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A_RON-TECHNICAL DESCRIPTION OF:E.D.S.A.C.;

PREFACE

This statement is the first pert (Part A) of a deseription
of the electronic celculating machine which has been built at
Cambridge. The statement is so prepared that it can stand by
itself; it gives a general idea of the way in which the machine
works, eand is divided into the following five sections:-

1. Name and nature of the machine. Page 1
2. General orgenisation of the machine. ‘ 6
3. Forms in which informetion appears |

in the machine. - 12
4, Arithmetic with binary.numbérs; : 25 ~
5. How the machine carries out arithmetic. 4

Part B will give a more deteiled description 6f.the way in
which the different organs of the machine are designed to carry
out thelr functions. o ‘ '

, Part C will show the arithmetical operations and
representative types of elericel process that the maeehine can

carry out; it will also show what has to be done to analyse &
complete problem so that it can be given to the machine.

Jo. Lyons & Company Ltd.,
June 1949
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" A_NON-TECHNICAL DESCRIPTION OF B.D.S.A.C.
1, Name and Nature of the Machine, |

;;}1.‘An "Bleotronioc" Machine,

" . The full title of the machine to be desoribed in these notes is the
"Eleatronio Delay Storage Automatio Caloulator", Tt is a machine, built
‘4n the Mathemstiocal Laboratory at Cambridge, for making oaloulations at

high speed ° : : ' o »

_ The mechine works mainly by "elestronio”, es opposed to elsctrical or
 mechanical means, Whereas eleotrical engineering is concerned normally
" with the flow of electricity in conduotors, "eleotronios" employs, in
-eddition, oirouits incorporating radio valves, in whioh curreat flow is
malntained by the movement in space of tiny oharges of eleoctricity,
. oalled “eleotrons™, ‘ ‘ '

1,2, The nature of information nesded to define a problem given to the mashins,

The information needed is of two kindst -

- *7 (a) the actual figures to be worked upon, which we may term
e the data of the problem; : ‘

S » ) . :
R (b) the various steps or operations that must be oarried
' out on the figures in order .to produce the required

answer; ‘these are glven t% the machine in the form
of "orders", the whole series being termed the
"programme" of the problem, o

Thys if the problem to be set to the maohine is that of finding the
average price ofs - . -

100 1bs of Tea A at 2/- per Ib
& 200 lbs of Tea B at 1/3d per 1b

the data of the problem are the smounts of 100 1bs and 200 1bs at the
respective prioces of 2/- and 1/3d., : '

The programme of ordets. in its simplest form, covering any problem
of this type ist- ‘ - -
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Multiply the quantity of the first lot by its price;..IOO.x Z/L = ZOQ/L
A L "‘soco‘nd“' momom,..200 x 1/3 = 250/~
Add these two together to obtain the total L LIRTTICTRTIPERIE - 450/-
Add the two quantities togethsr to £ind the total quantity soeo ‘300 1bs

‘Divide the total ocost by the totsl quantity to _ :
arrivo et the avemgo prioe 6000300080000 9000 0000000000000 L 1/6d

The ocaloulations here have been divided into a'number of simPle steps,
The machine can solve any problem that mey be similarly reduced to such a
programmo of orders°

1,3, Form in whioh the. information appears in the maohina.

Both the numbers and the orders appear in the machine in the form of
pulses of eleotricity travolling round oirouits at an axtromply high speed,
Each different number or order is a distinotive group of pulses and gaps

_travelling together like a group of beads moving along a utring. A single
.number or order might thus be represented ast -

NN N
oo U

| .
allilfa/alalniia/alalia
Spuanuisisivpysisivy

1, 4, Storaga of Information° ‘

N These numbers and orders can be stored by being oirculated round a olosed
loop to be "read off™ and used when required. A single pulse passing any
point in the wire takes onme millionth of a second to pass and 1t travels at

a spoed of nearly 200,000 miles per gecond, Therefore while a pulse is -
passing a given point - the front of it will have travalled one=-f'ifth of

a mile,

‘ O PULSE o
Tl tta et PRV
——-—,\ 200Q00Q MULES PER SAC,

w'm.g‘ i
?OIN ________y M/Lé'.f—-——-—-—--——}

This means that if the olosed loop were entirely of wire it would have
to be over ome-fifth of a mile long to store a single pulse, and it would de
quite impraoticable to store a large number of pulses in this way unless a
means of reducing this speed is found, This is done in the machine by
inserting in the loup & Delay oirouit through which the pulses travel far
more slowly,
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Wheroaa thé speed of a pulse along a wire is nnarly ZO0,000ﬁmiles
per second,.the speed in the Delay elrouit is less than 1 mile per second.
Thus to pass along a tube ‘about 5 feet in length (1.e. a thousandth of a
mile) the pulse takes about a thousandth of a second., Now the end of
the pulse arrives a millionth of & second after the front of it, so that
if pulses followed one another end to end, the thousandth one would arrive
before the first one left the Delay sireuit,

Aaauiggzx:Aanrcr':< — Sruse : . ‘““‘e““éh'7”§§ffﬁzmy
[~ V) ) V) Ui YN OF . A VAL ©F A /%
TTRAN OF (000 PUES PAVEL AL TRE |\ a5 4 Sivos it
> ;

Akmmu&&mrmmmwam'mu
&mw%{uratmmé

< —g

This system therefore provides a praotioable means of storing the
pulses which convey the information and is called "Delay Storage",” the
term which is %fnoorporated in the title of the machine, In fact each
tube stores only 576 pulses because an interval of about a milllionth
of a second is allowed between one pulse and the next, For oonvenienoce,
the train of pulses pessing round the loop containing the storage tube
is divided into 32 compurtments, each compartment having a capacity of
18 pulses (576 in all). It must be realised that the compartments are
not statiopary but are moving round and round the loop about every
thousandth of a sooond, thust= v

| DELAY STORASS TUBE

) o PARTMENTS
HHHHHHHHHHHHHHHHM%#%HHHHM%WHHH

< ‘ WIRE

As the pulses inoluded in each compartment pass along the wire AB
to re-enter the Delay Storage mechanism, the information they convey may
be read off for use by the machine, Also when fresh information is
required to be stored, it can be put in the appropriate oampartmpnt as
it passes slong tho wire, .
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To enablo the machine to hendle e problem. it is Pirst necessary to
oompile the data and the programme of orders in a suitable form., Thus if
the machine is to omloulate the wages to be paid to an employee, details
of the number of hours worked, the rate of pay, any bonus payment to be
made, and other details required in the ealoulations must be assembled;
and a complete programme of orders laying down all the steps roquired to
produoo the’ dosirnd rosulta must be formulatod° ' ,

© " VWhem the start butten ia preaaod, tho mnohinp ‘then aubumatioally
*oarriol out. ths following ctepaa- « - ,

(a) 1t reads and - seores the progrqmmn af ordora, whioh now 1ndioate -
all furthor sbepa to be curried out. ' v

‘(b) it rsads and Sbores tho data alroady ussembled;

(o) 1t carrios out the oalculations indioatad in the programmc, to ‘
arriva ot the. Baao Pay, Gross ngoa, Tax Deduction and Net Pay;

‘;(d) as each raquired rasult is produooﬁ. it holds it 1n - specifie“
‘ position in the store; . ‘

(e) it reads the results fram these positians and oither printa

‘ them in a pre-arranged fashion whish is governed by the
programme of orders, or it records them in code in some 'ny
more suitablo for future uuo,‘ :

‘ Thus when onde the mnchina has boen started, it will automntiotlly :
follow the ordsrs until the operations have been ¢amplotod, without

. outside 1ntorvoution.' For this reason bho maohino is oalled an

"automatio® enlculatoro ~ e o

; A muohinn oapcble of oarrying out thnno funotion: at all 4s
remarkable, but what is even more remarkable is the speed at which they
‘are performed, The addition of two numbers can be. oarried out .
two-hundred and fifty times a second, ‘and maltiplioation -
one 'hundred and twenty times a second. ' But the high effeotive speed
of the machine is schievwd not solely by the speed of each calculation,
bubt also becsuse a lonmg and complicated soriea ot oaloulationa oan be
. oarriod out without pauaoo

Whon nnoolanry thc mnohinn can ovon ehoo-e botwacn dwo ultornativt '
courses of aotion, provided that the alternmatives have been foreseen,
and the conditions gbvvrning tho oheiao have been set down 4n the
prograumn. : , , ©o
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'1060 Applioation to Clorioal jﬂbﬂe":

B § muchinn of this typa can, 14 is bolievud. be mado to perform a
great number of olerioal. jobs, partioularly ‘those 1nw01v1ng arithmetio.
' The struoture of the machins is naturally much more eomplex than 3
existing office machines and the cost of bullding one 6orrospond1nglx
higher, Nevertheless the speed of operation and the possibility of
doing the whole slerieml ‘job from the vaking in of the original date

to the printing of the. rs.ml ruu:w nake M:s potontlalitiea very gron.to‘ o

In order %o use tha ma@hins 1t will be npoessary for each qlerioul,
job to be enslysed and expressed as a programme that the macshine cen ‘
- accept and interpret. - Before oon:idering ‘how thess programmes ere

- prepared for any olerical job it is necessary to oonsider how the
machine is oonstruoted and the form 4n whieh 1t holds and uses the -
inrormation givon to 1%, . L A
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2, Gemeral Organisetion of the Machine,

2,1, Essential Stages in the process by which the laohine handles a problem,

In order that & machine may handle e problem there are four main stages
whioh must be completedt - ,

(a) the machine must be started to enable it to‘aarry out the
subsequent stops;

(b) the programme of erders and the data for the problom must be
taken into the machines

. (s) the required series of salculations must be ocarried out by
following the orders which have already been taken in;

(d) the answer or answers to the problem must be presented in
either printed or soded form,

It is proposed here to desoribe the main organs that meke up the machine
and the role they play in oarrying through these stages,

2,2, Main Parts of the Machine,

(e) Co-ordinmtor
(b) Store

(s) Starter

éd% Reader

¢ ) Computor

(f) Reoorder

The rough relationship of these parts is represented by the schematio
diagram attached to page 9. ‘

2.3: (a) The The Co-ordinator is the "nerve centre®™ of the machine because,
with one exneptionbit gives the atimuli to the other parts to oarry out
their funotions, and receives back messages when the eperations have
been completed so that it ocan pr@oeed to initiate the next step, The
dotted lines in the diagram indicate the links with the other parts by
which eentrel is exsrcised. The full lines show the path followed by
pulses representing information flowing in the machine, with arrow heads
to show the direction of flow.

