from sheer boredom. Moreover such computations divert computing effort from other work which
would meke better use of the flexibility and adaptabllity of the human intellect. Accord-
ingly the Harwell Flectronics Division began to consider the possibility of designing an
automatic computer to do this work.

Only a small amount of effort could be assigned to the development and construction of a
computer, so the design had to be made simple and had to use well established techniques
where possible.

It appeared that a high-speed computer was not essentlal, since much time would 1in any
case be spent in feeding data into and out of the machine, What was needed was something
which would plough steadlly and relentlessly through the mass of data presented to it. An
all-relay computer was first considered, since adequatg speed seemed attalnable and
experience with quite complex relay apparatus at Harwell had shown rellability to be
excellent, Moreover, a multi-contact relay is an almost 1deal component for circult
switching in a slow computer; Indeed, designers of fast computers must often wish for a high-
speed circult element as convenlent and adaptable. Relays are however far less convenient
when used as storage elements, and in existing all-relay computers 1t is necessary to use a
very large number of relays to make up the quite modest amount of quick-access storage
provided in these machines. Consequently it was decided to use relays only for switching
and, after examination of other possibilities, dekatrons (ref. 1) were chosen for the quick
access storage, since these were already coming into wide use in scaling circuits at Harwell
and their properties were well known and seemed to offer many advantages. For example, each
dekatron can store one decimal digit, thus doing the work of at least four storage relays
with a power consumption of less than 100 mW, The assoclated electronic circuits can be
relatively simple, since a dekatron dellvers a pulse large enough to be used directly in
arithmetical circuits without amplification, while the power required to register information
in a dekatron 1is conveniently small. Several other convenient features of the dekatron
emerged as the design proceeded,

It 13 not proposed here to discuss the detalled circult design of the computer which has
been fully described elsewhere (ref. 2). The design philosophy was that circult simplicity
and reliability were all-important, speed being a secondary conslderation.

It was soon found that a decimal machine presented difficulties and complexities of a
logical, not a circult nature, which might not have been encountered in designing a binary
machine. After some time had been spent in investigating the principles involved in long
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multiplication and division, a pilot machine .was bullt, using three decimal digits plus the
sign, to help resolve these problems.

The information thus obtalned greatly facllitated deslgn and construction of the full-
scale machine which worked for the first time In April, 1951, Just over a year after the
commencement of the project. Within a few weeks it was performing simple but useful
computations connected with particle size data. A good dea} of work remained to Dbe done on
the circults and wiring, so, although the machine performed ilncreasing amounts of useful
computation during this period, 1t was not finally handed over to the Computing Group until
May 1952.

Properties of the Computer

The machine obtains 1ts instructions and numerical data from standard 5-hole teleprinter
tape. There are seven mechanical tape-readers; some of these usually carry repetitive
routines in the form of closed loops of tape. -Results are printed by a modifled teleprinter.
A two address code 1s used and each-arithmetical instruction contains two pairs of decimal
digits identifying the two addresses involved, preceded by a diglit defining the operatlion to
be performed. The reading of each instruction takes about a second and 1ts execution takes
a further second 1f the operation 1s a simple one; multiplication or division take ten to
fifteen seconds. The speed 1s thus comparable to that of a normal desk machline.

The computerhandles numbers between 410 and =10 containing eight decimal diglts;
negative numbers appear as complements. There are 40 quick-access storage locations using
dekatrons (with provision for adding a further 50) and a double length dekatron accumulator.

Tne machine is designed for unattended running, so there 1s a comprehensive system for
electrically checking the correct functlonlng of the clircults, Arithmetical checks are
usually included in the programme to detect the small proportion of errors which may elude
the functional checks. When the machlne is set for unattended operation the occurrence of
an error or other difficulties causes the machine to recommence the computation, to go back a
few steps in the computation or to start the next problem. If the machine falls three times
without completing the current computation 1t shuts down. If, however, after one or two
fallures 1t successfully completes the computation 1t beglns the next computation with all 1ts
n1ives" returned.  Thls arrangement has been found very valuable in preventing the computer
being shut dewn-by a trivial fault.

Serviceability

A slow computer can only justify its exlstence 1f 1t is capable of running for long
periods unattended and 1f the time spent performing useful computations is a large proportion
of the total time avallable,  There appear to be as many ways of assessing computer
serviceability as there are computers. The method used here 1s to take the number of hours
the computer runs out of the posslble maximum of 168 hours in a week. This therefore gives
the total computing time plus the time spent on fault finding or maintenance with the
computer switched on. The latter time seldom exceeds four hours per week and 1s usually
much less, so it does not very significantly affect the results.’

Over the perlod May 1952 to February 1953 the computer averaged 80 hours a week running
time, Tnis includes one week when the machine was serviceable but no programme was
avallable and four weeks when the machine was out of action following an accident which
caused severe mechanlcal damage. If these five weeks are excluded the average weekly
running time becomes 92% hours or 55% of the possible maximum. Most of the lost time was
due to the machine falling during unattended running and having to walt until the next
working morning for the fault to be corrected.

A further way to assess serviceablllty 1s to consider on what proportion of occaslons
when the machine was left to run overnight 1t worked until the following morning (15 hours
later), This has been the case on 56% of the occaslions. The corresponding flgure for
working over the weekend (63 hours) is 33%s

These percentages exclude occasions on which fallure was due to errors in setting up the
machine or in preparing the programme; they also exclude the occasions when the machine

successfully completed the computation before the end of the period. On many of the
occaslons when the machine falled, the computation had reached a useful stage before fallure

occurred, so that the night's work was by no means wasted.
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PAPER 34

Fig.1. General view of the Harwell computer
with (left) two blocks of ten stores
in position.
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Most of the fallures tend to be of a fleeting, Intermittent nature, so one fault 1n the
computer may cause several fallures before 1t 1s detected. Faults in the relays and 1n the
gasfilled cold cathode tubes have been commendably few. Most of the faults have been due to
more conventional components, such as thermionic valves, metal rectiflers etc. Clearly there
is room for improvement. It is hoped that this will be achleved by replacement of components
prone to failure and by arranging for regular preventive maintenance.

