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PROGRESS REPORT ON THE AUTOMATIC COMPUTING ENGINE
: : Cas

J. H., WILKINSON. : :

SUNMARTY.

This repott gives a géneral introduction to the work ecarried out by
Dr. Turing and his collaborators during the last two years at the. |
National Physical‘Léboratory.'

The report covers the general principles of both the design of the
machine and the method of programming adopted for it., It ggcludes A
number of‘schematic diégrams of “the ‘circuits needed for the logical
control and the arithmetic units, The circuits are given in some detail
for é small\pilotrmodél conﬁaining gome dozen delay lines and using a‘

very simple logiczl control, and an indicztion of the extensions

necessary for the full scale machine of some two hundred long delay lines

is sketched. The programming of a number of probiems is given, beginning

with one.or two simple examples which are complete in themselves, and

proceeding to the develcpment of routines which are of general application
asg éomponents of large scalc computing problems. As an example of a.problem
Whlch requires the use of a number of standard routines, soiution of-a get
of 51multuneous linear ulgebralc equations by two different methods 1s

given,
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1. Introduction.,

The A.C.E. belongs td the class of calcul#ting machines usually known
ag "digital"® machinest This élass of machine consists of those which
operate upon numbers directly iﬁ their digital form, as distinct from those
which operaté on physical'quantities of which the numbers are the measures;
the latter machines are usually called "énalogue“Amachines; The fundamental
advantage which digitel machines possess over analogué machines, is their
extreme flexibility.  Typical digital machines are the ordinary desk
calculating machines such as the Brunsviga, Friden znd Mazrchant, and any

of these nay, in theory, be used for any problem which can be reduced to

- runerical computation,  The limiting factor, in practice, is the time tzken

to perforn the computation. This limiting factor makes itself felt, even
in problems which, at first sight, nay appear to be very simple. Consider,
for exemple, the problem -of golving alsct of linear algebraic simultaneocus
equaticng by direct methods of computation. A typical method of solution
is by the successive elimination of the variables, often known as pivotal
condensation. Far-a zet of ‘equations of order n, the nuiber of
multiplications required for the solution is of the order n3/3; for a set
of crder 32 this already amounts to several weeks work, while a set of
order 100 would pruobably take more than a year, It is the atteﬁpt to renove
this restrictive time factor which has lead to the consideratioﬁ of
electronic computing machines.

In almost all calculsting iachines which have been constructed up to the
present time, numbers have been represented in the conventional decimal
scale. In the A,C.E., however, we intend tc represent all numbers in the
binery system. The explenation of this break with tradition is that it
results in an enormous simplification in the equipnent necessary for

carrying out arithmetic cperations. Every number may be represented in

 the binary systen by a2 sequence of digits each of which is either a zero

or & one, and this provides us with z particularly simple method of

representing/



representing'a number electricallygj If we consider a seguence of electrica1 
pulses at a fixed timé interval apart, then to represent any nunber we may
take a-pulse pattern in whlch, corresponding to each one in the blnary

¢ representation of the numbcr, there 1s a‘pulse, and, correspondlng to éach

zero, there is the absence of a pulse. Thus the number eleven, whlch is

equivalent to 1011 in the binary system may be représented by the pulse

pattern below

1 o

AL T

The number of digits necessary to represent a number in the binary

scale is, of course, more than that necessary-to represent that number in

the decimal scale by a factor logy10 ; thus to represent all ten digit

decimal numbers a mininum of thirty-four binary digits is required. The
-simplicity of the arithmetic operations in the binary scale will be readily
appreciated; 1in the process @f‘multiplication for example, we have only
to consider the two simple cases of multiplication by unlty and by zero.’
‘In the A C.E. the time between successgive pulses will be 1 nmicrosecond so
that it will teke only 34 mierosecs. for.a number of ten decimal cigits to
pass any giVEn’point on a conducting line. The fact that the>suocessive digits
of a number appear asva temporal sequence of pulsés, charzcterises the machine
as a "serial" operating machine. This is in contrast to 2 machine in ﬁhich '
all the digits of a number are available sidultaneocusly; such machines are
k! . known as "parallel" operation machines.'.

The employment of electronic equipment reduces the times needed fof
the fundamental operations of arithmetic by an enormous factor, Addition
of fWo 32 digits binary nuﬁbers, forkexample, can be performed in: 32 nmicrosecs.
on a serial madhine with a pulse interval of 1 microsec, and the tine of
multiplicatiocn of two such numbers can be reduced to 64 microsecs., This

énormous increase in speed necessitates an-entirely different method of control

in/
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in an electronic computer. It would clearly be absurd, for example, té
use the machine to perform a multiplication in the same Way as is done on a
desk calculating machiné, since the time of reading the multipliér and
mﬁltiplicénd, communicating these values to the machine and writing down the
answer would completely éwamp the time taken for the actual multiplication.
If we return to the ‘problem of the solution of a set of equations of

order n, it will be seen that although approximately n3/3 intermediate

‘nunbers are obtained in the ccurse of the computation, only the 'n' numbers,

corresponding to the»solution o the set, are of interest to the computer.

In a high speed computer thefe must be some means of storing such intermediate
nunbers obtained during a computation, in a form in which they are’available
at a speed comparable with that at which the machine performs the arithmetic

operations. The possession of a high speed "memory" of considerable capacity

is thus seen to be a basic requirement of any efficient electronic computer,

In the A.C.E. the high speed nmemory Will,consist‘of a nunber of elements

~known as acoustic delay lines with a total storage capécity equivalent to

approximately 6,000 twelve Cigit decimal numbers.‘

There is a further requirement before the machine can take full
advantage of its speed. It must be possible to supply the instructions
which the machine is to carry out at the same high speed. This may be
achieved by representing these instructions in a onded numerical form and
storing them in the nemory in the same way as the numbers themselves; the
machine must therefore possess a "logical éontrol" which is capable of
interbreting the coded instruétions andicausing then to be obeyedu

There is one f£inal requirement which fhe electronic computer nust
nmeet. There nust be sone meéns of cormunicating with the outside world,
both for the purposc of receiving initial data and instructions, and for
communicating‘results..'In’its earliest version at least, the AJC,E,.ﬁill
use Hollerith punched card equipment to perforn these input and output

functions/
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functions. It will clearly be essentdal that it should.be posaible for
the machine to accept data in decimal form and to provide solutions in

the same form if needed, since the conversion from onelsystem to the other
is .quite a lengthy process. Henoe two most important instruetion tébles
which the machine must be capable of interpreting are tables for decimal~
binary and binary decimal conversion..

It might be imagined that a problen such as the solution of a set
of linear equation of order 32 which required 10,000 rultiplications
would need 80 nany instructions that the whole of the storage copacity
would be completely filled with instrucﬁiOnsq Fortunately this 1s not true
becouse rost computational problems can be reduced to a small number of
cycles of operztions each of which is repeatsd a grﬁét number of tines.

The machine must, however, have some meens of discriminating whether one of
thege cycles hus been repeated the requisite number of tirmes, and as a
‘result of this discrimination move to the next cycle of operations or repeat
the current cycle.

The means by which the A.C.E. fulfils all the above requirements
are the subject of the following paragraphs.

The account may be divided into two main sections.l The first section
deals with the design of the A.C.E. end the development of the appropriate
code,‘ Tt ig not considered expedient et this stage‘fo decide uponjthe details
of the A C.E., since meny points will only be definitely determined in the
‘light of engineering and coding experience gained from constructing and
computing with @ swall pilot model, For this reason the details of the
design and the code of such a pilot model are fiven first, and then a sketch
ohly of the extensions envisaged in the full scale machine 1s given. 'This
sketch is merely intended to be sufficient to form a2 background for the
description of the type of code which the full scale A.C.E, will employ.

The second sectisn deals with the problem of programming, that is, of

preparing/
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preparing problems for computation on the ﬁabhine. Although the detailed
coding of problems has been given in terms of the code which has been adopted
for the A.C.E., many of the considerafiﬁns of this section are independent of
any specific code. Beforc a large-scale problem can be coded for solution

on an esutcmatic computer a considerable amount of preliminary work is
necessary even if the problem is already expressed in mathematical form, i.e.
if the probiem of translating a physical problen into a mathematical problenm
1s excluded. The computational process appropriate to the mathematical
problem has first to be decided upon and if this involves approximations, such
as replacing derivatives by finite difference expressions,'the limits of  the
error thereby introduced must be investigated. When a process which is
satisfactory in this respect has been determined, an investigation into it
stability with respect to the "rounding of f" errcrs, which are inherent in
&igital computations, nust be undertasken., Further, it is necessary that all
the numbers derived during the course of the computation should be provided
with scele factors which ensure that they do not grow sut of the fange
pernitted by the storage space allctted to thei. This problem is somewhat nore
serious in automatic COmputation than in ordinary desk corputation, because

in the latter appropriate scale factors may be introduced by the operator as
they become necessary and it is not important to anticipate when the necessity
will arisc. When all these points have been cleared up it is convenient to

map sut a geheral schene of the mefhod of compﬁtation and it is only after

the completion of this scheme that the detailed coding begins. If the coding
of “¢ach probleri were atfempted 'ab initic', the time taken to prepare a problem
for computati n might seriously reduce the effective speed of the machine,

For this reason a considersble part »f the section m programming is devoted

to the problen of constructing tables of some generality for the standard
routines which occur as clezents of large scale problems.  Generality is

achieved by providing these standard routines with a number of parameters each

of/
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of which will be assigned a specific vaiue, appropriate to the problem in
hand, when the routine is used. .In thié way it is possible to prepare the
greater part of any large scale computing problem for the machine by building
it up from prefabricated units, Since these units are to be of very wide
apﬁlication, far more time and thought may be given to their preparation than

would otherwise be justifiable. For this reason we have mece a general

principle of carrying out, concurrently with the mathenatical investigation and

.

the coding of a routine, a practical investigation on desk caloulating nachines.
This is not because we regard the oriinary weapons of mathematical analysis as
in any way inacecuate for the task; but because the praqtical method often
bring; to light speciel points which are easily overlsoked in a strictly

theoretical approach. Tt should be enphasised that none of the instruction

s

tables given in the second section are regarded in any respect as representing

finished products. It is very unlikely that any of them will remain

43

unaltereci in the light ©f experience sained in using the machine.  In spite of
this we regard the preparation of theze tables as being of real value since

we believe that the successful use of electronic computing cquipment will
depend nore upon the development of an efficient method of organising routines
and their intesration into large scale computing problems than upon any other

single factor,

2. Symbols used in schematic circuits.

4 number of special symbols are used in our schematic cireuit diagrams?
and for convenience these are collected and described below.

In the schematic cireuits we consider the transmitted gignals to be g
sequences of digits, each of which ig & zero or a one.  The actual electrical
signal corresponding to a 'zero! or a tone' will be differcent in different
parts of a circuit. For instance, in a nusher of parts of the circuit; an
unbroken sequence of ones may in faet be a D.C, voltage and an unbroken
sequence cf zercs, a different D.C, voltapge. TIn the case vhere a one is a

pulse, the centre of the pulse nay sccur at different times in different parts

of/
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of the circuit and the width and shape of the pulse may also vary. A full

cnsideration of such points would be out of place in a report of this nature,
however, and it is sufficient to assune in the scheﬁatic cireuits that we are
dealing with signals consisting of zeros and ones which are perfeetly
synchronised. It is convenient for this purpose to think of tine, not as
being continucus, but es coming in a sequence of ticks; corresponding to
each tick the signal at each point of a circuit is defined as O or 1. With
this understanding we proceed to the definition of our schematic syrabols.
It should be recognised that these symbols do not necessarily possess a
uniqﬁe equivalent in the actual electronic circuitry. 4 particular symbol
may correspond to a number of entirely different electronic circuits; all
that is implied is that the logiczl effect of the true circuit is the same as
that in the schenatic circuit.

Direction of tropngation.

An arrow on a line indicates the direction in which signals are propagated.
Thus in fiz.?1 the signal is travelling from A to B.

Simple delays.

If the arrow is converted intc a triangle as in fig.2 there is a deley of

Se
one unit in passing from A to B, so that if &, is the signal at A at

time n, ‘and bn that at B, then bn = a g

Long delays.

A deley of a nunmber of units is shown as 2n elongated rectangle with the delay

within it. In fig.3, for example, there is a delay of four units in passing

from A to R.

Change of polanity (negation).

A short stroke across a transmission path indicates a change of polanity
i.e. zeros and ones are interchanged.  Hence in fig.h bn =1 - a.

Junction of transmission raths.

A transmission path may be allowed to bifurcate, in which case the signal is

transnitted simultanesusly on both forks.  E.g. in Fig.5 e = bn =c -

Transmission/
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Transmissibn raths are sonetines shown converging as in Fig.6, This is not
normally dope unless the circuit is such that it is not Possible for a one to
appear simulteneocusly on more than one of the tributary converging lines. The
signal in the main strean is then defined to be a one if the signal in any
tributary is a e, anc to be a zero if the signals in all tributaries are zero,
Liniters,
A limiter is shown as a circle conteining a number m, known as the threshhold
of the limiter, with any number of inputs and outputs (Fig. )+ The limiter
gives an output of cne cn all output lines if the inpuf is 'm' or more ones;,
and ah output of zero otherwise, In a limiter of threshhold 1 +the 1 is omitted{

Inhibitive connections,

4 limiter may have a seeond type ~f input known as an inhibition, e.g. the
input B in Fis.8. The output of the limiter is to be a zero if the input from
B is a cne, regardless of the other inputs. in input of zero from B is
disregarded,

Trigrers.

A trigser is unlike a limiter in that its output at any time depends on its
previous history as well as its current inputs. A triggzer of threshhold 'n'iis
shown as an ellipse with the figure 'i:' within it. (Fig.9). It has any nurber
of inputs and outputs and at least one inhibition. The trigier is "trippedn
when it receives m or more simultaneous ones, and from then onwards its output
is & one until such time as it receives a . one °n an inhibitive connection.

It is then "reset" i€, refurns to a conditicn in which its ocutput is zero,

The trigger is’said to be 'on' when it is emtting ones, and 'off' when if ig:
emitting zeros. 3 trigger may have another type of input known as a 'changzeover',
Such an input is shown as X in Fig.9a. If the trigger receives 2 ~ne onE
'changeover' input its state is changed i.e, if it was ennitting ones it beging

to emit zerog and vice~versa,

Differentiators.

L circle containing an E (Fig.10) denotes an element which eriits a one after the

termination/
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termination of a sequence of ones on its input, Thus in Fig.10
dn = Max (O, aﬁ_1 = an). Fig. 12 shows an equivalent circuit. A circle
containing a B (Fig.11) denotes an element which‘emits a-one at the beginning
of a sequence of ones at its input. Fig,13 shows an equivalent. circuit, “These
elements will normally be realised with "differentistor" circuits. The 'E' and
'B' are intended to suggest the ideas of "end" and ﬁbeginning".

Manual Controls.

A menual press button is shown as a circle containing an 'I' with an output,
Pigelh. It 1s to be understood that such an element emits a sequence  of ones
starting at some unpredictable time, shortly after the pressing of the button,
This is actually o slipghtly troublesome condition to attain, but for the
purposes of the schematic diagrams it is sufficient to assume that it has been
reached.

Major and minor cycles.

The individual unit of inforzation is, of course, the digit, which may teke
the values O ani 1, but it is convenient to consider also units consisting
of agirerates of Cigits, In the pilot ﬁadel of ‘the A,C.E. a group of 32 digits
has been teken 2s one of our fundanmental units of information. An agirepate
of 32 binary dizits is capable of representing numbers of rather iess than ten-
Gecinal digits (232 = 4295 x 109). This suggests that we should measure time
in pgroups of 32 'ticks',  These groups are kncwn as 'minor cycles'. It ﬁay be
helpful to think of the minor cycles as being equivalent to minutes, with ticks
at each second. The informetion contained in the signal appearing at any point
during a ninor cycle is called a 'word'.  Each w.rd then, consists of 32 digits,
This divisiuvn of tine into minor cycles‘is provided by a circuit known as
2 ring counter, If is, effectively an electronic commutator and its schenmatic
circuit is shown in Fig.15. It consists of a group . of 32 elements in a fing,
cach »f which is separated froo the tw; adjacent elenents by a unit delay:  the
32 elcuments are known as P1, P2, - - F32. 4t the beginning of operations fhe

CLEAR push button is operated; this removes any stray pulses in the ring
counter/
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counter;. . the START push button is then operated and this-puts-a. gingle pulse
into P1. At any subsequent tick one and only one of the Pn's will be emitting
a pulse.

The elerients of the ring counter are frequently used in the control
© circuits to supply ones at “efinite points in a minor eycle.  The element P4
€o o supplies‘a one at the beginning‘of each ninor cycle and thereafter
31err05. The,pulses supplied by the element Pn are ususlly referréd to as
"Pn pulses", enc. the notation, Pn, is 2lso used to denote the sequence  of
digits supplied by the elenent Pn in any minor cycle. This use of "pn" nay
appear to be scriewhat ambiguous? but in practice the meaning is always

abundantly cleer from the eontext,

o

A perisc of 1024 ticks or 52 ninor cycles is known as a najor cycle.

’ &

There is no need to have anythin. corresponding to thé ring counter for

telling the tine within major cycles.  This is achievéd, effectively, by

the positisning of the coded instructiszns, as will appear later.

Staticisers and Dynamicisers.

¥

In a nunber of positions in the circuits it is nccessary to convert information

%]

from the dynanic formn, as temporal sequence of digits or pulses, into a
» q 5 « I 3
static fom consisting of D.C. veltages on a nusber of lines, corresponding to
the number of pulses. In Fig.16 the circuit used for "staticising®™ a word of
Ltic)

2 digits is piven. Tt consists of a group of 32 triggers of threshéld two
5 , = =) 4 H

cach of which receives the sirnal fo be staticised anc one ¢of the Pn pulses.

cer if it is

5

& oné,. and fails to trip‘it if it is 2 zero. There is also a lead for
resetting all the trigier circuits; fthis nust be pulsed befnore a second word
can be “set up" on the staticiser.

Converseiy, We may wish to convert a number of ‘static Signdls into thev
dynanic form, The statiq signals ey come from triggers or be obtained from
& set of switches. The circuit for perfcrning thié operation is shown in

PIG.17, It‘ccnSists of a set of 32 limiters of threskold two,; each of which

is/
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is supplied with a Pn and one of»themstatic‘sigﬁals. Theboutputs from- the-
limiters are combined together to produce the static signal, in dynamic fonn;
odnce per minor cycle,

Trees.
——— N

If we consider & sect of n trigger; then there are Zﬁ'possible states in which
they can be, since each one nay be either "opt (emitting ones) or "offn (emitting
zeros). It is frequently necessary in our schematic circuits tc use a set of
n trigsers to provide an unEroken streém of oneé on one of 2% different lines.
There arec a number’of different electronic circuits for performing this :
selection; of which perhaps the most common is a resistance network, Any cireuit
which perforss this operation is referred to, in this report, as a "tree of

order n", see Fig.18.

Wheneverywe have n different sources of D.C. -voltare each of which may

ake one of two different voltares we nay ué@ these n sources to gelect one‘of

2D different lines, i.e¢. 2g the basis of a tree of orier n. Trigyérs are the
nogt common‘examples of such sources of D.C. voltages,

Delay lines;

The account riven in this report is based on the assumption that the storag

nediun for the nuibers and cofed instructions will be acoustic delay lines,
though 1little nodification would be needed for any other tfuly serial riethod

of sterage.  An acoustic delay line consists essentially of 2 straight
cylindrical tﬁbe filled.with mercury and with & plezo~electric crystal at;eacho
end, It is shcﬁﬁ schematically “n Pig.19. If o pulse is fed into the delay
line at 4, the crystal at 4 sends out a sonic wave into the mercury which
travels dovm the delay line et the velocity of sound in mercury; at point B
this éisturbance is’reconverted into a pulse by the second crystal, if this
pulse is now arplified and reshaped it nay be fed back into 4 and in this way the
pulse mey Le preserved incefinitely. Tw> stendard lengths of delay lines are
us«d in the 4,C,E. The first type, usually called a 1lons tank is of such a
length that a sound wave takes 102 (ive. one major cycle) to travel down the

tube/
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tube. Since our pulses are a nicrosecond apart, a long tank may be used to
store 1024 digits or 32 words. The configuration of @ulsos in a long tank
Treeurs once per major cycle.  The other type of delay line, usually called a
" short tank or temporary storage (TaSn), is capable of storing 32 digits only
i.e. exactly onec word., The configuration in a short tank recurs onée per minor
cyclé. In addition to the circuitry needed for the recirculation, each tank is
equipped.with an-input and an output device.  This is shown in Fiz.20. If an
unbroken stream of cnes is supplied along the line narked S, a-copy of the
contentg of the tank‘is obfained at B, the‘circulation of the content of the tank
being undisturbed, If, on the other hand, an unbroken stream of ones is suprlied
along the line marked D and 2 new sequence of digits is fel in at E, this new
sequence passes into the tank, whilst the former contents are obliterated at (.

3. Arithnetical snd lesical opersations, ~

Conventions used in the representation of numbers,

It has aireaﬂy beén stated that nmibers are stored in the binary systen., 4ig far
as’ the units which perfmrm the arithmetic operatiéns are concerned these nunbers
are treated as thaugh they were inte;jgérs0 fhe true positisn of the binary point
will vary from problem to Probler to suit convenience and its correot manipuigti-:
in any given problen will be taken care of by the progrémming; It is possible
that‘same problems will arise which will necegsitate the use of a floating binary
roint. This rieans that each number will be réprésented by an ordered pair of
nucbers noand n, the first of which is an integer (positive or negetive) and the
second satisfies ~1g&1{ﬁo The number corresponding to the ordered pair (m,n)
is 2™1. In such problems the basic arithmetio operations will also be
programied; - in general it rmay be seid that a floating binary point will only
T resprted to, when it proves impdssible to estimate the necéssary écale
factors without undue effort. In nost problems its use mey be eliminated by
adjusting the binery pointkfrom tize to time during the computation, as this
becomes necessary.

If for the notent we agree to consider our numbers as integers and nske one

worG aveilable for each nunber, then we can represent all integers 'n' such

that/
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by the folluwing convention.  The integer 'nt is to be
represented, modulo 2’2, by a numLer, n', such that 232) n')’O. In this
convention all negative numbers have a 1 in the extreme left hand position
and all non-negative numbers, a O, For this reason =291 is included and

+ 231 is excluded. Each number, then, may be said to consist of 31 digits.and

& simn digit,

If we allow our nurbers to be two words in'length,’then we riay reépresent
all intégers n such that - 263 n 263. A number is now represented by 63 digits
end & sign digit. Similarly, if we allow m words for our nuricers; each number
is represented by 32 m=1 digits and one sign digit in the extreme left hand position.
A small number, regerded as a number represented in the'n wofd.cdnvéntion,.will,
begin with a long sfring of zefos it positive, and a long string éf cnes if
negative, | |

>l

Arithmetic units.

The jrithmetic units of the .L.C.B. are more clogely integrated with the

~logical control than is the case in most uther electronic computing machines

which have been designed, but it ig convehient to consider the basic circuits
for performing these owcratlan as separate units at this stage.

Addition,

-ttty

The schenatic circuit for addition is shown in Fig.21, T¢ understand how it
perfbrms addition let us suppose two sequences of digits g bn corresp ondlnﬁ
to numbers 4 and B are fed in to the adder on the lihes on the left hand side.
These two sequences must of course be in phuse, i,e. the digits in the least
51gn1f1cant peosition must arrive sinmultaneously. For each digit of the sunm

(4 + B) except the first, we have to consider the vroblem »f adding the two
current digits-of A and’B and the carry ﬁvér from the previous digit; and
i,rnlng from them the current &igit of (A + B) and the carry over to the next
digit.  The current dgit of (4 + B) is fed out 'm the line marked (A + B) and
the carry digit is borne by the line marked C.  The carry digit is delayed oﬁe
unit before it arrives at D. At any stage of the addition, then, the current

digits/



Y VY

Z;

(65) TANK I

( )

/f\_-—'—(3z)TANK3
‘ g

Y

(_65) TANK 2

FI1G. 23,




1 5m
digits of A end B and the carry-over-from the previous stage are each fed to
all three of the elements P, 0 and Re It is now sufficient to consider four

i

gimple cases.

o~
LI

.)s P, i end R are esch fed with three zeros, In this case 2 zero is emitted

& for the current digit of (A + B) and for the carry digit.
(ii); P, 0 and R are fed with t%o‘zerOS and a one; In this case @ and
R are fed with two zeros and a one. In this case Q and R emit zeoos and P
enits 2 1 on the (4 + B) line. The carry digit is theréforemzefo and ~the_current:
Cigdit of (A + B) is & 'one!.
Aiii)a Py @ enc R are fed with one zero and two ones, In this case R emits a

zrero hut Poand @ both have sufficient inputs to emit a one. The cne emitted

by @ however inhibits P and the net effect is that a zero goes out from P to
zive a zero foxr the current digit of the sun; and a 2ne goes sut on the carry

&

Line from Q.

iv). P, (; end R are fed with three ones. In this case the threshhold of all

TN

three elements 1s reached, Apain P is inhibited by the output of Q and therefore

[

puts cut a2 zerc but R emits a one as the current dipgit Qf’the sun, and @ gives
a carry digit +f one-on the line C.

STt owill be seen‘that each of the above bases gives the result required by
the rules of binary addition. The first digit does not require any special
eonsideration,  Clearly there is no carry from the "previous stage" and hence
there is a zero on the line marked D.

g0 farkwe heve: tacitly assumed that our numbers are indefinitely long and
have onijtted all reference to the élement narked 8 with the inhibiting connection

. marked C.8,  Suppose now we restrict our numbers to be one word in léngtho‘ If
we are to use our convention for numbers with a sign, then, even in the siﬁplest
cese of the addition of two positive numbers, we éannot expect the adder to give

the correct answer unlesgs it lies in the permitted range.  E.g. consider the

addition/
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zddition of 229 + 1 to 250_shown telow. The answer given by the adder

interpreted by the

0100 ®®P®20®06 600 e . 001 +
O1OO RO RS R I B ) OOO

10anoonno.noa'o 001

same convention is negative since it has a 1 in the extreme left hand
position; it is in fact =pd] + 1 - according to this éonventicn. Hence if
Wwe arce to use the convention all the time the answer 1o this addition is only
given correctly, modulo 232, Provided the true sum is such as to lie in the
permitted range, however, it will Ee exact. Consider now the addition of

6 and -5. The number 6 will be represented by 6 but the number -5 will be

o

represented by 292 . 5. The addition asz performed by the =zdder is shown below.