Information coming from amy of the other parts of the meohine always
passes into the same Main Discharge Line which leads into the Ce-ordimator;
from the latter the imformation passes along the Main Feed Line which has
conneotions with the Store, the Cemputor, and the Oubput Mechanisnm, ’

The sourse of soction of the Cowordinator itself is govermed by the
progremme of orders, The pulses censtituting am order are interpretesd
by the Co-ordimator which them semds out the appropriate stimuli to the
other parts of the machins,
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f'é‘.(. '(b) The Store is the part of the machine in whioh are held at verious times
during the ealeuletions;. S ' '

(1) all orders to be used by the Comordinater;
(11) the data for the problem; :
(181) all intermediate results of caloulations;
(iv) the final results required, :

2,5, (o) The Starter, Since the Coeordinator works hy “resding” orders whish
ere held in the store, it will be seen that until sufficient orders have bsen
stored to enable the programme and data for the required problem to be socwpbed,
the Cec-ordinetor camnot start working, At the same time the progremms end date
cannot be taken into the store until the Co-ordinator gives the necessary
stimli, ~ -

It is the task of the Starter to supply the preliminary orders to the Stors
and then give the necessary stimulus to the Co-ordinator so that it reads what
has been put in the Store and sommenoes its task, This stimulus given by the
Starter to the Co-ordinator is the one cass referred to eabove where the stimulus
is not provided by the Co~ordinetor, ‘

When the Starting-button of the machine is pressed, the Starter supplies to.
the Stores a pre-arranged ssquence of orders which are permsnently wired into the -
maochine and at this stage ars converted into pulse groups, These preliminary
Orders are the sams for all problems and, by following them, the Co-ordinstor
oan ensure that informstion required for the job in hand is taken irte Lhe
machine, : :

2,8, (d) The Reader is the means whereby the deta and the programms of orders
for a problem are taken into the machine, It is a device which can "read"
information presented to it in the form of heoles punched in a paper taps, end
convert them into groups of pulses to be put intc the Store,

When the Preliminary Orders have entered the Store, the Co-srdipstor reads
end aots upon each in turn, The effect of these Preliminary (rders is to cause
the information punched in the papsr taps to bes taken in through the TInput
Mechanism piece by piece, and presemted to the Coeordiveter, This information
is placed by the Co-ordinator in appropriate sompartments of the Store
determined by the Starting Orders so thet it san be found when requirsd, 1Ia
this way the programms of orders and the data for the problem san be tuken in,
end when they have been accepted the Co-ordinator can procesd to the first order
of the programms, _

2,7, (o) The Computor is that part of the mechine which performs the
oalculations by means of electronic sirouits, It is built to sarry out two
- primary types of oaloulation, addition and mmltiplicstion, Obher types such az
- subtraotion, division, etu, are carried owt by using the oiroufte for ths
. primary oaloulations together with cther auxiliary oirsuite,

When the Comordinator "reads" an ordsr to wmake a calsulation it irterprete
it and oaw es the transfer of the required data from the Store to the Csmputor,
where it is held in "registers”; the Cowordinator then prevides the aupprspriste

- stimlus to the Computor to garry cut the desired salouletion on the data, '
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The Computor oontains three "registers" which ere, in fact, Delay Storage
cirouits similar to those used for the Store (ses 1,4) but of shorter length
sinse they are required to hold only & single number at a time, - These’ ‘
registers are used to provide temporary storage, in readily esoessible form,
for numbers on whish arithmetisal operations are being carried out,

The most important of these registers is the Ascumilator, whiok is
“oonneocted to oircuits whioh ensure that any number presented to it ia '
. sutomatiocally added to the contents of this register, The result of e series
of oaloulations can thus be held here. If the Accumulator is needed for a
oaloulation not involving the number actually held but which is, however,
required at a later stage in the programms, then the contents may be tranuforred
to the Store by a spesial order inserted at this point in the programm,
8imilarly the Acoumulator can at any tim be oloarod by inﬁorting an order te
that effect in the programme,

The oth-r registers are the Mul‘biplior and ml%iplioand rogisters, which
are used to hold th. faotors required for multiplisation,

2,8, (f) The Rooord@r is the means whereby the results held in the Store are
recorded in some more pormanent form, When the Cosordinator "reads” the
appropriate order in the Store it sends the information te the Recorder, which
may be either a printing device or a punching mashine which perforates a tape
with the informetion in coded form, In the latter case an euxiliary printing
device may be used to desode and print the informstion later,

2,9, How the Parts work together in dealing with a Problem,

The way in whioh the parts of the mashine work together éa.n e
illustrated by considering what happona when the machine is given the problom
of adding two. numbors "x" and "y",

The follovdng is o somewhat simplified version of what happens, The
programm, pepared for the problem boforeha.nd would be in the form of four

orders =

Order No,1 = Add number x into the Acourmlator of the Computor,
" No,2 Add number y into the Assummlator of the Computor,
" DNo,3  Transfer the contents of the Ascummlator inte a
‘ spscified compartment of the Store,
"  No.4 Prinb tha contents of that compartment of the Store,

This progrm and 'l:ho numbers "“i" end y would be punched on taps in
ooded form and atteched to the Roador,

Gmacoaooo
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When the Starting.Button is pressed, the following processes take place ;-

(a) The Preliminary Orders held in the Sterter are passed, in tis
form of pulses, through the Co=ordinator into the first
compartments of the Store, ‘

(b) When all the Preliminary Orders have been ac trausferred, the
Starter sends a stimulus to the Co-ordinater which then proceeds
to carry out the Preliminary Orders, 1In asoerdance with these
orders the Co~ordinator takes in through the Reader the four
orders which form the programme, and the two numbers which form
the dats, and stores them in the next six compartments of the

Store, . '
(¢) The last of these Preliminary Orders refers the Co-erdinator to
 Order No,1 of the programme, and the following sequence of
events takes pleace:- o
(1) Order No,l1 is discharged inmto the Main Discharge Line;
(11) The Cowordinstor interprets Order No,1;

(841) The Co~ordinster causes the compartment of the Stere
gontaining "x" to discharge its oontents into the -
Main Discharge Line; :

(tv) The number "x" is fed into the Ascumlator of the Computor;

(v) The Co-ordinator refers to Order No,2 and it is discharged
into the Main Discharge Line; .

(#4) The Co~ordinstor imterprets Order No,2;

(vi-i) The Comordinstor csuses the compartment of the Stere
containing "y" to discharge its contents into the
Main Discharge Line; '

(viii) The number "y" is fed into the Acoummlator of the Cunputor"
and is automatically added to "x" to give "(x+ ¥)%;

(ix) The Co~erdinator refers to Order No,3 end it is ‘disohargod :
into the Main Discharge Line;

(x) The Co~ordinator interprets Order No,3;

(x1) The contents of the Asoumulstor of the Compwtor are
disoharged into the Main Dissharge Line; :

(x44) These ocontents are fed into the specified compartment in
the Stere; | |

(x141) The Co-ordinator refers to Order Ko.4 and it is discharged
into the Main Discherge Line; ‘ '
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(xiv) The Co-ordinstor izt&ofprc'bd ‘Order No.4,
(xv) Tlio Co-ordinator causes the ooﬁpartmnt of the Store
containing (x + y) to discharge its vontents into the
Main Disoharge Line; - ‘
(xvi) This information is fed to the Recorder, .
‘(xvii) The Reoorder_ prints this informstion,
.~ This may seem a very involved process for the simple addition of two,
numbers, It should, however, be realised that all these steps are in fact

necessary, in one form or another, whatever means is used to ocarry out the
addition, even in the case when a humen ocomputoer does it in his head, '

2,10, Physioal Characteristics,

- Beoause the organisation of the mashine has been desoribed in terms of the
six main parts given above, it must not be thought that the physical ley-out of
the machine corresponds oclosely to them, Fhysiocally the machine can be divided -
under three headings:- :

(a) the reader and recorder, with their assosiated apparatus;
(b) the storage tubes; |
(o) the eleotronic oirsuits,

The reader, recorder and assooiated equipment are pieces of standard
teleprinter equipment which have been slightly modified;- ‘

(1) A Keyboard Punch, with a keyboard similar to a 'ﬁypowrﬁ:er, is
- used to produce the perforated tape ‘whioh expresses in code
form the information te be fad into the machine, This

instrument is operated menually,

(11) The Reader itself senses this information by meane of "feelers"
which detect the holes in the tape and preduce correspending
pattern of eleoctrical pulses, o :

(141) The Recerder may be an Automatic Punoh, opersted by pulses from
- inside the machine instead of by a keyboard, This form of
Recorder is used when the results of caloulaticns are required
in the form of punched tape, S

(iv) Where the machine is to produce a printed record, e Teleprinter
1s used as the Reocorder, which is astuated by pulses from the
machine end prints the results in much the same way as a

typewriter,
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" The- Dalay Storage tubes are arrunged :ln two battoriea of 16 Tubes each,
“Each battery is exclossd in a long box about 6 x 2! x 2! so as to avoid
sudden temperature changes, The tubes’ a.rq each sbout 6' long, or,ordinary
mild stesl with a bore of 1" ‘ ' o '

By fer the largest space is ocoupied by raoku of elestronic equipment,
ocomprising valves of different kinds end asscoiated compements.,. The 13

racks of equipment are related 1n tho main to the slx parts that have boeh
“degoribed, as follovrls-

4 are usooiatod with the Store;
4 with the nain Cozrbrol
. 3 with the Computor,
‘1 with the Input and Output Mechenisms;
1 with the supply of power and pulsos.
' Basoh raok 18. 7' high, 2' 6" wide, and about 1? daop and uoomdatu
sbout 10 to 12 pansls in which are ut the valves and assooiated oomponents,
The total area required to acoommodate the whole machine is about 20! x 10¢

In all there are about 3,000 valves which oonsum a total of asbout
10 kiloutt- 1.0, the u.m a8 five two-bar eleotrio firu,

v g
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- .3, Forms in which 1n_forma'bioﬁ ‘appears. i'n'v the machine, | '

-  The information which the machine may have to use is of three -
kinds:= - L, o : .
(a) numbers; - .
(b) orders to be exeouteds - . . -
(c) words which it is desired to print - .
- with numbers in the results,

3.1 Numbers.,

In order to understand how the Machine “deals"; with 4nmn'bers_ we must
first oonsider various ways of expressing numbers. Consider first the
numbers "one" to "twenty" expressed in words:- - '

One . Five . ~ Nine .~ Thirteen Seventeen
Two Six . Ten Fourteen Eighteen
Three Seven - Eleven ~ Fifteen = Nineteen
Four ~ Eight - Twelve Sixteen - Twenty

Each of these (awl indeed every such number in words) expresses a
unique quantity. To the farmer it may be a quantity of sheep; to the
child a quantity of toy bricks; to the sparrow a quantity of eggs. :
It does not matter whether the individual can count or make calculations -
 reduced to its simplest terms the number is the conception of a quantity .

of things in the mind of that individual.
 The Romesns expressed these twenty ;minbérs as :-

I - v IX

- XIIT - XVII
11T v X' Xy . XVIiII
111 VII XI Xv - XIX
v viiIr o oxxr . xwi XX

But this system of expression is very inconvenient for making
caloulations as will be seen if this is attempted.: It was not until the
system we are familiar with wes developed that ocalculatiems ocould conveniently
be made, This is called the "Arabic" notation and is based on the use of:
"digits" i.e, the fingers and thumbs on a person's two hands. Counting up
from one to nine -is- denoted by the nine numerals 1, 2, 3, emnmacmesl, .
Reaching ten there is a complete set of ten digits. The number of sets of
ten digite is: expressed in the same numerals 1, 2, eeecmewee§ but in a position -
one place to the left. The odd digits in addition to 'the sets of ten are..
shewn in the first position from the right. . For exsot sets of ten it is .- -
necessary to put a numeral in first position to denote there ' dre no odd digits,
8o the numeral "Q" :15 . introduced, making ten numerals in all. . Thus the '

numbers ome to twenty are expressed:-

Contdeseoee



Nought

One
Two
Three
Four
Five
Six
Seven
Eight

Ninoh

R |, P

- Set

 diglts of ten digits
0 Ten 1l 0
1 Eleven 1 1
2 Twelve l 2
3 Thirteen 1 3 S
4. Fourteen ) § 4
5 Fifteen 1 5
6 Sixteen . 1 6 -
7 Seventeen 1 7
8- Eighteen 1 8
9 Nineteen 1 9

Reaching twenty we havc 2 sets of ten. So we ocan cdﬁtinue'up %o 99,
1000 9 sets of ten plus 9 digits. -

For a hundred we have now "ten sets of ten digits"™., This we express
by using a third colum.