Even at present, however, serviceabllity 1s sufficient to make the machine a powerful
computing tool. Few, 1f any, other computers show comparable serviceability reckoned on the
same basis, especlially as maintenance of the Harwell computer represents only a small part of

the work of one man.
Preparation of Programmes

The Harwell computer provides almost all the facllities of a large computer except high
speed, s0 programming is in principle very similar. In practice, however, many of the
subroutines and procedures used with fast machines become excesslvely time-consuming and
alternative methods are used whenever possible,

The main difficulty arises in reading instructions or data from the paper tape in an
order which cannot be predicted when the tape 1s prepared. This situation arises, for
example, 1f the tape contalns a table of functions or a rather complex subroutine containing
many conditional instructions. Under these conditions the machine has to search along the
loop of tape for the desired address. Computation is interrupted until this address 1s
found, so 1f 2 long search 1s necessary much time may be lost. Numerous long searches also
tend to reduce the life of the tape. :

The need for long searches is minimlized by splitting subroutines into as many small
loops as possible to make best use of the avallable tape-readers. A conseguence of this is
that it 1s difficult to prepare economical subroutines which are flexlible enough to be used

in many different computatlons.

When “the computer was first put into service it had only 20 dekatron stores and this made
programming very difficult. The increase of the number of dekatron stores to 40 has almost
completely removed this difficulty and shortage 0f quick-access stores 1s now seldom an
embarrassment. Of course, 1f there were enough of these stores to accommodate long
subroutines or tables of functions, the difficulties mentioned in the preceding paragraphs
would disappear. The cost, however, would be prohlbltive, because, unlike magnetic drum
storage, the cost of Dekatron storage is almost directly proportional to the storage capacity
provided.

Desirable Improvements

-Experience has shown that certain changes would simplify the programming or speed up the
computation wlithout adding much complication. While the changes could easily be included in
a new machine they have not been Incorporated in the present one as 1t 1s consldered that

- extensive modification of an existing machine of this type would cause permanent deterioration
of reliability.

The changes are indicated below.

1. Provision of a facility for clearing a storage address and feeding a number into it
in one operation. At present a store can only be cleared whlle transferring a
number out of 1it.

2. Elimination of many sequential relay operations when reading in orders and setting
up the conditions for arithmetical operations; this would reduce the reading time
to about 500 ms and speed up multiplication and division.

3. A change In the method of recognizing an address when searching a tape, which would
result in the search speed belng limited only by the characteristics of the tape-
reader 1tself.
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4, Provision for computation to continue while an address 1is being sought on a tape.

5., Use of the faster dekatrons now avallable. This would reduce the times for
multiplication and division by about three seconds,

Conclusions

Although of relatively simple deslign and low speed, the Harwell Computer has shown 1tself
capable of performing a very useful amount of computation, because 1t can run for long perlods
unattended.

The combination of dekatrons, relays and teleprinter apparatus has been found very
sultable for a computer of thls slize and speed. Modern dekatrons are capable of much
higher speeds, but their use would add little to the speed of this type of computer. To
exploit their increased speed successfully, very different methods of switching and storage
would be necessary. Such a computer would undoubtedly be very useful, but it 1s perhaps
questionable whether it could be constructed, run and maintained with as little technical
effort as 1s needed by the Farwell computer.

References

1. BACON, R. C. and POLLARD, J. R.  An electronic digital computer. Electron. Engng. -
1980, 22, 173

2. BARNES, R, C. M., COOKE-YARBOROUGH, E. H. and THOMAS, D. G. A. an electronic digital
computer, Electron, Engng, 1951, 23, 286, 341,

35. The APE(X)C - A Low Cost Electronic Calculator

by
A D. Booth

Birkbeck College Electronic Computation Laboratory

Historical Background

During the 1939-45 war it became apparent to the author, that the extensive computa-
tions which result from any attempt to apply avallable mathematlical technlques to problems
of real physics must lead to a mass of numerical work far in excess of the avallable
resources of almost all Unilversity departments.

At the conclusion of hostilities, work was started at the laboratories of the British
Rubber Research Assoclation on a speclal purpose digital calculator for the processes of
Fourler analysis and synthesis. As this work proceeded, it became more and more apparent
that the components needed for the special purpose machine could be more advantageously
disposed In a general purpose machine whose sequence of operation was pre-set, either by
means of punched tape or by physlcal plugging.

Whether this line of development would have lead, 1ndependently, to the modern concept
of a general purpose computer with a central storage organ 1t is Impossible to say, since a
visit to the U.S.A. 1n 1846 brought the author into contact with von Neumann and revealed
the extenslve progress already made by the Princeton group.

After a period of study and stimulating discussion at Princeton work began in 1947 on
the construction of a calculating machine operating with a central storage organ.
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The first magnetic store was operated 1n November 1947 and consisted of a disk of
oxide coated paper rotated at high speed. Because of the poor wear characteristics of this
device 1t was soon replaced by a nickel plated cylinder.

Experiments upon the design of read/record heads followed and, after a brief period
during which the Bigelow single wire head was favoured, a singlie-turn single lamination
version was designed (ref. 1) which had the required cnaracteristics. This was adopted by
other computer groups and particularly by Williams at Manchester, where a substantially
similar design was produced and used 1n the Ferrantl computer.

The computing organ used with thls store was a parallel operation relay device, since
called ARC (Automatic Relay Calculator). It formed an excellent testing ground for logical
techniques and was designed, constructed and operated within a period of 4 months - surely a

record,

From this point two divergent paths were followed. The relay circuits of ARC were
combined with an electro-mechanical store for numbers, and a sequencing device for
instructions. The electronic circuits and magnetic drum store were used as the basls of a
prototype all-electronic machine, called SEC (Simple Electronic Computer).