0000 wesavasses 00110 ropresenting 6

A

L R T 11011 -~ representing -5

10000 seseaneaas 00001
The adder will produce first & 1 and then 31 zeros but it will z1so produceé &
carry one from the thirty séCOnd digit, Thig carry over_at the: thirty second
digit is suppressed by fcediné a Pjé on the lead marked C.S.- (carry suppression)
at the end of eACh minor cycle. By this means the adder can.perform correctly
the addition of any two'numbers, either positive or negative, which lie¢ in the

range permitted by the convention, provided the true sum ales lies in this

:range, Otherwise the sum given by the adder, interpreted in our convention, will

only be correct modulo 232. If we consider the addition of double length
numbers a sinilsr problem arises, but now we must suppress the carry over at the
P32 position corresponding to. the sign of the number and rust not suppress it at
the P32 positioﬁ oceuring in the middle of the nunber., This is achieved by means
of a source which gives a P32 at the end of zlternate ninor c}clesn Full

~consideration/
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consideration of this point and the addition of multiple length numbers is
given laéer.
Subtraction.

et o : . : 52 S
The operation A-B is performed effectively as 4 + (27¢ = B = 1) + 1.
The number 292 - Bo= 1 may be obtained from B by interchanging zeros and
ones i.es by a'polarity change. If we assume we have a stsndard clock which
is emitting an unbroken stream of ones, then this polarity change may be
achieved by the circuit in Fig. 22 which operates as follows. If the digit
in line A is & ohcs then the clockyis preventedkfrom passing aone to B
and heénce we obtain & zero at By if the digit in line A is & zero then liné
B receﬁvcs & one rrom the clock, A~B, then, is formed by scnding A and 292 -~ B =1
to the adder znd feeding a Pl pulge in the carry line tobaccoun% for the extra 1,
i . i
As in the formaticn of 4 + B, we obiain the correct angwer to A=B,; within the
convention, providea the true answer is in thie permitted range. A and B may be
either positive or negutive.  For double length numbers, the P1 has to be added
in the first Pi‘position of the number but obviously not in the secomd Pt position.

This is 2 similar probles to that of' the suppression of the carr digit in double
I e A

’

length 2ddition.
=Y

Multiplication,

It is convenient, for the sake of simplicity, to ignore cur glgn convention for

the time being =nd to consider the multiplication of two positive rumbers 4 and B
L3 - : gt -

cach of which satisfies the inequalitics

Z
7 p & el
Oé AE 2
We -define 2 and b to be the nth binary digits of 4 and, B, 2, and b1 being
the least significant and there being 32 binary digits in ezch number, Ir

Fal

either of the numbers is smell there vill be o number of zeros in the more
significant places of that nuber. The product X, of the tws numbers, mey - be
regarded as 2 6L digit nwiber of which eny number of the more significent

digits may be zeros. If the number 4 be regarded as the multiplier and B as the

multiplicand/
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FIG. 36A.

WORKING OF MULTIPLIER

Showing content of Tanks | and 2 at end of minor cycle m+x, for x=0,-._,66.

X TANK | | TANK 2
o3 A |
| 32 A i 10
2 |3 A [ 32
3 32_A__1]0[0] [ X |
(first addition begins)
430 A | 32[31 | 32 % 1]O
| | (tirst addition not quite ended)
5 32 A i]O]O|0O 32 X2 | 132
| ' , X|
629 A | | 32[3130 [32 X2 iTo
’ (zxt\éo due to possible
carry over)
(last addition begins)
64 32 A | 10163 X3 11 Q
6532 A l 32 X32__1JO[63 X3; 32

| (lost addition ends)
66 32 A 1]o] [ea X390 [0
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X1 = asz (1)

X2 = 2X1 + a31B (2)
=02

X3 X2 + a}O B (5)

Xn = 2an1 + aﬁﬁ—n B (n)

X = X =28 +a B (32,
31 1 ~( )

The number Xi may be called the ith pertial product, To fornm Xi+1,frmm
Xip Aand B, we multiply Xi by 2 and add to it B or zero,according‘as
a}Zai is one or zero., The circuit for perforwing this operation is shown in
Fig.23. It consists of two tanks of 1éngth 65 units and cne ordinary short tarnk.:
Let us suppose that initially the two €5 digit tanks are empty and the 32 digit
tank containg B, and thaet in minor cycle nurber 'm' the multiplier A is sent to
tank 1 (i.e. the upper 65 digit tank). Nothing will ‘happen until the:trigger‘L
is tripped ané this can only oceur if tank 1 emits & one at time P11, Throughout
the multiplication, tank 1 will contain the maltiplier and 33 zeros. The first
opportunity L has to be tripped is at the'P1 tine of minecr cycle‘(m+3)° which we

denote by (m+3)1,; 2t this time the a‘2 digit is received by L and it will

3

therefore be set up or not according as a__ iz a1 or 0. When L is set up,

32

M enits 32 consecutive oneg znd thisg enables the contents of tank 3 (i.eu B)Nto
pase through N. During minor cycle (243) then, a}ZBwpasses into the adder and
is added to the contents of tank 2 (i.e. zero). to forn Z,» In (m+ 4), cne

of the 33 zeros is omitted from tank 1 and therefore Lods not tripped. Since
tank 1 is of length 65 its'contents are delayed ~me unit for ezch circulation
and: therefore in (m + 5)

tenk 1 emits a_ . Hence the adder receives B

1? 1 31
from M. The content of tank 2 will alss be delayed one unit and will thercefore

AEN!

be transmitting 2X1 to the adder. Tank 2 therefsore receives (2X1 ¥ a31 B)
i.e. X, during minor cycle (m 4 5) and the 1st tick of (2 + 6) if X_ should be
Z I

as/
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as long asg 33 digits. Similarly in (am + 6)1 the trigger I receives one of
the 33 zeros and in (m 4 7)1 it receives ajOQ Hence in (ﬁ +7) and (m + 8)
tank 2 receives XB; The process proceeds with T, receiving the successive
digits of A and one of the 33 zeros in alternate minor cycles, and tank 2

recelving the successive partial products. It is evident that tank 2 receives

X; from the adder during minor cycles (m + 21 + 1) and (m + 21 42) and

<

therefore sthe product X or X59 is available at Z1 in minor cycles (m + 65) and

(m + 66). The multiplier has been described with two tanks of length 65 for
clarity; the second tank of length 65 can easily be dispcnsed with in the

following manncr.  The partial product Xi cannot contain more than 32 + i

1 digits of the multiplicr. If the succeszive digits of the multiplier
are obliterated immediately after uge . then the partial products may be stored

in the same tank zs the remaining part of the maltiplicr and there will, in

fact, elways remzin onc zero at least between the partial product and thig

cremeinder of the multiplier. Hence tank 2 is removed, the output of tank 1 is

fed dinto the szdder and the output of the adder back to the input of tank 1.
Tank 1 now hag no recirculation cxeept wvia the adder. The only other alteration
(in addition to the simple device for removing the sucoeséive digits of “the
multiplier as they are used) is that the trigger L, nust noo be supplicd with
alternate P1's only. This is because in the simplificd diagran we made arc of
the fact that tank 1 oonfained the multiplier and 33 zeros, and one of these
zeros reached I at alternate P tines, ‘Thé space occupied by those zeros is
now feplace& by the partial products and these must not be allowed to trip Ls
So far we have considered the multiplication of pasitive numbers only
aend have ignored our sign‘éonvention° Suppise we use the multiplier ag it
stands to form the product of plus six and minus five,  These nuzbers will be
represented by 6 aﬁd 232 . 5 and henee it will produce the a\swer 6(232 - 5).
To produce the correet answer regar&éé ag & signed numbe of twe word length
we pust add 252 (272 = €) using a two word adder; this gives 25 . 30 which is

the/
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the correct‘anSWer within the convention. For the multiplication of minus six by
minus five, the multiplier produces (232 - 6) ’(232 - 5). If we add to this
result 252 x 6 and 232 X 5 using a two word adder then we will obtain the true
answer, -30, since the extra 26LF will bé the carry which is suppressed. Tt is
casy to see from thege examples that, in order to obtain the true answer for the
product of two signed numbers in the standardbconvention for two~word.eigned
numbers, the value given by “the multipiier must be corrected according to the
following rule. If either of the factors is negative then we must add i
232 % (232 = other factor) using a two-word adder

The basic ecircuit for multiplication may be oxtended in a number of WS
Its speed may be doubled, for exemple, simply by muitiplyinp by “two: digits of the
multiplier for each circulstion., This would require the follcw1ng altera tlono,
The tank of length 65 units must be extended to 66 units, thu elements I, W and
N must be duplicated and the second tri g er corregponding to I, ouppllcd‘w1th a
P2 instead of a P1, and two adders must be uéed instead of onc. Similerly, by
using four adders, the speed may bu quadrupled and so on, Since zdders are
quite simple in = serial mzchine this does not involve very nuuch- extra apparatus:
The multiplier méy also be extended to put in the corrections required for
'signed! mult1p11u4ulon automa‘ticallya Finally it could ﬁe made to prgduce a
32 digit answer correctly rounded off, if this should proﬁe advantageous. The
form of multiplier we intend to use will be discussed later.
Divigion. \

An automapic dividing unit may bg constructed, either usiﬁg the same tanks
&g ere used for nultiplication, invwhich case one digit of the quotient is
obtained every two minor oycles, or usiﬁg'shoét tenks only, in which case one
digit per minor cycle can be beaiﬁed; In this report, however, wc shall assume
th;t the 4.C.E. has nﬁiautmmatic uivider; Givision will always be programmed,

using a standard table of instructins,

In =2ddition to the fundamental crithmetic opersticns we used a number o

logical/
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logical operations; the circuit for performing these operations may be
expressed very simply by méans of our standard symbols. The - logical operations‘
are-defined bélowc
(1) A& B =C. The operation 4 'and' B on two sequences of digits, A, B,

produces a. sequence of digits, ¢, such that én is a-one if both-an and
b, arc ones, and is a zero otherwise. (Fig.24).

(i1) Av B

It

Cs The operation A ‘tor' B procuces a sequence of digits, C, ‘such

that ¢, is a tone! if a_ or bn is a 'one! or if both are onés, and ¢

n n
is a gerc only if a, end b are both zeros (Fig.25).
(1i1) »s A = C. The operation, 'not A, produces a sequence of digits ¢ such

that c, = 1=a_ d.e, zeros and ones are interchanged (pig. 26).
(iv) [\ﬁ@ﬁB = 0. The operatizn A '‘not equivalent to! B, produces a sequence of

dilgits € such that Cp =1 4f o % b, ¢ = 0 if a, = b (Pig.27).

be Logical Control of the Pilat Model,

General considerations on the cuding of instructions “n the A.C.T,

Although the logical eontrol of the full scale A.C.E. is much more comprehengive
than that of the pilot mocel, it may be regarced zs a natural extension of the
latter. For this reason we Ceseribe the logical control of the pilst mosel in
deteil and then sketch the cxtensions made in the full sczle AC.B
A fundemental feature of the control of the pilot model.is that every coded
instructiosn is regar&ed‘as & transfer of = sequence  of digitS‘from ona of &
nﬁmber of‘pesitions in the machine knovwn as 'sourceg', to one of & number of
positions known as 'destinations'.  We shall consider, first of all then, the

problem of transferring numbers from sne tank o another.

e )
Sy

Suppose we have & number of short tanks and long tanks, each with an input
end output device of the type described in Section 2 and cach of the outputs of

the tanks is econnected via a o

on line called 'highway! to each ~f the inpute.
Such a system consisting of two short tanks and threeo long tenks is shovn din
Figné8u Each of the tinks is agsigned a nusber, Suppose we wish to transfer

a number from tank no.1 4o tank no. 2 both being short fa 5. We have only to

i . ~ supply/
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supply an wunbroken stream of ones on the lines marked §1 and D2 for a period of
tine not les‘than 52 LiprOSOCS°§ a copy of the contents of tank no.1 will
then Pass cut into highway and the ones on the line D2 will enable them to pass
into fank 2. After the operation has been carried out for 32 microsecs. its

o continuation serves no further pufpose, As long as we confine ourselves to
short tanks, any transfer may be described by an order consisting of two numbers
¢.g. the operation of transfefring the contents of tank 1 to tank 2 may be
written, 1=9 2. If we consider the problenm of transferring a nunber of words
froi one long tank to ancther long tank,then, in addition to specifying the
two tanks invclved, two further numbers are requirec which specify, in some
meanner when the transfer begins end when it ends.  Unless the transfer begins
end ends at the correct time the required words will not be transierred.  Two
remarks are pertin“nt at this‘stage; first it hss been assuaed that fhe words

in two tanks are in phase; this requires the use of the ring counter; sec-ndly

]

the transfer frombbne long tank to another can wnly‘replace wordg of thé
recelving tank by the corresponding words of the source'tank. MThe ingtruction
needed has now become of the form S« D, T1, T2 . <Whereyg, T2~are numbers
required to time the transfer correctly.,

So far the instruction has been used 4o effect é pure transfer, but
it can be made to perform arithmetic and logical operations in quité a sitiple
matter. Suppose we place an adding unit in the circulation of & short tank,
as shown in Fig.29, and, as a second inpuf, we have a line connected to hishway
via & destination 'gaﬁe'° We may give this destination gate a nunber, just

as we assigned a destination number to each of the tonks. The result of

o

- transferring a nucber from any of the sources to this new destination is to

add ‘that number {3 the number already contained in the tank with the adding
unit: this tank has now become zn "accurulstor!. Since the adder is asgsvciated
with a tank of length 32 the adder will need carry suppression at the end of

every minor cyclc. As an example of the type of operatisn which a single

transfer,
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trgnsfer can perifori, we consider the transfer of n oonsecutive words of & long
tenk to the accumulatof; the accunulator will form the algcbréic sum of the
m nuobers plus its original contents. The tank plus adder will now havéw
effectively two inputs. An input through the adder for adding.numberé to its

& original contents, and a normal input for replacing its original contents by..

‘the number received.  The accunulator may be used for-subtraotionmhy-providing,
it with another destination which.receives the cooplement of the humber
travelling irp highway and transmits it to the adder. This\is shown &s
destiﬁétion 7 in Fig.29. The ones in the line D7 musi also be used to insert a
F1 in the carry position when subtraction is performed,  This may be done as
is shown ot element 4 in Fig. 29, Logical operations can be efifected by a
transxerbin a‘Similarkuanneru FigOBO; shows how we can fonu the sequence A & B
_fr@m,two'sequenoes sand B. o Suppose the oﬁtputs of two short tanks are fea
cvntinuousl&, ints a limiter of threshhold two; ~the output of thig limiter

& Wili be A & B if 4, B are the contents of the two tanks. If this limiter is
supplied with a source gate and is assigned a number then 4 & B may be called
upon by & transfer in the samé way as any other gource, In Pig.30 the "and"

’ facility hag been provided on tank 9 and tank 10 and i% has been given source
number 20. It will be seen that Tank 9 'and' Tank 10 is being produced
continuously at the output of the limiter C, but is only passed into highway
when & se@uence of oncg is appliéd.on the line marked S520. Thefoperafinns
A v B msy be provided in a similar mammer. In addition to the natural sources
and destinations end the functional types, a number of rather speciél sources
and destinations may be provided. The pattern emitted by the P element, for

& example, whibh consists of a one in the least significant position followed by -

341 geros is frequently required and mey be used as & source, by supplying the.
PT element With a gource gate and & éource number; ﬁhe P32 pattern is also very
useful. Similar sources are the clock, which provides 32 ones, and a blank,
which supplies 32 zeros,

With this extension of the sources and destinations it will be seen that

any/
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any computation can be‘reduoed to a sequence of coded instructions cach of which
ig of the form 'S,WQD? T1, Tzn where 3 is any source, D is any destination
and T1 and T2 areitwo timing numbers. Qur coded instrgction contains one other
element which serves to determine which instruction is to be obeyed next.  The
most obvious way of arranging the coded Anstructions in the memory ig to let
each instruction comprise one word, and place successive-instructions. consecutively
in long tanks. This has the‘disadvantage‘that aftér the control hasvread one
instruction it cannot receive the next instruction until one complete major
cycle afterwards. Since most of theﬂmanipulation will be performed on numbers
which are being stored temporarily in short tanks this involves an unnecessary
waste of time, The alternative adopted, is to spacc the instruétions in such
positions in the instruction tenks, that when one instruction is completed, the
next . is in’the cbfrect poSitioh Tor -being obeyed, This will be explainéd.more
fully when the schematic circuits for the logical control are described. Using
thi; method of gpacing, it is sufficient for sach instruction to give the
nuigber of the tank conteining the next instruction; its position in that tank
need not be specified since the progranming is arrangedsin such a menner that
this next instruction is availaﬁle when the current instruction is completed.

Thé standard instruction in the pilot model therefore assumes the form,
Sw3 D, N, Ty Tg where N is a number selecting the tank containing the next
instruction.  Befsre we can describe the schematic circuit of the logical
cgntr§1 which iﬁterprets the code we must know the exact position of the
elements 8, D, N, T1 and T2 in the cnde word.  The pilot model has 32 sources
and 32 destinations; hence five binary digits are needed to represent each.
of t?e thirteen tanks use& for storage (7 long and 6 short) only eigh% are used
for storing instruction (7 long end 1 short) and hence three digits only,
suffice to specify the tank containing the next instruction. Each of the timing

numbers T, and T is permitted to vary between O and 63 and hence 6 binary digits

5
are required for each. The position in the word occupied by each of these

elements/



RL I

-25-

elements-is .as . follows:-

P3 to P7 . Source number.

P8 to M2 Destinétion number,

P13 to P15 Next instruction-nurber,
P9 to Pk T,

P26 to P31 T,

All other digits in the instructison words are spares andgwill;be\zerosk

Details of the components of the logical comtrol,

The schematic circuit for the logical control.is given-in Fig.31. Beforg

its functicning as a complete unit is deseribed, we will censider the more

important components separately.
’ b

(i) Staticisers for source, destination end next instructiom s-urce.

The digits défailing the source, destination and the next insgtruction
source are staticised on the thirteen triggers nusbered 0I5 t6 CI15 in the
Bottom right Iend side of the controi dizgram. (The notatinn CIn refers to
the nth digit of the "current dnstruction"). Triggers ¢I3 to-CI7-control a
tree'gf order five and thereby provide an unbroken sequence of tnes of the
source gate selected by the instructior, Similarly the triggers €18 to cI12
select the required destinatisn by means of a treé of order 5 and the triggers

CI13 to CI15 select the next source of instruction by & tree of order J. - A1L

these triggers retain their information throughout the transfer and sre reset or

-

"cleared" just before the next instruction is staticised.

(i1) The instruction delay line (length 32) TNST.

During the time that a transfer is being performed the instfuctidns from
the tank which is to suppl& the next instruction, feed continuously into the
short tank marked TNST. The instruction which is trapped in-INST when a transfer
ceasges, becomes~the next instruction to be obeyed. The method by which the
next source of instruction is selected anC directed to INST is shown in Fig.32,
Although the number, N, which selects the next source of ingbtructisn varies

from/
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from 0 to 7, the numbers of the tanks which ‘hold tﬂe next instruction are 1 to

8. This is becauvse source 0 and destination O have to be used for rather special
burposes connected with the "initial input" problem. For this reason when the :
next source of instruction number is N;nthe«next instruction comes frbm tank
numberi‘N + 1

(iii) The trigger TRANSTIM

The trigger, TRANSTIW, is the heart of the control since it
determines’ the actual,perioa during which transferrfrom the source to the
destination takes place; a transfer ig taklng place if and only if TRANSTIN
is on. Up. to thc present it has always béen assumed that provided a source
and a destination were being supplied with oneg a transfer was-teking place.
ThlS\WmS convenient bulJrP the control ecircuit was described, but is not, in
fact, strictly true. There is 2 wain gate in highwey which is operated by
TRANSTIk; until TRANSTTL is on, nothing can psss along highway although a
source gate and a destination may be receiving ones, Similarly, there are
provisions to ensure that a delay line does not have its contents replaced by
the number in highway, cven though its source gate is supplied with ones,
until TRANSTIM is on. These are shown for a typical tank, in Fig.32.
(iv) The counter. |

The counter consists ¢cssentially of & short tank with sn adder in-its
circulation znd also an element D which removes ény ones inithe P25 or P32
positions. If TRANSTTi is off the number in the tank has a P26 added to it
once per -circulation until a-digit is_formed in the P32 position; this P32
digit then putsTRANSTTM on{assuming switch 'N' is at positicn 2) and is |
immediately removed at D.  When TRANSTIN is on, the number in the tank has é

P19 added to it once per circulation until & one ig formed in the P25 position.

N

This is dectected by the element H, remermbsred by “the trigger "HOLD" untll the

next P32 time when 1t puts TRANSTIM off again., It will be seen that “the
counter acts as & timing mechanism for determiring when TRANSTIH is put on

and/
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end of f.  Since the adder. is merely 0alled wpon to.add the-single-digite. P19 or
P26 to the number in COUNT; there is no stage at which we have two current

digits and & carry over; hence the adder in the cireuit may be of the eimplificd

type usually termed 'a half adder',

(v) The trigger SETUP.

The trigger SETUP. is put on for a period of one minor—cycle-after each
transfer. It supplies the next-~instruction, with.ones and zercs interchanged.

to the counter and then puts itself off via the gate T.

- Operation of logical control.

The description df‘the oﬁeration of “the control as a whole may now be X
given. It will be assumed for the time being that switch 'N' is sot at position @
g0 that triggers X and ¥ mey be ignired; lfrigger DISCRIM ity also be neglecfed
at this stage. |
| Let ug suppose . that the previous instruction was completedjat the end of
minor cycle nqmber &, and that at the time when it was completed the instruction .

"trapped' in the delay line INST (bottom of figure) was

S—3D; N3 Ty, T,

Since this ren into INST during minor cycle m, it rust have occupied the

th

n " pesition in the instruction tank from which it was derived. On the

termination of the transfer TRANSTIM éoes out and (since we are ignbring the
effect of DISCRIM for the moment) the end element K sends out a one which
clears the staticisers and puts SETUP on. SETUP will therefore be on during
the whole of minor cyele (m + 1).  During this minor cycle (m;+ 1) SETUP
will delete the present contents of COUNT, at the clement 'C', and will feed
into the COUNT circuit, the new instruction with its polerity changed, via
the element Bs  The result‘of the polarity change is that the instruction

| 31 =8, 31 -D, Sy N, 63-1T,, 63-T,

passes . via D into count. - Pogitiong P25 and P32 of the instruction, before

polarity change, were blank i.e. zerds and hence they are <nes when they go
into/
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into element D. At'D the P25 and P32 are removed. Since TRANSTTM is of f'y “the
adder will be adding P26's, and hence at the end of minor cycle (m + 1) the
instruction in count will be

e 3 -3, 31 - D, 7 - N, 63 - T, 6l = T,

iy

During the same minor cycle, (m+ 1), tﬁe perts of the instruction relating
to S, D and N will be staticised onCI13 to.CI15; it will bé noted that
318, 31-D and 7-N are staticised instead of 5, D and N but this is of no
gignificance Sinbe this merely deternines the particular manner in which the
triggersCI13 to CI15 2re to be used t5 perform the selection. - By the end of
minor cycle (m + 1) the source, destination and next instruction sourcs are
statisiced and the number in COUNT has 63»T1 and 64~T2 in the positions occﬁpied
by the timihg nurbers, : /

In each subsequent minosr cycle the number 64~T2 is augriented by one, due
to the addition of P26 until ﬁinally in mincr cyele a4 1 4 T2 it becomesv
64 and thereby provides a cne in the P32 positisn.. This p;sses via-line 12
through the gate @ and, after being delayed'1ﬁks, to TRANSTIM, which is put on.
The one in the P32 positicon is obliterated at D on the next circulation,
Immecdiately TRANSTIN is put on the gate on HIGHWAY is open and the transfer begins
to teke place.’ The numberv']?2 therefore determines how long the control 'Waits"l
until it permits the transfer to start. Since TRANSTIH ie ow on, COUNT will
have a P19 added in each subsequent minor cycle; this means that the number
Which wog originelly 63~q, will be‘augmented by one in each minor gyole unfil

in miner eyele i« 1 + T2‘+ T1 + 1T ivee m+ T

y +’T2 + o it will become 64

and will provide a one in the P25 position.  This P25 passcs through the gate H

and puts on the trigger HOLD. The trigger HOID sends out mnes'from,PZB onwards
~until the P32 line, when one of thése snes is pernmitted to pass the element I
whence it passes via 13 after o unit delay, to TRANSTT, Which it puts off.
Hence TRANSTIM‘QDGS‘fo at the beginning of minor cycle = + Ty + 715 + 3 alter
having been on for minor cycles m + T2 + 2y m+ T2 F 0 s s MF T2 + T1 + 2

i.e. for T1 + 1 minor cycles; this means that the transfer from the source S

to/
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to destination D 4« continued for T1 + 1 minor eycles (NeB. it is necessary to

'
4

use T for a transfer of T,l + 1 minor- cycles to span. transfers from 1 to 64 minor

2
are known as the 'transfer' and the 'wait! numbers, respectively. For the whole of

cyolec while using numbers 0 to 63 for the tlmlng number).  The numbers T, and T

the time after minor cycle m 4+ 15 the instructionsAfrom.the~instruction.sburoe
corregponding to the number»NRhaveqbeen\running into fNST, When TRANSTIM ig put
off in the Leginning of minor cycle m «+ T1 + T2 + 5 the instruction which is
trapped in INST is the instruction whose position in N is wﬁrd nunber

m+ Ty + T2 + 2; this is therefore the next instructipn.to be obeyed and'inwmaking 
up our instruction table, dur next instruction must be placed in this position,
Two points remain to be clarified (a) the source, destination and\ncxt_;nstruct¢on
source are staticised digit by digit during minor cycle + 1, and therefore at
various stages during this minor cycle different numbers are;sct UP on the
staticiser. This means that before the staticiser resches its Ultlhutb value,

1t registers a varving source, destination and source lnatructlon nwiber. It is

however of no conscouence because no transfer takes lace in this minor cycle -end
8] 3 P

the instruction of mixed origin which passes into INST is never used. (b) The
parts 31~S, 31D, 7=N of the instruction in COUNT pass to ‘the étaticiser during
gvery mincr cycle of the 'walt' and 'transfer! period;‘ this clearly leaves the
steticiser unaltered,

Discrimination,

We may now consider the nodification produced by the trigger DISCRIN on
the operation of the control. The trigger DISCRIM is a device used to effect
discrinination. Trom time to time during a2’ computation it will be necessary to

¥

follow one of twé courses depending on the result of previous COFpUu ztiong.  Such

v

& discrimination is achieved in the following wey,  The trigper DISCRIM is cne of
the 32 possible destinations, and an instruction is given'which either sends an

unbroken’sequence of zeros to this trigger or & word containing at least one 'one!
according to which course the computation should teke, If an unbroken sequence of

2eros is sent to DISCRIM it will not be put on, but if it receives at lezst ones'one!

it/
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it will be 'trippedt. It will be seen from Figi31 that if an instruction is

~given which puts DISCRIM on, then after TRANSTIM is put off (i.e. the transfer

~ordered ceases), DISCRIM remains on for one further minor cycle before it is

put off via I, and provides a se@uence of ones to the zlement A. The effect of
this is that the end element X gives out the pulse which clears the staticiser
and trips SETUP, one minor cycle later than would normally be the case. Hence

if the instruction in position in a long tank is _S=% DISCRIM; N, T1, T,y the

2)
instruction next obeyed will be number (m + Ty + Ty 2) or (m + T, + T? + 3)
of tank 'N 4+ 1' according as the instruction tripped DISCRTM or not. Its

action on DISCRIK will therefore determine which of two instructions Will be

obeyed next and thereby affects & discriminaticn,

Input and Qutput.