Similarly we need to use a fourth colum for thousands, a fifth s
eolum for ten-thousands, eto. -
So by sufficient colums we csn express any number. by means of the
ten digits O to 9o Then we put down 5,783 we mean:=
five thousands -~ L
+ seven hundreds : X b\}}v’ RGN
+ oight tens , X ‘;,,J,;’J,)\

-+ three single digit

or mathematically (5 x 108) + (7 x 10%) + (8 x 10) + 8.  This is the
Decimal System with which we are familiar and in which we are readily

adble to make caloulatioms.,

Now we can oonsider how the Machine is to express numbers,
Unforvunately it is only possible to build a Machine which ecan distinguish
the ten numerals 0, 1, 2, cwweewe=s9, by introducing technical difficulties
which it is desirable to avoide In faot i% is only oonvenient, as will be
shown later, to distinguish two numerals and these inevitedly are 0 and 1,

The Machine is, therefore, like a man with only one digit on each hand.
It must perfoerce express all numbers in terms of two numerals O and 1.
Reaching two, it has a "set of two digits"™ for which it uses one place to
Counting up to three is therefore denoted:-

the left.

Nought
One

-digits

0
1

Set
of twa: digits
Two 1l 0

Three l 1
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‘For "two sete of two" we need another column i.e, representing four,
which suffices till we reach eight for which a fourth column is meeded.
Similarly sdditiomal colums ere meeded for sixkeen, thirdy-twoe, '
sixty-four, oneuhmdred and iwantya-eighi, and so om for all powers of two.

’é%ms 1§atead of expressimg uunbers om the Decimal Sys4em in terms gf '
10, 1 s 0to, the Machime hes to express them in terms of 2, 2 s 8t0,
which is called the Bimary Sysiem. The mumber 11011 therefore moanssn

w

One x sixteen
% Ome x eight
4+ Nought - x four
<+ One x two
~ +One digit
1.0, 16+ 8+ 2 + 1 = 27,

{ -

It will be clear from what . has been said that ;juat as any mumber can be
expressed im decimal form im ome, and only ome, way, so it cam be expressed
by ome bimary mumber. I% is thus pessible to express amy decimal mumber
as its equivalent bimary mumber, - Simce in ordinary life only the decimal
system is used, it is desirable %o examine the methods 'by whioh 8 number may ;
be comvert¥ed from decimal to binary formo _ h

Thus the deoimsl number 37 will in binary form be a num'bor oomposed of.
'a row of O's and 1's, and each position indiocates whether the parsicular
power of 2,ocorresponding to the number of places from the right, ocours in
the number. Now 37 may be expresaed as a number of groups of “two" s with
or without a final one:-

37 = (18 x2)+1 ‘

Thus in the final position of the binary number there is a 1, The
number- (18) of groups of two oan itself, by dividing by two, be expressed
as a num'ber of groups of "four", with or without an odd group of twoi-

(18:2)= (9:4)4-(0::2)
So the number of 37 mey also be writben as: .
(9 groups of 4) +. (0 groups of 2) + 1,
and the last two binary positions are therefore 01, By dividing the
number of groups of four (9) by 2, we can now express it as e number of
- groups of "oighi" with or without a single group of fowr:-
(9 x4)=~ (4 groups of’8) + (1 group of 4)

and the last three binary positions therefere are 101.

Contd.uo.
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By a further divisian, tha 4 groupa “of 8 are.-
- (2 groups of 16) + (0 groups of 8) which beoomoa
(1 group of 32) 4+ (0 groups ot 8) + (01_groups Of.4')o

Thus. the whole numbor u $w
ST G
100101

i.e. 1x32 = 32
.+ 0x 16
+0x8

+1lx4 = 4
+0x2

+1x1 =

=y
'-37";'

'l'hus the binary equivelent of a deoimal number may be obtained by
repeated divisien by 2, the remainders at successive stages giving
nunerals in the bimry positions from right to left. Evonimlly the
quotient becomes O, so that all other positions to the left are filled
by O3 as they have no aign!.ficnnce they are normlly not written as in
the decimal nota¥ion, :

The complete conversion of 37 %o -binﬁry form is:

o Successive
2] 37 | Remainders .
2|_18 1 first position from right
2l _9 0 - o
2| 4 1
22 0
2|1 0 |
2l_0 1. " last significant position

The Bimry aqu;lvalcnt is theroforo:«-'
) 100101
= 324-4 +1 = 370

E Aliomtivcly, the oonvors:lon of 37 to 'binary form oould be oarried
out 'by & series of subtractions.

‘l'he positions of a binary number reproaoni pmors ot twos-

1 16

2 32

4 64 -

8‘, ote, ‘ Contdscooe
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. The tiunhor 37 ' must be represented by the sum of a number of these
powera, dnd it is olear by nspeoﬂ.on that 32 is the highest of these,

-

. Thus .~ 57
et B8

Remainder , 5 /

The most significant position of the binary number is therefore that
representing 32 and is filled by a "1".

‘ Sinoce *16 and & cammot be subtracted from the rminder 5, their

positions are filled by a "O",

The next position repreaents ‘4 which can be subtracted from 5 and so
this is filled by = "1", ~

Thus

1
o,

- b

Remainder

2 cannot be subtracted from the new remainder so that its position
is £filled by & "O",

The next poeition represents "one" whioch can be subtracted so it is
filled by a "1", '

Thus l
=1
VRonninder 0
The full number is therefore 100101,

The full process oan therefore be shewn &s:-

3 : 37
minug“lxsz = 32 escosocsel

minus O‘I 15 = a scssccecsl

minus O x 8 = ¢] 6ooeoce0e0
__3.. :

minus 0 x 4 = 4 co00ssecel
j . .

minus O x 2 - = O ee0000000e0

minus ‘1. x 1 = l coesocsseel

.. w

Cm‘bdoocoo
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Provision has been made in the machine so that it is possible to
order it to carry out up to 30 separate and distinot operatioms,
The orders for these operations to be carried out are ooded in the machine
in the form of & binaery number of 5 positions; that is, one binary number
1s essigned to each kind of operation. Thus the following operations,
which are among those which can be performed by the machine, are specified
by the binary numbers shewn against them:- o : S

(a) Add into the Accumulator the number im a
compartment of the Store to be specified: 11100

(b) Subtract from the Accumulatar the number
" in a compartment of the Store to be specified: 01100

(¢) Clear the Acoumulator by transferring its total to a
compartment of the Store to be specified: 00101

(d) Copy the submtotal of the 'Acoumulator into a
compartment of the Store to be specified: 00111

(e) Copy into the Multiplier Register the number
in a compartment of the Store to be specified: ‘ 10101

(£) Multiply ﬁy the contents of the Mulﬁiblief Register
the number in a compartment of the Store to be .
specified, end add the product into the Accumulator 11111

(g) Multiply by the contents of the Multiplier Register
the number in a compartment of the Store to be
specified, and subtract the product from the

Accumulator, 10110
(h) Read the next row of holes in the Input Tape and

copy the information in 2 compartment of the Store

to be specified. : ‘ 01000
(1) Reoord on the Output Medium the information held

in the first 5 positioms of a oompartment of the

Store to be specified, 01001

contdvo‘o oo
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.

I% will be seen that these functions all affect particular »
compartments of the Store; either the number to be used is held in a
given oempartment, or the result of the caloulation is to be transferred
to & given compartment., This is so for most of the fumotions ocarried
out by the Machine, and thus an order must normally specify not only the
funotion to be carried out, but the compsrtment of the Store concerned,

Eaoh compartment is denoted by a number, as will be explained later
in this section, and the appropriate number, in binary form, forms part
of the order. A complete order is therefore composed of its function
in the form of a binary number and its "address™  in the form of a secomd .
binary number. The function part of the order occcupies the last five
positions in the oompartment of the Store allotted to it, and the address
the remaining positions. o '

3.3 Letters

. In some problems it may be desirable to incorporate in the printed
answer imformatiom inveolvimg letters as well as the mumbers forming the
answer, ' ‘This is done by usimg a binery cede for the letters of the
slphabet, It so happens that teleprimters used for transmitting
telegraphic messages employ a bimary cede for the letters, A similar
code is used in E.D.S.A.C, "

The code is:=

01001

A 11100 H 10101 0 v 11
B 11101 I 01000 P 00000 W 00010
¢ 11110 J 01010 Q00001 X 11010
D 10011 K 01110 R 00100 Y 00110
E 00011 L 11001 S 01100 z 01101
F 10001 ¥ 10111 T * 00101 .

¢ 11011 "N 10110 U 00111

3.4 Distinotion between Orders, Letters and Numbers

I% will new be realised that mumbers, orders, and letters are all
expressed in the Machine in the same way, i.e. in binary form. It
‘follows that the same greup of pulses in the Machine could represent a
number, an order, or a letter. Fer Instance, the aumber 28 is
represented by 11100; so is the part of an order for the funotiem of
Adding; and so is alse the letter A. Fer this reason when a
gr:gramn’:e is written, the fumotion part eof en order is imdicated by

otters, . :

Thus: ‘ Subtract (01100) is writtem "S"

Transfer teo Stere (00101) is writtem "T"

Comtdeosee
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’ 3

Simce the Ce-ordimstor werks accerding to the arrangememt of pulses
it receives and has mo means of determiming whether the pulses were
jntendod as a number, an order or a letter, it is necessary te store the
imfermtion in properly designated compartments of the Syere and arrange
the prograrme so that numbers, erders and letters will, when takem eut
‘of the Store, be treated anprepriately. This is achieved by se arranging
the erders inm sequemce thet these cempartmemts of the Stere cemtaiminmg
pulses which the Ce-ordimater will interpret as orders are, im faod,
erders and ecour in the sequemce in which they must be ocarried outj and
that these oompartments cemtaimimg digits to be used as numbers centain
the appropriate mumbers fer the preblem.

The orders all fellew ome another in sequemce in compartments ef the
Syere, the mumbers being called forth as they are required., Where a letter
keld in the Store is to be fed to the Recorder for printing, the programme
must ensure that a signal is first fed to the Recorder which causes it to
treat the following digits as a letter.

36 Punched Tepe

We can now consider how binary information can be expressed in forms
guitable for feeding into the machine, and for use inside i%,

The first method is the use of punched papervtﬁpe,‘ which can readily
be produced by a Keyboard Perforator, which is used in conjunction with
teleprinter equipment.