ARC 1s now housed in the Computatlion Laboratory of Birkbeck College and only lack of
operating staff and of space prevent 1ts continuous use. SEC was eventually completed as a
student training project and is now used only for demonstratlion purposes. In its early
stages 1t proved useful for circult testing but its progress was SO Slow that the complete
APE(R)C machine was in operation at an earllier date,

THE APE(R}C

The very limlted resources of the Computer group (at no time has more than one engineer
been employed) made 1t necessary to construct a first final model of the Birkbeck machine for
a sponsoring agency, the British Rayon Research Assoclation. The APE(R)C, or All Purpose
Electronic Rayon Computer, was completed In August 1951, but, owlng to staff changes was not
operated on problems until July 1982, and then only with limited storage. The complete store
was installed at the end of 1952 and the machine is now in full operation. (Fig. 1).

APE(R)C Characteristics

It has long been malntained by the author that for reliable operation an electronic
computer must use the minimum possible number of electronic valves. APE(R) C, designed with
this in view, has less than 480. No germanium diodes are used and the number mentioned
above includes all thermlionic diodes.

To simplify the design requirements the speed of operation was set at 30 ke¢/s. Serial
working of the arithmetic and storage units was adopted and a serio-parallel control unit

designed.

The word length 1s 32 bits and numbers normally consist of 31 binary digits and a sign,
in the range -1 < X < 1, negative numbers being shown as complements.

By the use of a two address code the normal mean access time of 8 ms, assoclated with
the magnetic drum store, can be reduced by optimum coding so that the operating time for
addition or subtraction is only about 1 ms. Multiplication requires n addition/
subtraction times, where n 1s the number of changes 0> L or 1> 0 in the multiplier digit

sequernce.

The storage capacity 1s 512 words of the standard length and input/output 1s by means
of teleprinter.
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The input/output organs

Both of these functions are performed by a standard Creed keyboard teleprinter, Input
data is typed in the form:
(location) (word)
a printed record is produced and if thls agrees with the coder's script the depression of a
switch causes the word to be recorded In the required storage locatlon.

It has been found that although the teleprinter often operates in a faulty manner,
rarely, 1f ever, is a correct character typed 1in response to lncorrect setting slgnals. The
chief cause of misbehaviour in earlier teleprinter input systems seems to lie in the attempt
to run the printer in synchronism with some standard frequency. In the Birkbeck system the
printer emits from its. own mechanism, shift signals which cause absorption of the actual
signal, appearing on the operating magnet by the electronic register of the computer.

output is performed similarly. A start impulse causes the drive clutch to be engaged,
the printer then selects (electronically by means of a shifting register) the data for
presentation to its operating magnet at the required instants of time, The use of this
system has resulted in faultless operation of the printer (except for mechanical breakage).

It is worth noting that tests on solenold operated parallel input systems of the type
used on EDSAC showed that the solenolds required 50-100 ms. to settle down (out of the 180 ms.
avallable), whereas the Creed magnet reguires only 2 ms. out of the 20 avallable. This seems
to indlcate that, unless very well deslgned solenoids can be produced, the present system 1s

superior.

The system adopted permits the use of any standard input/output equipment with the
keyboard teleprinter. For example a standard tape-reader can replace the manual operation
of the keys, or alternatively signals can enter via a post office line, For output the
printer can be paralleled with a reperforator and a tape prepared.

The store

Mention has already been made of the original nickel-coated drum store. This has now
been replaced by a much more compact deslgn using oxlde as the storage medium. The original
single lamination heads have also become obsolete and the new version glves greatly improved
characteristics. It was found that nickel plating was too varlable in guality to make
possible a reduction of track width to much less than 0.25 in., and that any decrease below
this value resulted in at least some of the tracks having "phony" spots. A somewhat super-
ficilal investigation of the effect suggested that the cause was irregular gralin size and
possible strain productlon during plating but in the absence of adequate metallurgical
laboratory facllities no more definite conclusion was possible.

The oxlde coated drums permit the use of up to 50 tracks/in. and a packing of
100 digitsfin. 1n the track without the need for non-restoring recording techniques. Signal}
noise ratio is better than 25 to 1 {compared with 3 to 1 for equlvalent track width on nickel)
and the output amplitude 1s several times greater than that originally obtalned.

The 1llustration (fig. 1) shows a drum store for 1024 words of 32 bits as manufactured
by the Wharf Engineering Laboratories. Credit for the mechanical design is due to

Cormander S. J. Booth, 0.B.E.

In the APE(R)C, track selection is performed by means of a tree of high-speed relays.
This gives, despite the low head impedence (less than 1 olm), completely reliable operation
at switching rates of 300 cfs, which matches adequately the speed of the remainder of the
machine. A coded Interlock 1s included in the machine so that errors do not arise when
switching to other tracks in a manner unknown initially to the programmer.

The arithmetic and control units

It is not proposed to describe in any detall the function or form of these units since
descriptions have already been published (ref. 2 3 and 4). The points worthy of remark are
chiefly those of economy and reliability.
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PAPER 35

Fig.1. The APE(R)C at Birkbeck College
Computation Laboratory.
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Only two valve types are used, the 6J6 and the 6 AL 5, The former 1is made the basls
of the single-digit storage binary element and of the 2 gate; the latter is used as a buffer
where required and also as the delay storage element in the shifting registers.

Very extensive tests were carrled out on germanium diodes (chlefly Sylvania type 1 N 38)
and the conclusion was reaciied that these elements were too unreliable, both in characteristics
and performance, to find extensive use 1n ccmputers. Later tests on more recent speclmens
have done nothing to alter this opinion.

Some typlcal examples of APE(R)C circuits are shown in Figs. 2 and 3.

Operational experience
During the four months July-October 1952 the causes of fallure on APE(R) C were:

1. 11 valve fallures.
2, 2 electrolytic condenser fallures.
3. Teleprinter mechanical breakdowns.

The electronic portion of the machine was serviceable for about 80% of the period
mentioned, but teleprinter fallure put the Ilnstallation, as a whole, out of commission for
about 50% of the time. It is perhaps only fair to say that the teleprinter 1s a surplus
item which the makers state to be in poor condition, however, the faults seem to fall into two

classes:

a. Adjustment drift
b. Fatigue breakage of components

Since fitting the full storage unit and relay track swltch device too 1ittle time has
elapsed to make any statements on reliabillty. A number of valve fallures were apparent when
the machine was restored to operation In February 19563, but these have not yet been analysed
and some are undoubtedly due to mechanlcal damage.