“The Input and Output requirements of the pilot model will be met by using
& Hollerith reproducer unit, both for rezding in numbers punched in binary form
or decimal form and for punching out information in binary or decimal form,
Printed decimal info;p&tion will be obtained by printing from the punched cards.,
The decision to use Hollerith equipnment fér the external orgaﬁs of the A.C.E.,
in the earlier versions, at least, in spite of the réther low rate of input and.
output (a Hollerith reader passes 100 cards pef minute), wss taken for the
following reasons. The Hollerith equipment is already éompletely devglope& and
needs very little modification for use in conjunction with the AC.E.and it
will prove very bonvenient, particularly in the early stages, to be able to use
the standard Hollerith equipment for sorting, collating and other similar
purposes.. Moreover, there ié quife a considerable range of problems which give
rise to & large volume of intermal high speed computation for quite a small
input and cutput, and for these problenms thé slow nature of the Hollerith
equipment is of little consequence. If, later, the A,C.Eﬂ is required to-perform
computations for which high input and sutput rates are essential~the rodifications
necessary to change over to another form of external equipment should not

prove very extensive,

&/
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A Btandard Hollerith card hes 80 columns and twelve rows, the latter
being numbered Y;X,O,1,29 e« 9. Of the ecighty columns only 32 will be used
directly in combination with A, C.E. equipment, namely colurns 40 to 71. The
other columns will be used for various‘other purposes, such asg recording the
identification number of the problem to which it‘relates and other similar
information:

A card besring bina ry nunbcrs rmay have one 32 digit binary number in each
of its twelve rows, but only one decimal number will be punched on each card,
A Gecinal number will be punched in standard Hollerith code and since we
arc not interested in general, in numbers of more than ten decimal digits
such numbers will be punohed‘in colums 62 to 71 with a sign indication in the
0 row (zmeross ney. be omitted in punching the numbsr).

The Hollerith cquipment is co-ordinated with the ALC, T, during normal
operation by the proviSiﬁn of & nmumber of special sourceg and destinztions
which are degeribed beléw° T

Input Dynamiciser,

0

U

As each row of & card passes the reading sta ion, the thirty two readin
brushes associated with columns 40 to 71 nske contact with +he Hollerith

reader contact roll in each position where a hole has been punched, (Fig.33).

Consequently each of the lines asscciated with the brushes, is at a positive

D.C. voltage (100 volts) or zero, according ar’ there is o hole or n-t in

e
the corresponding column of the card, These thirty two voltages are dynarmicised,
and the Cynanie sequence obtained is provided with a source gate. Por reasong
conmected with the problem  of "initial input® (i.e. the input necessary to gét
the machine 'un der we, y ﬁhen it is started up) the source associated with this
input cynamlclser hes been made source Os At any time when a row is being
read then, source O provides us with the word contained in that row, in dynanic
form, once per minor cycle. Tt will be seen from Pig.33 that the input
dyﬂanibiser rnay els? be connected to a set of 32 manual switches; this means

that numbers may be set up by hand and fed into the machine.

READ/
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READ and PUNCH triggers.,

There are two special triggers associated with the input and cutput functions
by means of which the A.C.E. ray initiate reading and punching. (Fig.34). The

READ trigger has destination 29 associated with it, and is such that when a

~signal containing at least one 'one', is sent to destination 29, READ is put

on and starts a card cycle (i.e, the passage of sne card). The drive clutch

holds automatically until the last row of the card is past the reading station.

as & card cycle starts. If a further card is required immediately, the drive
clutch should remain engaged to avoid loss of time; in order to ensure this,
READ rwust be put on again scme time between the reading of the first row and
abbut 60 major cycles after reading the last row, From the point of view of
prograring the'inpﬁt, 2ll that is essential is that when a second card is

to be read, READ must be put on again after reading the first row in order to
neke certain that this restimulation follows the automatic clearing of READ.
The trigger PUNCH, which is associated wifh Gestination 30, is connected

to the punch Unit so that when it is put on, a card cyclé is - initiated in the
latter and automatically completed, PUNCH being put off byvthe Hollerith as
soon as the cycle begins, |

Qdd end even impulse line. The rows of the Hollerith are each in the feading

position for a number of major cycles (about 6) and between each of the rows
there is a somewhat grester runber of najor cycles; the same is also true of
punchihg.‘ There mus£ therefore be some means of synchronisation between the
A.C.E. and the Hollerith which not oniy rmakes certain that cach row is read
(or pﬁnched) but alsc ensures that no row is read twice, This co-ordination
is provided by the 'odd and even impulse lines?! wh?ch are sources 29 ‘and 30
respectlvely. When any odd row of a card is in position for reading or
punching the Hollerith ;rovideé & sequence of ones on the odd impulse line;
these ones are aveilable at source 29 and thereby we have a method of
discriminatihg'mhether en odd row ig in position or not.  Similarly for éven

lines/
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lines, the 'even input line! provides thelsame‘faciliﬁy”by*nwans”bf*sourceﬂjcgg-4*
The outline of operations for reading ‘a éard is therefore of the form. ‘ |
(1)  Stimulate RﬁADo
(ii) send source 29 (odd impulse line) to DISCRIM the next instruction being to

Tepeat (ii) or go on to (1iii) according as DISCRIM receives zeros or ones.
(iii) Read‘input"j.,e° odd row of card.,
(iv) gend source 30 (even impulse line) to DISCRIM, the next instruction being
to repeat (iv) or go to (v) according as DISCRIM receives ZETros Or ‘ones.
(v)  Read input i,e, even row of cﬁrd,
The above cycle is repeated from (ii) until all the rows of a cara are read.
If o further card is required READ is restimulated after the first row has been

read,.

The outline of the operations for punching a word are similar, viz.

(i) stimulate PUNCH.

(1i) send source 29 (0dd impulse line) to DISCRIM, the neit instructicn being
to fepeat (i1) or go to (iii) according as DISCRIM receives zeros or ones,

(iii) set up'odd row on staticiser. |

(iv) Send source 30 (even impulse line) to DISCRIM, the next instruction
being to repeat (iv) or go t0 (v)\according as DISCRIM receives Zeros, or
ones. -

(v)  Set up even row on staticiser.

- olete, |

The instructions of type (ii) and (iv) are usuélly given Bfiefly as "Wait for

odd impulée line" and "Wéit for even impuise line",

The method by which the rows and cards are counted during input and output

will be fully described later.:

External Control of the machine By push button and Hollerith.

For checking purposes it is convenient t5 have some means by which the
control mechanism may be put into "slow motion". The nature of the dynamic
storage used in the A.C.E. makes it virtually impossible to do this by

reducing/
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reducing the pulse frequency but it is possible to meke the control obey”

the orders of sny instruction table one by one, on the successive stimulation

cf = push button, in quite a simple manner. It will be remembered that the
initiation of trensfer in the automatic controlvis by means -of a P32 pulse
Which has been géted at the element G (Fig.31). This P32 pulse arises from the
slow counter when the counter has raised the number 63 - T2 to 64, If this

P32 pulse is not gated at ¢ the number in COUNT in the wailt position immediately

reverts t5 zerc because the 6L (which is represented by the P32) is deleted at

the element D, Failure to gate the P32 pulse at G means thot TRANSTIM is not

put on, snd hence COUNT 1is still counting in the "wait" position; it will

therefore count for ansther 6L mejor cycles before it sends out a further P32
pulge to G. CAs long 25 G is not supplied with the gating P32 pulses this
process of counting up to 64 and then reverting to zero will be carried oﬁ
indefinitely. If'at some ‘gubsequent perid, gate ¢ 1s permitted to function,
the instruction originally staticised will be cxecuted although it will 5cour
some multiple of 6L majsor cycles latersthan in normel operatisn., Since the
configuratidns in 211 the tanksv(except those of the multiplier) are reﬁe#ted
every major cyelé the delay will rnoh effect the instruction in any way. This
ig the basis of the push button operation of control, which will now be‘explainedr
Let us suppose that the TRANSFER CONTROL SWITCH has been switched to PUSH
BUTTON (Fig.31 TOP) end the 'N' switch is set at position 1. This means that
the gate G is conly supplied with ones when the trigger Y is on. Let us suppose
further that ¥ is off and an instruction has been staticised. Until the push
button 1s operated the counter will continue t2 count up to 64 and then revert
to O repeatedly. As soon 28 the push button is operated, o single pulse will
be gent to trigger X at sonme arbitrary time; “trigger X will send out ones, and
2t time P19 cne of these will put on frigger,Y; from then -mwards the gate N
will pass P32's to the gate ¢ and alss to the dinhibiter on X. The first of
these will put X off again., The next time the counter sends & P32 pulse to G
it will therefore paszs through and put TRANSTIN on. The transfer required will

then take place, and on its completion TRANSTIM will be put off. The pulse
' which/
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which puts off TRANSTIM will also inhihit Y. Hence the operation of the push
button will ensure the performance of one'operation only, after which the
control will revert to its previous inert state until the push- button i;
operated again,  During the inert state the latent transfer will be staticised
and therefore the source chosen will be sending out its signsl into HIGHWAY,
whers it will be obstructcc because the main HICHWAY gate will be closed, If
scope is fitted on the HIGHWAY before the méin gate, the number whosge transfer

1s to be ordered by the instruction mey be seen before the ingtruction is

actually carried out. PUSH BUTTON operati-n therefore provides us with two

very useful chiecking features,
The external control of the machine by means of the Hollerith ig
achieved in & similar wanver. The TRANSFER CONTROL SWITCH ie set to "Hollerith!

result of this the tri

o

er X receives & pulse whenever an »dd or even

row of a card is in the reading position.  Thus the control executes sne tra inafer
for each row which is read.

Multiple=purpose components.,

For economy of equipment a nurber of components of the pilot-model are ‘used
for duel purposes.  (ne such unit is the short tank, TS11. This tank is
normally used as a simple tempo °ri sterage, but by setting a trieger its
recirculation may be inhibited and its input permanentiy connected in serieé with
the long tank DIL1.  The trigger whiéh effects this transformation is shown as
TC32 in Fig.36. The trigger TC32 4ig set by sending a signal to destination 22
and is reset by sending a signal to destination 23. During =2 perind when TC32
is set, source 11 provides the éontents of delay line 1, delayed by a minor
cycle. The facility is of very frequent use in repetitive cycles of operations
when the words of & long tank are required in succession, ne for each cyele of
operation,. If an order is conteined in the cyrla which <elays the whole contents
of & delay line by one minor cycle, then the successive words of that delay line
12y be transferred by an instructisn which alWays take ﬁlace in the game minor

cycle.
Ancther/
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Anothér nulti-purpose piece of cquipment is that associatedeith the
accunulator “and multiplier (Fig056)o‘ The accuiaulator consists of two short tanks
TS12 and T814 in series with an adder. In normal operation each of these short
o tanks may be used as en sceurulator for nunbers of ‘one=word léngth. Numbers may
be added to either by sending ther to déstination 1j &t the appropriate time,
while each of them has an ordinary destination gate (destinatians 12 and 14) by

means of which their contents may be replaced by other numbers.  VWhen these

[er]

short tanks are being used as one word accunulators the carry suppression take
place &t the end of each minor eycle, The trigger TCOL enables the tanks 17 and
14 1o be used as a single twy word accumulator with carry suppression at the end

oif 0Gd minor cycleg.,  This transformation makes use of the trigger marked RVEN

which is on in even minor cycles and off in odd wminor cycles. IFf TC64 is put on

D

by a signal to destination 18, triggers TC6L4 and EVEN together have the effect via

Q

gate A of reducing the carry suppression to the end of 0dd minor cycles only.

A third trigprer, MULT; ¢onverts the gccounulatsr into a multiplier; for

which the multiplicand is stored in 7811, It will be seen th&tbwhen MULT is

put on by a signzl t5 D20, the normal recirculation of T812 and 7814 is

inhibited, and éirculation tekes place vie & unit celay B. The combination

T312, T814 and the unit delay become effectively the tank of length 65 described’

in the basic multiplier circuit., Multiplicati-n can only be performed when TCOL

is on gince it is cssential that gate i should pass alternate f1’s only. {This

was explained in the description of the basic multiplier circuit). To perform a

multiplication the accurmlator rmst be clesred and the rultiplicand sent to TS11.
@ LOLT rmust then be put on and the multiplier sent £5 the accumulator. When the

t

ime taken Cor multiplication is completed, which will be 65 or 66 minor cycles

léter according as the 'multiplier! is sent to destination 14 or destination 12,

MULT muet be put off and the product will be left circulating in 7812 and T84
An appropriate shift must be'givcn to the product to position the decinal point

correcotly and the round off may then be applicd by adding a P32 tothe minor

half of the resuiting nuber.

Miscellaneous/
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Miscellaneous facilities in pilot model.

Trigger TC98. The trigger TCY8 is used for "remembering" one binary digit. It

may be put on by a signal to destination 28 and put off by a signal to

destination 24, Typical use of this trigger is for remembering the sign of a
number while o number of computations are performed on the absoclute valus of

that number. The trigger may be put on if the number is negative and left off if
the number is positive; the state of the triggér may then be used to discriminate
between operations which depend on the sign of the number,

IN3T, The‘short tank INST which forms an important unit of the control mey be
uasced as a source or a destination, It's source number is 25 but its destinatipn

number is O,  The cxplenation of this

.y

s given in the section below on initial
input.  One of its chief uses as a source occurs at positiong in an instruction
table, where some constant of the computation is réquireds Such constonts are
planted among instructions as though they were thomselves instructions, and are
called upon by using sourca'25 et the cppropriate time. It is also used as a
source when, during the course of computation, it ig necéséary to construct an
instruction, some of the elements of which will be determinate when the
instruction table is mede but other clements of which will depend upon the

results of the computatisn itgelf, The fixed elements of =uch an instruction

will then be plantcd among the instructions and the complete instruction built up

from these elements at the appropriate time. Numerous examples of this use will

-

oceur in the section on coding.

INST is used as a destination occasionally in the course of autonatic ¢

computation but meinly in the initial input stage of operation. When an
instruction is scnt to destination 0 it passes into INST, at the same tine
overriding the next source of instruction which is selzcted by the ourrent

instruction (Fig.32).

Tenporary storage 9 -delayed »neé unit.

The centents of temporary storage 9 are available, delayed by one unit at
scurce 19, By using en instructisn with transfer ns, n which transfers source 19

to destination 9 the contents of 9 pay be moved round n positions. It should

be/
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be noted that by this means a number which consists originally of digits
Bzp Bgy eee 85 0, (a1 being the least significant) becomes

&, . a e A B A R a
32=n  31«n 2 1 32 3 3%-n

number by oP ie in genersl different from this. The multiplication of a

. The problem of multiplying a signed

gigned nuber by a factor o ig obtained by sending the nurber to the asccumulator

and then adding the accumulator to itself repeatedly by using the appropriate

“transfer number. This gives & simple method of multiplying single end double

word numnbers by powers of two,

Peilure Bell,

At various stages of the computation, checks of various types may be programmed
snd diserinminations performed on the findings of these checks, A Fallure

Bell is provided which mny be stimulated by sending = signal to destination 31.

Tn the pilot model it is assumed that there is no destination by neans of which

the 4.C.E. may put the failure bell off. . Failure of a check is assumed to
reguire human intervention.

Sipgn detection in the accunulator,

The number TS1h4 & P32 is evailable at source 13. Thig source will consist
5 & 1 in the 32nd position if the number in TS1h is negative and 2 zero otherwise.
It may thereforc be used to detect the sign of either of the numbers in the

acowulator,

A full 42ble of the possible sources and destinations in the pilot

model is given below. The explanation of the cholce 2 what incongrous

nuabers, such ag in TC98 ete., 1s that these numbers are derived from source

n the original version of the full scale model.

pe

numbers given
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ACE, (PITOT MODEL).
SOURCE DESTINATION
0 INPUT INST
1 DL DL
2 DL DL
5 DL DL
L DL DL
5 DL IL
6 DL DL
7 DL DL
8 TS TS
S T3 T3
10 TS s
11 T3 s
12 T3 T3
13 TS148P32 T812 through Cunulative
Adder
T4 T3 T3
15w TS EVEN
16 7394 7810 DISCRIM
17 TS94TS10
18 TCHL
19 7389 &1 Clear TC6A
20 T§9&P52 MULT
21 292 = 1 (Ones)  Cloar iMLT
22 P1 TC32
23 P16 Clear TC32
24 P32 Clear 1098
25 INS T512 through cunulstive
26 DL DL ‘
27 . Output gtaticiser
28 TC98 TC98
29 0dd Hollerith READ
Impulse Line
30 Even Hollerith PUNCH
Impulse Line :
31 0(zeros) Failure Bell

INDEX.

Aveilable ag
Instruction Sources

TC 22 connects TS11 to the
output of DI as a delay of
length 32

TS12 and T81L are in scries
with an adder, forming a tank
of length 64. '

adder after change of sign
(i.e. for subtraction).
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Initial Input.

The initial operation of the machine, when power has just beeﬁ sWitched
on, presents special problems because the configﬁrations of the various units
will bé largely unpredictable.  The only extra facility used in this initial stage
is a CLEAR switch on INST. When the clear switch is put on all the digits of the
instructions passing out of INST become zero, l.e. it is as though the instruction

from INST had been 00, 0, O, 0. The initial procedure is as follows

(

-

) Set the TRANSFER CONTROL switch to PUSH BUTTON and switch '§' to -1, This
stops the machine transferring; but leaves an arbitrary word on the

staticiser waiting to be obeyed,

TN
[N
}_Ic

s

Set telear! switch to ton',

(iii) Operate the push button. (i1) and (i1ii) hove the effect that the arbitrary
instruction ig wbeyed and 0-3 O; O; O; 0O ig set up on the staticiser. The
rmeaning of this instruction is that ssurce 0 i.e. the input dynemiciser is

¢ be passed to destination 0 i.e. INST for one minor cyéle, the use o
destination O overriding the choice of the next source of instruction which

is delay line 1.

In case the'useless instruction cbeyed had the effect of stinulating READ, PUNCH

or FATLURE BELL the next operations are

(iv) Stop possible FAILURE BELL.

(v) Welt until possible reader and punch unit card feeds stop i.e. until any
initiated cycles are completed,

(vi) Set CLEAR switch to off,

All the externally cnhtrollable organs are now Iin a state for use, and we
proceed to the second part of the initisl input drill, usin~ the Hollerith
reader,

(vii) Put the Initial Input pack of cards int> the Reader hoprer.

(viii) Switch the Transfer Control Switch to Hollerith.

(ix) Start the Reader card feed and leave the carc foed on.

So far we heve the word 0-30; 0; O; 0 set up in thé Control weiting to be

obeyed/
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obeyed ag soon as trigger X reoei&es a signal, - This occurs when the first
TOW feaches the reading station, The execution éf the transfer 0=0; 0; 0;
O has the effect that the first rcw of the card is‘sent to INST, and:
staticised in the following mincr cycle, ready to be obeyed When the next
row cof the card &rrives. When this first row is obeyed however, the nekt
instructien is t&%en frem one of the storage units and is probably quite
arbitrary as the fanks»are not necessarily empty. Tec avoid this the Tirst
rew of the Initizl Input pgck of cards contains the word 211505 3170

which orders deley line 1 to be filled with zeros and the next iﬁstruction

‘token from it. This next instruction (0-20; 0; 0; 0) will then ngdin

troansfer the word in the next row of thé card to INST, - As the cards of the
Initial Input nack feed in, the A.C.E. will perform the truhsfars punched

in alternate rows of the card, and the fixed ingtruction C-»0; 0O; 03 O
alternately. The first few instructions put MﬁLT, TCOL, TC32, and TCY8 off -
(theif previous state ig, of coﬁrse, unknown) and then stimulate EVEN so
that the ref@reﬁce datum for mumbering minor cycles can be fixed relative.
to it. These operations take up exactly one card.. The instructions for +the
standard table to be used. for auntomatic input may now be fed in, in a
similar manner; it should be noted that the position in which the first of
these instructions is placed in 2 long tank determines which word of that
tank (:=nd therefore of all othersj sholl be the First i.e. it determines the
reference datum for minor cycle mumbers; it must be placed in such a position
28 to agrée with the state of EVEN,

*

(x) When all seven cards have been read the TRANSFIR CONTROIL SWITCH is set

to PUSH BUITON and the A,C,E. is ready to enter the Input Table 28 soon as
we switch to automatic operation. This Comﬁletes the Initial Input drill

and to start automstic operation we must switch 'N' +to 2.

U1
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5. Extensions of the coded instruction word in the full scale A,C.E.

Although a number of problems have been coded for the pilot model,
they are not included in this report. The limited nature of the storage

in the pilot model makes it necessary to resort to a number of special

‘tricks in the coding, as a result of which the instruction tables are not

so readily intelligible to anyone who has not made a special study of the

machine,

Quite apart from the artificial limitaticns imposed by the small
storage capacity, ekperience in programming for a machine uéing the type
of instruction word imployed by the pilot wmodel reveals o number of
shortcomings in this instruction word itself. The association of the
arithmetic and logical operations with special units menns that quite a
mizber of instructions are worded in directing nuibers to these units and
then back again to their 'normal! storage positions., A more flexible
type of instruction wsuld be one which gave ‘an or@efcﬁ?tbetype. 'A
function B to C' i.e., had two sources a function and one destination.

Typical instructions of this type arc.

A+ B-&C
L = BwsC
A& B~3C
Single source instructions may be represented in this system by
instructions of the form.
{ o+ zero -3 C,
In the large scale 4,C.E, the coded words and the logical control have been
extended to cover orders of this type. The full instruction in fact is
written in the form,
Source one, function, Source two, destination, characteristic, timing

rmumber, next source of instruction.

It/
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It is assumed that there will be 256 possible sources and destinations

and therefore 2l digits are needed to CoOvVer source one, source two and the

destination; the total number of functions has been limited to 16 and the

next source of instruction may he drawn from any of 32 tanks (31 long. and 1
short). This requirses another 9 digits. The timing mumber may take any

value between 0 and 31 and the characteristic one of four possible values

0 to 3.\ The total number of digits in the instruction is therefore 4O, Uy

to the préesent stege it has always been assumed that the words were 32 digits long.
Frommw on they will be 40O digits 1§ng and canseQuentiy e short tank will be

40O digits long and = long tank 40 x 32

1l

1280 digits long, i.e. a long tank
will still holéd 32 words. The major and minor cycles now become 1250
microsecs and 40 microsecs respectively. This naturally requires that the

ring counter now have 40 elements nwabered P1 to PLO and & number of ‘other

. TN s Q. , 12
cbvious changes of this type.  Since 24 18 rather greater than 10 ° we

can now cover muabers of 12 decimal Aigitg,

!The only other alteration in the instruction word is that the two
timing numbers have been replaced by one timing number and o fcharacteristic!
which may take one of four values. The conmbined effect of the timing number
and the characteristic for the four%possible values of the characteristic
are defined as follows.,

(1) and (2). The first two velues of the cheracterisiic given rise to

what are known as 'immediate transfers', An immediate transfer with timing

=
e

number 'n' takes place for n + 1 minor cycles irmediately after it is
staticised and the next instruction is *he one in INST at +he end - of the
transfer. In order that immediate transfers may teke place for any period
from 1 to 64 minor cycles two values of the characteristip are used to cover
this type of fransfer. If the first value of the characteristic is used the

transfer takes place for a nmumber of minor cycles one greater than that given

» by/
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by the timing number but if the second value is used the transfer takes
place for 33 minor cycles longer than indieated by the timing humber. In
writing instruction: tables the actual period of transfer is given and not
the timing number 'n' which is used in the instruction word. An immediate
instruction is written e;g. as

A % B-3C imm. 10, N.