When a message is to be transmitted by teleprinter, the typist
touches the keys as for typing, and a series of pulse groups, corresponding
to the code given above is transmitéed along e land line to the receiving
ins trument which is caused by the pulses to reproduce the message in print.
The keyboerd punch is somewhat similar to the teleprinter, but instead of
transmitting pulses, it punches on a tape’ groups of holes whose pattern
corresponds to the informstion, -

The tepe provides five columns for possible holes, and as a key is
pressed for a characher, a row of holes is produced cerresponding to the
binary code for that character. A hole punched represents a "1" and an
unpunched space an "0", Thus for the character E, for which the binary
code is 00011, the tape would be punched:e

i.0, with holes pumched in the
0Go0oee two right hand colums only,

Cﬁntdooooo
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For the word LETTER the pmohed tape would appesr:-
ety
eeococe
cccee
coe®ece
Ccocve|
occee

Ccce@oo

ISR LIY

L

Te put informﬁion into the Machine, punched tape is first produced
in this way whether the infermation censists of numbers, orders, or letters.
Numbers, orders and werds are typed into the Pumch just as into

typawr:ltexje , | » .
8.6 Representation of numbers by Electreémgnetio Relay Switches

A "relay” is an eleotrically-eperated switoh which may be set at either
"en" or "off". These two positioms can be used te represent respectively
1 and O, so that if e benk ef these switches is used, they may be set se that
~ their patterm of switching represents sny binary number, one switch being
used for each pesitiom., Thus the binary cede fer "E" (00011) can be
represented by a bank of five awitches as folleows: :

Switoh | Switoh Switeh ~ Switoh . Switoh
4 3 2 1

) o
2 o I N 1

Only eme bina}y number can, ef ceurse, be expressed in this way at
a time, ‘

In the machine five such switohes are used in the Reader. Five
feelers sense the holes fer each line ef tape in turn, and the switeh
cerrespending to each column in which a hole is pwnched is set at "on";
the other switohes remain at "off", In this way the binary number held
on the tape as a pattern of holes is now converted into e pattern held
as a sotbing of switohes assoeiated with eleotronio oireuits.

The switches can now be used to control eleetric currents flowing in
these oirouits, as will be seen below, and the binary pattern is thus
passed on, to be used inside the machine, The switches are then free to
scoept the pettern conveyed by the next row of holes.

The bank oould, of odurs‘é, inelude more than five switches, so0 that
 dumbers of more than five binary digits could be held in this way.

Contdcoeno
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3,7, Representation of numhérs by Trains of Eleotrical Pulses,

~ Numbers and other information move ‘about in the machine in the form
of trains of eleotriocal pulses., To understand their nature imagine an-
eleotrical circuit with a switoh in it which is at the "off" ‘position,
Iff it is switohed on momentarily a "surge™ of electriocity passes from one
end of the wire to the other, This switoh could be turned on and off
repeatedly and oreate & seriez of thess surges, i.e, & train of electrical
- pulses through the wire, : B

In the machine there is 2 means of oreating a continuous supply of
such pulses, All pulses last the same length of time and the interval
between them is also the same, Both the length of pulse and the interval
are about one~-millionth of a second (a micrcaseeond), g0 that pulses are

formed at the rate of one every two mioro-seconds,

The following grabh gives an illustration of the puises_passing a
given polnt in the wire; . the strength of the surges is represented
vertically, and the passage of time horizontallyt- - e R

" If now the pattern of these pulses is made to ocorrespond to the
"1"s and "O"s of a binary number, that number can be used in the mmchine
in the form of a pulse train.

: To effect this & pulse is fed in turn to each of the five electro-
magnetic relays which have already been set up acoording to the binary
pattern punched in the tape, Thus if ( as in the example already given)
the letter "E" (00011) has been accepted by these switches, the first
pulse will be fed to switch 1, which is "On", and will be allowed to pass,
The second, similarly, will pess through, but the third, fourth and f£ifth
Rulsea will be suppressed since. . the corresponding switches are in the

'off" position, '

Thus the five pulses bedompc-

% - Rk
iﬁ;ﬁﬁ? INYBAVAL -

SwausE  fwAau:
/i INTERYAL

aEm————
v 9 & S 4 2 7/

O russ O ruse O buise { ruiss l tusa i
, ‘ ‘ Contjéaooooo
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. ,51~Th£dfi§7dg€£nntﬁé.binarymfrom{uf:Eg- & pulse represents "I"; and the
_»-absence of a pulse in a position where e pulse may oscur represents "O%, -

iu-ﬁiﬁar&‘nﬁhﬁé;éﬁbf any size can be expressed by‘ﬁsing sufficient pulses
in one train, :
’ ) (
.

3.8, Pulse Vibrations in Mercury,

As has been explained before, the speed of electrical pulses along a
wire is too great to allow their storage in that form. For this reason
the principle of Delay Storage is used, whereby the eleotrical pulses are
converted into mechanical vibrations in mercury,

To transform the eleotrical pulses into mschenical vibrations quarts
orystals are used. When an eleoctrical pulse as used in the mechine is
applied to a crystal it vibrates, and conversely, when the mechanical
vibration is applied to a crystal, an eleotrical pulse is produced, The
vibrations readily pass from the orystal into meroury in direct sontast
with one side of the orystal, ‘

, | _
In the machine columns of mercury are held in metal tubes with

quartz orystals at either end, Each tube is connected to an elsotrical

cirouit which sends the output pulses from B back into the mercury again

et A, Pulses from outside the ciroulating system can also be fed in at A,

PUe.SES CRYSIrAL CRYSTAL
A 8

MERCURY

& PULSES c/m.caz»t TING €
TN

When a circulating pulse arrives at orystal A, the ecrystal sets up
& vibration in the mercury which travels to orystal B. A% orystal B this
vibration sets up an electrical pulse which travels along the wire to

orystal A again, and - so on, '

Thus if & series of pulses is ciroulating, its pattern (of pulses and
gaps) will be feithfully reproduced in the mercury in the form of mechanical
vibrations, and will again appear as a similar eleotrical pulse pattern
after leaving the mercury, _ :

The information represented by the pattern will not be affected in
any way by the insertion of the Delay Line, but the time of oirculation
will be greatly inorsased because of the slower spesd of the mechanical
vibrations, o ”

As has been mentioned in Section 1, it is because the speed of pulses

in meroury is relatively slow compared with their speed in a conductor that
it is possible to store pulse trains of some length, : ’
S . Contdo,eo»oo




: The length of the pulsa train in a single tube has boen fixed so
that it will store sixteen numbers, each of a size corresponding to a
decimal number with ten positions, ‘The number of binary positions
‘eorresponding to ten decimal positiong 48 about 34; actually
36 pulse positions are provided, We therefore require 18 groups of »
' 36 pulses i.e, 576 pulses, These are produced at the rate of about one
every two miero-seconds (actually at 514,000 to the second), so that
the 576, pulses will enter the tube in a period of 576 ssconds.

-~ b14,000

But if the pulse train is to be oontinuoua the first ‘pulse must be
leaving the tube immediately after the last one enters, so that the-
length of the tube mus¢ be such that the first pulse has travelled
the length during the time the 576 pulses have entered, Now a pulse
travels through the mercury at th& rate of 4,760 feet per second, so
the aumber of feet travelled in 676 seconds is 576 x 4,760 _ gogw

514,000 ' - 514,000
which 13 the length of tube roquirodo

‘ - The time takan for a pulto to pasn once round the storage tube
_oirouit is termed a "major eyole o A major oycle lasts

576

514,000
. This is 576 times the interval between successive pulses. of just under
-2 miero-sesonds (millionmths of & seoond ),

soconds, 1.0, 1012 milli-seconds (thousandths of a second),

The #ime between the passago of the first pulse of om group of
36 pulses and the first pulse of the next group is oallsd a "minor cyole P
and is 70 micro-seconds, 16 minor eycles meke & major ayele, Tha,_
minor eyole is sub-divided imbo two sompartments, sach capable of ff@g*

.+ holding either e number of half ‘the size of that stored ina whole‘
ﬁ¢;minor cyole, or ai’ Order° (Se¢ Foda)s | o

‘ Since it is nnoeasary to be able to idonﬁify the different compartments
of the meroury tube, & means is provided for eounting pulse intervals that
have oscurred from the startimg up of the machine up o any poiat in time,

The gemsrator whioch produses the regular supply of pulses is called a

"Clock Pulse Generator™ because by its regularity it acts as a elook,

The machine is also eble to count the number of minor oyoles which have
elapsed simce it was started, and in this way the Main Control is made aware
of the moment at which a partieular compartment of the store is leaving a

- partioular memory tube., . By this means the information im sny eompartment

of the Storo oan be obtained as required at the moment it is leavdng the #ube,

-Each of the 32 ‘tubes is givan a binary mumber to 1dontify 1tg thei '
mmbers run From 00000 to 11111, Each of the 16 miner eyoles in a tube
" 1s given another bimery mumber, this time from 0000 te 1111 and the two
ecmpartments of a minor eyole are distinguished by O Yo 1o The full
sjdress of a compartment is therefore distinguished by a binary number with
toa positions as rollowacw

Tubo'M1nmr Cyole| Half
00101 1100 | 1
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The tube mumber is analogous o thso mmbor of a house in a street.
and the mimor eycle mumber cam be thought of es corresponding to the hour
of the day at whioh a particular person would be aveilable at that house,
'A% any other hour the wanted persom would be "not at home", If the time
the person is at home is always the same every day of the week then a day
is analogous to a major oyocle because a% regular intervals of a day we
‘can always make comtact with him, In order to extraet information from
a oompartment we must kmow both the tube mumber and minor oyole number
- in which the information is contained, Just as %o make contacts with the

person we muss know both the place and: t‘lne of uppointmonto

-~
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14. Arithmetio with Binary Numbers. B

In Seoction 3 it was explained how numbers oan be expressed in binary
form, The rules of Arithmetio in this form are similar to those for ' i I
- ocaloulations with numbers in decimal form. =~ Before we can consider how the ™'
machine oan oarry out such oalculations we must first of all consider what
‘these rules are.. Some of the steps involved in making a ocaloulation
mentelly are carried out sdbmconsoiously es part of other -steps, The
‘machine, however, can only oarry out steps that have been specifically laid
down for it, so that each step must be considered separately and & set of
simple rules formulated for it which do not require the exercise of judgamont.

4,1, Coun.tingo

The simplest arithmatical procesa is that of counting. This oonsists
of the ropeated: addition of the number 1 to the previous answer,starting at O, -
The process for decimal numbers is shswn on the left hand side belown-

Starting with 0,‘1 18 added

to give & sub«total of 1 .

1 is again added

to give & new sub-total 2

And 86 on., ‘ ‘
The rule so far ia thue to take tho next highor
numeral each time,

But when the highest numerel 9 is reached

this rule can no longer be applied. .

The new rule is to revert to 0 in the first position
and carry 1 to the sooond position.

The previoua rule thon.applies again for the
nuneral in the first position until 9 is again reached,

- Now O again appears in the firsy pesition and 1 is
oarried to the seoond position,  The numeral in the
second position is, therefors, inorensed by 1 each time
that the numerel in the first position reverts to O,

Nl:- ,:' ) l—‘l‘ HIH ‘ .
Si o 9 o o Mt ols. ol @ o o o

0
W o o o

‘Similarly when the :aoond position reaches 9 it reverts
to 0 and 1 ls curried to the third Position and so m.

lglgﬂs‘caba

-
O
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Now let us conside#ithe rules for counting with binary mmbsrs which

for convenienoe we will ‘take as having only five positions,

00000  First 1 in the first position is added into the total
00001  4in the sams position, The rule is therefore that 1
00001 ‘sdded to O in any position gives 1 in the answer.