THE APE(X)C

The APE(R)C is to be moved to Manchester in the near future. Meanwhile the computer
designed for permanent installation at the Computation Laboratory has been built and unit
tested. Operational and test experience on the APE(R) C suggested a number of desirable
alterations both logical and mechanical, and the APE(X)C (A1l Purpose Electronic X-ray
Computer) has incorporated these in its construction.

In the first place APE(R)C was "designed" by the author on odd scraps of paper and
unfortunately the englneer then employed made no attempt to remove redundant elements common
to various units. When the APE(X)C drawings were made, no fewer than 180 valves were

eliminated!

Secondly, the original chassls layouts are such that servicing is extremely difficult.
This has been remedied and although plug=~in chassls proved too expensive for the avallable
resources, the new units are all of a standard size and layout which should make malntenance

easy.

Finally, considerable use has been made of selenium disk rectiflers, especlally in
decoding and coincidence sensing. This has lead to the general use of D.C. technlques
throughout the machine and, on chassis test at least, to greatly increased tolerance and

reliabllity.

Extended functions

It is hoped eventually to have a large battery of storage drums, and the APE(X) C has been
planned so that these can be added without disturbance. Briefly, the machine 1s synchronlzed
with the new drum, a process which takes 16 ms. A relay director system 1s used for the
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selection process, Special instructions allow inter-drum transfer and provide the
necessary interlocks.

In addition to this, at least one extra shifting register (two exist in APE(R}C) is to
be added, and this will Increase the speed of multipllication by a factor of 16.

The repetition rate 1s increased to 50~-60 kc/s so that addition and subtraction will
require only 500 s, and this increase in speed 1s assoclated with an extenslon of the basic
storage capaclty to 1024 words of 32 bits,

Input [Output

The unfavourable experience with teleprinter equipment has led to 1ts replacement, in
APE(X)C, by a Hollerith tabulator which combines the functions of input and output. Modifi-
cations have been made to this instrument which enable it to operate under the instruction of
the main machine and preliminary tests suggest that i1t will entirely eliminate the present
troubles, )

Provision has been made for the input of data, elther in standard punched card form, (one
decimal word per card) or in the form of binary punchings of 12 words per card. It appears
that, for sclentific use at least, the latter 1s quite sultable and i1s rather easler on the
coding operative than the decimal version.

Quite apart from this large scale equipment, Wharf Laboratories are experlmenting with a
high-speed magnetic tape mechanism which will accept machine output at the 50 kc/s digit rate.
The experimental model appears to offer the advantages of reliability and simplicity combined
with an ease and cheapness of production which 1s noticeably absent in avallable designs.

Completion date

The financial cuts imposed upon university expenditure during the current quingquennium
make 1t impossible to predict any date for the completion of APE{(X)C. At present no work l1s
being carried out on the machine since it has not proved possible to obtaln the services of an
engineer on the inadequate sum allowed for this purpose.

All chassis have been tested, both statically and dynamically and the remalning work is
that of interconnexion and integration with the drum and terminal organs, a process which
should take less than 6 months.

COPIES OF APE(X)C

Up to the present, two coples of APE(X) C are in existence. The first, at the Norweglan
Board of Computing Machines, Oslo, under the direction of Dr. T. Hysing, 1s undergoing tests.
The second is 1n general use at the laboratories of the British Tabulating Machine Company.

The latter agency is In the course of developing further machines, based upon similar
principles, but designed for commercial use. Considerable stress will be laid upon design for
rellable operation and 1t is hoped to produce a machine which will equal the performance of the
standard punched card machines.

It 1s particularly important, in a machine intended for business use, that no time should
be wasted in conversion to and from binary scale, so that the rather elementary computations
can be carried out during the passage of the current card through the machine. Two general
methods are avallable for achieving this end. Either the speed of operation of the computer
can be made adequate to programme conversions to and from binary scale during card passage, Or
special conversion equipment can be bullt, Investigations are proceeding along both of these
channels and it appears, at present, that the latter 1is 1likely to prove most satisfactory.
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36, The Elliott-NRDC Computer 40l - A Demonstration of
Computer Engineering by Packaged Unit Construction

by
W, S. Elliott, H. G. Carpenter and A. St. Johnston
Elllott Brothers (London) Ltd. Research Laboratories
Introduction
The E1110tt-NRDC Computer 401 (Fig. 1) 1s an essay In computer engineering.

A contract placed 1n 1951 with Elllott Brothers (London) Ltd., by the National Research
Development Corporation called for a design study of a large-scale computer, on the lines of
the Manchester Universlty machine, but using new circuit and construction techniques. The
study report was presented 1n February 1952, and described a machine using magnetostriction
delay lines for 1mmedlate access and Intermedlate access stores and magnetostriction lines or
a magnetic drum for the main store. The proposed machine had multiple transfer facilities,
a high-speed multipllier and special circultry for floating polnt operation. The Corporation,
after considering the report, requested the firm to develop and make a "Pilot Model" computer
which would use some of the proposed techniques and would be a small computer in 1ts own
right. The computer was to be made so that 1t could be set up in a University department
for a "user trial", that is, to determine what degree of dependability 1t might have in the
hands of a user.

Design

The request for a Pilot Model was consldered and 1t was declded to bulld an essentially
minimal machine round a small magnetic disk store and using plug-in circult packages Including
single-word magnetostriction delay line registers. The diglt rate was to be 330 000/s, for
which frequency a set of standard arithmetic and control circults had already been developed.
The magnetic disk store was under development at the 320 000/s diglt rate and at the time,
for a store of about 1000 words, seemed preferable to magnetostriction delay lines (ref. 3).
The logical design of a small computer using these components was devised in June 18562, the
principal aim belng to secure that the functioning of the machine could be easlily checked by
waveform monitoring. This aim led to an order code for the machine in which the 1lnstructlion
digits are divided into four independent sub-groups; each sub-group, of three digits, is
assigned to some function of control, 1ndependently of other functions. It was accepted that
programming might thereby be made more difficult and that the slze of the machine might be
increased above the minimum; but i1t was felt that this control system would be easler to
commission and to understand in operation and therefore easler to malntaln.