A+  B-}C imm. 40, N.
ﬁithout direct reference to the characteristic. The timing rumber of the
first of these instructions would be 9; while the timing rumbér of +the
second of these instructicns would be 4O - 33, i.e, 7 and the second value
of the characteristic would be implied,
(3)  The third value gives rise to what are known as 'deferred!
instructions. A deferrsd instruction with timing mumber 'n' waits n minor
cycles after 1t is staticiscd and then takes place for one minor cycle only.
It is written e.g. s

A+ B-3C def n, N,
The next instruction is the one in INST at the end of the transfer. Such
an instruction is used for picking out one word from a long tark.
(&) The fourth volue gives rise to what are known as serial instructions.
4 serial instruction with timing mumber n waits for n minor cyclcs affer
it is sﬁaﬁicised and then transfers for one minor cycle, but it differs
from the other instructions in that the next instruction to be obeyed is
not the one in INST at the end of the transfer, but the instruction frem the
ténk ;elected by the next source of instruction which occupies the next
minor ‘cycle -to the current serial ingtruction itself. Thus the instruction
obeyed after an instruction occupying position 'm' given by
A + B-C sern, N

is the instruction occupying position (m+1) in instruction tank no N and is
therefore independent of n. 4 serial’instrgction is-used to pick out & éingle

word/
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word from a long tank whose position is not known in advance but will depend
upon the course of the computation itself. The nuiber n can be assigned
during the course of a computation without effecting the instruction which
follows the serial instruction. For each of the other three characteristics
the position of the next instruction obeyed is directly dependent on the

value, n', of the timing number,

The timing of the transfers, using timing rumber and characteristic is
achleved in a very similar manncr to the timing of instructions in the pilot
model.  Again the principal unit involved is the short tank COUNT ~nd its

agsociated helf adder,

The use. of two sources and onc destination together with a function
requires cornsider-ble extensions of the control however, and a schematic

diagram and description of this part of the circuit is given (FIG.57).

The parts of the instruction which have to be staticised now, are the

two sources, the destination, the function and the next source of instruction;

-

correcsponding to these elements of the instruction there are three trees of
order eight, one of order four and one of order five respectively, Each of
the sources is provided with two scurce gates the first of which may be
opened by the tree corresponding to source 1 and the second by the tree
corresponding .to soﬁrce 2¢ A1l the lines from the Tirst set of gates pasé
into a éommon 1ine‘called "HIGHWAY 1" and all the lines from the second
gource into a common line called "HIGHWAY 2", Each of thesc highways is
zoted by TRANSTIN and then passes into a set of function boxes which
produce functions of the sequences of digits on the two lines. Thus whenever
TRANSTIM is on, the function box marked BO will be producing the murber
HIGHWAY 1 + HIGHWLY 2 with carry suppression at the end of ¢ach minor cycle,

Following each of the function boxes there iIs a gate which is controlled by

the/
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the tree associated with the function element of an instruction., The outputs
of 2ll the function gates are connected to 4 commnon line vhich is called HIGHWAY;
this linc also has 2 gate controlled by TRANSTIM. As in the pilot model all the
déstinatian iates are connected to HIGHWAY. The following funetisns are Jderived
exactly in this way (there are also & numbers of functions which are derived

gomewhat differently).

=

0 SOURCE 1 + SOURCE 2 cerry suppressim at the end of all minor cycles.

+ ’SOURCE 2 1 i " 1] it ] odd n 1"t

2 SOURCE 1 + SOURCE 2 no carry SuLpréssion.

3 BOURCE 1 - GOURCE 2 carry suppression at the end of 211 winor cycles
Ll- SOURCE 1 o SOU?HCE Z i "W 1 it 1t it it 1"
> COURCE 1 = SOURCE 2 n& carry supnression .

6 SOURCE 1 V SOURCE 2
7 BOURCE 1 & SOURCE 2

8 SOURCE 1 7% SOURCE 2.

.

Althoush the cix function boxes agsociated with sddition end gubtraction are

shown separately, there will in fact be one adder only for all six functiong.

]

CAfy

The particular line from the function trec which is being stimulated will m

-

the functioning of the adder to give addition or subtraction with the requircd

type of carry suppression.  The notatisn + s+ 5 4+ dg used to-denote 2lidition
A 0 N ?

o

with cerry suppression at the end of all, ©4d 5T none.

It is convenient to be able to delay any sequence of pdlses by & nunber of

a)

microsecunds or ¢ven by o whole minor cycle.,  The Gelay facility ie made one of

the aveilable functions but it is provided ag o function of 'source sne! onlys

Ain dnstruction ordering such & delay hag the nuwiber of Licroseconcs by which

'scurce onc' is to be delayed, given in the posititn normally cccupied hy

the/
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s required and, when the multiplication is completed, the 80 digit product is
added to an 80 digit accumulator which has carry suppression-at the end of odd

minor cycles. The timing necessary to determine when the multiplication is

complete is performed by counting in the short tank COUNT in the digits which
are not ocecupied for counting the transfer timing. Multiplication is ordered
by instructions of the type.

A-x B - dimm 1, N

Az B -~ def m, N

N ete,

h=g
s
ws}
i
[ep]
=
=

In these instructions 'x ' and 'x', which stand for signed and unsigned
< 9 &

multiplication arc two further possible Pfunctions; since +the product is added

into a double length accumulator tre destination is redundant in o multiplication

instruction. The nmlﬁiplication functions route HIGHWAY 1 and HICHWAY 2 to the
multiplier as soon as TRANSTIM is on. It is assumed that the nultiplier is of
the same basic type 2s hag been described fully before, i.c. it toekes 2 minor

cycles to multiply by each digit and therefore 3200 microscces.for the complete
rultiplication, This may ultimately be regarded as too long, in which case the

time of multiplication may be cut down by having two or more edders, but for the

purpoge of thig report the full 3200 microseconds has been taken. To determine
the position in instruction source N of the instruction following a multiplication,

the position of the next instruction on the basis of an ordinary current

ingtruction (i.¢. cne which does not order raaltiplication) and then 81 minor.

€

cycles is added (actuslly 17 is added becruse the result is only needed
medulo 32). This ellows time £or the multiplication to be completed.

Speclal Facilitice provided by coded instructions,

Therc arc a nucber of features in the type of coced instruction used on

the A.C.E. which are sufficiently diffcrent from any dlsplaeyed in the coded

instructions of cther projectced calculating machines, +to v

c¢ a brief survey

of’ /
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the type of facilities which our instruction provides worth while.  The
first importent difference is that instructisn ds not Dccupy succesgsive
positions in the mewory. The position of the ingtruction following each of the

baglc types of instruction is shown below, -

Ingtruction position a, A FUNCTION B~M§Cbimm 2N (1o ,6‘4)
Next instructiom is in position (a +.m41) in N,

Instruction position a A FUNCTION Bﬂj(Siéef n Nl(O no31)
Next instruction is ih'pasition (2 + m+2) in N.

Instruction position a ‘ A FUNCTION‘IL«}Qiser‘m,ﬁ (0 m  31)
Next instruction is in position (. +1) in N i.e, is independent of .

If the functisn involved is nultiplication 81 nust be ud to-the position

D

of “the next ingtruction in 211 the sbove cages

i

The feature of cur instructisns which uukgs then diiffer nost markedly
from other instructions is the fact that the immediate type of instruction

may be used to trinsfer e nurber of o)nv“cutlve words., By means.of the

instruction

for cxample, where A, B a dcc correspond to long tanks, i: consecutive words

of tank A may be added t o consecutive words of B and the result sent as n

consecutive words to C, i065 the instruction gives vuctwr addition of ‘two

vegtors each with m components; -the round carry at the end of all minor

cycles ensures that the carry from the end of one component, (Which nay occur

with positive and negative numbers even when each component of the vector sunm

lics in the required range), does not trun into! the next cumponent, If B

is made equal to A the original vec{or is doubled. By using the accumulator

the 1uleu1atc instruction ray be used to give a remarkable variety of results.
A -+l~ Ba~§aoc+ ima i, N, (The definations of acc+ etéu are given in

the last paragraph of this section) for example will take m consecutive numbers

from deley lines A and B and add =1l 2n nusbers into the aconnulsator. TIF 4

and B are short tanks then the seme numbers are sent t9 the sccuwwlstor each

minor/
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minor cycle and therefore m(4+B) is added to the aceumulator. Hence the immediate
instruction may be used for multiplication of the sum of two numbers in shortv
tanks by integers m up to 64 in one instruction.

The instruction

acc 4+ zerogs~jacc  immed m, N
A : + :
hag the effect of multiplying the number n the accumulator by 2% giving the
correct result for positive or negative numbers provided this result still
lies in the permitted range. The ¢xplanation. of this is that if the original
number in the accumulator is 'a', at the.end of the first minor cycle of the
transfer it contains a + a, i.e. 2ay; at the end of the second it contains
28 + 22 ices La snd 8o on.
In a sinilar way the instructicon
ACC 4 AacC —%ace irmm, N
A : + '

¥l o 3 . » - - uk N .
has the effect of mltiplying the nusber in the accumulator by 31, since it

(7]

contents will be trebled for coch minorlcycle of ‘the transfer.  The function

of addition wifh cerry suppression at the end of o0dd iwnor cycleg only,

may be used in o simiiar way to deal With double length nurbers. kThus

vectors with double length components may be sdded (end, similarly, subtractud);
numbers in thé double length accumilator ney be nultiplied by powers of 3 etc.
Another, and perhaps more luportant, property of the imsediate ingtruction, is
that it ensbles us to perfo m operations on nurbers containing a large number of
digits (up to 1280 in fact). Two long nusbers in two loﬁg taniks may be added
together, provided they are in phase, by using the adﬂitiﬂn with ho carry
suppression;  the fact that when positive and negative nunbers asre added

together there may be a carry from the last digit (ive. the sign digit) is of

wcr when the trangfer

no consequence because this carry is left behind in the aid
terminates and i logt curing the poriosd when the next instructisn is being
staticised,  Such a carry digit can therefore do no harm,

The combinel uze oFf the deloy facility and the accumulator gives a

simple method of multiplying positive numbers by poviers of (2n + 1)

/
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The instruction
acc p h~ﬂsacc+, imm  n, N. ("£ ' is written for 'delayed!)
multiplieé the éontents of the accunulator by (24 + 1) i e by 17
since each trensfer produces - (.QlF acc) + ace.
The & and operator may be used for selecting particular digits of
a word by using the P1 and PLO sources. Its most frequent use ig for
detecting the sign digit of a number., TIts use may be illustrated by the
example =
A &P -—fa?acc+ imm o mo N
This trensfer will perforﬁ the & operation on m consecutive numbers of

delay link A, and corresponding to cach of then which has a 'one’ in the

=y

P1 position (i.e. corresponding to cach of them which is an oda number) a P1
will be sent to the accumulator. Hence the nﬁmber added to the accumulator

ag the result of this instruction is equal to the nwiber of od&.numbefs

among the 'm' numbers exa&ined, Such examples of the usec of the instruction
word could be multiplied indefinitely, but the above will suffice to illustrate
the neture of the immediate type of instruction.

Index and notation For full=scale A C.E

o

¥

Since the exact structure of the A.C.E, 1s not yet considered to be
finally decided upon, the various facilities it provides have not yet been

allotted definite source and destination numbers,  To Ffacilitate reading tables

of instructions, the various sources and destinations used in the instructions,

Q

have been given an abbreviated code,  This will be described below,

U
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The A,C,Z. will econtain:

COMPONENT ' ABPREVIATED CODE.
(1) Approximately 200 long tanks D.7..X. (Delay line). The n th word of
v ' ‘ ~ D.L.X. will be denoted by Xh'
(ii) Approximately 32 short tanks - T.5.X. (Temporary storage)
(iii) A few triggers for remembering T.C.X.
binary digits., .
(iv) A trigger DISCRTM. DISC
(v) A short tank,TNST, INST »
(vi) &n accumulator of length 4O, When used as a scurce "acc'.

When used as a destination "zcc® or
acc, "according as number sent there
replaces, or is added to current content.

(vii) An accumulator of length 80  When used as & source "Acch.

When used as a destination "Acc" or
"Ace Maccording a number sent there
replaces or is added to current contents.
(viii) 0dd end even impulse lines 0,I.L. {0dd impulse line)
assoclated with input and output £.I.L. (even impulse line)
(1x) Triggers READ and PUNCA RE&D, PUNCH,
(x) TInput Dynamiciser I
(X1) Output Staticiser 0
(xii) One short tank for T.

8,1 (Temoorﬁry Storage for instructions).
instructions.

The characteristics imm, def, and ser, are abbreviated to 1,d, and s in
the later examples. The notation D.,L.Xn is used to denote the nth word in
delay line X, it is frequently abbreviated to Xn when this will not lead to

confusion,

The,instruction is writfen in the form.
Source 1; function; Source 2; Destination; Characteristic; Timing numberga
Next source of instruction number, |
this enables the instruction to be read in the form in which it most readily
conceived. The order of the elements of the instruction will not, however, be
as written above. Since in a number of instruction tables given later, instru-
ctions nave to be built up during the operation of the table if 18 necessary
to know the true order of the elemernts of an instrﬁction. They have Teen

chosén to be

Timing/
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Timing rumbér, Source One, Scurce TWo,,Deétin&tion, Function, Characteristic,
Next instruction Source, P1 to P5, P6 - P13, PiL4 - P 1, P22 - P29, P30 - P33,

P3L - P35, P36 - PLO,

The timing mumber precedes the source number, so that we may pass naturally
from the end of one long tank to the beginning of the next when we are using

a serial instruction, by adding one repeatedly to the timing number,  When

the timing number passes 31, 1t adds one to Source one and itself reverts

to ZeTo, -

. Zxamples of Coding,

Droblem 1.

The deriv&tion éf the squares and cubes of all integers from 1 to m.

This problem is treated in the simplest possible menner and is merely
infended to show how an instructien table is constructed. The squares and
cubes are derived successively, and each is destroycd when the next is formed..
No binarj decimal conversion is given since this is treated later.

General Plan of Table.

It is assumed that the integer m is given in’TS1. In order t6 have all
ndmbers as accessible as possible'the values are stored in temmorary
storages. The;numbers n, n2, n3 are obtained in TS2, TS3, TSk respectively
for successive values of n ffom‘1 to m and (n+1), (n+1)2, (n+1) 5 are
derived from them in the following steps:
Form (nz + 1) in TS3.

: 2 . :
5. 3(n” +n) in TSk

Form n
Form (n + 1) in TS82
Form (n2 +n) + (n+ 1) ice. (n+ 1) in TS 3

3

2 . ,
Form n° + 3(n +n) + 1 ie. (n+ 1) in TSL.

)
J
)
) .
)
)
5.)
)
)

ThiéAcycle of operations is performed repeatedly and alter cach repetition

a discriminetion is performed to see 1f the mumber in 482 has become identical

with/
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with thet in TS1 i.e. to see¢ if 'n' has reacned 'm'. If it has not, the

cycle is rereated, but if it has, the computation is complete =nd we move

on to a new instruction table. In addition to the eycle ~of -operation.there

are a few preparatory instructions which put 0, 02, 03, (i.e. zero) in each

of the.tanks TS2, TS3, TSk, This 'sets the stage' for the repeated cycle.

It is assumed that all the instructions are in the long instruction tank A

and occupy the positions given in the table. The time +taken is'1 miliisec

ver step. |

A1 2eros+ zeros - T82 Imm 1, A g » Preliminary process for obtaining
2

A3 miross zerds~f§”83 Immn 1, A 0, 07, O3 in TS2, 83, 1ok

AS  zerost zeros -y TSL Imm 1, A 3

LR e S Ay

A7 0 T82 +QTSB -y TSB‘Inm11} o 1e@, n2 + M TEZ meena

L9 T83 + T34~ T8l Tmm 3, 4 ie. 4 3(n2 + n)=> TSh

£13 82 + P12 082 Tmm 1, A ice. no+ 1 -3 T32 |

A15 TS} +’TSZ ~> T83 Imm 1, 4 i.e. (n2 +n) + (n+ 1)¥T53 . .
AT7 ISk + P1  TSL Imm 1, A ive. n 4 3(n2 + n) + TSk

A19 782 TS~ DISC Imﬁ 18, 4 i.e. Discrimination on the equivalence of

new 'n' and 'm'. If not equivalent,-memeems
return to A7, otherwise go on to A6.

46 END

The only instruction which calls for any comment is A 19, The reésult of this
instruction is that for each digit of TS2 and T31 which differ, a ohé ig sent
to DISCRIM &nd therefore DISCRIM-will be put on unless TS2 and TS3 contain
identical numbers. The timing nunber of 419 has to be chosen so that if
DISCRiM has been put on, the next instructiqn will be 47, i.,e. the beginning
of ‘the reﬁeate@ cycle; if DISCRIM has not been put on the ﬁéxt instruction

is 46, which will start on a new problem.

Prcblem 2./
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Problem 2,
S e
The derivation of values of sin nd and eos n d for values of n

IT T .
from 1 to m. (It is assumed that 2 > 4 > L' so that neithor sin n d

cos n & takes the value 1-:0).

‘ This'prOblem is again treated quife simply and there ig no section to

deal with the binary-decimal conversion and the punching of results. Routines
are givgn 1atef wnich  will show how this would be done. Temporary storages -
are again used for the numbers throughout. Sinée‘all the values obtained
are numerically less than 1+0 the binary point may be placed between digits
39 and LO without runcing into any difficulties which fequire the use of scale
factors., it is assumsd that sin d and cos d are given in 81 and TS2 also with
the binary point between digits 39 and 40, Sinn d and cos n 4 are derived
succéssively and stored in T83 and TSL., The next two values are determined
from thése by the formulae.

sin (n+ 1) d= sinn dcos d + cos n d sin 4

cos (n+ 1) &= cosndcos daginn 4 sin 4
sin (n + 1) d is formed first and it is stored temporarily in TS6, because the
value of sin n' d is stiil required for forming cos (n+ ﬂ) d. When cos (n + 1) 4
has been formed and put in TSL, sin (n+ 1) d is moved from TS6 to TS3, Tt is
assumed that the number m is given in TS5 originaily. Zach time the cyclé of
operations deriving the (n + 1)d wvalues from those for n d is performed, a
P1is subtr&ctéd from TS5.  Since the table starts by putting the given
values of sin diand cos d in TS3 and TSk, there are only (m = 1) cycles to be
ﬁefformed and hence the process is complete when the nurber in T35 has been
reduced to 1 i.e. Whenvit is equivalent to P1. The test for the completion
of £he work is therefore done by discriminating whethér br not TS5 is identical‘

with P1.  The formation of sin (n + 1) d and cos (n + 1) @ are carried out in

-the double length accumulator, Tor the formation of sin (n + 1) d the process

in detail is this:

The/
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The ALccumulator is cleared

sin n d cos d is sent to it as an 80 digitAnumber with binary place

between digits 78 and 79.

cos n d sin d is added to the accumulator to form sin (n + 1) @

as an 80 digit number with binary place between 78 and 79. The

answer is then shifted one place to left to give a numbef with the

binary point between 79 and 80 and finally a P40 is added into the

40th digit of this number to round off. The léft hand half of thé
résulting mmber 1is then éin (n + 1)d regarded as a 40 digiﬁ mumber

with binary point getween 39 and 40, This half is sent to 136,

The multiplication is given in full here to make the srocess qiite
clear; it should be noted that,ﬁhe two 80 digit numbersare added before they
are rounded off., This procedurc is adopted throughout these examples, for
the summation of products. & point df"g@neral intgrest in table making should
be mentioned here; insofar as sin 4 and cos d.are‘not exactly répresentable
as 39 digitkinary numbers we will be usiﬁg incorrect values for thesektwo
numbers, whiéh ﬁill bfing a systematic error into the calculated values of
sin n 4, cos n‘d ., over -and above the "randoﬁ" rounding-off errors. It is
therefore advisable to choose a value of d such that sin d and cos d will
be particularly aocurately'repreéentable to 39 binary digits, If e.g. dis
=19 :

chosén to be 2

S 1—_ .
sin.d = 2717 o 22707 | e,

—_

e ’ - y — =
and would therefore be represented by 2 19 with an error of less than £ x 20

-

.

Similarly we have

4 -38 1 e 76 ’
cos d =1 402 3 + 2 -.etc,
and therefore cos d will be representable as (1 - 2797) with on error of less

2"76

1 . ’ it
than Bl » In this way the consistent error due to incorrect values of

sin d and cos d is kept very low. When values of sin n d and cos nd are

required/
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c -1,
required for a small value of d which is to be a power of 10 = it is better

2

to use 2% sin d ana 2P (1—cos d) Jhere a and b are chosen, so that these
values are still less than unity. The products obtained when forming sin
(n+1) d and cos (n+1) 4 will then need an appropriate shif+t in order to
obtain the binary point in the correct place, The general plan of the
1nstructlon table is given below, and the table itself follows. Fech step
of" the computation takes 11 milligecs.

1. Send sin d to TS3
Initial process

2. Send cos @ to TShL)

st

3.7 Clear Acc:

e
A
4o Form sin n 4 cos d and add to icc. Forming sin (n + 1) &
5. Form cos n d sin d and 2dd 4o ice, n 786

)
?
)
)
6.  Correct position of binary point in ice, §'
7+ Round off result )

8.  Bend sin (n +1)d to T.8.6 g

9. Clear 4cc.

10. Form sin n d-sin & and add to icc. Forming cos (n + 1)4d

12, PForm cos n d cos d and adl to ikcc,

)
11. Reverse sign of contents of hoc (-sin n 4 sin 4) g
)
13. Correct position of binary point in icc §
1. Round off resﬁlt )
15, Send cos (n + 1) d to TSk

16, Send sin (n + 1) d to TS3

17.  Subtract one from TSH

18.  Detect whether or not TS5 = P1, If so0 go to 19. If not return to 3 i

19: End,’
The table itself follows, -

Table/
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&
5

12,

15.

21

&

Ace
PLO &+
Acc ¥
Eeros
TS x
TS5 -~
ZE1r0s
TSL x
Acc 5,
PLO +
Acc 4+

TS6 +
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Table of sines and cosines.

ZEeYOS wwy TS3 dmm 1

Zerog -~ T84 imm 1

+ Feros A

)

Ace

cé T 2 e
imm 1,
imm-1,

inm 2

def 1

Zeros mt,:Acc+

zerog ~¥ 186 - def “l‘

+ Zeros ~3 Acc imm 2
781 imA

i st

Pl -3 185 def 1

- Acc-spcc imm 2

782 __cdrmm 1
1~ Acc imm 2

Zerosg =i ACC def 1
+

zeros =3 IS4 def 1

Zerog -y TS3 def 4

onN
TS5 & P1 =5 DISC def 13“’2?
d \‘»

3

END. *OFF,
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Froblem 3.

- Derivation of the square root of an integer¢f239 to 1000 binary digits,

This example is designed to illustrate the use of the logical,control‘for dealing
with numbers of a considersble number of digits,A The restriction on the size of
the integer could easily be removed, but, since the example is merély meant -to be
illustrative, it has been taken in ité simplest possible form.

General description of the method,.

If.is clearly sufficient to consider the problem of finding the square root of
nﬂmbefs 'm' such that 2 »m }.% expressed as numbers with 58 binary places.
it 1s agsuned thatbthe problem has been feduced to thig form, and’that thé
number m is in the long tank DI, A in the 1st position, i.e. at the beginning
of ‘a-major cycle the pOSitioﬁ of the number in the ténk will appear as in

the fizure,

st
-

Zeros ZEI0s ZEeros ’ ZeTros f m

v

AGY
(@]

29 1 0

The method of calculating the successive digits is essentially the binary
equivalent of the standard method of "extracting gquare roots®, Tt is given

below for the square root of 2 for cemvenience.

1,01101
10.
1 ST
1001 TI0006 -
1001
10101 TTAT00
10101
1011001 1770000
_ 1011001
1011010 TG00

Igﬁoring all reference to binary points the process may be deseribed as follows.
Let us suppose that n digits of the square root have been extracted, and let

u, be the integer represented by these digits and 1, the remainder. To obtain

- the next digit, we form the numbers Lr, and hu,. We then form Lu +1 and if this

is/
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is less than or equal to Arn the next digit is a 1 otherwise it is a zero,

U.q Will be 2u. 11 or 2u. + O respectively in these two cases.

This process is progreﬁwed ag follows,
r, is stored in D.L. 4 {x@ = m)
u, is stored in D.L. A+2 (ub = 0)

4un is derived in'D, L. Al

The single digit P39 is stored in the first position of D.L. 443 i.e. (A43) 5

and is used for forming Lun + 1 and 2un +-1 From Aun and zu, respectively.

Since we are determining the square root to 1000 binary places only, none of the

intermediate values thained in the computation will occupy more than 26

minor cycles,‘ Hence for positi#e numbers all the long tanks will have 6 words
at least consisting entirely of zéros. In order fo determine whether or not
Aun + 1 1s greater than or equal to Arn, a subtracticn ﬁill be performed.  In
the cases where the result is a hegative numbervthe last six words in the long

tank containing this number will consist entirely of 1's and hence any of these

‘digits could be used as a sign digit., In most additions (and subtractions),

the addition with no carry suppression must be used, and the transfers

involving them must obviously start exactly at the least significant end of

the number and terminate cxactly at the most significant end. However in

forming Aun + 1 or 2un +:1 “from Aun, 2un and the tank cbntaining the single P39

any form of addition'may be used and only the minor cycle containing the P39

need be covered by the transfer since there cannot be any carry overs., -In

fact this addition is performed in the table by the use. of the logical operations

of ‘the type (A+1)_§ (A#B), since this operation gives us the greatest frecdom.

-~ Bven if the transfer were of such length that it went through the minor cycle

in which the P39 ie contained twice, the result would still be to add the two
numbers together»correctly sincelthe repetition of the logical operations produces
no further result! The operation 'or! cén be used to replace addition because

the P39 is added to a zero, The discrimation on-the sign of br, - (Aun +1) 1is
perf§fmed by sending A & P4O to DISCRIM in minor eycle 29; the effect of this

is/
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is that DISCRTH is put on i the 4O0th digit of DLAhé is a 1. This Will only be

true if 4r - (hu +’1) is negative. Although the table contdlns few 1nstructlons

it is necessary to use more than one instruction storage tank bec :use a number
of instructions huVC to be placed in the same minor cycle., The storage tanks for
tac 1nstruct10n are called B, C and D. It is asoumed that the number 1,0000 in

binery form is given in TS1. FRach time a digit of the square root is determined a

P1 is subtracted from TS1 and the discrimination for the completion of the

process is therefore performed by testing whether or not the contents of

TS1 have become zero,



g

w2

B1 . &IOS 4 Zeros--#A 4+ 3 dmm 32,B
B2, PIf 38 =3 A+ 3 dir 28,3
BO ZEr0s + zZeros -»A + 1 imm 46,B
B15 . zeros 4 ZGrOS*é,A”+:2 imm  45,B
B29 A+ 2 B 1 -» A4 2 dimm 32,B
B30 A+ 2 p 1 -3 A+ imm 32,B

B3l (A +1) vi(A+3)34+1im 30,¢

c30 A = N (A+1) =3 A 4o 32,0

€31 A & P40 —y DISCRIM def 28,D

£ DL A im
of D, L. P29 i

is D30.