Q0001  Next 1 is added to 1 in the first positionand ,
O the amawer reverts to O in this position while 1 4is .
0001, oarried to the second position, ' , : :
00010 N '

For the next addition 1 is added to O in the .
00001  first position and O to 1 in the second position
00011 _ %o give 1 in both positions of the answer,
00001  For the mext addition 1 is added to 1 in the first position:
0 giving O in the answer, ' , . : "
1, and 1 is carried to the second position. ~ This 1 is added to
00 1 of the previous sub-total to give O in the answer,
loo again ocarrying 1 to the third position
00100 where it is added to O %o give 1 in the answer,

The rules afe theréforexm

(2) O in any position added to 0 in the sub-total gives O in the
answers : - P o ' :

(b) 1 in any position added to O in the sub-total gives 1 in the
answer;: ’ B i o . :

(¢) 0 in any position adde@ito‘l in the sub-total gives 1 in the
answer; , - LT . T

(d) 1 in any position sdded to 1 in the sub=total gives O in the

enswor end 1 is carried to the next position where it is added
to 0 or 1 in the previous sub-total according to the same rules, -

We must now consider the process of adding.two‘numbersvtﬁgethof, -
Whereas Counting consisted of the repeated addition of the sams diglt toa
given number, we now have the single addition of two numbers each oconsisting
of several digits, . : o ' '

Consider the two binary mmbers: -
| 8o 01101100
and b, 00101010

They have been chosen becsuse, as will be shewn, the additions of digits in
the verious positions illustrate all the rules that apply. - The addition
must be performed by some method which does not involve the simultaneous
addition of more than two digits since the construction of the machine is
such that at any onme time it cannod do more than add 1 and 1 together, .The

rules must therefore be devised on this besis, . . . e -
- ‘ . Conbdeegon
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The prooess of addition starts from the least signirioant position,

i,e. the right hand positions

this is obviously necessary if we are %o

carry from onme position to the next,

Thus the first three digits are added together as followsﬁ;

G oe

0'0.00100
...000010

.OOOOOIIO

we now take

s00001 100
s0e001 01O
o0 0 10
000010 000

0000 g 0
A ———

In the first position there is O ina both

2 and b, so O must appear in the total t.
Tn the second and third positions we have 1
in one of the numbers. and O in the other,
and in bcth cases 1 is required in t and
thera is no carry Pigure. -

the next two digitss-

In the fourth position we have 1 im both

a and b and, as in counting, O is required

In the total, /s and 1 must be carried

to the fifth positiano This 1, oarried to
the next position, is shewn soparately as a
carry mumber, Cso .

In the fifth position O ooours in bo*h A and
b, to give 0 in t, but we must now add the 1
which has been carried to this position in 7
to obtein the total t,; sinoce there is 0 in
t,end 1ing, 1 appears in tg.

In the sixth, seventh, and eighth positiouslu

011 01100
001 01010

010 00110

010 10000
0G0 10110
100 00000

100 10110

In the sixth poqition there is again 1l in

both a and b, end we write O in %, in that
position and oarry 1 over to the next positiom -
in o, ¢, must nmext be added to t, in this sixth
position but since there is. O in both s and o/

0 is required in the eanswer tz .

In the seventh position there is 1 in ¢ and 0 in
b, which gives 1 in %,. Now when we perform the
second addition,of £/ and o/, for this position,
we have 1 in both numbors, and must write 0 in

ts and carry 1to the next position., This "1

Ta shewn in a second ocarry figure which must

again be added to the total te to give the
final totel ts.

But this ocarry figure is in the eighth position
which we must now consider,

There is 0 in & and b, and therefore in’ t/.
There iz also O im 8,3 8o im adding t/ and o,
there is O in'tz2. Finally in adding te md o
the 1 in‘_; in this position produces 1 in t;. .

Contdounooo
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Condenged Form s i e |
e 1t will'be clear that wé Gould have avolded the '
e 01101100 extrs eddition of o, to t, by adding both 9, and o4
b 0010101&° to t/ at the same Time. ~ This would not bo possible
t, 01000110 if 1 ocourred in ts, o/ & oa '4n the same position. ;
e, 01010000 Here, as we see, this is ndt so. But, in fact,
" 67.. 10000000  there never ocsn be a carry in g, and g2 in the same
t, 10010110 position. This is so becauoe the ocarry to o3 only
: ' ooouyrs when t, has a 1 in the vious poaition; and
there is never @ carry to thé/pdsition of o, when t,
_has a 1, For this reason g, and o3 ocan alwuxs be
added to %, 3imn1taneously,_

 The example illustrates all the possible oombihu?ions of digits to be
added in any position, vigs - ‘ o

(1; two O's
(11) 0 amd-l .
(111) m 1'3

 The sams ruloa apply whether the digita of tho two originnl numbora
are.being edded or those of the first. total and the two oarrieso :

The method of adding two numbern is, therofore, to take the positions
in turn from right to left and to add each pair of digits in two stages;
in the first stage for a given position the digit of a first totel and of
a first carry to the next position are obtaineds in the second stage for
that position the digit in the first total is added to the digits of both
the first and second carries from the provious position. v

The rulea for adding the two digits ror any position in the two stagoa |
aret - : { :

First Stagp

(a) a digit 0 in both<numbers gives 0 in the first total and 0 in the
following position of the first oarry numboro ‘

(v) = digit 1 in one of the numbers and O in the other givos 1in tho
first total. and ¢ in the next p031tion of the first carry numbor.

(o) e digit 1 in one of the numbers added to 1 in the other givas o}
in the first total and 1 in the following poaibion of the first
oarry nnmbero e e o ‘
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Seoond Stege,

(d) a digit 0 in both the first total snd both the first and second
- oarry numbers gives O in the answer, ‘

(s) & digit 1 in the first totaliand O in bobh the #irst and secomnt
oarry numbers gives 1 in the answer. | .

(£) & digit 1 in the first or second oarry number and O in the first
~ total gives }'in the dnswer,: . . v

(&) & d1git 1 in the Pirst total and 1 in either the first ar second
' carry mumber gives O in the enswer and 1 in the next position
of the second oarry number to be added by the seme rules,

(h) in any positidn there cen ngier be 1 in both the first and second
carry numbers, Lo e : ,

4,3, Multiplication,

In multiplying two deoimal numbers togethsr the narmal prdgﬁéa ist =
. 254 Multiplioand- | |
174  Multiplier -

o)
+1778,): Pertial
 254.,) products

44196

Here the multiplicand is multiplied by eaoh diglt of the multiplier
in turn, but sinoce each diglt of the multiplier, acoording to its position,
has a different decimal signifiomnce, the answer to each .of these
multiplications. (1.e, esch partial produot) must be shifted successively
1 place to the left of the previous partisl product, These partial
products are then added together to give the answer, ’

is followed, and an analogous set of rules are required,. -

,,,,,,

In performing multiplioationlwith:binary,,umbezp.a §1mi1ar process
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Take the twﬁfnumbers:-

& 10110 multiplicand
b 1011 multiplier

For the first position of the multiplier from the right -
the number 8 must be multiplied by 1, But muitipliocation
by 1 is just a matter of putting down the multipliocand
i.e, taking a as the first partisal product,-p, » If we Lkeep
a rumning total then the first te:al to date.;ﬁ) s 1s also s,

" For the gecond pesitien of the multiplier, we must ensurs,
in performing the multiplicatien, that the binary significanoce
of this position is given effect, This is most easily done
by immediately moving the multiplicand one pesition left, te -
glve a,, The second digit of the multiplier d4s 1, and.se the
second partial product p, , is also a,. 2 must now be added
to the previous totel: to date t,, to give the new total to
date 44 by the rules for addition given in 4.2, above.

For the third position of the multiplier, s, must again

~be shifted one place to the left teo give az , but since the

multiplier digit is O, the partial product p, here 1s O,
and the total to date, 4 » 18 therefore the same as t,.

. For the fourth position of the multiplier, which is 1,
the multiplicand a,is shifted to give the next partial
product p,o  This 1% sdded into the prewious total

to date Ty to give the final product,:t,.. '

Thue the rules for'Sinary‘multiplioation may be expfessed aste

& . 10110
b 0001
p, 10110
t 10110
a 10110
a, . . 10110,
) b . 00919
P, 10110,
t 10110
tz . 1000010
a, 10110,
L%} 1011000
b 0Qoo
py  00000,.
t, 1000010
t; 1000010
b ’ i '1000
Ps 10110..4,
t; _1000010
t; 11110010
: righﬁta

For each position of the multiplier in turn; starting from the

ylorIf there is 1‘1# the multiplier add the multiplicand into the
answer according to the rules given in 4.2, , _

2o If there is O in this position do not add the mﬁltiplicand.

3, Shift the mnltipiicand ome place to the left,.

Contdooess
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e machins has. been deéigmd to deal. wlth neg&tive numbers as woll au
positiw ones, - A nmegative number ix, of courae, an ordinary-mmber with

a minus slgn before it, e.g. =37, which is & mmber loss than 0 to- the extom;
of 373 when added to 4:0 :H; givea the anm:r’ So : , ;

. On® -of the min reasons for designing the machins to deal wwh noga’cive
numbers is’ that by 8o doing it is. possible for the machine to do subtraction
without having to provide a apeoial mechanism, If it is desired to sub- '
tract the number e from another number b this is the same thing as adding .
the negative number -a to- b; this, ss wlll bo shem. the machine oan do
- with the adding mechanism’ providodo '

Apart from the pmooss of :ubtracting, th,e applioation of‘ noga’ciw o
mmbers may be illustrated by oonsidering e debit balande in a Supplier's .
Ledger Acocount, . Normally one expects u supplier to be owed something, and
therefore his account has a credit balance; if however he has been paid - R
£1 more than was dm, his wooun‘b oould be suid to ha.ve a bala.noe of ”-£.1"

: mgative numbers onn ba workad upan in. tha ‘oimry system in Just 'bho
same way as they dam in the ‘decimal system, e.g, "=37" in bimary form
becomes "-101101". 'To deal with: theae negative numbers the machine munt
be capable of uawpting, ntorﬂ,ng, recognising and aoting on them in
accordance with the ocorrect arithmetiocal prinoiples; But, as has been o
explained, the machinme has’ only two ways of expressing mumbers, vizi a pulse
of electricity or no pulseq ‘The mschine cannot therefore distinguish
betwsen -& and 41 1n e direbt mannar and wme udircet means must be found.‘

‘The large!t poaitiva munber the. mch&m can aoqept 18 one of :

' 34 binary positicns (ses $89.3.8) 8o that the 1argest positive number dealt
with 18 1111,..5.1111111 with 34 positions in'all, ‘A number of this size
‘esoupises & minor oyole of 38 pesitions. . It is therefore pou:lble %o

. alloow&s the 35th position in the mimor oycle %o represeub a. Regative -

" number, - This mgetivo Aumber 18 =10 o,.00e.0 With 34 0's, 1°o. ignoring
the lign 1% §s ome greater thanm the largest positive mmber, - 1% is the
enly purely megative number that cen be expressed in the machims snd fer
convenienos we have $srmsd 1% the: "Rﬁgu‘h‘.lvo DAgit". The Negativo Digit
oan be used im sonjunction with positive mumbers to ropruont any megative
number, for if we want: tu aton the mgaﬁivc nmbor -10011, m ,rstf»put» '
in the mohimz«’ . _ Ce e

1000 evpe e .00000000 (35 p"iu.") '
100101

Tb‘ N&g&tiw Digit ouooooooonoé

whiﬂh 1' biggor thﬂ.l thﬂ nmbar QQGOQ

to th. .xt.nt Of ooo.og‘rcbtocoooooouo’:/ 11 ...n1111011011 (56 po’!.ts.'”) »

If thorofcrq we. put lm tha mah&.m togotlur 61110 latter pouﬂlw -
wmber and the Negative Dlgit we have the mgat:lw mmbor roquind., Is
appcﬂ'a in the machins s, on umabor, m’tm»_; S . , .