A two-address code was adopted, to allow optimum programming and so, relatively fast
operation. ’

The magnetic wheel has 8 tracks closely spaced near the outer rim of a 9 in. dlameter
disk, each track carrying 128 words of 34 digits each (32 active and 2 digits spacing).
At a 333 000/s diglit rate the rotation period is 13.1 ms.

The single-word reglsters are used as accumulator, multipller reglister, multiplicand
register, instruction register and one general purpose register. Two single-word reglisters
are used for the accumulator which can operate single-length or double-length. One Z-diglt
sub-group in the order selects input to the accumulator, another selects accumulator function,
a third selects accumulator output and the fourth is used for miscellaneous purposes.

All transfers are to or from the accumulator, which is used 1n multipllcation to
accumulate the double-length product.

The machine functions with a "two-beat® rhythm, that is, orders are selected and obeyed
alternatcly.
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The eight magnetic store tracks are electrically switched. The same heads are used for
reading and for writing on the tracks. At the moment, four word-times must elapse after
track switching or after writing before a word is read. It 1s hoped later to reduce this
amplifier paralysis time.

Engineering Development

The outline scheme was approved by the Corporation and the project commenced In July
1952 with consideration of possible forms of construction. Development of the arithmetic
and control circuits already mentioned had resulted in a set of basic circuits (diglt delay,
inverter, gates and cathode follower) and these had been arranged in three packages. For
the previous project, the packages were to De constructed in the form of glass plates with
silver-printed wiring and were carefully designed round sub-miniature valves (ref. 2). It
was in mind that the Pilot Model should be the basis of a computer, physically small though
not small in storage capaclty nor slow in operation, which could ve batch-produced at a low
cost, The package circuits were therefore adapted to use miniatures Instead of sub-
miniatures, the miniatures being much cheaper per envelope as well as providing two separate
triodes per envelope. A risk was taken here that valve 11fe might not be as great.

After discussion with the Corporation it was declded that the glass plate, silver-printed
type of unit would not be used, but that this Pilot Model, an englneering demonstration, would
use packages conventionally wired on paxolin plates. In any later machines resulting from
the Pi1lot Model, automatic assembly techniques might be used. The method of construction of
the packages which was adopted, was one originally developed only for laboratory use without
a view to manufacture, in which the paxolin plate 1s mounted in a light alloy surround. The
surround, which carries "Jones" type plugs to plug the unit into the computer, convenlently
forms a handle for carrying the unit and for plugging it in and out. The three arithmetic
and control packages were designed in this form, and the magnetostriction delay reglsters
were designed in three packages (*driver", "line" and ramplifier") of physical form ldentical
with that of the arithmetic/control packages. Other packages for waveform generation and
other special purposes were designed in the same physical form. The maln circultry of the
whole computer is housed 1n three &-ft Imhof cabinets with inter-package wiring at the rear.

At the front up to 56 packages are plugged in to each cablnet.

One cabinet houses the magnetic wheel store and the amplifiers. These also are plug-in,
though they are not uniform physically with the other packages. In the store cabinet there
1s also circuitry for controlling the speed of the magnetic disk. The disk carries "clock?®
and "address" tracks in addition to the 8-store tracks. The motor driving the wheel 1s
speed-controlled by a frequency discriminator to which the "clock" pulses from the wheel are
applied. Thus the (passive) frequency-discriminating circuit sets the computer clock

frequency.

Two cabinets contaln the power supply, 1ine voltage monltoring, line fuses etc. A three-
phase A.C. input to metal rectifiers is used, and the rectifier output is taken without energy-
storage smoothing to series-stabilizer chassis. An isolating motor-—alternator set will be

used where the supply mains may be 4umpy*.

A seventh cabinet houses a fan to draw air from a duct running above the cabinets. In
each cabinet alr 1s drawn up from the base plinth and is taken from each chassis in the
cabinet into vertlcal ducts running up each side of the cablnet to the top duct.

The main computer assembly of seven cabinets, with top duct and base plinth, is of
overall size 12 x 2 x 7 ft 6 in, The assembly is readily broken down into units, none of
which has a dimension greater than 7 ft 6 in (connexions between cabinets are easily broken
and remade). The machine can therefore be moved and set up 1n a new location with minimum

effort.

The input tape-reader (photoelectric) and the output typewrlter are mounted on a trolley
from which the machine is switched on and controlled. Optional stop and single-step
operating facllitles are avallable on the control trolley. A second trolley provides monitor

oscllloscopes and facilities for setting up numbers and orders by hand.
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Full protective circuits are arranged so that, for example, on fallure of any supply line
to any cabinet, the computer is automatlically switched to a safe state. The machine 1s also
shut down by an overspeed trip on the store driving motor, by excessive temperature of alr
drawn by the fan from the computer or by no alr from the .fan (i.e. fan failure),

Progress of Project

The plan for development of components, manufacture of components and assembly of machine
was drawn up at the end of August 1952, Some development of components had taken place
earlier 1in parallel with the discussions on general design.

The computer was to be a "Laboratory Model", though well enough made to be taken away for
use, as previously stated. The mechanical work was done in a "local workshop" adjolning the
laboratory and under the dlrect supervision of the design staff, Wiring staff were detalled
to work 1n the laboratory alongside the deslgn staff, This wiring staff has numbered three
for most of the duration of the project. One aim of the exercise has been to demonstrate
that we have a2 technique whereby a dependable computer may be made 1n a short time using
wiring and other manufacturing staff of ordinary "electronic" skill. It 1s of some Interest
to record that the whole manufacturing staff was changed half-way through the project and that
the assembly and wiring of the arithmetic/control packages was by a sub-contractor,

Most of the packages, chassis and cabinets were completed by the end of January 1953 and
tests of the aritmmetic and control circuits, 1n conjunction with one track on the disk, were
made 1n February, with success. During February and March the power supply cablinets were
completed and tested and the control trolley ls now belng completed., It 1s expected that
first tests with tape input to the complete machine will be made early in Aprll 1953.