D29 (A +2) v (A+ 3)»h + 2 imm 33,D

D30 A 4 N AT ek dmm3zp
D3 TSt - P13 s def 26,
D27 Ap 2y imm 32,D
D28 1+ zeros=3 DISCRIM ima 31,B

it is & O the next instruction is D29, if a 1 next instruction!

. PN
Torms 2un + 1.in A 4+ 2
Reforms Arn in A
Subtracts 1 from T,8.1.
CForm 4t in D.L. As
n+1
Discriminates of content of T.8, 1. TPswmmd

Clears D.L. A+3

Puts P59

Clears D.L. A+l

in (A+5)O

Clears D.L. A+2 i.e. supplies u, = 0.
Refiaces w by 2un in D.L, A+2 S
Send 2 x Qun i.e. Aun to D.L, - A+T

Forms bu_ + 1 in D.L. (4 + 1)
Subtrécts Aun + 1 from Arn in D.L. A,

This discriminates on the 40th digit

it is not zero the next instruction is 329 (i.e. beginning of cyele). If

it is zero the next instruction is B28 and the process is conqﬂeten

B28. End.

It shoﬁld,be’noted that the first step in the eycle is to double u It is

permissible to perform thig step first because on the first occasion we enter

the cyecle U, =u= 0.

The time taken to determine the thousend digits is sbout 111 secs.




Problems 1, 2 and 3 give rise to self contained instruction tables but this is

only because they have been constructed in an artificial manner, The simple

~problem of forming squares and cubes of numbers would require some form of

output table, possibly incorporating binary decimal conversion, so fhat the
results could be obtained on punched cards or printed. The table for binary

decimal conversion and punching would, in fact, be needed for almost any prdblem

and 1t would fherefore be convenient to have a standard routine for dealing with -

thig problem. ITf we regard this routine as a simple table which will take a

given binary integer and convert it into o decimal integer in the form. required

by the Hollerith equipment, then before any table could meke use of this routine

. \ ol :
1t would have to provide the routine with the binary number to be converted, and

also with an insfruction which ensured that the control returned to the correct
instruction pOSition when it had Tinished using thejfoutineo  The first of these
requirements has bcén called 'a pérameter' of the routine, and the second the
’Liﬁk‘ ingtruction. Another example of the use of a standard routine is provided:
by the problem'of‘multiplying two square matrices or order B This problen may
bé treated by dividing it up info the problem of finding e scalar prodﬁcté of.
vectors of ordef m. If we have a routine which forms the scalar products of two
vectors, then the programming of the matrix multiplication could be reduced td
ugsing thé routine for scalar products me times. The routine for scalar product
would need a'nﬁmmer of parameters which together desecribed the position of

the two vectors which were t5 be used and the order of these two vectors. The
function of the main matrix multiplication téble wbuld then consist of repeatedly
supplying the scalar product routine with the correct parameters, aﬁd a link

to bring the control back to the main table. 4 little experience in programming

soon reveals that one of the main problems to be solved in programiing ig that of

the general orgenisation of these routines and the method of employing them. A

simple method of organisation, which suffices for quite complex problems, is

described in the following section of the report,

Elehentary/‘
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Elementary Organisation of the use of sub-routines.

in this ﬁethod of orgenisation the parameters and link used}by any routine
are'stored*in fixed temporary stqrages. Let us suppose that a simple routine,
which itself makes no use of sub-routines (such a routine might be called a
routine of the 1st order) has m parameters and uses n tempbrary storages for
other purposes;' then its peremeters will bé stored iﬂ TS, TSZ, oos TSm and the
link will be placed in TS(m + n + 1)s

Befbre such a routine can be used the particular values assuned by the
parameters must be putkin TS1 to TSm, the link in TS(m + n + 1), ané the
control then direccted to the first instruction (usually known as the 'Entry') of
the routine,  The roufine is then carried out;  the last instruction of each
roufine is an order transferring the Link instruction to the Instruction temporary
storage T.8i and making the instruction in T.8.1. the next instruction to be
obeyed. - This brings us back to the original table which made use of the routine.
It is convenient to have routines which themselves make use of subroutines.
Such rbutinés are organised as foiIOWs, We fifst make a general plan of the
instructions which the routine Will réquire and determine Whigh subroutines it
will use. Suppose the highest temporary storage used by any of the subroutines
is Tgn, then ﬁhe parameters of the routine are placed in TS(n+1), TS(n+2). .« TS(n4n, )
where n, is the total number of its owp parameters, The liﬁk for the main roﬁtine is

put in the TS next higher to the highest T.§ used‘for‘ail other purposes. It

will be seen that the routine itself organises the placing of the parameters and

links in any subroutine which it uses. It will now be realised why it was

necessary to meke the final instruction of any routine an order placing the link

for that routine in 7,8.i. It is not possible to place the link directly in T.S.1i.

. before the routine has been used, because that routine might wish to use T.8i

itself or may have a subroutine of its own in which casc it would loge its own
link when it provided the subroutine with a link. A routine which uses subroutineg
of the first order only may be called a routine of the second order. Similarly

we may have routines of any higher order.
Each/
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Each of the routines used in the A,C.E. is given a name, usually of five or
six letters which gives a brief iﬁdication of the fuﬁofion which it performs.
Thus the roﬁtine MATMUL might perform matrix multiplication, and‘SOLVEQ might

solve a set of linear algebraic equations. In order to make~the-org5nisatién
of éAcomplex computing problem simpler, a record of each routine is kepf,‘which'
gives a brief description of the function it performs, lists its subroutines

i any, lists its parameters and the temporary storages they occupy and;gives
the T.S. occupied by the LINK and the minor cycle in which it is obeyeq, The
routines will each occupy a definite position in the memory used forsioring

instructions. Since not all the routines will be reguired in every problem it

will be convenient to arrange the position of routines in the memory so that

all routines of a similar type are fairly close together. The main table for a

fairly complex problem Woﬁld consist almost entirely of a =set of instructions
whose function was to supply the various routines used with the aprropriate
paramcters ana.links and to keep accouﬁt of the position reached in the computation.
If the storage space allotted to instructions héppened.to be inadequate for-all
the instructions of the main table, then the surplus instructions would have to
be stored in the‘remaining part of the memory and from time to time an instruction
would be neceded to feed these external instructions into the instruction delay lines.
For very large problems it might even be necessary to keep some instructions on
the Hollerith cards temporarily,

Using the above method of organising roufines a computational problem is
reduced to the following steps;
(1) Meke a general plan of the computation to determine,wh;ch of -the standard

routines it will employ.

(1) Consult the record of routines to find out where the parameters and links

in these routines are kept, and the storage the instrucfionsAthey use.
(iii) Construct the main table and punch it and any data (tables etc.,) needed by
it on a set of cards.

(iv) Collect/
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(iv) Collect together the punched cards corresponding to each of the roufines-
used and all their subroutines (these subroutines will be listed in the
récord) and assemble<these cards with the pack for the‘main table,
(v) Supply the tinput table! w;th the necessary parameters for taking in. this
complete pack of cards and the link to take it to the entry of the main
table.

Routine ININT. (Input of integers).

This‘Routine gives thé standard table of instruction for taking in a nuwnber,
punched on a Hollerith card in decimal form, and converting it into a binary
number.  The input table nay either perform the conversion, regarding the number
on the card as an integer (or a number with its decimal point in some fixed
Position) or it may have a parameter which gives the position of the decimal
point in the number. If the table performs the Fformer conversion then it may
be necessary to maltiply the binary number it produces by a factor after using‘
the table; ir it pw orms the latter it will merel& be necessary to supply the
table with the appropriate parameter before use, To illﬁstrate both these
methods the table which performs the input and decimal~ ~binary conversion takes
the Tormer course and regards the number on the card as an integer. The table
which does the binary-decimal conversion and the output of numbers takes the
second course and has a parameter which deals with the decimal point. - It

should be noted that for many linear problems the position of the decimal point
in the original data is not important (e g. the coefficient in a set of linear
LOUatlonS may be multiplied by & power of 10 without altering the solutions) and
therefore the table INTNT will suffice for the input éf the numbers.  In nearly
all cases~the position of the decimal point in the solution will be realiy
significant, It might quite well happen, therefore, that it will be most
economiéal to have the two tables in the two different forms as given,

The function of the table is to read in a signed decimal integer

239~1 (549,7553813,887) from a Hollerith card, and convert it to binary form,

: The table occupies D,I.B and D.1..C and mekes use of TLA. It-uses as temporary

storage/
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storage TS's 1 to 7. The link is in TSG. The converted number is obtained

in' T,8.6.

The decimal number is punched on the Hollerith card in columns 69 to 80 i,e,
it is regarded as a 412 digit decimal integer, smaller numbers being made up
to this size by zeros in the more significant positions., The most significant

digit is punched in column 69 and the least significant in column GO,  The

- card is read into the machine, nines first, columns 41 to 80 corresponding -

“to P1 to PLO respectively.  The zeros of a mumber are not punched but a hole

1s punched in some position in the O row if the number is negative. A card

punched with the number ~123456759908 1s shown in fig 39 for illustration.

The table organiéesthe intake of the ten rows of the card which are significant,

by means of a cycle which is repeated five times. Zach time this cycle is

lrepeated, an odd row and an even row are fed into the machine and stored in 4,

aﬁd A1 respectively, = The method of keeping count of the rmmber of times the
cycle is completed is the following, Before £he cycle is performed for the
first time a P36 is put in TS7. At the end of each cycle a test is made to see
if the digit in_TS? is a P4O, If it is not, TS7 is delayed one microsecond, the -
contents of DL A are shifted back two minor cycles and then the‘cycle:is |
repeated; if it is a PLO then the above cycle must have becn performéd five
times.(since the check is made before TS? is delayed by 1}15) and therefore
all ten rows of the card have been réad. The teﬁ,rows of the card will
therefore be gtored in A1 to A1O the nines row being in A1O dnd the sign row

(or O row) in A1.

It is evident then that A (2& r € 10) contains a one in each of the positions
ﬂ # ‘ , |

where the decimal integer, as réprésented on the Hollerith card, contained a

digit (r=1)., If &;,. is defined as 1 if the 1™ decimal digit of the number is

an "r", and as O otherwise, then if N is the integer to be converted,
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9 12 19e3
!Nf = 3 r 3 a 10
r=1 \ 3= ir
12 S 21 ,
The method of conversion is to form g = g a 40 for
r - i=1 ir
I’:-9.8,...1
in succession in TS3,
to £ S S, S S see + 8
Torm 89, 89 + 85’89 + q + S7, 5 89 + 8 + 5 +» + y

in succession in TS5
nd to form 2 L 28 fes 8 ire + 8
a‘ o form S9, 489 + S8, Jsg + 8 + 873  9 9S9 + ‘88 + * 1

in succession in TS6. The final value obtained in TS6 is therefore }N! .
The value N is obtained by discriminating on whether A1»is empty or not.

The detalls of the formation of each of the above sums are as shown.

The/
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The General Plan of the table is given below.

B27
B29
531
80

B9

B10

The‘table is given in full below,
follbws.

The source of zeros is given as O's.

Wait for

Stimnlate HEAD
Send P36 to TS7Y
odd impulse line

Input to A2

Wait for even impulse Iine
Input to A1

Test if T37 contains PLO

This-cycle 1is

repeated five times

to send the ten rows
~of a card to A

/ \ 1-10
yes " no
Send P30 to TS B22 Delay A by 1 m.c.
Cleay TS5 B2, Delay A by 1 m.c.
Clear TS6 B26 Delay TS7 by 1ps wmw
Clear ¥8% g , e —
Delay TS7 by 1 ms
Test 1f TSY contains PLO
o N \
yes no
Test if;AWO is empty BY Send Ay to I
v N C10  Send P28 to 1S2
yes Seinot e . B12  Delay 182 by 1 pS v 4
sed Link €— 511  Change B14  Test if TS1 contains 3
to TE1 and \\\ sign of the digit in 782
_obey 1 oo (PG 5
yes no
D17 -4Add P1to TS5
Loy B16 1f TS2 contains A
‘ Eﬁf;ﬁ
yesef/f’ﬁy no .
022 Add TS3 to TSH (€21 Send T33 to TSL
C24 Add TSH to 86 €2 Add TSk to TS3
C28  Delay DIA by nine times to
1 m,c. ' form 10xTS3
i

A mamber of abbreviations are ussd as

TSn is given as 'n', in the source and destination element.

Immediate, deferred and serial .are written as i, d and s respectively.

"A delayed n mieroseconds™ is written A D n.

At the end of each instruction, in addition to giVing the number of the

delay/ -
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delay line containing the next instructions the position of the instruction
in that delay line 1s given in brackets. This is to facilitate following

the table through; the actual position in the delay line will not be part of

the true instructions, but is, of course, determined by the position of the

current instruction, its characteristic and its timing mumber.
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11
13
10
15
16
17
18
19
20
21
22

25

2h

25
26

27

28

29

31

7 & PLO~¥DISC. 19 B(22 or 23)
EIL + O's-»DISC. i 31 B(2 or 3)

ID + O's= 4 d 28 »(1)
TR i 1 B(6)

7 & PLO - DISC i1 B(8 or 9)

A ¢+ O'e =1 4 1 c(10)

A + O's~3» DISC 4 31 B(10 or 11)

8 + O's—y 187 i 1 TET (LINK)
O's =~ 66 a 29 B(10)
2 & T2z i 1 B(w)
1 & 2 -3DISC i 1 B(16 or 17)
2 & PRO~» DISC i L o2l or 22)
Pl + 3-33 a 29 B(16)

A0 LO—=4 i 33 p(2y)

PI& 2927 1 1 B(25)

AP L0 = i 33 B(26)

2 0s 4+ O's5 .4 1 B(28)

7H 17 4 3 B(31).
Pl + O's=>READ 1,1 3B(25) zmNTny.

O's + O's =3 6 i 1 B(30)
Pl p 35 % 7 i 1 B(31)
O's + 0's = 3 . a & B(Y)

OIL + O's 3DISC i 31 B(31 or 0)

ID+O0's =>4 i 1 B(2).

D.L.C.

b+ 333

P1 & 2752

A D LO~¥ A

i 9 B(12)

o d 11 0(2)

5 1 1 c(2y)
6 a4 2 0(28)
i 33 B(30)

. /
Routine/
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Routine NUMOUT (Cutput of numbers ) ,

This routine gives the table of instructions for converting a number in binary

form into decimal form, and punchlng out twelve decimal digits of this form.

The table is supplied with a parameter which deals with any scale fﬂctor which
the mumber may contain,

The detailed description of the function of the table is as follows.

Given a signed number x.‘in TS1, & rugber y in TS2, which will be a power of
10, ‘mltiplied by a power of 2 (elthar powers bclng positive or negative), and

Xy
a number d in TS3, the table flqu the integer nearest to === , comwverts

od
it to the decimal form required for the Hollerith and punches it on a card,
The decimal rumber is punched in columns 69 to 80 and the O row has a hole in
the column 80 if the mumber is negative, By a suitable choice of y and d
we can deal with any scale factor in the number X, In problems where the position
of the binary poirnt is fixed throughout, the choice of Yy and d will bhe made

when the' programming of the main problem is done; if however, the binary point

is adjusted continuously in the problem then it will be part -of the function

of the main table to determine suitable values of vy and 4,

Desc{;gtlon of the mbthod

The table forms the product  xy in the 80 digitAaccumulator, and then
by means of an instruetion which is built up from the mumber 'd', the contents
of tneaccumulator are shifted (40-d) positions to the left. 4 'round orfr!

. Xy
P4O 1s then added to the accumilator to give the nearcst integer to 3

2
(x and y being treated as though they were integers in this expression) in
the most 31gn1flcgnt hmlf of the accumulator. Tnls 1nteger is placed in
TS1, ~ The process of finding the successive decimal digits of this integer,

1
is that of subtracting 10 ) from it reseatedly until it buCOMbS negative,

restoring after the final subtraction, multiplying the remainder by 10 and

then/
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then repeating the process. The successive digits are determined by
counting the number of subtractions necessary at each stage. One of the
advantages of the table is that it always gives the answer exactly il the
o ' 58
original number x were an integer since in this case y may be taken as 2

and & = 38; (y wmay in fact be taken to be Zn and d = n for any value of n

less than 59) the round off will produce no -carry. It has been made a

gerieral principle of our routines that they should always produce an "exact"
answer where such an answer exists; this is convenient if the machine is
working with integers on problems connected with Number Theory. The twelve

decimal digits are stored in DLA~ 40 in the following form; the ‘digit in the

P (29 &€ n £ 40) position of An, is a 1 if the (n-28)th @igit of the decimal

nuiber is (r~1); This is exactly the form required by the Hollerith

eguipment. The tables uses TS1, TS2 end TS for its parameters and TSk

“and TS5 for other purposes. Its link is therefore in 786.

An interesting feature of the table iz that it provides examples of
the need for constructing instiuctions during the course of a table.
Thus instruction B.1. is used to build up the instruction

Acc $ L0-d == pcc 1 2 B from the instruction

Acc £ L0 =3 pcc 12 B which is stored in E.3. The
constructed order is obeyed iiediately after its formation. Similarly
the instruction €28 is used to Euild up the instruction A+ Zugp ser 1 C
from the instruction A + 3-3A ser O C and the number i, the latter
having been derived during the course of the table's operation.

* The general plan of the instruction table and its detailed coding

are given below,



e

- b=

teneral Plan of Instructions.

: 12
526 Send 10 +to TSL
329 Delay 783, i.e. 'd', hy 13tts (puts 4 in the position occupied by
B31  Clear DL4 (1 to 10) ' the delay element of an instruction)
B10  Detect sign of ™81, ise. 'x', and put PLO in IS5 if x is negative,
B12  Discriminate on content of TS5. 0 if x is non-negative,
y///{ \\w,,
» T85=0 I85=PLO
Blyd  Multiply x by y +%--B15  Change sign of number in TY1
B1 Build up the
instruction
(fcc g 40-d-# Ace i 2 B
from B3 and put in Bl
Bl Obey this instruction, i.e, move Acc (LO-d) to left
B7 Round off rumber in fcc
C10 Send left hand half of Acc to TSA
B13 Put P28 in 793
C15  Clear 732 ¢ : ;
B17 Test if 733 contains P40 ;
I/ N
yes . no ;
B20 - Stimulate PUNCH B19 Delay 783 by 1 jss
¥822  Send number 'L to 142 B21 Subtract ’
B27  Send 785 to A4, i.e. put 1012 from 131
B23 Test Af No. in TS% is negative
PhO in Ay if x i negative / Ny :
c1 Wait for odd impulse line £ s : “no.
c2 A1O to output g ygé 4o 025 - Add P oto
§ Cc26  Add 10 to 181 Tse
C3 Wait for even impulse L, C28 Build up the
line N instruction
Cl A9 to output \\% At3 2L ser n
' \\ where n is the value of the -digit
C9 Test 1f 782 contains O N which has just been determined
gf ‘ R\; 3 and send this instruction to €31
no. : Ves €31 Obey this instructiocn.
C12  Delay DLA  C11  Send LINK, This will put a P(28+1)

' by 1 m.c. i.e. TS6, to TS1 in A(n+1) if the ith decimal
C14 Delay DILA : ; diglt of the number is an 'n'
by 1 m.c, co Clear acc (length LO)

C16 Subtract 1 from TS2. B2 send TS51 to acc 10 times,
! i.e. multiply TS1 by 10
C13

¥ by adding P1 to TS2 for four minor

instruction. The number Yt
delaying P1 by 2 microsecs.

Send acc to TS1 s

cycles; T32 contains zero before this
might equally well have been obtained by
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NUMOUT.

D.L.B. o D.L.C.
INET - 3%DIB & 1 B{L) OIL + 0'e~3DISC i 1 C (1 or 2)
1+ 0'swvac 1 10  ¢(13) A+ O'g=% OUT s 6 C (3)
hce > L0 =wpce 1 2 B(7) 3IL ¢ O's«+DISC i \54‘ C (3 or L)
- L4 0's=0UT A 3 C(9)

PLO + O's w¥icc, 4 1 ¢(10)

‘ 2+ O's—=¥DISC i 1 C (11 or 12)
1 ¢ PLO=#5 i 4 B5(12) dec + O's=-21 a1 3 (13)

7

6+ 0's-»TSI i 1 TST (LINK)

5+ 0= DISC i 1 B(lhor 15) At» L0=»i i 33 c(14)
PIE»27 =% 3 i 1 g(45) ac + O's==1 1 1 c(15) |
1ox 2 =i B(MY) o A LO-y A i 33 0(16)
Ofs - 1=31 @ 29 B(14) O's + Dls=>2. 1 1 B3(17)
SE 2 ~Plew2 a 15 B(1)

3&PLO~»DISC 1 1 B(19 or 20)

5w 4 =33 i
P14 O's~SPUNCH 1 1 B(22)
1 = L i c(23)
P14+ 2= i 4 B(27)
2 B(26)=ENTRY 1 & PLO ~»DISC 1 1 C(25 or 26)

B(21)

O's % Olg~=>bce 1

Pl + 2% 2 a 26 B(21)
INST + O's =>4 d 1 B(29) 1 Lo i 1 c(28)
5 4 0's =» 4 d L o(1) o
C(101%y , | INST & 2-+D.L.C. 4 1  0(31)

59713 =% 3 i 1 B(31) ; |
A + 3wk s 0 ¢(0):
O's + Otg =i 1 10 B(10>

O's + O's=vac 1 1 B(2)

The ¥4
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The final section of this report gives the coding corresponding to the solution.
of sets of linear algebraic simultaneous equations by two different methods.

The standard routines used by the instructison tables for these problems are
given first. For convenience of reference -in this report, the routines and
tein tables have been placed in the instruction delay lines DL1, DL2, DL3, etc.,
in the order in which they are derived. These positions do not therefore
represent thelr permanent storage positions; these would be determined when a
more complete set of standard routines had been worked out.

ROUTINE SCAPRO (secalar product).

Given the parameters X,Y,r and s ané a 1link instruction in TS1, T82, T35, T34
and TS5 respectively, the table produces the scalar product of order (r+1) of the
vectors in D.L.X positions O to r and D.L.Y positions O to r in the two word
accumialator, shifts this scalar product s places to the left, and places the 40
most significant digits (correctly rounded off) of the resulting nuwber in TSL.

Restrictions on the parameters. The parameter s, which is used to cajust
the binary point, must lie in the range 0 % s ﬁ;59, The parameter r which
corresponds to a scalar product of oroer (r41) may teke any positive integral
value <31, The two vectors must be inkéhasen These restrictions could, of
course, be removed by a slight modification of the routine.

This table could run into gifficulties if any of the partial sums obtained
during the formation of the scalar product were too large for the accumulator,
or if the final value were too large to permit a shift of s places to the left.:
The table has been progfam;ed to give a "failure indication® in either of these
ceses. TWhere a 'failure indication! has been obtained we could proceed in two
ways according to whether we were considering o continuoﬁs adjustment of the
binary point or not. If a continmous adjustment wag intended then, all numbers
‘would be shifted an appropriate number of places to the right and some record
would be kept of this adjustmeﬁtn Otherwise, a failure indication would imply
that over preliminary mathemetical planning, which should have ensured that
nuinbers did.not wgprow out of range® had been at fauit; in this case human

_intervention/
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intervention would be needed and the failure bell should be rung‘to indicate
this. A convenient nethod of dealing with such a failure would be to have a
standard FATLURE routine which had as its parameter, a code word which indicated
the nature of the failure. The function of the FAILURE routine would be to
punch out this code word on a card, ahd then go into a repetitive .cycle in which,
for example, it wmight wait for a signal from the oda impulse line and, when it
Finally received one, read in the row of & card and obey it. The machine would

therefore remain in a state of !'suspended asnimation' until the operator

=l

ste

rted a card feed and fed in an appropriate instruction on a card. For this

- second. course, the table which had given the failure indication would have to

provide FATLURE with an appropriate code word in its parameter position, and
then direct the control to the 'entry' of TATLURE. In the routine SCAPRO

each failure gives rise to an instruction "Enter failure table",  These

instructions would have to provide FATLURE with the appropriate parameters

corresponding to the failure indieatisn and these parameters would be 'planted!
in the table SCAPRO itself. They are omifted in the table given below.

The proéess consists of clearing the twé word accumulator and then forming
X, X Yn forn=10,1,2,4.., r and adding them into this accwsulator. 7o check
when the process is complete, TS3 is tested to see‘if it contains zero after
each product has been formed. If it does not, P is subtractedbffom it and a
furﬁher product formed. If it does, all (r 4 1) pfoducts have been formed.
The final value in the accumnulator is "rounded off" in the corrcet position
(i.e. by a 1 in position 41 4+ s from the left), shifted s places to the left,

and the more ‘significant half sent to T84k. To check for size the partial sums

Obtained in the accumulator are subjected to a test to discover if they lie

in the range.

2278 4o 278 4.

If they do not a Pailure indication is given. They lie in this range if and

only if the two most significant digits in the accumulator are the same. I7

the partial sum lies in the given range then after adding the next product,
the/
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the value in the accumulator will still lie within the renge permitted by the

convention viz. =277 to 279 ~17, if x is the partisl sum and a is the next

product we have

is€e,

~278¥: X éé

2239 (2391y g a g 29 27

and hence  ~2/7 + 2j9-§ a4 xE 279 -1

a + X is in the permitted range. The test is unnecessarily stringent, but

it requires many more instruetions to give an exact test, Similarly before. the

final value is moved up s places a check is made to see if this will produce -a

- number outside the permitted range.

General plan of tube,

1.7
1.10
1010

1.18

Clear Accumulator
Put X in 1st source position in TS1.
Put ¥ in 2nd source position in TS2.

Form number with X in 1st source position, Y in 2nd source position in TS,

‘Put P, -in 2

39 ’

Form the instruction (X X, ¥ = sm1(16)) from 109 (where m will teke #omwy
the value O, 1, 2, ..+ r for successive passages through the cycle) and

place this instruction in 150

Obey the instruction formed by 127 i.e. form Xﬁ X Yﬁ and add to the

Accunulator,

Send most significant digit of Ace to PLO position of TS5

Send second most significant digit of fec to P39 position of Tg6

Delay TS6 by 1 a«s. |

Test ecuivalence of TS5 and TS6. vaequivalent g0 to‘228 otherwise 2295
Test if TS) contains zero, I so go to 131, otherwise 1On
Enter failure.