nsﬂ» g R
ES 11°,°°¢°11011011 with 55 potit&onso

'nn pcsiﬂw part of ’cho mmbar is oalled the "cmplbmub‘f,,or the
nogebive wumber whiok is beinmg oxpnascd o.nd 1‘b h, ﬁlurcfcro. ‘the -latter
dodnotod frcm thq Nogntivc D‘l.gi#g,,,w N Ty
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“In ordor to put & mg&tin mxmber in the machine it is necessary "
first to find the oomplemont of the number and then to oombine 1t wﬁ;h
the Negative Digito The oomplement of a mmber can be arrived nt as

’ 'follovrsc

- Pirst put a "1" S.n ewry poaition where tharo 1: 8. "0" and "O" m
every position where there is » "1", so as to give what we miy oall”
"M'.s Rnf!potud Fumber®s thcn add 1 to obtain its oomplement, thunc

Number ' [ ST 00100101
Reflooted . numbor 711011010

Mal o

Complompm ‘ 11011011
'I‘hiq must almys givo ‘the oompltmonﬁ. for tho Roﬂoetod Nmbor is
" the yesult of- doducting the original number trom 1111,....0111, whioh
‘48 1 less than the Negative Digit 1000 .....000;3 so the .Complement,
which 1s the result of deducting a number from thc Wegub ive Digit. mut
b‘ 1 more 'bhan thc Bbtloct.d Nmnboro ‘

ldding of 1 to t:ho Rnfloctad Numbor produccs 1 1n the’ first
: poe&ﬂon 1.0, the same a8 in the original nwmber, Had the digit-in the
first position been O in the origimal number, thers would have been a 1
“in this position of the ‘Reflsoted Number, and the adding of 1 would
produce O again in this. poeition of the oomplement, %.e. the same as in’
~ the originsl number, - The adding of 1 would also have. carried 1 to the
next pesttion‘and so produced the same digit in the second position of
the Complement as in *bhedz posit&on of the %rﬁ.giml mamber whothor that
: &igi’b ml lor O - Y

,ﬁiviﬁafsginax Nnmher f] ‘io;;g . 10100
“Raflected numbar .oer001 . ow0m

Me 1 R
Camplement  '"01oxo.‘ o §'°- 01100

S Agaln it thero mu 0°in -bhe seoond paqwion o: the original number,

~ the adding of 1 to the Adiglt in the Reflected Number produces a "oarry 1"

to the third pesition; “mnd this has the effect of making the digit in the
third pouition of the: Complamant the same as that of the original number,
This process of restoring the original dig&ta goes on up to and inoluding

she eurliest paai‘bien of tha origﬁ,ml numbev that has 1,

Cmtd.....;



: Tho rulo- for ohtp.ining the oomplemnt of - nmber ares -

(a) starting frem the right, fgmt in t.haa
© digit as in the corresponding positibn of the origiml
number, wp to and including 'blm firat position of the

munber that hes 15 = .. | .

(b) for subsequent positions to the 1et'b put the oppesite x
digits in the omrrespending positionuo o

A nagative numbe r whioh will be fed to the /machino as & positive
nwmber with a negative symbol must be expressed in the machine as 1
in the 35th place and the cmplomont of the mumber in the first
34 placess, Therelfore the programme of orders on which the machine
‘works must be 3o plannsd that,. when the negative symbol is deteoted
by the machine, 5.'& au-bmt:loally oonwrta the nwnber into thln
proper . rermo

Gantd. . .
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4,5, Addition‘of Negetive Numbers,

NBs For cohweniemoe the 1lth to 34th binary places of each mumber
have been omitted so that in the illustrations that follow
the 11th place must be interpreted as the 35th; it is the
only negative number available viz =10000000000

Consider the addition _of «37 to 68, In the machine 68 taekes the form
1000100 and =37 the form 31 1111011011 as above, The rules for this
addition must clearly be the same as for positive numbers, as the mechine
recognises numbers as pulse~trains only and must apply the rules laid down
%o positive énd negative mumbers alike, Applying the rules for positive
numbers (4,2,) to this addition we have:- ‘

@ o
68 . 0 0001000100
- 37 1 1111011011
First total T 31116011111

First carry 0 00lsscosoe
Seocord carry 1l 1100090000
31  Answer 0 0000011111

" B16 4+ 84+ 4+2+1
= 31

Tt will be seer that the rules still apply satlisfaoctorily; the
Negative Digit is oancelled out by the eleventh digit of the second oarry v
number whioh, sinocé it arises from the positive digits of the tenth position,

is itself posltive. ' o

But if fho'positive aumber is less than the nagaﬁivo‘nnmber to which
it is added the Negative Digit would not be ocancelled thuss-

- +
28 0 0000011100
- 37 11111011011

T First total Y }111006111
First da‘rry l ,,Q ™ o‘ollo aoo
“.:\‘:‘SQOODd O&rry ® 0800000800

13 Answer 1 1111110111

= minus 0000001003
= minus (8 + 1)
= minus S

Cmtdol.,.ﬁ
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Similerly for '!:he_" addition of two negative numbers the Negative Digit
appears in the answers - ‘ .
- 37 141111011011 ¢
-9 S 1111011l
First total 575008101100
First carry 11 11l.1..11l.
Seoond oarry oo oool’ollooo
-46  Answer ¥ 1111010010 &

. = minus 0000101110
= minus (32 + 8 + ¢ + 2)
= minus 48 ‘

-

# Nots, The 1 in the position to the left of the Negative Digit -
is not treated by the machine as & number but is igrored.

4,6, Subtraotion.

‘ It will be seen that this prooess of adding s negative number is in

faot equivalent to subtraoting a positive number, Thus, provided that the .
_machins 1s able to convert a positive nimber imto a negative niumber,

- subtraction oan be oarried out by obtaining the complement of the number
and attaching to it the Negative Digit, and then using the adding etrouit
in the normal way, ’ | : S

‘'The means by whioch the mechine converts'a poiitiva number into a
negative mumber 1s desoribed in Seotion 5, ' . ﬂ

4.7, Multiplication of Negative Numbers.

Sometimes it may be moessafy to multiply negative mumbers, as, for
instance, in Sales Invoiocing when a return has to be oredited. »

‘Consider the multiplioation of 37 by ~b.
| 37 4s 100101 |
-4 . °
=5 is 1111011 (ignoring the places from 7 to 34),
Each of these mmbers has six positive binary digits, so that the
produot will require 12 positive digits, the “13%h becernilng the position
for the "=1" of negative mumbers, _ '
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This multiplication is oarried out in the same way as in multiplying
positive numbers; ‘each digit of the multiplier is taken in turn, the
multiplicend is shifted and where there is a "1" in the multiplier the
multipliocand is added in, - When the diglt reprosenting =1 in the
multiplier is resched,however, the amount to bes added in will be SEEP
=1 x 100101 = 100101, and this must bBe converted into a negative mumber: . ‘-
whioh oan be handled by the mechine,  Thus =100101 is replaced by i‘bsv T
oompleman‘c, preosded by the Negative Digit. ’

The multiplioation is thus in fullt=

- |
37 Multiplioand | - 1100101
=5 Multiplier - 1 111011
p, ® t, =i+ 100101
Py | 100101
ka3 1201111
P, | 100101 :
t; ' 110010111 -
P. | 100101
t« 1 1111100111
ps | 100101
t¢ 1100010000111 , .
p, 1li{o11011 Complement of ) .
| o multiplicand )
- 185 ‘ £ 1'111101000111  Total produss
s minus 000010111001
= minus (128 432 +: 16 +8+ 1)

2 minus - 185

It will be seen, -bherefore, 'bhﬁ.‘b the mchine when obtaining the partial
product for the Negative Digit in the multiplier correctly arrives at the
negative equivelent of the multiplioa.ndo This negative partial produot
is then added to the acoumulated total of the other partial products to
give the correct negative result, ,

Next we have to oonsidor a negative mul’ciplico.nd and a positive
multiplier, as may arise in Seles Invoicing when & rebate is to be allowed
" on goods that have been sold,  Thus in multiplying =37 by 5, if we agein
use 6 positive positions for each of these factors, the multiplicand is

1 011011, and the multiplier is 000101, But we will require 12 posi.-bivo
positions in the answer, a.nd the 13th w‘lll be' taken as the Hegative Digit.,
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Therefore when we add e partial produot into the answer, i'ba first
12 positions have got to be positive positioms. So when, as here, we have
& negative multiplioand (4.6, its seventh position is the Negative Digit),
it is necessary so to oconvert the partial product, without altering its.
velue, ‘that the first 12 positions are positive a.nd ’che 13th is the
Negative Digit.

The multiplioand here is 1 011011, the positive part of which is the
oomplement of 100101, But 100101 (with 6 digits) is the same as
000000100101 (with 12 digits) and therefore if we take the complement of
this 12 digit number and attach to it the Negative Digit in the 13th position,
we shall again have the original multiplicand but with the approprie.te number
of digi’ca for adding into the totali-

1 011011 = complement of 100101
1 111111 011011 = complement of 000000 100101

It will be seen that in practice we may increase the number of
positions in a negative number merely by adding 1's in as many positions
to the left of the original Negative Digit as are required. the new
Negative Digit being the left-hand dlgite ‘

This, of oourse, will not a.f_feo_t the va'lu;e of the ‘number, sinces~

1 000000000000 + 111111000000 = =(000001000000)

Therefore in multiplying 1 011011 by 000101, using the negative mumber
as the multiplicand, we must complete the ocomplement each time a partial
product is produced, by adding 1l's to convert the partial product imto a
13 position number. Thus we haves - -

: - 4
- 37 1 011011
5 000101

- 4+
1 111111 011011
1l

- { 111101 1011
<ies - #17111101 000111

= =] 4 complement of
000010 111001

# Note. The 1 produced in the answer to the left of the Negative
_ Digit is ignored dnd is not treated by the maochine as a
signifioant digito

The partial products are both negativé numbers whioh, when added
together, give the ocorrect negative answer,

......
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The final oase of multiplication is that of two numbers which are
both negative, and is a combination of the previous processes, It
might arise in practice when a 'rebate has to be ocaleulated on goods that .
have been returned, ‘

Thus (=37) x (=5) ist=

- 4 ‘
1 011011
1111011

111111 011011
111110 11011

111110 010001
111011 011

111001 101001
110110 11

110000 011001
101101 1

011101 111001 ‘
- 100101 : Complement ‘of multiplicand
0 000010 111001 -

Pl | b B | g
+

4,8, Division of mumbers in binary form,

Division of one number by another may be ocarried out by multiplying the
dividend by the reciprocal of the divisor. Thus to cbtain x° y, firss '
divide 1 by y to obtain the reoiprooal and then multiply by x, A programme
of ordors oan be put into the machine so that it ofin obtain the reciprocal
of a number using multupliocation end addition only, The machins could,
therefore, ocdrry out division without a special Dividing Meohanism in the
machine, ' ‘ : ‘

But in order to save time and the use of l’péOG‘in the store fd- holding .
the programme of orders thet would te necessary, o ‘special mechanism is . -
provided to oarry out division in a direct fashion. : :

Division of binaiy numbers may be oarried out just as for long division
of decimal numbe::s, oo . ~

5)67(11.4 101)111001(1011,01100 R
" | 101 284241434y ot
10600 - T
2101 = 11,375 ete
111 o
S 1000 |
101
110
101
—-1-00 et°° comeOQOO
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In order that the machine may oarry out this bask the procedure has to
be ocarried out rather differently, for the maohine when it makes the
division in the second atep eannot smy to itselfev :

i

" 101 into 100 won't go "o

It hes te deduot 101 frem 100 and establish the fact by obt&ining a
§a tive answer, The machine makes use of this negative answer to put a
in the appropriate place in the quotient,

‘Before the machine ocan proceed to the next step in the divisien,
(1.6, moving the divisor onme plece to the right and deducting it 'from the
romainder), it must add back the 101 to oancel the provious step,

Thus it has already aubtraoted 101, end has found thaﬁ
the result is negativesr . =101

It mnat nowt

1, Add 101 to the romaindor to cancel the provious step + 101
2, Shift the divisor +to give 0101

3. Subtract the new divisor from the remainder - 0101
'Thus the net result of these three ateps is - + 0101

l

It is seen therefore that steps 1 and 3 may be cambinnd and
the aperations ares ‘

1. Shift the divisor %o give 0101 o
2. Add the new divieor | * + 0101

Tha rule is theraforoc-
"Deduoct the divisor, and put "1" in the quotient if the
‘remeinder is positive. Otherwise put "O".. ~If the

remainder is negative after any step, ‘add the divisor
instead of deduching in the next step,

contd *00 00
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The example worked in this way ist -

101)111001
-101 |

+100 1st Remeinder 1 )

~101 )

=10 2nd Remainder O )

+101 ' )

+111 3rd Remainder 1 )

-101 )

+100 4th Remminder 1 )
=101 , ) Quotient .