Conclusion

An experiment in stralghtforward engineering development has been made. From the time
of agreement on a general scheme in June 1952 and the submlssion in July of a more detalled
specification, no slgnificant change in the scheme has been permitted. (One important
addition has been made; this 1s provision to extend the 8-track 1024-word store to a
22-track 2968-word store, Relay switches are installed to pre-select, under programme
control, any one of 16 tracks. The selected track can then be used as 1f it were one of
the 8 electronically selected tracks.) Development and manufacture of the computer has
proceeded substantlally according to a plan prepared in August and having as 1ts target the
assembly of the machine by March 31st 1953, "so as to demonstrate 1ts capabilities", It was
envisaged that a "running-in" period would follow. :

The degree of success or fallure of the experiment will shortly be known. If 1t is
successful we will have developed a range of "bricks" and bullt from them a dependable
computer. Computer 401, if 1t 1s successful, will handle at falr speed a large range of the
problems in mathematics, science and engineering design which are now awalting machine time.
The main achlevement however will be the constructional system whereby computers of quite
different logical deslgn, for quite different applications, may be assembled from common
bricks by staff not speclally trained (and, 1f the bricks are made stock items), in a short
time from logical design to commissioning. Because the bricks can be made by existing
electronic production procedures and because any one computer breaks down into several ltems
of repetition work, general purpose and speclal purpose computers using these bricks should be
relatively low in cost. A Mk II version of Computer 401, now under consideration, with a
modified or different logical deslgn and some mechanical changes should be a very attractive

low-cost general-purpose digital computer.
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37. A Medium-Size Decimal Computing Machine
by
N. Kitz

Istituto Nazionale per le Applicazionl del Calcolo, Italy

Introduction

The use of binary scale in computing machines, although widely accepted, has never met
with universal support and a few ploneers in the fleld of automatic computation have always
regarded it as a passing phase, The opinion has been considerably strengthened by the
recent completion of large-scale declmal electronic computers 1ike the UNIVAC and the Harvard

Mark IV.

For many kinds of scientific computation, machines which need not perform elaborate
conversion routines on each incoming or outgoing decimal diglt present very substantial

advantages.

The problems which come into thls category are those which require few operations to be
performed on vast amounts of information. Binary machines are inefficlent for this type of
work as virtually all the machine time is spent in performing conversions to and from

decimal.

The machlne described in this paper 1s meant to handle such computations and is to be
applied to problems like: electrical networks, balllstics, stress and vibratlion analysis,
Fourier synthesis, matrix manipulation, statistics, census, 1nventory records, actuarlal
studles, accounts, production planning, cost distribution, personnel records, PAYE, etc,

The maln feature of this machine 1s its unusually large memory system consisting of a
high-speed magnetic drum of 10 000 decimal digit capacity, normally supplemented by up to ten
external stores on magnetic tapes having a total capaclty of 10 000 000 decimal digits.

Though a powerful tool for computation, the machine has been designed for economy; 1ts
valve complement, dlodes 1lnciuded, 1s not expected to reach 800 envelopes.

General Computational Organization

The installation would be based on a central computing unit alded by a number of auxiliary
devices, the latter belng chosen to render the Installatlcn elther completely autcncmous or
to fit 1t Inte any existing computational organization.

This flexibility is obtained by making the computer 1tself operate exclusively with

magnetic tape input/output and providing facilitles for converting to this system any other
form of data representation. It is envisaged that auxillary mechanisms will be avallable for

the followlng purposes:
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Preparing magnetic tapes from a manual keyboard.

Preparing maenetic tapes from IBM or Remington-Rand cards.
Preparing magnetlic tapes from punched paper tapes.
Preparing a typewritten record from magnetic tape.
Punching IBM or Remington-Rand cards from magnetic tape.

. Duplicating magnetic tapes.

o>01»l>-(ﬂt\)ra

Description

The machine will operate throughout with declmal numbers treated serially. The method
of representation adopted 1s the "excess of three" code already belng successfully used in the
UNIVAC.

The machine 1s programmed and obeys instructions of the two-address type, each order
specifying the operation to be performed, the address of one operand and the memory location
of the next order,

An important new feature 1s the inclusion of facllitles for performing subroutines over
and over agaln without any modification of thelr orders. As the type of storage used 1s
permanent, 1t 1s proposed to have subroutines, partlcularly suited to the type of work being
carried out, always avallable 1n an extenslon of the main store.

The operations which are "wired" into the machine are the basic arithmetical processes
of addition, subtraction, and multiplication as well as the usual "logical" instructions.

Word Structure

Ten decimal diglts are used to represent either a number or a coded instruction. In
both cases the most significant diglit denotes the sign.

Numbers (represented as absolute values) consist therefore of nine decimal digits; 1t is
assumed by the arithmetic circults that they lle In the range -1 € n < 4+ 1 and that the
decimal point i1s fixed immediately to the right of the sign.

An Instructlion also consists of nine decimal digits; of these six are normally used to
speclfy the two addresses, while the remalning three are used to 1dentify the order,

Arithmetic Unit

The operatlions perfcrmed by the arithmetic unit are: additlion, subtraction, multiplica-
tion, multiple left and right shifts, transfers from memory to multipller and accumulator
registers and vice versa, collation, conditional transfer, forward and reverse tape hunts,
transfers to and from tapes, counting, dummy stop and normal stop.

For addition and subtractlon, the computer applles an "overflow" control and refers to
memory position 999 1f a result exceeds the capaclty of the Accumulator.

Multiplication 1s performed by means of a bullt-in "signed" multiplication routine
requiring an average of 2.5 additions or subtractions per digit of the multipller,

The use of the "excess of threem code facilitates checklng agalitst fallure of the
computing circuits, In this code the combilnations 1111 and 0000 are not used. As the
dropping or picking up of a whole series of pulses 1s one of the most common errors, the
adder has been designed tc test for these combinatlons and to stop the machine should they

occur.
Internal Memory
The internal memory consists of a magnetic drum 12 in. in diameter and 3 in. long.