Add 1 to T84

27.

Subtract 1 from TS5 and returﬁ to 1 : : ; ¥

1.31/ Delay
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1.31 Delay TSk by 13 ms. 1.e, put 's' in.'delay‘ position.

1.1 Porm the instruction (P1c>59 -~ s-»1 1 1 1(16)) from 1, and put it in 1

3

i L] » t i a & °
4 iee. pu PAO—S in T.S.1

1.6  Add this PﬁO . to Acc to produce "round off",

1.8  Test sign of number in Ace. If + ve go to 1

)
1+4  .Obey instruction formed by 1

f =ve go to 1

117 7 12

1.11  Send Acc, - P to 781 and go to 1 )
. 40-s 13 ) Acc1 is the more significant
1,12 Send Acc. + P to T31 and go to 11r ) :
' 1 40-s , 2 )~ half of the Accumulator.
113 Send TS1 + PAO to 781 and go to 115 )
1.15 Test if no in TS1 contains a P40° If so go to 218 otherwise 217 (The above

instructions are to test if it is permissable to shif't the Acc 's' places
to the left)
2.18 Enter FAILURE.

2,17 Form the instriction (Acclwss-—y Acc 1 2 2(25)) from .221 and send it to 2,

17 i.e.
2:25 ~gend LO most significant digits of Acc to TSk,

Z2+22 - Obey instruction formed by 2 delay ficc s ptass

2,27 Send link to TSi and obey it next.

It will be seen that the complete scalar product and round of f is in the

accunulator when SCAPRO 1s completed, and the rounded off value is in TS4 so

that either is available.,

In the folloﬁing tables instructions which are not used as they‘stand, but
are used in the formation of instructions, are given in brackets. ' The positions
in the instruction delay lines in which such manufactured instrugtions'are

placed are denoted by 2 dotted line.

SGAFRO/
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Z80 =
DL.1. , ’ DL.2
T+ P i 1 1(2)
INST = 4->DL 1 d 1 1(4)
3 ~Py—3d 23 1(27)
(BT 391 11 1(6))

1o o s B S Yo . o v o ) s o P

T+ 0's~»Acc, 1 1 1(8)
O's + O's=» Acc i 2 1(10) ENTRY

OO <] Oy Ui

\\e

-

-
\J

R N N
O O~ O

MY NN N N RN R
e o A S I N R N

N
O

N

A&
BN

Acc & PLO-»DISC d 1 1(}3)

B P, WL, W
oW O

T 5~1 da 2 1(14)
dce = 1=%1 1 11 (13)
Aoe +1=»1 a 11 (45)
Ppo + T=21 1 1 1(15)
2> 452 4 2 1(18)
PLO & 1-»DISC i 1 2(10)
Aec & PLO-35 a1 1{19) : ~
' INST + 4=3DL2 d 3 2(22)
1+ 231 d 5 1(25) INTTR FATLURE.
Acc & 236 1 1 1{21)
6t 136 1 1 1(23) (4cc sy O-shcc 1 2 2(25))
- T e
5% 6-+D150 4 5 2 (53)
Py > 3852 1 1 1(27)  Acc + O'ssk i1 2(27)
INST + 19DL.1 4 1 1(30) 54 0's3T8 111 78 i LINK.

| 5+ 0's ¥DI8C a1 1(30)
Oxg O = 8 0 1(46) Enter FPATLURE. '

L3 i1 1{1)
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ROUTINE COPY. Given the parameters X, Y, and s in 51, Ts2, TSBVthe table
sends (X + 1) to (Y+r) ,, for r=0,1, ... s-1. i.e, it makes a

0=-31 o=31
copy of the contents of the X tanks in the Y tanks. The link is in TS .
The table is stored in part of ‘instruction D.L.10.
This routine needs little explanation, the instruction
{(X +T) + O's?w%(Y'+ ry i 32N)> is built up and obeyed for values of 'n from
Oto s =1,

This completes the problem.

General plan of instructions.

10.0  Put X in*st source position in TS

10.2  Put Y in destination position in-TS2,
10,4 Add T81 and T32 together to give X in 1st source, Y in destination
position in TS81 (for subsequent passages through this pt we will have

X+ rand ¥+ 71,
10.6 Sent to T2 a number with a 1 in 1st source and a 4 in destination

‘position using 10

8
. . 7 . : .
10.9  Form the dnstruction ( (X + r) + O's=3» (Y + r) i 32 10(19§) from 10,,
and send 1t to 1045.

1012 Obey instruction formed by 10, i.e. send (X + r)o

g to (Y + r>0431

~31

10.13  Subtract one from TS3..

10,15 Test if 753 contains zero.  If not return +to 104; otherwise to 10_.
2

10.3  Send link instruction to TSi and obey.

ROUTINE TITZRC (Interchange\.' Given X and Y in TS1 and TS2 the contents of

DL X and DL Y are interchanged, using a fixed tank, for intermediate storage.
(This is assumed to be D.L.200 which will be used for all "odd jobs" of this
ﬁature)e The 1inlk -dis-in TS3. - The table is stored in part of instruction D.L.10.
The contents of DL X are sent to D.L.200, the contents of D.L.Y to D.L.X and

the contents of D.L.200 to D.L.Y.

General/



10,22 Form the instruction (Y + O's-~uX 1 32 10(26)) from.102A and send to 1026"

General plan of instructions.

1067 Send X to 1gt-source position in 781,
1010 - 8end ¥ to 1st source position in TS,
10.14  Form the instruction{X + O's=5,I, 200 i 32 10(18)} from 10, end send it

to 1017e

10,17 Obey the instruction formed by 10 send contents of D.L.X to D,L.200.

A 1.Co

10,18 gend X to destination position in TSI,

10.20 Add TS2 to TS1 to give Y in 1st source and X in destination position.

10.25 Obey the instruction formed by 10 send contents of D,L.Y to D.L.X.

22,‘inea

10,26 Send Y to destination position in . T81.

10.28 Form the instruction (200 + O's-mY i 33 10(1)) from 1030 &nd ‘send it

' to 1031=

10.31 QObey the instruction Fformed by 10“8°
2

1041 Send link to T.,S.1 and obey it.

ROLTINE 1AX. 1,0,C,

Given X, n, and s in T81, TS2 and TS3 the routine finds which of the nuﬁbers in
po;itions X (X + 1)5, eee 5 (X + r~1)S has the greatest modulus, and if it is
(X + K)S it puts (X + k) in T.8.3. The routine uses TS4 to T.S.7 for other
purposes énd the 1ink is‘therefore in T,8.8. The routine is stored in D, L.,
It may be regarded as the equivalent of finding ﬁhe element of maximum modulus
in a column vector and hence it is called HAX.#.0.C. (Maximum modulus in a
column),

The process consists of 'n! repetitions of the following cycle with m equal

to C;1,256., 71 successively.

Obtain the modulus of the number in (X + m)_ and send it to TS6.  Compare TS6
with T84, and 1F 786 is greater, replace the number in TSL by the number in
TS6 and send (X + m) to T83.

Before the repeated cycle is started, X is scnt to TS3 and O to TS4. If a

number of the values examined are equal, the first of those which are greatest,

is/
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ig retained in TSk and its position in TS3, If all the numbers are zero we

obtain X in TS3,

General Plan of instructions. : S

11.19

11.22

1124
11.26

11.28

11631
11.1
1.2
1.0
1146
11,8
119

11411
11,13
11415

11,18

11.17

1120

Form the insﬁruction (O's + O's=»6 s év 11(31}) from 1,

and send it to Tg7. ‘

Clear TSL (In'general TSk will contain the greatest of the numbers
examined). .

Put X in 1st source position in T81 (In general it will oonfgin (X + m)
Send contents of T31 to 783

Form the instruction((X + m)+ Os-»6 s s  11(31)) from

I57 and TS1 and send it to "o
Obey the instruction formed in 115g ie.¢. send (X + m)s to T.8.6.
Test the sign of number in 786. If +ve go to 11%, if - ~ve go to 112Q

Go to 11, (redundant instruction) )  In either case
. L

~ Change sign of number in 786 ) iTs6fis put into TS6.

Subtract TS6 From TSL and send answer to TS5,
Check sign of T85 il sve go to 118 if -ve to 119°

Redundant instruction. Go to 1113°

Send TS6 to T8, -

Send T81 to TS3 (TS5 contains (X + m) Whibh gave greatest modulus to
date).

Subfract 1 from, 782,

Test if T8S2 is empty. If not go to 1118’ otherwise 1117c
Add 1 to T81 in 1st source position and return to‘1128 (this changes
content of T31 from X + m to X + m + 1)

TS5 is édvanced 5ns effcctively by tdelaying it by 35 ﬁé”a This
gives the (X + m) which gave the number of greatest modulus, in thé
least significant position. The modulug of the greatest number is in

TS

Send link to TSi and obey.

COPY, INTERG/
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COPY, INIERC: and MAXMOC.

DL10 - DI
0 1 5% 5 ez i 1 10(2) ENTKY for COPY
e 1 340w TSi 1 1 TSi  LINK for INFERC 6 + O's<:6 1 2 11(k)
AR e YR i 10(4) | O O's =66 i1 11(h)
3 4L +0's  TSioiA1 TSi  LINK for COPY
I 142 1 i 1 10(6)
; A |
5 INST + O's=#2 a1 1 10(9)
7o 1P Semt oa A 10(10) ENTRY for INTERC | |
8 (x ) 6 + O's-»6 a3 11(13)
9 INST 4 1+wD,T.10 d,1,10(12) 6 4 O's—al 11 11(11)
10 28 5 w2 a 2 10(14) »
1 (0's +0's*0 1 32 10(13)) 1 % O's=#3 11 11(13)
13 3 =Py~ 3 i 1 10(15) 2 = Pye®2 i1 11(45)
14 INST + 15D.1.10 a 1 10(17) |
15 3+ 0'2»DISC 4 18 10&3 - 2 4 0'g+DISC i 1 11“5}
16 0's » O's=»200 i 32  10({B _ "
17 i s ivn e en ei e e | 335-%7 1 2 11(20)
18 1 B 1651 11 . 10(20) ‘ INST + 1=~1 4 8 11(28)
19 ‘ S ' INST + 3-%7:.d 1 11(22)ENTRY
20 1 ¢ 21 i A1 10(22) 8 + O's=»TSi 1 1 T8i LINK
21 ‘ : (O's + O's=:6 5 0 11(31))
22 INST 4+ 1-®DL10 4 1 10(25) , : O's 4+ O's=h4 i 1 11(24)
23 :
2k (0's 4+ 0'sw0 i 32 10(26)) ’ T8 5ead 1 4 11(26)
26 20 16 w11 10(23) 1+ 0's=%7% 1 1 .11(28)
27 ' S
Y28 INST 4 1=D.LA0 a1 10(31) | 7 4 1-=D.L.11 i 1 11(30)
29 : , ~ !
30 (200 4 O's ~®0 1 33 10( 1))
S R I e A Cilveawe S5 Pg & 6-=DISC i 1 1158»

* Instruction consisting of one in source position, one in
destination position and zeros elsewhere,
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2OUTINE SCAVEC, (.ultiplication of a wvector by a scalar).

Given X, x, r and s in 81, 2, 3 and 4 the routine produces a vébtor, in
DL.200p~r, whose components are obtained by from those of the‘fecfor in

X5, ..y by multiplying each of them by the nuﬁber X, obtainingqthe productv

in the 80 digit Accumulator, shifting this product s places to the left and
fhen taking the upper half of the resulting nuﬁber (rounded off). The rmumber
's' must lie in the‘range O %3S % 39, The link instruction is in 788 and the
table occupies instruétion D. Lk

The table is quite straigntforward, and consisfs of thé following cycle which
is repeated (r + 1) times for m = 0, 1,...r: The number x. X, (OfFm<r) is
formed in the Accurmilator. A test is made to check if this rumber lies in the

79-5

‘ ”Q i ] 3 . 0 . . s
range 21973 % ¥y o= 2 » I it does not a failure indication is given

since 1t would then be permissabie to shift it s places to the left. The
"round off" digit is added and the left shift performed. The most significant

40 digits in the Accumulator are sent to D.L. 200,,.

General Plan of voutine,

14,28  Put X in '1st source' position in TS1.
14,8,  Put s in 'delay' position in TSh. -

14,12 Bend 14y) to T8.5 i.e. (7 +0's 200 s O 14(31))

‘14.15  Form the instruction (@ b+ 39-s-6 & 2 14(24)) from 1k,  and

9
T84 and send it to og

14f20 Obey the instruction formed by g i.e. send P)g_q to TS6.

10,2l Clear Acc, e - ; » oo i i
14.27 Form the instruction (¥ x5 2~»s m  14(16)) from 1#29 and T.5.1

and send it to 1L The first time this is done m' will be 0.

T{O’
~/
Tt will inecrease by 1 for each passage through the cycle.

14,30 Obey the instruction formed by k.. i.e. form X+ x in the Ace.

>
2

14,16 A4d round off using P0-s which is in TS6.

14,18, Discriminate on sign of Acc.

12,/




o

1,21,
14.22,
14,23,
14,25,

140.
g

149
1 430

1431
11y,
1L
e

111-3

- Bend TSH +o D.L.1450 and ohey it.

 value eof m,

- 86 - | | A

These instructions determine whether or not the number in the Ace, liss
in the Tange 27975 & y < 279°5,  If it lies cutside the “table- proceeds..

to 1hq and is directed to failure. Otherwise it does to 1h4g

Form the instruction fAcc frs—57 1 2 14(9)} from 1ks and send
it to 1kg.
Obey the instruction formed by 1o i.e. send most significant LO

digits of Acc, to TS7. after a left shift of s places,

The instruction obeyed ig {7 + O's“évQOO s m 14(31)} which was
obtained in TS5 with m=o by instruction 140 above,  This instruction
has the value m modified for each repetition of the cycle.

The effect of the instruction is to send T.S.7 to 200n.

Test if T33 contains zero; if not go to 14);  othsrwise 1Lz,

Subtract one from TS3 (TS3 thereby keeps count of number of cycles).

Add one to TS1., i

2£dd one to TS5 and return to 14,24 to repeat cycle with increased

Send link to TSi and obey 1t -

SCAVEC/
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A

<5

S at btz
[NV \]—.l_‘JC .
TCUTY

THST + b-5D 0.1 d 4 4L(8)

T A e T
ENTER FATIURE,

8 + O's -»TS1 i1 T.81

5 - Py o3 A 12(7)

(hoo B O-#7 i 2 14(3))

S vt o, ot S A i S e ot st Wk Sk o S B e W S et o

10.(20)
INST 4 Os'==5 d 1 14(15)

(7 + 08'=#200 s 0 14{:1))
INST - 4-2D,L.14 4 3 14(20)
i1 1L(18)

P
o+

(21
Acc &P4Q ~xDISC 4 1 14(22
)

et i e Qo e e e o S S o o e o i . R e bt e 7 S8

i

Ppo+ Tex7 11 104:(25)

O's + Cs'~=®%Acc 1 2 6527)
PLO & T7-a3DISC 4 5 14(1)

TEaT + 1 -=D. L. a4 1 14(50‘)
10 5=1 4 10 14(8) ETRY

(Ox, 2 - s 0 14(16))

e e Aean o s ot 7 R it o s 7 . L W M O it e B . B

37
3 + Ots—»DISC d 2 14%45

ROUTINE/
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ROUTINE DIVIL 1. Two possible routines for division are given. The first of
these performs the following operations.

Given &, b and h in 781, TS2 and 73 respectively, it produces (Zh a/b + e) in

VIS

TSh where re} & & and gives a feilure indication i7 2h a/De 239 - % or ?’25& - 5.

The link is in 759, Roughly speaking this table regards the two

numbers a and‘b in 781 and TS2 as integers and produces the guotient a/b to

i binery places in T8k, with the usual "rounding off rulew,

The tuble is based on the following method of binary division., Suppose we have

two non=-zero binsry numbers A and B in 781 and T82 respectively such that

b e 2 {Biend we perform the following operation repeatedly. (in what follow
(1) denotes the number in TSI ete),  Send M Tl (i.e. & number

congisting entirely of 1's), (X) I (1) and (2) have opposite signs send

(1) + (2) to 1.5.1; if (1) =nd (2) have the same signs send (1) -~ (2) to

T81 and add 1 to 734,

(Y) Send 2 x (1) to 781,

(2) send 2 x (L) to T8k and return to X.

Suppoge X,Y and 7 are repeated (r 4+ 1) times, then X and Y are periormed once

end Tinally X once again.

Suppose (1) is s 2t the end of this process, and e, = 1 or -1 as 1 is added
to (L) or not when X is performed for the rth time, then
T 2 T2
L = s e e. . 27 e . 2 e
2 A Do+ B( r+5 + < vy 2 + r+1 + ece + 1)
e
o &
: L = I"+5 Crd_z ¢
Te€@e 2 A= =~ 4 B oerme g oemme L g + 2 ¢ + =+ 2 € )ﬂ
141 by 1
b 4 2

2y, =1 or O according as 1 is added to (4) or not then

A

Finel (4) = 21 5 4 2f Yy b 2 BT Tt Y 2+ (240 L)
modulo 240)
= 2% (ey41) + o= (ept®) + oo 4 (o 441) + & (op,041) + % (ep,5+1) 5T+
since y_ = = (er + 1) |
= oF e, + ot C b e b+ & o * + C
2" f = (final (&) ) = ~%w - ffié

B 4B A .
: Since/



£

wince 4] £ .

coch time immedintely after (X)

} [
r A
Tence 2 o , % oo L1
2 a final (Lr)i i I+ L
» < L
< 5,

3

(It is easy to see that

performance of operation X, (1) 0 and

i

if B> 0 and

- final (4) =% if B<C0.)

round off provided A and B sati
general problem of dividing o by b wher

is reduced to the above cose by

r ’ 1
replaces a by 2%a, and h by (h-k) or by 2°b

4o

both cases), so that if 4, B and 4 are ine

Bi o= A & 21Bp i
B =~ A £

and gives a

great to he represented in the usual one wo
"moving the smaller mumber up! until it is

than "moving the larger number down' until
has been adopted in spite of the fact that
(cwing to the difficulties arising through
digit), so that we cen deal with cases when
when we may obftain more significant figures

contained in the smaller of a and Db.

the following procedure,

final

2 {8] if a and b have

the equality can only hold if efter the penultimate

then 2¥ & - final (L) = -

gilven ebove will therefore produce 4 / B to r binary places with

sty the conditions stated,

» , .
51 2 51 o3
e -2 02’ and -2 g papd]

, and h by (h + k), (where k> O in

values of a, b and h

if 2 and b have the zame sipgns.

el

osite signs.

if H 3 38 Dbecause the znswer in bhis case 1s too

rd convention. The procedure of

comparable with the larger, rather

it is comparable with the smaller,
1t is slightly more difficult,
the possibility of losing the sign

a and b (or b only) are exact,

in tne quotient than are

Special precautions have been taken

so/



so that all the cases

.. . . ! . . i L.
simllarly with 2 a/ﬁ)mav be covered., This involves a 1little extra work both

in the tables and tae mathematical analysis
(P)  Test if b(i.e. (2) ) = 0-»YES give a failure indication.

Test if a (i.e. (1) ) = O -#YES send zeros to TGL and finish.
Test if N =z o)t af (1) and (2) have the same signs

H
. ‘ w,

Double a,

T

Ml

Heplace h by
o= 1, return to P

T . U U
The tests take o

I J - I S L e AN AL e A .
form according zas (1) and {2) have the sams or

different signs becausc it is correct to code them in this way and it also
happens that they are suitable tests,
N ‘L b N Ty
(0) Send 2 x (2) to T8O
T ny d z A 4 IS
senda (o) + 1 te Ins.
Test i }(u if (1) and (2) have same signs.
- ] A .
and if (1) and (2) heave opp. signs.
e,
_
= }
83

Send (8) to 182 i.e. double b. are roturn to g.

will by this time contain H + 1).

MO, Hdend zorvos to T84 and finish,

Test (3) ™39 ~w» YIS give failure indication. (Answer too g
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S 40
(S). Test if (1) = 2 == Y33 put -2 in T.S.4 and proceed
i to division cycle.
NO
& proceed to division cycle,

The test B is to check 1if H + .17

oM A/Bi 2 2“2‘x 2 =75 (since if H« -1 it must be € -2).

O. If it is not, H &« -1 and then

et

f2n a/bl =

H

1]
LA

In this case zeros are sent to TS4 and the solution is finished.

It should be noticed that the final values of A ond B can now be
. 39 . .
numerictlly greater than 277; the signs will always be those of 2 and b
which are detected before they ars multiplied., The test S is to deal with

the special case when A = 20 which con only happen if the original velue

. 590, . . . 0O
of B is ~-277, ‘There is no corrcsponding case with 4 = -—224 because the

. ~- » C - ) < 5 0
blggest positive value b can have is 25) -1 and in this cose the final value-
OO P .

ca
539

of 4 is certainly - 2 ( -1). It will soon be verified that in the

special case when test S gives the answer 'ViS!' we obtain the correct result
if =2 is sent to TSL4 before the division process, instead of ~1, Tesgts P

and 0 are performed as follows.

If a0 b0 21 ais put in TSk,

. ) 1=0,1,2 cte. for
a .20 b= 0 ~2la s put in T34 successive applications
of (P)
oo O ‘br‘:;. O __21&__1 i i ft "
1

a 2, O BC R 0 27 o i Wt

2 for test Q ve test if (4) - (8) 2 0 {ir bz O) and~iiofﬁf b0}

Then for test P we test if (4) - (2) # 0 (if b3 0) and »0(if 1b«0)
=

R T S .
Since all thnese tests are done by considering the 4O  digit it is essential

to be sure that
~ 239 (L) - (2)= 237y every stoge.
o

or 299 = (k) - (8)«<

This is assured for all possible cases as follows.



We know initially -2-7 # o = 2 ~277 % b & 2

and also the cases a = and b = O have been eliminated.

39

Then initially 2 ~2 pa-b 2 2-—2)9

= a-2lp - 2P0

m? : F]‘b 4 ) 9
Then & - 2 b«la -2 b & 2 -1
59
wnd 2 - 27 b & -a = =2

a - 27" b= —239 + 1,

[
N
O

i
N
H
N
'_l
+
=
"
1
N
A
+
—

Hence the same incquality holds for (1 + 1). Since it holds for 1 = O,

by induction it holds for all the values of 1 which we shall require.

o 1
If 272 - b« 0 then 272 - b & -1 and 2 o4 b - 1

no
H
o
o
{
N
{‘\
o
H
N

hence by induction -2 + 1=l 2 a - Db« 297 -2 for any 1 that we require.

AN
\Ne
N
\D

Suppose 220 b o O. Initially 2 -1 ¥ —a-b 2-277.
- I A
1. R o
It -2 - ol w0 thes -27b e a and hence ~Z b 2a -1

!
o
1
N
=3
=
?“
1
!
no
o’
-
I5e)
1
—
-

and/
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39

-
and hence by induction 1»2)941 R .2 -2 for any 1 that we require.

-1
If -2 a - bf;an

. 1+1
—21a - b -2 o b b,
and hence by induction 1 - 239 W s - 21+1 b 4;2j9 - 2 for any 1 that we

require,

. L S29 14 . 29 N .
and hence by induction 277 T -2 a - bz -2 for any 1 that we require.
. k41 . I o
When -2 2 - b« 0 and 2% & - Db .z 0,

Suppose 2 < O b » 0. Imitially 277 - 23 -a-b ipi - 257

If -a-2% -1%o0.

. . A< . 1+1 . B
end hence by induction 2)9 -1 —-a -2 b ~-121 -~ 1/3 for any 1 that we
requirs,
- 1
If ~27a - Db - 1< 0,
-1 - l+1 4 R s R . . 59 1+1
-2 a -b - 1= -2 a - b - 1=l b and hence by induction -2-77« -2
a-b-14 297 4 for any 1 that we require.
g k
. HEF . . .
fhen -2 g -bH -1 m0and -2 a2 ~-b -1« 0
‘ k41 . ) 3
then O % -2 8- b -4 3 be-200 41
e . 20 .
Suppose a £ 0 b« O, Tnitially 2297 o p - W 277 -2

1r/
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ahd hence Dby induction _2}9 -~ 1< a - 2 b~ 12 2 for any l‘that we
reguire.

if27a ~-b~1%0
R e A S I

and hence by induction 259 -1 }*21+1 a = b -1 ?*»239 for any 1 that we

regiire

Ky . L “
When 277 a=Db=1<0 and " a~-b=1%20
W
ka1 . qe
1« a = 2b ~ 1 &£ -b &2’

Since the table has been discussed in considerable detail onl

description of the plan of instructions is given and the table follows. The

division cycle oF ingtruction and the preparatory cycle are dupliceted so that

az £

two complete cyclss are performed per wajor cycle i.e. the table works at

twice the gpeed which is attained without duplication. For this reason the

table appears to be guite long. TP the extra specd is not noceessary the
2

i

teble reduces to about L8 instructions.

The actual form ftaken by the fable has to some sxtent been determined by the
Tact thet the instructions of the division cycle héve heen duplicated. If this
duplication is omitted then it becomes possible to perform the fallure
Giscrimination (i.e. tcsting whether the answer ig too great) in the division

cyvele, It is only necegsgary to test lmmediately before (Y
o Y 3 - A K

that the 4O digit of (4) has not changed since the previous time (Y) was

reached, and 17 it has, give a failure indication unless:-

(8)

1 to O when (V) 1s reached Zor the {

last time,
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I£ the fajlure discrimination is done in this way 1t 1s only necessary for the

initial prepasration to ensure.