=10 5th Remsinder 0 )

+101 | )

+110 6th Remeinder 1 )

~101 )

+10  7th Remainder 1 )

-101 )

=110 8th Remainder O )

+101 : )

=1 9th Remainder 0 )

eto,

The Dividing mechanism to do this must have oircuits that wills-
(a) move the divisor one place to the right afésr each step;
(b) subtract the divisor from the dividend from the
remalinder if it is positive, but will add the
divisor.to the remainder if it is negative;

(¢) put 1 in the quotient if the remainder is positive
and- 0 if the remainder is negetive,

.......
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5 Iiow the Jachine' oarries out’ Arisﬂ\me’cioo

, ering .shewn ‘the rulea ror making certain types of calculation with'
binnry numbers, 1t is now proposed ‘to show how oirouits ‘may ‘be devised to
apply these rulea within ‘the maohineg, ‘ . :

5ol Counting,

Here the problem s to add 1 repeatedly to a previoua answer (see
pars 4.1.).  The machine olearly needs two basic stordge oirouits. The
first to store the mmber 1 (or 00001 if we take five positions), and &
second to oontein the answer or. sib-total after each sddition of 1.  These
oirouits are shewn as LY &t respeotively 1n figure 501 1, attaohed to
page 4'3 o T ,
R o ‘
8 is a delay storage circuit with the pulsa-train '"00001" oirou},atingo
This we have termed the. "Unity Storage . Cirnuit“ ‘ R

A is a stmilar delay atorage oircuit in which the enswep has to
oirculate in atep with 2 Th@? we hava termad the "Subutotal Starage
circuit" . R , o ‘

: We huve to oa:sider how these oircuits’ must be cannscted in order that
‘the 1 1n & may be. added inte t at each ciroulationo .

At tho oammonnement or tha first ciraulation we haves-'

In the. Subatotal Cirouit t . tOOQOQ y
- In,the Unity Sterage & = 0000% -y
Tha ansiur/roquired in t is - 00001

A1 that s nnoessary “to ebtain this 18 a%; eed 1ine" from oireuit e
into oirouit & se that the pulse in the first pd&&%ion of the fermer flews
into the latter (sse figure 5.1.2.)c . The feed Iine lesds inte the sub-total
oircuit t at the.junotien It new there is a pulse in any binary poaition
of the number in the feed ina, ‘or in the sub-tetal before it reaches j, ‘
then ths sub-tetal laaving 3 will ‘have a pulse in that positiono -

: At the commanoement of the . second ciroulation;botcro g_is rcaohod,
havet - S .

In the Subwtetal Ci‘muit t . o001

In the Unity Storago 2 T 300001]‘
Tha enswer required in % 1s o 0010

In urder to aohieve this rosult the pulse whiogp 488 j 1n,tha r1;$t
“position of. cireuit X must be suppressed and a pulso an bo aupplied to

this oirouit in the sooond positinno‘“~

o Cmtdo see °
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~ The maochins rirst needs 8ome dev&ce whereby 1t can deteot when .
 there is a pulse in both:a and X at the same time.  This device takes
the -form of & "eete™, which hes two' 1nnaning 1eade, _unless there is a
pulse on both 1nooming leads at the sems time ﬁmupulee will pass along’ ..
the outgoing 1ead° Figure 5,1,3, shows leads from circuits a and £ a
lnto a gate g, ‘The 1leed from the gate will therefore allow s pulee %0 A
pess when there ies & pulse in the saime position in both a and % (as there
is in the eiroumstance we are’ at the’ momeﬁt»oonsidering) The resulting
pulse is first used o suppress the pulse flowing from the junoction rouna”-
oircuis & (see. figure 5.1.4,) by 2 oonnection from g to a " Suppressor”, s,
which is ! Anserted in oircult %, ' This Suppressor will not allow.a. pulse
to paee through 1t from when there is s pulse in the lead from So In .
" the first posttion of the new aubmtotaI, therefore, there will be “no pulsev

TFoxt we need to use the pulse from g b0 carry 1 to the nezt positiono
This is done (see figure 5,1.5) by conndoting. £ to a "Delay Machanism" 4,

"f_which hes ‘the effect of delaying by ‘one poeition the pulse reeohing it.

) posiﬁtone

The delayed pulse now. hae to be "added“ 1nto tin Juet the sames way
as the original pulse from &, It is therefore necessary to teed 1t into
the feed line fram a throuéﬁ the “Garry Line" (rig 5, 1 gg

o The pulae in the second poeition ie fed 1nto t and . also into 5% As
no pulse arrives.pt- from t,_g is cloeed whioh leaves a open to le
~through the oarry pulse, :

E‘The ahswar oirculating 1n t 18 therefore now 00010 as required.

At the oommenoement of the third cireuletion before 3 1e‘reeohed‘we
. have:- ~ . Sl o

In the &abmtotal Circuit t 00010

- In the Unity Storage LS ~ 0001
The anlwer required in t ie | 'yf\OOOll

The eirouit already provided aohievaa the required reault for, in. thel‘"'
first position the pulse from a paaeee into the circuit £ through-l, and
* in the second. position the pulse in t passes round uml’cered°

’ At the commennemﬂnt cf the fourth oirouletion we havez--.

In the Substotal £ 'f  ooo1n
In the Uhity Stdruge & Doool
- The enswar required An t ie e 00100

R In.bhe first pesition there 15 - pulee arriving at g &r fhdtb'ths
Loireuit a and the oircult t and- ‘80 % 1s open,: ﬂhiﬁﬁameans thet the =
J»euppressar 8 steps the pulse ‘whioh has’ passed throﬁgh ‘and the answep
‘18 O in the first positions ' The pulse fram elso goen to d and produses
a oarry pulse whioch is fed ‘baok into the fee ino from a 1n the second

‘ Contd. evoc -
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At g therefore in the second position there ia again aApulse both e
along the feed line from & and from t, and again‘g_ie open end 8 suppresses
the pulse passing through.j_in the second position; the answer produced in
1 in this position is therefore again O. ,

But in the second position there is again & pulse from g which passes
to d; so there is & carry pulse to the third position. This time no pulse
arrives at g from the circult t and therefore g is closed and 8 is open.
The carry pulse flows through l_into circuit t and produces 1 in the answer.

The enswer is therefore 00100 as required,

: In the fifth and subsequent circulations the effect is a repetition

of previous circulations so that it will be clear that the circuit of
figure 5.1.5. does behave in accordance with the rules necessary for
counting as set out in 4.1,

These rules are:-

{(a) A pulse in & in any position where there is no pulse in i
arriving at j_produces a pulse flowing through j into t;

(b) A pulse in & in a position where there is already & pulse
in t arriving at‘% produces no pulse in t and carries &
pulse which is fed back to be added into t through j
according to these same rules;

(¢) A pulse in t arriving at J in any position where there is
no pulse in g3 produces & pulse flowing through j into };

(d) When no pulse arrives at J from either s or t no pulse flows
‘into t from j.

$.2, Adding

The problem here is to take two numbers and, considering each binsry
position in turn,  to produce the total (see Para. 4.2.)., Since each
position is dealt with in turn, we need not consider any storage circuit;
the two numbers to be added will arrive along two feed lines, and the total
will be fed out along another output line to be used or stored elsewhere.

The two numbers used for illustration are those used in Para. 4.2.
& 01101100
and
b 00101010

Eech binery position is deelt with in turm in the seme wey &8s in
Section 4.2,

contdecee -
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For the first three positions we haves

wiwees100

Arriving through feed line a
” " " " b " oeo0on ‘07010
M - . vyt

The answer to be preduced in ) ..”.0110 -
the Iine & must be )

If we ‘oénneot the feed lines & and b by means ef a junotion, j; (see
figure 5.2,1, attached to page 46) then it will be seen that since in the
first pesition ne pulse arrives at J_.,,f there will be ne pulse in the answer,
and in the secend and third positions the single pulse arriving frema er b.
will pass through j, te give 1 in both positions of the answer.

In the fourth and fifth pesitions we haves-

Arriving through feed line a «+0001(100)

" " " " b  200001(010)
The total to be preduced in 3 '+ 0010(110)
15-110 £1 must be

In order te achiovi this result the pulse in the tounﬁk‘;peaitian which
- passes-J, aleng t, must be suppressed and a pulse credted in the fifth
pesition to be added to the 0 in t, far _this positien.

As in the ocounting oircuilt (Para 5,1.) we may use-a gate ,}‘!,-m;'f; to
detect the présence of a pulse .in both & and b simultansously (see v
figure 5,2.2). Here when a pulse arrives along meither & ner b, or elong
only one of them, g, produces no pulses but when a pulse arrives aleng beth
g and b a pulde 'is preduced by g, A suppresser, §,, must now be inserted
(see figure 5,2.3,) in the line t, frem j, te suppress the pulse which ecours
in £y from & and b, ' : ‘

Te provide the cerry pulse cne pesition later, we must also piss the
pulse produced by g, through e delay meohanism d,, (see figure 5.2.4) and
along a carry line o,, We now have the required first total and ocarry in
the lines %, and g, respectively. These must now be added together te
produce the answer, : :

e  01(100)
b 01(010)
%, 00(110)
o 10(000)

2. 10(110)

brihg tegether the numbers in the two lines t, and g,. = The total appears
in the new output line %, - .