Spaced at about one thousandth of an inch from the surface of the drum are twenty read/
record headsy, mounted in four stacks. A speclal screened stack houses the clock heads.
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The part of the drum surface opposite each head 1s called a track; each track holds
fifty words so that the total storage capaclty is 1000 words.

The speed of the drum is 3600 r.p.m. and 2000 pulses are generated by it at each
revolution giving the machine a basic frequency of 120 000 pulses/s.

External Memory

The machine may be provided with up to ten identical auxlliary memory units each
storing 100 000 words of ten decimal digits.

The units handle about 1000 ft of tape. Each tape 1s divided Into five magnetic
channels of which one is used to carry a clock track while the other four are used to store
words in batches of fifty. The tapes are operated 1n conjunction with a multiple read/

record head, the pulse packing density being 100/in,

Facilities are provided for hunting on tape, this operatlon proceeding independently of
computation. If a tape read or write order 1s encountered while a search 1s 1in progress,
the machine loses cycles and does not proceed untll the hunt has been completed,

Coding

Instructions are represented by nine digits and a sign. Generally speaking the main
programme is written out with positive orders, while subroutines (1f the automatic facllity
1s regquired) are written out with negative orders. The machine can differentlate between
the two types of instruction and automatlically returns control to the main programme at the
end of a subroutine. Normally 1f a subroutine 1s called in at address "n" 1n the maln
programme, the machine will, on completing the subroutine, return control to the order in

memory position "n4i®,

Manual Controls

The operation of the computer will be supervized from a control desk provided with sets
of switches for introducing numbers into the machine and fitted with neon displays indicating

the contents of registers.

These controls have the dual function of enabling the operator to supervize the work of
the computer and of assisting in fault tracing, as by thelr use the correct functlioning of

the computer can be ascertalned.

To facilitate replacement of faulty parts the machine will be constructed with plug-in
standardized circults and detachable panels.

It is hoped that the machine will be easy to handle from both the mathematical and
englneering aspects and that 1t will prove useful in extending electronic computation to new

fields.
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38. The design requirements of a low-cost computing machine

by
K. D. Tocher

Imperial College, London

My colleague Mr, Michaelson and I have been engaged in bullding a relay machine (fig. 1)
at Imperial College. This machine (fig. 1) 1s about twice as big as the Harwell machine,
about five times as fast and has certaln other advantages. But I would rather spend the few
minutes I have, not in describing that particular machine, since I think that relay machines
are becoming rather antiquated, but In discussing the general problem of deslgning a machine.

The title of this section of the Symposium 1s 'Medium Size Machlines' and our chalrman
has noted that this is a polite term for small machlnes. However, Dr, Booth has hit the nail
on the head when he entitles his paper "The APE(X)C - a low cost computer." There are many
small-scale organizations that could make very good use of a computer but are prevented from
doing so by the high cost of these machines. To obtain a low-cost machine it 1s clear that
something present in the bilg machines must be sacrificed, but it 1s not at all clear that this

must be size.

Suppose the characteristics of an 1deal machine are listed. It will then be possible to
see what sacrifices from this standard will produce the greatest economies. The 1deal
machine will have

1. A very fast operating speed.

A huge store with fast access to all its members.

Fast, reliable and flexible input and output arrangements, (on the pattern described

by Mr. Davies in the second session).

4, Extreme reliability.

5. Simple malntenance,

8. An easlly learnt and easily used code.

7. An assoclated staff of programmers and engineers who are very efficlent at keeping
the machine busy on useful work.

Organlzations which suffer from lack of money also suffer from lack of labour, and in
general, labour is more difficult to obtaln than lump sums of money, since labour constitutes
a continulng commltment, It follows that the best sacrifices to make are those which reduce
the running costs of the machine rather than those which reduce the initial bullding costs.

Thus our last requirement for an ideal machine must be relinquished; we must be
prepared to have our machine idle for quite long perlods and to have a programming staff
largely recruited from people who actually want the results, ranging from geologlists and
physicists to blologists and economists. It follows also that requirement 6 must be
emphasized; this implies that the machine should not use optimum coding. I am fully aware
of the enormous advantages of this form of programming, but after coding both for machines
which use it and those which do not, I consider that non-mathematically inclined people
would find optimum programming more difficult than ordinary coding. I use the term optimum

‘programming for that form of programming of a synchronous machine 1n which the instruction
order is determined implicitly and I exclude the type of code which Dr. Wilkes calls 1 + 1.
The latter gives the option of optimum coding whereas in the ACE Pilot Model conslideration of

the positioning of instructlons In the store is essential.

If optimum coding is abandoned, then I think some consideration should be glven to some
engineering equivalent - some hardware we could incorporate which would produce decreases in
operation time similar to those that result from optimum programming.

To cut the maintenance staff, 1t is clear that requirements 4 and 5 cannot be relaxed.
Rather, more care must be taken over these items. It seems obvious that the slower any plece
of equipment 1s expected to work, the more reliance can be placed on its operation, the more
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drift from its nominal condition can be permitted, and the less frequently corrective
maintenance will be required. Hence 1t seems that requirement 1 should be sacrificed, but
the effect of slowing down the basic rate of operation can be alleviated by parallel working.
This will lncrease the initial cost of the machine but this Increase will be more than offset
by the decreased running costs. Al1so the cost of a parallel machine is, contrary to popular
opinion, not so much greater than that of a serial machine. The cost of storage ls almost
unaffected since the differences are only 1n the mode of access O it. Any arithmetic unit
with a bullt-in multiplier requires at least one statlclzing register or short delay line,
whereas a Von Neumann type arithmetic unit needs about 5 such registers.

The cost of the arithmetic unit in serial machines 1s such a small proportion of the
total that a 5-fold increase in the cost of this 1tem does not seriously alter the total cost.
The control of a parallel machine 1s rather easler than that of a serial machlne, since all
the digits of a number are avallable for testing before the arithmetic begins; thus division,
shifts by the contents of a store, and shifts to standard form are all quite easlly organized.