%

{Af < 2{B} fEZAO and A_#:Zhoe The simplest preparaoloq is now the

. following.
Test if 40 th and J9 digit of (2) are the same. ¢
NO
Proceed YES. Double the contents (2)
Send 1 + (3) to 7,8.3 and repeat.-

;8

This ensures 23 < Bl 257 or B= 2 or "B = «299, but it may

RG]

involve an unnecegsary weste of time in "moving b up®. The actual process

adopted when the division cycle is not duplicated will be found in the next

General /
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General Plan of Tnstructions

2 -5 DISC
BN

e SRR S .
S OFF  ‘Failure indicstion

o
1 DISC ' -
t Ny : v
4L YoFs zero to 4 and finish
on N
PLO&D —5 N

PLO& == 6
6i=1 %8 for Zm.c.
(this gives P1 or O in 8 according

as TB6 contained P4O or not) ’
=8 =l .
5#6 ~2>DISC :

a st
Ol OFF
bt = Y Lt sy
&
LSl = &
h=2 w7
PLO&T-DISC
i s
OFF Tow i ~1
2101w 8 “v?mmw; Ll i),
34D 3 | 3p s 3
b8 w7 Bl iy e
o PLO&T7 -5 DISC
v T
ON QFT :
PLO&. 3-a~ DISC_ G~ 2
OFF ox\v
\ INST=3-% L o e e
W39%
- PLO&L~$DISC
- R
ON OFF
Failure Clear 7
indication Ones ~¥ L
1 =£DISC
ﬂﬂxmwﬂ' ~p
OFF ™~ ON
3-p1-=3 £ i
5Z6 IDISG
A‘-/ \N’
CON OFF
o 142 =51 1D
. § Pl Ly
34081 6
1] “P1
PLOSS % - DISO
Mw“"w. ‘ ,.-* -»-V
' OFF ,
o
7'&%DISQ\
[ om |
¥ ONES i 7 e
oN :
9 = TST

Next instruction from TSI §W~*“"i

~DIVID 1/
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oo

22

DIVID 1.

DL3
3Pl a3 i

HE6~5 DISC 11
1~ 2% 1
T+ 2-21 41
Pl o+ hl-1 1

PLO & 1+»6 11

O o s

PLO & 3-3DI3C i1 2

R 1

-

7 + 0'gsDISC 11

5= Pte23 i

5 £ 6-%DISC i 1

122 it i

1420 1 Si1

1 4 )+ *f:rl;. i1

CPLO &1 =6 11

(R = R R A

PLO & 3 «»DISC 1

LA A -l ‘i

7+ 0's =»DISC 4

1 3(1)
(18)
16 5(19)

=97 -

DLl
bt 5L 11 L(3)
b=2=37 11 5(5)
PLO & 7-5DISC 1 1 423
21 =8 11 4(9)
181 =51 i1 4(10)
3+ P1=F3 i1 4(11)
L1 =) 11 5(12)
4G =7 11 4(13)
3-P1 =3 i1 4(1%)
‘ S ,(15;
PLO & 7-=DISC 11 L(16
8 + L~ 4 1 5(17)
8 + O'sws2 4 6 4(23)
PLO & 3~¥DISC a 16 5(2)
. (3)
b+ 5=l i1 4(19)
b = 2w i1 4(21)

[ aaid

P40 & 7-3DISC

24> 18 1
1t 1~ 1
34 Pl - 5 1
e 12 L0 4

R R A Ny AR |

3 - P»I:VB i

PLO & 7-2DISC i

8+ Ly o d

8 4+ 0's=p2 da

B O U S S o

(233
1 42k

L(25)
1(26)
L.(27)
1.(28)
L4.(29)
L.(30)
1.(31)
(0)
1 5(1)
6 4(7)
(2)

—_

PLO & 3-2DISC 1 1 5(3)
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S R s)

12

=

13
1

15

16
17
18
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Prvin 1. (Contd).

DLS
14 O0'sw-aDISC 1 1
INST = 53l a2
O's + O's= 4 d 14
FLO & 2=¥5 a 15

Coo~I oY U W Ry e

(39
PLO & HFDISC 11

O's + Og =37 i 1

Enter ' failure table.

10g 4+ O's=%l 1 1

1+ O'g~»DISC 1 1,
+-0Vs=2255 4 .15

5
255 + 0's-2255 i 1

s 4+ 0te~%¥7 d 13

9+ 0's-3TS1 i 1

ot

5(6)
5(19)
5(21)

5(5)

PO 21w 6 i1

O's =~ 8=-2L4 1 1

CENTRY 2+ O0's-»DISC

526 = DISC 1 1

s -l a 1

R

ENTER FAILURZ TABLE.

DIVID 2/
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DIVID 2. " The second form of division table deals with a double length dividend.

Given a,b,h in the Accumulator, TS1 and TS2 respectively the table produces

oh~40

ph=40 a/bL,

integers).

27

The link is in TS8 and h must satisfy h ™% 0.
s

a/b + e in TSL, where \el1$%~and gives a failure indication if b=0 or

or::259 - %u (The numbers a and b are regarded as

With this form of division table it is not possible to fit the division cycle

twice into a major cycle to obtain double speed.

The basis of the method ig

similar to that of DIVID 1,though the initial preparation is now simpler and

consists essentially of the following proceéss.

To do thesge

I¥

i

,mzai < ‘b] if b is positive (where integral part of
5 ‘
a
a , _ ~~~ is taken).
13 { < \v{ if b is negative 240
2 . o -
?L "NO
L)
YES (v2) Test if {===1 €. 2Yb| if b is positive
. 2)4_0{
. aj
Proceed ~mmi & 24Dl if b is negative
, 0]
|
l YES ' NO
Proceed Double b; add 1 to h

tests
a2 .0 b >0
az 0 b« 0

a0 b =0

a< 0 b

} and return to test ( Q).
LA )

Put the 40 most significant digits of =a

o

in TSL

in 1

‘in "

Then/
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Then for test (P) we test if the 4O digit of (4) + (2) is O, if b0,
| or 1, if ‘b < 0.

and for test (Q) we test &f the L;oth digit of (4) + (2).2 is 0, if b G,
or -1, if b 0.

; The;e tests'ensm‘?e ‘»-;2;6;-{12 ibf 1_" b is positive

ICQ {bl if b is negative.

(b)y + (2) ~ 509
provided that (&) + (2) or (4) + 2 (2) satisfies =222 & (4) + 2 ()82 -1

This is checked by the following analysis,
)

If 2% 0 b» 0. Initielly 2/7 5 240 pon w077

ind ir 250 . <o,

e R A R L SRS,

79 1+41

and hence by induction 1?-'2 « 2 b -a -5279 -2 for any 1 that we require.

°

If 230 b &0, Initially 27°» 20 b, a%y 27

and i 2M0 p L s,

o ‘ 1 g
and nhence by induction 279 > Z:HLF b+axt~ 279 for any 1 that we require,

<+ az =g

If a<0 Db>O0. Initially 207> 240 5, 0> . 27
21+AO

b+ a < 0
L1440
Z

and if

bipa <o gL e ag,
79 £ el

and hence by induction byad 279 for any 1 that we require,

If 2 €0 b< 0., Tnitially 277320 b a> 227

and ir 2140 b o aw 0,
R e L PO
and hence by induction 2797} 21)"2*1 b= a“g,-279 for any 1 that we reqdiré.

A brief indication of the general plan follows together with the instruction table.

General/



’Accr%’ L

7$5 <, DISC
¥

: [ ety DISO\;

General

~ON OFF ' “Pailure
PLO&Y ~3 3 ;
PLOSACE ~wusy 5 (Acc1

e ' hal?
5%5 - DISC

\i- ﬂ\ﬁ
ON- OFF

~Ace =4l for 2

=101 -

Plan of Instructions.

indication

is the more significant

of Acc)

Me Co

4 ‘ beginning in even m.c,

Spbrol X
16
PLO&6-$DISC.

T+h= 6
PLO&6 = DISC
~
on |

7 =51

OFF
345=27 €
O's~#6
Ones= )
7%5 - DISC £

VR
- ON OFF
Accd+1 ~--‘%>Achl Acc =1+ pAce

\L Bl 4l L
PLO&L 7 5

g b
ON OFF
2=~ DISC 6~ DISC

ON OFC
2 ~+ DISC

OfFp 64 7-»DISC

Wy M
J/ OFF - OFF ON
) Failure A INes ]

Pl ~=¥6

i ~

oN indication Qbey TSi ¢ L
ON .
U e A

\é‘
OFF
PLO =% 6 »

UPLLO&ACC,I“"% 5

2=P wep 2 .
Acc b I1=wAcc for 2m.c,

beginning in even m. ¢, =

DL12/



B S e

W 0« oy Ut

L S .
Moo= O

-
AN

DI2
3#%:5-»DISC i
Acc ~1-%»Ace i

Acc ¢ 1 =Acc -d
P1 o+ 4= L 1

PLO + Lsb 4

775 DISC i

6 4+ 0's-$DISC

2 4 0's-»DISC

2 4 0's~4DISC

i .
8 +0's=T81 1

S A~

PLO + Otg=ab
Loy A ly i

PLO & Ac = 5
7 4.-0's aDISC

6 & 7 ~p DISC
2 - Pl=2

P1 + 0's6

O's 4 O'a=®6

i
d

d
d
d

5

Q

a 25
255 4 0's w255 d 28
255 + 0's~ 255 4 19

‘Ones + Ots =%l

1

i

1
2
v

Enter Failure Table.

4

Aee £ f=»Ace 1

2

122%3

12(30)

12(18)
12(22)
12(44)
12(28)

12(1)

12(1)

=102 w

ENTRY

DLA13

2+ P2 i1 43(L)

7 + L6 it 43(6)
' 8

PL6 & 6-DISC 1 1 13593 |

PLO & Aces#5 @ 2 '13(’11)

34+ 5«7 da 16 12(26)

7 +0's=»1 4 5 13(16)

3#5DISC 4 1 13“%9

Ols -, Aok 12 13(17)
O's + hce=l 11 13(17)
11 =7 i1 13(18)
34 bl d 7 13(26)
2 + P1-#2 i 1 13(20)

7 4 L6 i1 13(22)

PLO & 6 *#DISC i1 BE%}

; , 29
1 +0's=»DISC 4 L 136303
34597 1 1 12(26)
7 4 O's =1 d 5 13(0)
1 +4=6 i 1 13(28)

| (3
P40 & 6+DISC 4 1 135 03
Enter failure table. '
PLO & 1 3 a 713(7)
24+ Pty 2 4 7138)

Tl =7 1 1 13(2)

PROBLEM L4/
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PROBLEL. L
The solution of a set of linear algebrezic equations by an iterative process.

A simple iterative method for solving n linear equations

afn—{-1 ’1 x1 + a]']'l+1 ,2 X2 + R R am+1 ’n Xn = bm+1 m-_-O,..,,n-‘]

in ‘the n variableg x1, «os X 1 by repeating the following cycle of operations.
; n .

LN y

The cycle starts with a given approximation to the solution Yy y2, nb

and derives the next approximation =z .z ees 2 as follows.
Iy ‘ 1 2, n

With' x x eee X = von regpectively a value % is obtained
o2 Fgo 0 yzg Yjs Yn P y y

for x1 from the first eguation. . With x1 = z,and X, X, eee X = Y LY ¥y

1 3, 4 *a 5 4,.«,. g

~respectively a value, z?,-is obtained fro x from the second equation. In

— [
general with X , X, eee X = =2 , 2 ,
i 1 2

y RN 5 ee Y o, a value z 1s obtained, for x , from the mth equation.,
kR me2 “n m m

and with x 5 X e X =
m41

Z 9
m=1 + m+2 n

Similarly from the values z1, boes Zn a further set of values for Xy aes xn

is obtained. The process is complete at the end of the first cycle for which

P

for the desired accuracy in the solution,  The initial values assumed by

£ Efor r =1, .. n where E has been chosen to be small enough

&

X enn Xn for the first cycle are all zéros.

The above cycle always converges 1f the matrix of the equations is positive’
definite, though the convergence imay be extremely slow. It is most satisfaétory
when fhe diagonal terms are consiaerably greater than thé other terms of their
rows. The method, might however be quite valusble in the solution of

hyperbolic partial differential equations by the method of characteristics.where
for eachbstep of the integration it is necessary to solve a set of ecuations of
quite low order (4, 5 or 6 usually). Since the integration is usually performed
with a fairly small mesh length, the velucs of the variables obtained for the
?reviousvstep will be a good approximation to the values for the current step,
aﬁd may thefefore be taken as the first approximation in the above cycle instead
of a set of zeros.

Programuing/
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Programming of the iterative process.

than 31, but a simple modification would make it applicable to sets of any
order (provided, of course, the memory was sufficiently extensive)-

The coefficients b, a a ! of the equations are stored
s met sty Tmed 2, ., m+l,n ' v

in positions (4 + m) m=0,71,..,n=1 and the solutions are derived in
Ceen ;
positions B . The coefficients are assumed given to an accuracy of -
o5 o ll ’

5 deelmel digits, there being at least one coefificient in each row of the
equations which is large enough to require the full five digits, so that in

the binary eguivalents the most significant digit will be in the Pa position

@

where a;5;173 The solutions Xy soe X, ETE given to 20 binary places, (i,e°

20 binary places are given after the binary point) end since they are not
permitted more then L0 binary digits the table is prbgrammed to give a failure
indication if any £ at any stage isg grecter than 219, rhese resfrictiohs on
thevfaﬁge oi' the numbers muy scem rather harsh, but since this table wo ld
only be used for Tuirly 'simple' sets of linear eguations there is prbbdbly
no jﬁstification for making the table mofc comprehensive, 4 much more

general method ol solving sets of equations is given under PROELE.L 5. Suppose

et any stagze of the procesd we hove as velies of x

b " x2,..;,, X s the nutbers
FgoT 05 see Iy to 28 binary places, stored in 51 to n and we are about to
e - H
redetermine x .
4
Ve have
-5 : % =b =1:0)+a 450 eatd sa o Fos a 1
o+l it | m+1( ) m+151y1 m+1ymym m+1¢ﬁw2ym+2 et m+1,nyn (1)

In order to simplify the computation of the expression on the right of

equation (1) we use the following artifice.

s 20 LA ; . . . .
The number -1.C (i.e, =2 7 if we toke the integral interprcetetion, since the

T

binary po.nt is betwcen positions 20 and 21) is stored in position Bv.throughout
J

the iteration, and when we aré sbout to calculate Trom B & new value for x

the current value of v, , 80 that B now containg

o“to n

*1003 y y LR y:., O y,,_, y_, 4 wan y ;
152 ) e T2 " hence/
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hence the right hand side of (1) may be calculated by using the~routine.SCAEﬂo

to form the scalar product of order (n+ 1) of By ,. pnand (4+m- Do - 4

since the latter contains

. W Sanl sy a s ©g aase A
Za1? Tmel 1 Tyt 20 4157 Tmet, met? a2 am+1,m+3’ ° “mel,n

ne nev value of x 4 can therefore be obtained by dividing the appropriate
4 mh :

rart of the scalar product by - " using the simple DIVIDE table.

aI:ﬂ+ 141
The above discussion shows that the only routines needed for this table are
the scalar product taoble SCARPRO and the sim@le divide table DIVID 1. The
highest temporary storage used by either of tﬂese routines is TS9 which contains
the 1ink in DIVID 1;hence the temporary étorages used by the wain table for
solving the equ@tions must beATAS.1O end above, The parameters ©£5r the wmain
table arc the nusbers £, B and n which describe the posifions of “the matrix of
the equation, the delay line holding the solution and the order of the equations.
These are gtored in 7812, 7813 anG,TS14 respectively, and the 1link is . in T815.
The geneéallplan of the instructisns is given below, ollowed by the
detailed tables It will be seen that the table consisfs of two main cycles,
Corresponding to each passage through the outer cycle, a‘complete set of
values>x1w,.,, X is determined and,corresponding to each ﬁassage through the
inner cycle,a new volue is determined for one of the variables xm+1o

outer cycle therefore contains 'n' repetitions of the inner cycle.  When

The

X1 is being recalculated in the inner cycle TS10 containg (i) and each tiuie
il
this cycle iz completed T810 is increased by 1. Hence in order to determine

when the inser cycle has been completed 'n' times the contents of T810 are

compaireGa with ‘n' which is in TS14. In ordsr to deteraine whether another
P .
outer cycic is necessary the following method is used. When, in the inner cycle,
X ig being recalculated, the current value is stored in TS11.If the-
Liige " .

LW : ) N ~ 3-1
difference betwesn the current XM+1 and the new x- g 1is greater then 2 9 a PLO
et i . .

is sent to TC1. Therefore at the end of the 'n' repetitions of the inner cycle,

TC1 will be on, if at least one of the values of x has changed by more than

~19 5 : - - ' X
2 7. If TC1 is on a further tour of the outer cycle ig necessary and the

contents/
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contents of T310 are restored to zero, so that Xy is calculated during the

first tour of the inner cycle.

General Plan of table,

7.12

715

7.01

Toe2

7.0

6.17
6. 21
6.23
6.25
6.27

6.30

N
o
-

7.20

8,30
6.0
6.2

o

Send B to TS1 in position of 'destination' element
porm the instruction[O's + O's-4B i 32 7(22)] from 7, 20d putit in7y
Obey the instruction formed by 715, i.e. clear D.L.B.

Form the instruction (ones s 20-sB d 2 7(0)) from 7_. and put it in

27
28° :
Obey the instruction Formed by 722, ice. put =1+0 (20 binary places)

in By
0

Clear TS10 (In general TS10 containg 'n' when x-  is recalculated),
X

Send B to TS1 in position of 'first source' element.
Send B to TS2 in position of 'destinaticn' element.
Add i in the "timing position® to 792,
AdC m in the "timing position” to T4,

Form the instruction (B + O's =311 s m 4+ 1 6(31)) fron 629 and put it

in 6300

Obey the instruction formed by 627 i.e. send B ] TS11 (this puts the
[

current value of x in T811) »

124+ : ,
Form the instruction (0's + O's =aB s m 4 1 7(31)) from 75g and
t it i e
put it in 7jO
Obey the instruction formed by 631 i.e. put zero in Br+1 vhich is the
L 5
position normally cccupied by xm+1o

Form the instruction (4 + O's-3B s m + 1 8(31)) from 8 and put

29
it in 750 (This is obeyed later)
Form (A + m) in 781

kSend.(A + m) to fsecond source! position in TS, 2.

Add 'm' in the timing position to TS2. ’ 6.4 /

+ Beginning of cuter cycle.

X Beginning of inner cycle.
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6.4 Form the instruction (0's - (4 + m)=9 s mid 9(31)) from 929 and put it
in 9300
9.0 Obey the instruction formed by 64 ive. send -~ (4 + m) 4 o T.8.9
m

(ise. = the coefficient a )

m+T 5 med
“ 9,31 gsend B to TSZ.

) These instruction together
7.1 Put the number '20' in TSk g with 830 puf ;
7«4 Plant link for SCAPRO in TS5. The g (A + m) in 781
link is (9 + O's~2 d 12 7(11)) ﬁhich § B in 752,
reﬁurns the control to instruction 711 of ) n in T83.
the main table, § 20 1in TSk
7¢7 Put 'm' in T8% 2nd go to the entry of - ) LINX in TS5
SCAPRO | g TSl gives‘adjust;ent of
binary point. |
- SCAFRO is now obeyed (and produces the scalar product in TSk) g These
¢
and the effect of obeying its link is to put -am+1’m+1 in TS2 g instructions‘
followed by | 3 put Sealar
711 'Send the number 20 to T,8.3 : 3 product in
7.1k Plant Llink for DIVID 1in T.5.9. The link is ) TS
(L=11-»11 a 0 7(23)) which returns to control to instruction ; 8 med in 782
725 of the main table. | % 20 in TS3
7,17 Put scalar pro@ucf result into TS1 and go into DIVID 1. ) LINK in
§ o

DIVID 1is now obeyed and produces the new value of X e in T8hk. .The effect of
1

~obeying the link is to put the difference between this new value of xm+1
and-its old value in TS811 ‘and return the control to 7:.25,
7.23  Discriminate if this number in TS11 to + ve or = ve; go to 7(25) «if

+ ve, and to 7(26) if w-ve.

7+25) Form P2 - difference between old and new x in T811 and go to 7

M4+ 9
7,26) Form P2 4 difference between old and neW'xm 4 in gt
+

7.9/
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7.50°

80 _51

6.1
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Stimulate TCY- if TS1f contains negative number (i.e. if difference

between old and new x_ is greater than 2-19)

+1
Obey the instruction which was formed by 7.31 i.e. send TS.4 (new Xm+1>
to Bm+1

Add 1 to TS0,

Test whether 7810 now containé ‘n'; 1f not return: to 6.f7 to repeat
inner cycle with next value of m; 1f 7810 contains 'n' however go to
6.16 below.

Test if.T.Co1 is on. If so, another outer cycle is required; we go to
v

19 which clears T.C.1. and then returm to 705 If not, the process is

finished and we go to the link ‘of .the main table.

D.L.6/ _
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18
19
20
21
22
23
20

-

D.L.6

18 1322 1 1 §
1014 =»DISC 4 13
6

10 + 22 1 1

TEET + 2~D0.9 d 24 9(30)

Bp2t=2 11 6(23)

10 + 242 4 1 6(25)

10 4 191 i 6(27)

INST + 1 w> DeTe6 4 1 6'(50)
(0 + 0's 15 1 6(31))

e e s n
A 50 d st e e e o
- e e o o s

INST + 2-2DL7 d 29 7(30)

DoL.7./



D.L.7
O O's + 0's=%10 d 15 5(17)
TOINST + O's=doa 1 7(4)
2
3 (20)
I INST + O's-»5 a1 7(7
5
6 (9 4+ 0'g-22 a 12 7(11))
7 1h+ 0's%3 4 30 1(7 )
4

7 Ph0 & 11 =T, 01 4 19 7(50)

7(17)
(21)
)

\Jt
l\‘

16 (4-11=211 4 0 (
17 4+ 0'ss1 4.8 5(2

A4 0T o

1D 4+ O'sws 783 1 1

7
2)
7)
T

-
)

\‘
oL

19 P1 o+ O’sms‘i‘moff d 11 7(0)
20(0's + O's=0 1 32 7(22)
27 e e e
22 INsT + 1-D.L.7 d L 7(28)
"% PLO & 11 DISC 4 1 7(52)

5 INGT - 1111 @il 7(9)
26 INST + 1111 d13 7(9)
27 (ones® 2060 4 2 7(0))

= 110 ~

D.L.8

into SCAPRO - '

TN
INTRY

into DIVID 4
LINK

(b + 0's70 5 1 8(31))
12+ 10-#1 1 1 6(0)
P1 o+ 1010 1 1 §(1)

D. }‘Jl 9

(0'8-029 5 1 _9(5‘1))

s o yans s b bk Tt s s S 36 o ohor S g e e

13 + O'g# 2 i‘],?(’l»)

PROBLEM 5/



Froblem 5. The solution of a get of linecar algebraic ccuations by pivotal
condensation.

“The method of "pivotal condensation® .  or telimination', used in this report
p 2 2

may be described briefly us Follows,

E

Consider the solution of the set of n equations given by

~r |

bm+1 S G4 q FqoF A oXp o+ eee 4 Ay pXy m=0;154e3n=7;

The variable X may be eliminated from the last (n-1) equations, using the

: ~amy
i . g T o . +1,11 .
rirst equation, by multiplying the first equation by e Cand
th n “

adding it to the m™~ eguation for cach of the velucs of m.  This will leave us
with the Cirst ecuation unaltered and (n-1) ecuations which contain %, Xgoe.x 1’

. ;! e
only. - Thilg process may be dogceribed as 'reducing' a set of n equations in

n unknowns, to a set consieting of one ecuation in the complete n variables,

end (n=1) covations in {(n-1) variables. In thig reduction the first eqguation

:

is the *pivotal row' and the element, s ig the 'pivot'.  The set of equations
: “An

in the 'n=1' unknowns K1 evw X ; Hay now be reduced to o set.consisting of
: n= T
one-equation in the variables X1 oso X ’ and (n~2) eguations in the variables
- -
Xy owes X oo By repeating the reduction process we finally obtain a single

equation in the” gingle unknown x . If we collect together all the equations
A ’ , ;
which have Tormed the successive pivotal rows, together with the final equation

which contains x1 only, we have a-set of the following type.

1 eguation containing x1 ses X
1 equation containing x ... X
1 eguation it X een X

0 9B o6 o0NG600s 0000 QG0N

D oco B DB O OB OB 0B eONY 60

1 equation containing x1n

Such/
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Such a set is called a 'trianpular' set. From- the last ecuation % can be
; ! 4

G

evaluated and, using this value of X1, X2 can be calculated from the last one,
Similarly all the values of the unknowns czn be obtained in succession Trom these
n equations. The above description gives the mathemstical basis of the méthod

of solution only. 1In practice a number of difficulties arise when using this

method, (REFO(1); (2) and (7). The first iz due to the foct that in

o+

(=5

computational processes it is nccegsary to represent cach number by a finite
number of digits.  In so far as numbers arising during the computation do not
admit of an exact representation in this form it is necessary to use a

truncated version of their digital revresentation with -the result that errors
g 1Y

are introduced into the computation. In the method of pivotal condensation

it is possible for the accumulation of these truncation crrors to lead to
serious inaccuracies in the final solution. The second difficulty which arises
is that for certain sets of equations, gsually called "ill conditicned®
equationé, the coefficients of the derived equations have a progressively
‘diminishing number of significant figures; this again gives a loss of

.accuracyc A third difficulty, is that of ensuring that alllthe numbers obtained
during the computation remain within the range permitted by the storage space

they are allotted: This difficulty is, of course, common-to all problans

which are programmed for an sutomatic computing machine, but it arises in =&
% rather more acute form with this particular problem than for most,

© It is possible to produce an instruction table which will overcome all
these difficulties satisfactorily, but since it involves very lengthy

considerations/
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considerations it is felt that its inclusion in this introductory report would
scarcely be justifisble. It will therefore be given in a subsequent report. An

unsatisfactory feature of such a table however, ig that in order to guard against

‘all contingencies, it is very much longer than is necessary for most sets of

ecvations, both in respect of the number of instructions it containg and the time
it requires to obtain a solution.

The table given in this report has been designed to give a solution, of any
desgircd accuracy, venf quickly for any set of couations which does not bechave
Ttoo unrcasonably .,  The meaning of "too unreascnably™ will appear in the
subseguent discussion.