' We must, therefore, use s second Junotion j, (seé figure 5.2,5), to

Contdo.. e
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In the sixth, sevenmth, and eighth positions we havet-

Arriving through feed line a © - 011(01100)

" R ! 001(01010)
The first t"ctal'bé be produced ) ,
in the line t, must be ) 010(00110)
The oarry mumber to be produced )  010(10000)
in the line o, must be’ )

The carry mumber to be produced ) ,100(00000)

in & second carry line ¢, must be )

The final tetal te bs produced in ) ,100(10110)
the output lins ¢, must be )i ‘

The circuit already built up (see figure 5.2.5) will be seer to be
suffiocient to produce the correct numbers in the lines %, and ¢4, But in
the seventh position there is a pulse in both ti and o,8 therefore in the
output line %,, the pulse from j, must be suppressed and a new carry ‘pulde
must be oreated in the eighth pesition, This is done (see figure 5,2,6,) .
by providing léads frem o, and &, to a gate g, which detects the coincident
pulses in them, A lead from g1 Yo & suppressor s, in %, suppresses the
pulse from j 5 and a lead from g, te encther delay mechanism d, forms the
new carry pulse in the eighth posftion*:&n &, whizh must be edded to t,, ~ "
This is dome by feeding it baock inte o, at the junctien gi(see figure 5.2.7),

The pulse arriving at Js frem o, 'pau'e‘s‘ te J, end g, where it is added
te ¥, by the same process as & ocarry fram ¢ thereby giving the pulse in the
eutput lime ta which now has the final tetal 10010110, '

JNOTE.  There can mever be a simulteneous pulse arriving along both
S, and o, to be added at the same time to %,. For there can
only be & pulse in g, when in the previous position s WOB
open; 1i.e., when there was then & pulse in £i0 - At this time -
54 vas open and therefere g, was olesed so that fhere oould
not be a pulse te d, te ferm a carry pulse in g,

It ocan new be seen that the ocirouit in figuré 5.2,7. follows the rules
necessary for adding two numbers, as set out in 4.2. = These rules ares -

In any positien ) - e : .
(a) If no pulse arrives along & or b, no pulse appears in t,,

(b) If a pulse arrives aloﬁg either & or b but not both, a pulse
appears in %,

(o) It & pulse arrives along both g and b, ne pulse appears in £
but a pulse is produced in the mext position in g,.
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(4): If there is a pulse in Yy but not in g, or ¢, ‘a pulse
appsars in-t,. A

(e) If there is no pulse in t,, ¢,, or ¢,, no pulse
appears in %4.

(f) 1If there is a pulse in ¢, or ¢, but not in t,, a pulse
appearg in 1,

v(g) If there is a pulse in and in either ¢, or ca, NO
' La
pulse appears in tg but a pulse is produced in ¢4 to
be fed back and dealt with according to the same rules,

(h) There can never be & pulse in both g. and_q_ 8t the
game time, : 3

It will be noticed that the circuit in figure 5.2.7. can be divided
into two almost similar halves, and that the second half is identical
with the ecircuit shewn for Counting in figure 5.1l.5. For this reason the
Counting circuit is called a "Half-Adder®; and an Adding Circuit can be
made by the appropriate combination of two "Half-Adders",

Contd, aeeess .
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5.8, Multiplication

Ag we have seen in 4.3, binery mﬁltiplicatlbn consists of the
production of & series of partial products, which are edded as they are
produced to give the final product,

If therefore we multiply ‘the two numbers -

a 10110
and
b 1011

we first require to hold the mnltiplicand 2 in & form in which it can be
used in each stage of the calculation, and eleo require a eircuit to hold
the answer. For this purpose wé use two Delay Storege eircuits, the
multipl?cand circuit, &, and the total circuit, t. (see 5.3.1. attached to
Page 48) .

a 10110 In the first position of the multiplier

b ceol it is required to use the multiplicand asz the

P 10110 partial product if there is a pulse in the

t, 10110 - multiplier and to feed it into the totel circuit,

t; or, if there is no pulse in the multiplier,
to leave the total circuit unaltered, If we
connect the multiplicand circuit & by means of a
feed line to an adding unit A, U., which feeds the
answer into the total circuit, i, as indicated in
5.2,, then the multiplicand will automstically be
added into the total circuit (see 5.3.2). We
must ensure, however, that this only occurs when
there is a pulse din the multiplier. This may be
done by inserting what we mey call & "Tap" ¥

. which.is opened by & pulse in the multiplier
(see 5°5°5°). .

This tap differs from the gate used for
counting end adding in that it is opened  not merely
for the duration of & single pulse period to allow
one pulse to pass when & second pulse arrives
sipul taneously, but for a number of pulse periods
efter the operating pulse is receiyed before it ig
closed again,. in order to ellow sufficient time feor

“the whole multiplicand to flow through it. The
tep i1s open for the period it takes for the
multiplicand end sub-total to flow round their
respective storage circuits. The taep is closed at
the end of each period of circulation. Each
pulse of the multiplier is fed in turn to the tep
in succesgive periods of eirculation. If the digit
is a 1 the tap epend; otherwise it remains closed.

contde..
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In the second position of the multiplier -
it is first necessary to shift the multiplicand
one position to the left; in fact it must be done -
after each circuletion of the multiplicend.
This process may be carried out by inserting a
Deley mechanism,d in the mmltiplicand circuit so
that after each circulation of the multiplicand
every digit occurs one position later {see 5.3.4.).

Since there is a pulse in the multiplier,

the tap, v, is open, and the partial product

101100 will flow slong the feed line. Since there
is already a partisl product in the total circuit.
this second pertisl product is added to it.

In the third position of the mmltiplier, the
multiplicand hes again been delayed one position.
Since there is no pulge in the multiplier, gy remains
closed, and the pulse-train 1011000 will. not be
allowed to flow to the totel circuit.

For the fourth position the multiplicand is
again delayed one position to give a train of
pulses 10110000, < v is opened by the pulse in
the multiplier to allow this gar%ial product to
flow to the Adding Unit where it is added to the
previous total to glve the final product in the
total circuito

Thus the circuit shown in figure 5.35.4. deals with the multiplier and
multiplicand according to the rules of multiplication for binary nurbers
es set out 1in 4.3, es follows:-

For each position of the multiplier ‘in turn, starting from the right:-

1.

2.

3o

If the multliplier digit is a 1 the multiplicand'isvaddéd to the

answelr.

If the multiplier digit is & O the multiplicand .is not added to

the answer.

It ghifte the multiplicand one position to the left.

contd., aao.
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5.4. Negative Numbers

It wes seen in 4.4, that: elthough in the machine it is not
possible to express & negative number as such, there is a gingle Negetive
Digit, the 35th, which can be used in conjunction with digits in the 34
positive positions to represent any negetive number. Thus -001001C1,
assuming 8 poeitive positions only, may be expressed as the Negative Diglt
~10000 0000 added to the complement of 00100101, '

The complement of a number may be defined as the difference between.
the positive equivalent of the Negative Digit and the number itself., It
wag shown in 4.4. that if we produce from the original number its Reflected
Number: - ' '

Original Number 00100101
Reflected Nuuber 11011010

" then the complement can be built up from these two pumbers by teking the

digits of the originel number from the right up to and including the first
poeition that has 1, and for subsequent positions the corresponding digits
of the Reflected Number. :

We shall now consider & circuit for forming the complement of any
number, ssy 00100101, Referrinmg to figure 5.4.l. attached to page §0,
the number is fed in along line = &, end we must first form the Reflected
Number. We can produce 1's in ell positions by feeding & continuous
train of pulses, 111111111, slong & lead, £. But whenever there is a
pulse in the original number we now want O, and we must suppress the
pulses arriving along { in these positions. This is done by inmserting a
suppressor g in £ with a lead from 8 (see 5.4.1.). The lead from g
therefore contains the Reflected Number,r ,i.e. 11011010.

But we do not need the digits from this number in the answer until
after the first pulse of the original number has passed into the answer;
thus we must interpose some device in {£ which will block the Reflected
Number until required. The device needed is a "tep",y¥, which remains
closed until specifically opened, as used in the multiplier circuit

(gee figure 5.4.2.).

The tep Yy must be opened immediately after the position of the first
pulse in &, If then we provide & lead from & to a delsy mechenism,d,
connected to y, the first pi’se in g will open ¥ &t & point in time one
pulse intervel after the first pulse in & reaches d. (see figure 5.4.3.).

But as soon &8 the digits of the reflected number, r, are allowed
to pass, we no longer need the digits of the original number, and must
provide a means of switching off & from the moment that v is open. This
can be done by putting a device in & which can be closed by the first
pulse from d. Since & must then remain closed till the whole of the
number has been dealt with, we will call this device & "Stop Cock", m, -
(389 figm’e 504040)0 .

contd....
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Finally the output from w and ¥ must be combined by joining the
leads from them at the junction‘l (see 5.4.5. ). The resultant pulse
train, therefore, corresponds to that in g until the position efter the
first pulse in & and thereafter to that of the Reflected Number I, i.e.
it represents the required Compl@mento _

The circuits in the machine which perform this function are referred

- to -as the Complementer. But the mein use of the Complementer is to convert

& pogitive number into & negative number, and for this purpose the Negative
Digit must be added to the complement. The original number, and therefore
the complement, occupy 34 positions only of the minor cycle; thus in the
Complementer at the 35th position of the minor cycle there can be no
pulse from g to g in the circuit of figure 5.4.5. This means that g
remains open , and a ‘pulse passes from l to x. The tap y is also 8ti11 ¢ opeil,
go that e pulse passes along the output Tead of the Complementer in the
35th plece, following the Complement. Thus the Negative Digit is
automatically added to the complement to complete the negative number
required.

When feeding negative numbers into the machine it is necessary to
include appropriste orders in the programme so that when the minus sign
occurs the number is passed through the Gomp]ementer before being fed into
the store.

$:.5. Multiplication of & Negative Number

It was seen in 4.7. thet where the multiplicand is negetive the normal
rules of multiplication ere followed, and the multiplying circuit of
5.8.4. can therefore still be used. The circuit, however, requires to be
augmented, since each partiel product is a negative number. Thus if we
multiply -87 by 5, and assume each factor to have six positive binary
digits, we get -

1 011011
o e 000301
1 111111 011011

l 111101 ) 10119 a
1 1113101 000111

Since the answer must consist of 12 positive digits, each partisl
product muet also consist of 12 positive digits, although the multiplicand
itself hes only 8. Therefore in the circuit of 5.3.4. it is necessary at
each circulation to examine the negative digit position of the multiplicend
aend, if it is present, to supply to the partisl product the necessary series
of pulses for the additional positive positions.

If we examine the multiplication circuit described in 5.3. (repesated
as figure 5.5.1. attached to page ! ) it will be seen that these additional
pulses must be supplied to the feed line  which connects the Multiplicand
circuit g to the tap y controlled by the multiplier digits.
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The additional pulses may be made availeble by connecting to the feed
line & lead, {, which carries a continuous pulse~trein 11111111 (see
figure 50502:70 But this continuocus pulse~train must not be ellowed to
disturb the partial product flowing from the Multiplicand eircuit until
the Negative Digit position hag arrived; a tap ¥, nust therefore be
interposed to block them (see figure 5.5.3.).

This tap v, is to be opened only when the Negative Digit position of
the multiplicand is reached, and we may establish this position by
supplying along a lead, p, o single pulse corresponding in position to
the Negative Digit of the multiplier,which will operate ¥, (see figure 5.5.4).

But v, must be opened only when the multiplicend is negative, and we
must therefore ensure that a pulse operates ¥, only when & Negative Digit
pulse occurs in the multiplicand. If therefore we insert in n a gate,
end feed to it the multiplicand also, then & pulse will arrive at ] oﬁ%§

when the multiplicand is negetive, end only in the negative position
(see figure 5.5.5.).

When this happens v, is opened and tha continuous pulse-train is let
through to y, The Partisl Product with its doubled number of positive
positions 1is thus completed up t¢ and including the new Negative Digit
position.

If, end only if, there is a digit in the multiplier for this
circulation of the multiplicand, y is open, snd this partisl product is
fed to the Adding Unit to be added into the total to date.

At the end of each complete circulation;zd is automatically closed
egein and awaits the Negative Digit before it cen be opened again.

This modification to the Multiplication Circuit, therefore, provides
for the proper treatment of negative multiplicands.

5,6, Other Circuits

Sections 5.1, to 5.5, should serve to illustrate how it is possible
to construet circuits which observe arithmetical rules. Fuller particulars
of these and other arithmeticel cireuits used in the machine will be given
in Part B, where the parts of the machine will be considered in more
detail,
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