We now turn to means of cheapening the initlal building costs. The first step in this
direction 1s to do without elaborate conversion equipment for input and output. Punched-card
feed and print bank or reproducer punch are obviously ldeal for a parallel machine and have
the advantage that thelir speed 1s sufficlent to eliminate the worse mis-matches of operating
‘rates encountered with teleprinters or automatic typewrliters. Disadvantages concerned with
editing arrangements must be accepted as one of the prices pald for a cheap machine,

The slze of the fast—access store must be kept as small as possible, and backing storage
must be provided on drums or tape whichever 1s found most convenient. The remarks already
made at this Symposlum about echelon storage and hlerarchles of stores are relevant here.

For a very large number of problems the fast access storage 1s mostly required for
instructions, the number of fast-access storage locations required for numbers belng quite
small. This ralses the question whether there are any special characteristlcs of instruction
storage that could be used to cheapen the cost of that storage. This would raise the heresy
of separating the number and instructlion stores. The combination of these stores arose from
the flexibility given to the machine by enabling it to modify its own instructions by
performing arithmetic upon them. The invention of the B-box enables these modificatlons to
take place without altering the stored quantities and there are other ad hoc devices which
will produce the same effects. The need for combination of the stores 1s now ellminated and
with their separation a form of non—-erasible storage could be used for instructions and the
time-access characteristics can be arranged to be exactly as requlred.

In a relay machlne, punched tape meets these requirements exactly since It 1s non-
erasible and cheap, and access 1s lnstantaneous, followed by a dead time while the tape 1s
moved forward one row (in general, instructions are read in order). This 1s different from
a synchronous form of storage such as on a drum in which the successlve words can be used at
regularly spaced intervals. A parallel machine 1s most easlly constructed asynchronous and
then the time—access characterlstics of tape are ldeal.

0f course, punched tape, mechanically moved, 1s not practicable for an electronic
computer, and Mr. Michaelson and 1 have searched for some equivalent with no moving parts.
We believe that a cross—bar system, using pins to sense the paper tape and small low-capacity
metal rectifiers to eliminate feedback, can be bullt at very low cost indeed. If we change
the paper‘tape into 11ttle hard-board strips with holes punched in them, we find that we can
lay our prograrmes out by assembling these strips in a tray and inserting it 1nto the cross—
bar system. The strips can be set up about half as fast as an unskilled operator can use a
teleprinter, and although 1t will not be as convenient for the initial input, there will be
some advantage when a programme needs to be modified to remove errors.

The store is an extreme form of the type that Professor Hartree mentioned 1n his
introductory address, one In which the access time is fast but the input time 1is slow.

Tne use of non-erasible storage prevents the programming of programmes, the modification
of programmes by programmes for checking and so on, but this is a minor inconvenlence that
must be tolerated in a cheap machine.

1 now return to the code used in a machine, The separation of the two storage systems
means that the word length for an instruction can be settled by considerations other than the
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accuracy required of the machine. The arguments between the supporters of the two principal
codes are based on economy of storage; nelther are perfect in this respect. The three-
address code involves a redundancy of operations to transport numbers around the machine.

An alternative which overcomes both these objectlions is the code used in our relay machine.

In this, each basic operation, such as addition, has four versions 1n which either the
contents of the arithmetic unit or that of a store can be used for the second operand while
the result may be copled from the arithmetic unit or not. Thus, if X, Y, Z represent stores
and B the appropriate register of the arithmetic unlit, the four versions avallable are
symbolised as X+ 8, X+8—= 2 X+Y, X+ Y—=2  All unnecessary transportations of
numbers and all unnecessary operations are eliminated; we have called this a varlable-address

code,

In a parallel machine working a three-address code each operation will consist of setting
two registers on the arithmetic unit, letting this produce the result and finally putting the
result out to a store, If only a single highway between store and arithmetic unit is.
provided (and this would be so In a cheap machine) then the parts of the Ilnstruction giving
the operation to be performed, and the names of the stores involved are not all required at
once but are needed in order, If the order 1s X + Y Z, the first part required is '4',
then the store name X, then the name Y, and finally the name Z. This enables a serio-
parallel input of the instruction to the control of the machine to be used, and reduces the
amount of equipment about four-fold. This same mode of input is ideally sulted to the
variable-address code as i1t solves the problem of variable length words for the different
version of each instruction. In the code each instruction consists of a group of words, the
first giving the operation and the followlng ones such names as are required. The control
of the machine draws these from the store in order as 1t requires them.

The code has been used for the relay machine by a group of programmers with widely
varying mathematical talents and most of them have agreed that this mode of coding eases the

problem of programming.

To sum up then, I would suggest that 1f an organizatlon requires to bulld a comparatively
cheap computer with low running costs, it should bulld a parallel machine, working at a low
repetition rate, using a Von Neumann type of arithmetic unit with a limited amount of
parallel number storage backed by magnetic drum or tape and with a separate non-erasible
instruction store, and using Hollerith equipment for input and output. It should have a
semi-parallel mode of input of instructions, making use of a variable-address code.
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APPENDIX |
ALPHABETICAL LIST OF ORGANIZATIONS REPRESENTED AND THEIR DELEGATES
Acoustic Products, Ltd., Stonefleld Way, South Rulsllp, Mlddx.
Connelly, Dr. F. C.
Admiralty Research Laboratory, Teddington, Middx,
Beale’ Ec Ml L.
Hobson, A.
Lee, Dr. E.
Nichols, L. H. F.
Owen, G.
Steel, F.
Vajda, Dr. S.
Wilson, Dr, E. M.
All Power Transformers Ltd., Byfleet, Surrey
Rubach, A.
Armament Research Establishment, Fort Halstead, Sevenoaks, Kent
Dodd, K. N.
Gawlik, H. J.
Maccoll, Dr. J. W,
Thornhill, C. K.
Atomic Energy Research Establishment, Harwell, Berks.
Barnes, R» C. M.
Cooke-Yarborough, E. H.
Fossey, E. B.
Howlett, Dr. J.
Australlan Sclentific Liaison Office, Africa House, Kingsway, London, WC. Re
Blunden; R.
Belgium, 104 rue du Pere Devraye, Woluwe St. Plerre,
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