It is interesting to note that thé’table given beliw would have been
more  then adequate for the solution of all sets of equations, many of them very
ill-conditioned and of orders up to twenty, which we have hed to solve in +the
Mathemztics Division of the National Fhysical Laboratory by direct methods. (This
excludes rather speclal sets of equations of orders much higher than 20 which
arise when solving elliptic partial differential equations by rfinite different
methods and sets arising in survey problems., These have always been solved by
Relaxation orrby iteration methods ahd therefore their behaviour when trested by
direct methdds such as pivotal condensation has not been observed, In‘general,
direct méthods have been,uéed on thpse equations which dia not‘yield readily to
relexation, and hence those sblved by dircct methods have nearly always been of
an ill-conditioned type).,

The instruction tsble as it stands solves sets of equations of order ¢ 31
and provides a solition corresponding to one set of velues for the constants
b1 ona bna It can be éasily extended to-sets of orders greatgr than 31 by adding
a feW‘instfuctions, and a simple modification would nake it capable of solving the
set of equationé for any number of sets of values of the constants b, oo b;

in particular it could be made to invert a metrix by taking as values of b1 ses br
. A

the n sets (1, 000 ., 0), (0, 1, 0000) 4%+ (00s..01), Tespectively,
: The/
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The process used is as follows,

v

AT s o ; N ) o = e i | 143 :
The coelTicients bm+19 Brngt 17 Bmpd 25 eeo am+1,n are stored in positions

CDLL(A + m)o s for m = 0,1, soe n=1. It is assumed that the greatesd coefficicnt

in any row of the eguations is given to an accuracy of 10 decimal' digits. (if this

was not true of the originsl equations it is assumed that, where necessary,

[

quations have been multiplied by an appropriate power of ten in order to satisfy
this condition) so that the most siénificant digit in each binary equivalent will -
be in position Pa where a_ﬁ_ﬂn Thesé coefficient are regarded as integers (the
position of the binary point is of no importance proﬁided it ig the seme in all
coeficients). For the purpose of finding the residuals corresponding tothe

rirst soluticn obtained, = copy of the original coefficients is made in positions

(C+ m)o 0=0,1,s¢en~1. using the routine COPY. The variables X , X ., +e. %
n

- n=7 2

are now eliminated successively.

The elimination of x  is performed as Follow

e

The equation which contains the numerically greatest coef7icient Of'xn is
located (using ROLTINE EAXHOC) end the coefficients of this row are then
interchanged with those of the first equation using routine INTERC. - #e thus

v
obtain the coefficients of the original set of equations in the same storage
position but arrsnped so that the equation with the maximum coefficicnt of Xy
is in D,L.4. This row is ﬁow used as the pivotal row; and X is eliminﬁted from
each of the other raws.

This ig done by repeating the followin rocess 'n=-1'  times with m.1,2 .5 n=1
‘ v Py ] 4 S

successively. (In what is written below it is assumed thet the coefficients were

renamed after the interchanging so that the coefficients in the top row are still

called by, by qsbags o a1n)

(1) cCalculate =2y n/é1n to 38 binary places using routine DIVID 2 (each of
F 5

these values is numerically less than or equal to Unity since a1 is the
" n

greatest coefificient of xn)
(i1) Multiply the first row by this number, using routine SCAVEC, and add it to

the row in which x 1is being eliminated, using vector addition.
n el H
: When/
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When this is coumpleted the Dil's Ay A+ 1, ovo A 4 n-1 will contain the
cbefiicients of 'n equationé, of which that in A will contain the n variables
X ,ov‘xﬁ “and those in the other delay lines will contain the n~1 variables
Ky see X oo It will now be éeen that these last (n=1) equations and their

positions in the memory will bear the same relation to the numbers A

’

end n=1, as the original set bore to the numbers A and n. A reduction can

4 is removed from (n-2) of these

therefore be performed on these in which x
ot
equations, using that onc of them which contains the largest cocfficient in

X 4 B8 the pivotal row and placing this row in the D.L, (& + 1) by the interchange

process.,

If we define the original reduction which eliminates x as & reduction with
n

regpect to A and n, then the complete reduction will consist of

(1) A reduction with respect to 4, and n

(2) 5t it 1 " "N L emd hed

o

(n=1) A reduction with respect to A + n-2 =nd 2.
We shall be left finally with an array of numbers in

(A)omn; (4 +1) sos 3 (A + n-1) corresponding to a

0~ (n~2)’ 0-1

O-(n=1) (A +2)

triengular set of cquations in X eee X X, ees X 5
- ( n’ n=",
respectively,
The varilous multipliers of which -a ] /a2 is typical will alway lie between
mylyn’ nn

-1‘and +1 and will therefore be representable to 38 binary places without
difficulty. The coefficients of the derived eguation could, however, give
trouble, Since at cach stage we are multiplying the coefficients of one eauation
by a number less than or equal %o unity énd adding it to another equation, after
m stages of the reduction it is possible for the derived equations to have
coefficients which are gréater-than those oif the original cquation by a factor o,

To avoid the possibility of these coefficients becoming greater than 259 it

would/
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would be necessary to check on their size affer each reduction and if they had
reached 238,'divide the equations by 2 or use some other similar device. However,
in nearly all practical problems the difficulty which arises is that the successive
coefficients becbme smaller, not greater, and therefore for fhis comparatively
elementary table it is assumed that it is not necessary to diminish the
coefficients in this wayuy Since the original coefficients had at most 34
significant digits only, no difficulty will arise unless an increase by & factor
of ‘greater than 25 is obtained.  Similsrly it is assumcd that the coefficienﬁs
do not become so small that the last pivot has no significant figures., These
assumptions have been satisfied in all sets which have been golved at NePoliv;
though of course, it is ﬁot difficult to construct rather gpecial sets for which
thé'assumptions would not be true.

29

set of equations.

The values X5 X5 e0 X are next calculated successively from the triangular

. and we wish to calculate x
1 6o Xk n Ve S [ k+1n

The solutions X .. X have been calculated to 20 binary places (i.e. to 20
k

Suppose we- have already calculated x

binary places after the binary point) and stored in B i and -the number =1,0 to

-

20 binary places is in BO.

If we denote the equation in X see X by
1 k41

Ut T Ckat, 1 T ¥ Chr,2 Kp ok oeee F O B+ Cq 1 " ket

Then Xpq = »-dk+1 O Bt Cppq,o¥pt eoe + Ck+1,erky/%k+1,k+1o (2)

Since dk+15 Chrt 10 Ciyd,2b et Oy i ¢ oBTe stored in D.L (4 +yn=—1«:-—‘|)O»k

and ~=10:; x1;

the numerator of the expression for x4 &iven in equation (2) may be caleulated
+ N

x2; aee ] Xy are stored in DUL(B)O . to twenty binary placés,

by using SCAPRO For a scalar product of order (k+1). can then be calculated

‘ e
from the double length value of the scalar product by using DIVID 2. Since each
of the solutions is calculated to 20 binary places, and only one word is allbtted

for/
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for its storage, values of the variables up o 219 are permissable, If any

s

oi the solutions is greater than this the table glves & failure indication.
The table could bes mude to give a continuous adjustment éo that if -i% ”failéd”
ror solution of 20 binary places it attempted to find sglution to say 16 places
and so on. Alternatively it could be made to calculate Ffor itself exactly
how inany binary piaces were permissable end to adjust the binar& point in the
scalar product ete, accordingly. In this table we have assumed that it is known
for physicsl or mathematical reasons that the solutions are unlikely to be
e N » )
greater than 2'7 and therefore that a failure indication is required if this is
not: true.

Another point where difficulty might arise is in the FPormation oF the sealar

-

products themselves because any of the partial sums had become too large,. This

danger is guarded cgeinst by SCAPRO itsels which provides a failure indication

whenever this happens. As a result of "rounding off érrors?_the values. of
X1 weas Xn obtained will probably not be correct to the full 20 binary plaées
and it ﬁay be nucessary to derive a more accuréte solution. - This may be done
by substituting the values of x obtained originally in the set of equations and
deriving the rcsiduals. I{ the set is now solved again with the residuals
multiplied by o geale faéyor in place of b1 ass bn’ a correction to the orjgig&]
solutiong is obtained. This process may be repeated indelinitely to give any
desired degree of dccuracy. . Hence when all the values of X1 see X have been
calculated they are substituted in the copy ‘of the originai equationg to {find
the residvals. Assuming still that the coefiicient of the original cquations
arc integers the residuals are calculatced to 20 binary pleces (i,ea t e& are
calculated exzctly since the coefficients are integers ond the solutions have
been caleculated to 20 binary plrces). The calculation of the residusls reguires
the Usge of tbe routine SCATRO. - The values =1.0; x1 ses X BTC in D.L. BO~n
and- the scalar products of order (n +<1) of this vector with

o=n

(& + 1m) form =0, 1, ... m-1, give the n residusls. Hence it is intended that

the equations chould now be solved again using the values of the residuals in the
‘ place/
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place of the original valués b1 ae'e bn it is ‘necessary that the residuals
obtained should have no more then 34 significant binary figures. Therefore as
each residual is formed, a test is made to sec if it exceeds ol numericallyu I
any residual does exceed this value the residuals are recalculated to 18 binary
places and then again to 16 binary places and so on. A cohnt of the number of -
binary places £inally retained in the residuals is éeptbin a blank space of the
Instruction table used for solving the equations. It has been our experience that
in general thé residuals are "quite small™ and usually it will be permissable to
form them to 20 binary places, (i.e. exactly, since the original solutiong were

to 20 binary places). On a desk calculating mschine it is possible to perform

the sgecond solution (i.e. the solution corresponding to the residuels) much more
quickly than the original solution gince in this second solution, 21l the
coefficients of the variables- in the reduced equotions will be the same as

before. To do this it is necessary to keep a record of the factors of the type
mam+1’n ‘an " which were used in the first reduction. It is possible that this

is not worth while on an electronic computer it being more satisfactory to repeat

the whole of the originsl réduction process, rather than going to the trouble of

keeping a store of the multiplying factors and of making the second table

appropriate to the modified procedure.

The above  discugsion reveals that the only routipes used by the table are
COPY, i4XMOC, SCAVEC, SCAPRO, INTERC and DIVID 2. Since the highest T,S= ﬁsed
By any of these routines is T38 which contains the link of DIVID 2, the table
méy use 7,8.9 and above. ~The tables use T.8.,9 and T,8.10 for general purpose
and therefore its parameters are in TS11, TS12, T813 and T84 They‘confain
A,B,C and n reépéctivelyf The link.is in T.85.15. The whole table may be used
ag a routine by another main table merely by providing the appropriate'vglugs of
A, B, C ond n =nd a link in 1812, 13, 14 and 15, and then cutering the tsble.
For all the previous tablés the plan of instructions has been given in considerable
detail, Thié has been done to meke it easier for the reader to understand the

fuﬁction/
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function of the table. After a little experience it becqmes~unnecessary for the.
person cdding a problem to go through such elsborate preparations; the type of
procedure usually adopted should be clear from the following, thqugh this is still
somewhat more elaborate than is usually necessary. A plan of the following tyfe-
is first drawn up.

Clear ' T810 which Will contain i during that part of the triangular reductiocn

when X4 is being eliminated,

(A) Test if i = n-1..3¥ES Reduction to triangular form is complete. Procesd to (D)
{ : .

! ‘

tl

NO TFind the position of that number which is numerically
greatest of those stored in
(& + i)nmi eor (A4 n1) Lo IF it is Y .4 put Y in TS3 (routine MAXMOC).

Interchange D.L.s (A+i)0m31» and Y (routine INTERC).

0=3%1
Send P1 to TS89, which will contain Jj during the Single reduction corresponding
to one value of i, with J running from 41 to n-i

(B) Test if j = n-1~>YES. Reduction with this value of i complete. Procesd

'% to ().

? . L .38, :

NO  Form 238 p,j = =no in (A + 1 + J)n—i x 27 /No.in (A+l>n~i
in T.8.4 (we know JPij

in D.L.200 using SCAVAC. 44 D.L 200,_z4

£1) using DIVID 2
Form:pij x vector in (A + i)o-(n»iA1)
to (A+i+j)0’31»

Add P1 to TS89 i.e. replace #3%" by %3 + 1" and return to‘(B}
(C) Add P, to TS10 i.e. replace "i" by "i 4+ 17 and return to (A)

(D) Clear TS10. ~We are now aboﬁt to determine the values of Xy wee Xy
When xk+1 is being determined 7810 containg k.

send =1(x 20°%) to B, i.e. =1+0 to 20 binary places.

(z) porm/



S

(E) Form scalzr product of order (k + 1) of B,

=120 =
Tk and (A +n~1 - k)o—R

in the Acc and divide result by the number in (A+n-1-k) thus form

ked?
2°0 % and send to B,_, (Using SCAPRO and DIVID 2). Test if |x | 2'9
k1 ket > 2 e B 1Xk+1;x:

" and if not give a failure indication.

Add P1 to T810 i.e, replace k by kil
Test i new value of k=n
“x;
Ky
NO Return to (B)
YES Clear 7310 which in future will contain 717

when the residual corresponding to the (1¢1)th equation is being Tormed.

(F). Form oY% sealar product of order (h+1) of BO * and (C+1)O_n
in T8k. Take y=0 initially and test each residusl as formed to see if it

exceeds 21

~

numerically (when y=0 the residuals have 20 binary places). If

any residual is too great start again with y = -2 and so on (y = 4, -6 etc.)

The final value of vy plus 20 1g stored among the instructions of the table

in (DL16), 5

Send TSk to (A+1)O

Add P1 to 7810 i.¢, replace 1 by 141
Test if l1=n. ‘
i e
| A0  Return to (F)
Y85 All residuels are in (A)O (4+1) g eee (A4n~1), and we could arrange
to solve . agein.
Prom the ebove plan the details of the instructions are drawn up as
follows, while the appropriate instructions are written on sheets with

rows numbered -0 to 31 -as in the final table.

1643/
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16.73
16,
5.

15.15

co '\ W

- 121 =

11 = A to COPY

, ) Planting parameters and
13 =~ 2 ¢ to COPY )
Inst-+l Plant 1link for COPY ) link in COPY.

=3 n to COPY and enter ENTRY of COPY. )

T.8.I (link of COPY) O's =»10  (original value of i is 0)

16,17

15,27
15.2
5.5

P e (n,1)4; : o L i b L ot L it 5
16,19 10Nt = DISC
S OFF . iNe 15§26
oN : - _, |
11410 ~+1  (A+1) to WMAXMOC ) Planting parsmeters .
14-10 =2 (n-1) to MAXMOC and link in

1512 2 =53 (copy of n-i in 3) and go into naxmog) HMAXMOC.
TSI (link of MAXMOC) 3 -»2 (send the result of #AXMOC to T82 for use in INTERC)
16.25 INST ~23 Plant link in INTERC )YPlanting parameters

17:3

TSI (link of IﬂIERC) Send P1 to 9 (first value of j is 1) )

16,11
16,13

16.16
16,18
16,20
16,22
16424

16,28 -

16,2
1604
16,6

15:.31~

15,0

15,1
1543

15,4
157

15.9
15410

116,31

15.0
16.1

T8I

15.18
15.20
15,22
1525

TSI
16,10

INST —= 8 Plant link Ffor MAXNOC

11410-»1 -  (A+1) to INTERC and go into INTERC )und.llnk in- INTERC

14-10 =1 (n-1)

7% 1~ DISC

| S

T OFF (next value of i needed)

‘, 10,15 P1410 =10  (is1 to i)

ON : "
114105 5 (a4i)
5493 (A+i+d)
51345 EA+i) in 2nd source position
3153 A+i+J) in 2nd source position
38y (A+i+J) in destination position
3plwl (A+i+j) in destination and 2nd source positions
1455 (n-i) in timing position, (A+1i) in 2nd source position
14353 (n=1i) in timing position, (A+i+j) in 2nd sce posn.

IN3T+3-»DL15
0's+0 %6 s -2 15(1) ) Fornm (A+1+3),.7® 6 and obey

S R Y

EINST 2 : »
38 Send 38 to 2 (For DIVID2)
INST-»8 Plant link for DIVID 2
INST+h>DL16,  dee. plant 200+(a+isJ) = A+i+j in DLA6,,
{200 + 0=~0 1 32 16(11)) (obeyed later at 1610)
INST+5 =% DL16
(0's+0-1 s =2 16(1) )  Porm (A+1) =31 and obey
»»»»» (parameter for DIVIDZ2)
ﬁéwaAcc iees  (A+itd),oq to Acc and into DIVID2

(1ink of DWID2) 4 #2  de, 2 8ijj (defined above) for SCAVEC)

114+10%1  (a+i) (for SCAVEC)
14=10 =3 (n=i) (for SCAVEC)
INST~+8  Plant link for SCAVEC
Pl == licer P2~#l. This ig because the products obtained
by SCAVEC neéed.tobe shifted two places to- the left.
‘ Go into .SCAVLC.

(Link of SCAVEC) = P149 =9 (Js )
Obey instruction formed by 15,7, ice.  200+(A+is+j) = (A+i+d) 1 32,

' (vector addition) and return to 16.11

: From 16.19/
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From 16.19 Reduction is now complete.

15,26 12 21=%9 B in destination position

17.6 (INST+9-+DL17 Form (Ones®20-#B 4 3  17(0))
17.26(0nes » 20~ 0 d 3 17(0) and obey it. This puts =1.0
17627( =o=mmme : to 20 binary places in Boe

17.0 Clear 10 (Will contain k when %, 4 is being evaluated)
. v

7.5 9410 =1 (k in timing position, B in destination position)

7.7 INST+1 —2 DL17 (form the instruction L—>B, 4 and send it to

8

DL17 to be obeyed later)

15,30 12=+4  (5)
1761 11414 = 2 (a+n)
16.7 2-P1=#2  (fn=1)
17.9 2-10=22  (f+n~1-k)
1711 2 > 1%L (A+n=1 ~k) in 2nd source position
17643 4410-»L  (A+n-1~k) in 2nd sce. position and k in timing posn.
17.15 10=»3 ,

1

I
1717 INST+4-4DL18

)
50 Form the instruction ~(A+n~1~k)k+{~%1 and
~put it in DI18_ . to be obeyed later
16.30 INST=+5  Plant link for SCAPRO
16.9  Clear TSk (The scalar.product table will require a sh:;t of
zero places)
Go into SCAPRO
TSl = (link of SCAPRO) (INST .- 2 ’
1723 - (40 di.e. send 4O to 2
17.24 Onestx 39 =y Ac  taking place for two mincr cycles; .the first an
+ . N . -
even minor cycle and the next an odd., This . adds
a-double- length number consisting of 39 zeros in the less
significant positions and 41 ones in the more gignificant
~ positions. The addition of this number cancels the 'round off'.

16,27 INST~8  Plants link for DIVID2 :

18,30 Obey the instruction formed by 17.17, i.e. a(A+n~1~k)k {~§1
18.31 Go into DIVID2 +

TSI (link of DIVID2) PI1+10-+10  (ke1+rk)

1730 0Obey 1nstructlon formed by 17+7, 1o Af?1§41

17,51 10X L~sn DISC,

! ‘\iON' kgn and therefore return to 17.5
& ,
O%F y1°,.xn have been evaluated. =~ We now find residuals,
174 (INST-+9 ‘

18.9 (~20) Send (~20) tc 9

18.10 20~%DL1612

18,12 Clear TS10 (TS10 will contain '1' when the '14+1'th residual
is being formed)

15.17 12 =1 (B)

15,19 134102 (C+1) (for SCAPRO)

15621 INST =» 5 Plant link for: SCAFRO

17.29 1612+9w~§h. i.e. initially O is sent to TS4 (for SCAPRO)

17,12/
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17.12 4l 23 'n' (for SCAPRO)
Go to SCAPRO
TSI =~ (link of SCAPRO) (INST 39 —»DISC

18,2 | (~20 \

ON  Go to 18.4
v

. OFF
1843 Lo ey DISC. '
' S TSeON go to 18.6
Orp
18.5 PLOyAce =¥ I
180l Py 34 -+ 1
18.7  P4Os4 —* DISC .

; TBON 18,14 Ly =
OFF ,

18613 L1 a1 . These instructions test 4t
17.16 PLO+T 1 - residual < 27 1* residual is 4+ ve,
17.18 Ph0O&1-%~ DISC end - residual € 23% i residual is -ve.

| .

& 0N 17.22 Go to 18.6

OFF 16.6  (INST - 9 S
17,21 11410 =1 (a41) 17.19((20) Send 20 to 159
16,23 1421 176 20( DLj612+INST‘"ﬁ?DL1612

(441) in dest. (- ; Subtract 2
position - 18.11((~2) : from DL16

17.25(INST+1 =+ DL18 ) 12

18.27(h~0 & 2 18) FOTm &A1), send it
18.28(0bey - ) to 18,28 and obey it

18,0 P1+10 =210 (141 1)
15.13 1O§§1AW*DISC,M
S ~
i ‘QMON Return to 15.17 16 find next residual
OFF :

15:16 15 ~5TSI Send link to TSI

The 1nstructlons ror rinding the residuals call for some explanation.
The r651aaals are found by using the routlne SCAfRO and on a first attenpt

their values to 20 binary places after the binary point are calculatéda If

fhis produces residuals vhich are too great; then the values to 18,16,...

. binary places are found in succession until they become of permissible size.

As a result of this 1t would be necessary to make the parameter which controls

~ the binary point in SCAPRO equal to 40,38,3%6,... successively. Unfortunately

SCAPRO can only deal with parameters less than 40 and therefore the first case
haS to be treated dlLLercntly from- the others. The LlrSt time round when we
attempt to find the fcsradalq to 20 binary places, the parameter in SCAPRO

is given the value zero instead of 40. The residual is therefore in the least

significant/
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significant 40 digits of the accumulator (it may overlap into the upper

LO digits i it is 1afge enough), The instruction in DL18.3, which is only
obeyed when the attempt is being made to calculate tﬁe residuals to 20 binary
places, tests whether the value supplied by SCAPRO in TSk is zero. It will
only be zero if the residual is lessg than 219 and therefore if T84 1is not
Zero, it will certainiy be necessary to calculate the residuals to less than
20 binary places. The control therefore cbeys 18;6 next if TS4 is not zero

and this gives a reduction of 2 in the number of binary places to which the

- reslduals are calculated. TIn all subseguent attempts which are necessary,

the routine SCAFRO has parameters 38,36 etc., and therefore it produces the

required part of the accumulator without special precautions.

Solution/
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ROLUTION OF ZGUATIONS BY PIVOTAL CONDENSATION.

D.L.15
INS + 0's =2 4 1 15(4)
14102 4 1 15(5)

(38 )

O INST + Os 98 d 1 15(7)

INST + O's=»8 d 5 15(12)
O-b=>2 i 1  15(18)
INST + 4-D.116 4 1 15(40)
INST + O's =L d 5 15(15)
200 + 0->0 1 32 16(11)
INST + 5=D.116 d 20 16(0)

3+ 0's2a1  16(25)

2+ 0's=»3 45 11(19)

10Z1L=DISC 4 1 158% ‘
O's + 0's %10 4 10 16(17)
14+ 0's»3 @ 15 10(0)
15 4 O's~TSI 1 1 TST

1204 O's=p1 1 1 15(19)
11+ 10-»1 i 1 15(20)

134102 11 45(21)

H-10e93 1 1 15(22)
INST 4 O's«5 4 6 17(29)

~ INST 4 O's=8 a1 15(25)

P14+ 999 4 3 16(10)

PIbi=sh da 1 14(28)
12 x21-+9 a4 10 17(6)
11 + 101 a5 15(2)

(4; O's=0 s 1 17(31))
12 + O's*>1 a1 17(1)
(O's + 0-%6 5 = 2 15(1))

o " e i S S e T g S A s o S S Gt ) S

D.L.16

6 + O's=¥Acc d 20 13(23)

1T+ 5=85 1 1 16(y)

11 + O's=»1 1 1 16(5)
ENTRY

1+ 3=3 1 1 16(6)
13 + O's=2 4 1 15(8)
INST + 3~»D.L15 4 24 15(0)
2 ~-Pl=2 i 1 17(9) -
INST + O~2 d 25 17(24)
O's + Os'™?4d 28 1(7)

S sk s Wt i e s W it e S i o o 2 o i W W

A e et M Gt W W e s S s P o i’ Sk e e 00 s b

9#1~» DISC 1 1 16516;

P1 +10~>10 1 1 16(17)
11 + 105 11 16(18)

W =~ P11 11 16(19)
54 9=3 i 1 16(20)

(26)
10#1-¥DISC d 5 15(27)

5 B A3ap 5 i 1 16(22)

3133 101 16(24)

12191 1 1 17(25)
38« a4 2 16(28)
INST + O's =3 4 8  17(3)

INST + Os'~s8 a 1 18(30)
3+ bk doL 16(2)
(O's =0 =1 s 1 18(31))
INST + O's=s5 d 9 16(9)
(O's + 01 5 - 216(1))

Wt et L o s e gt ok it 2 L v e

Solution/
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SOLUTTON OF BCUATIONS BY PIVOTAL COXDENSATION. (Contd).

D.L.AY

11+ W22 a & 16(7)
Pl + 0's-+9 d 6 16(11)
11 + 10 =21.d 2 10(7)
INST + O's=»9 & 4 18(10)
9 + 10=1 1 1 17(7)

INST + 9-D.L17 @ 19 17(27)
INST + 1+D.117 4 21 15(30)

2 ~10=-s24i 1 17(11)

213k 11 17(13)
4 + 0's=3 a 25 1(7)
b+ 10 11 17(15)

10 + 0's=3 1 117(17)
PLO & 1 =1 11 17(18)

~ INST 4 4-D.L18 4 11 16(30)

PLO & 1DISC d 1 17(5))

(20 )
D.L 16 + INST$DLA6 d 22 18(12)
11 % 104 11 16(23)

255 4+ 0's=+255 d 14 18(6)

(40 : )
11sD39ahee, 12 16(27)
INST + 1+D.118 d 1 18(28)
(onesp 20-0 @ 3 17(0))

i e e R S o S o e e et o e i S e e e

D.L16 & 9=k d 13 17(12)

TR
A0#14~ DISC d 3 17(5)

O's + Os'=»10 d 3 17(5)

D.L.18.
(-0 (5
L + O's»DISC i 1 18(6)
PR 34-1 4 1 18(7)
B g + Acoh 4 29 18(L)

PLO & L-*DISC 4 L 18%13

INST & O'g=39:d 12 T7§20§
(11

(-20

O's - 9-»D,L.16 1 1 18(12).
( -2 :
O's + O's=»10 a 3 15(17)

L -4+ a1 17(16)

Lo 1=s1 d 2 17(18)

(4 + Of's=»0 a4 2 18(0))

i G i gk P i e . W AN o DS it i

255 + 0's=255 d 22 13(L)
P1 + 10-$10 & 11 15(13)
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