BUILDING THE EDSAC, 1946-1949

Martin Campbell-Kelly, Warwick University
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Maurice Wilkes’ background



THE MECCANO MAGAZINE

- Machine Solves Mathematical Problems
A Wonderful Meccano Mechanism

been given in the

ost complicated

ccano, An

I'he result w
tant
I'he error on tl

nly

urs. T up the period i § of five seconds each, or
erentia 1 variation of speed in ¢
sident CCOme: al t B small enoug
ge, | i T intervals an rapidly
ly or B the speed varies concerned
1 The mathematical

in which the

traversed is ¢

ted equa-
it with in working
plems ir trical

her
ing,
and astror

1y
olution of these
ks is often diffi

devices call
ed integrators for
carrving out this opera
tion mechanically, How
an integrator works will
be described later
s operation  of
integration arises in the
working out of the most
varied  problems, in
astronof
chemist

BRd the kind of
Wical w

not well

calculators
€rTor, espe
ying out lox

similar calcula-
ch as are often
in work of
These difti
ivolded by
D hin

problems that can be
investigated by the
machine is correspond
ingly wide

the ce

hours
o provide solu
br - equations

of

1 accurate results
ybtained from it

t
in our illustratic

from the

runni
left-hand  corner

towards the right-hand

Professor D, R. Hastree and Mr. A. Porter, of the Department of Mathematics, The University, Manchester, T'hesc
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This mechanism is a reproduction on a smaller scale of the Bush Differential Analyser illustrated on the
opposite page, and a simpler form of it is illustrated at the top of page 444,
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The ENIAC with Pres Eckert, John Mauchly and Herman Goldstine, c. 1945
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The EDVAC Report on the stored program

IMPARTING HIS MATUEMATICAL INSIGHT TO STUDENTS, VON NEUMANN FILLS BLACKBOARD WITH SYMBOLS AS IE OUTLINES THE SOLUTION OF A PROBLEM

Passing of a Great Min

JOHN VON NEUMANN,

HE world lost
von Neumann
D.C. 1lis death, lik
public.

l..“

The government officials and
scientists who attended the re-
quiem mass at the Walter Re
Hospital chapel last week were
there not merely in recognition
of his vast contributions to sci-
ence. but also 1o pay personal
tribute to a warm and delightful
personality and a sellless servant
of his country.

For more than a yvear Von Neu-
mann had known he was goi
die. But until the illness v
advanced he continued to devote
himsell 1o serving the govern-
ment ag a member of the Atomic
Energy Commission, to which he
was appointed in 1954. A tele-
phone by his bed connected di-
rectly with his AEC office. On
several occasions he was taken

computer, John von Neumann, June 1945

re of its greatest scienlists when Profc
53, died this month of cancer in Washington,
his life’s work. passed almost unnoticed by the

But scientists throughout the free world regarded it as a tragie
They knew that Von Neumann’s brilliant mind had not only
advanced his own special field, pure mathematies, but had also helped
put the West in an immeasurahly strong 4
arms race. Before he was 30 he had established himself as one of the
world’s foremost mathematicians. In World War IT he was the princi-
pal discoverer of the implosion method, the secret of the atomic bomb.
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A BRILLIANT, JOVIAL MATHEMATICIAN,
WAS A PRODIGIOUS SERVANT OF SCIENCE AND HIS COUNTRY

by CLAY BLAIR JR.

or John
chair. At Wal
Force office
him. I

ernment departments e

of Defense Charles Wilson.
most of the
consult his judg

of Walter Reed Hospital provided unprepossessing <ct.
funeral. Next day Von Neumann was buried al Princeton.

downtown in a limousine to attend commission meetings in a wheel-

Reed. where he was 1
it. Colonel Vineent I
tht airmen, all cleared for top sceret material, were assig
help on a 24-hour basis. llis work for the Air Foree and oth,
itinued. Cabinet memly
ar cials continually came for his advic

an Air
isting
Hullﬂ

wed early last spring.
worked full time a

and military nﬂl

L and on one

Air Force Seeretary Dona |Id Quarles .md
p Air Foree brass gathered in Von Neumann’s suite to
nent while there

was still time. So relentlessly did
Von Neumann pursue his official
duties that he risked neglecting
the treatise which was to form the
capstone of his work on the sci-
entific specialty. computing ma-
chines, to which he had devoted
many recent years.

His fellow seientists, however,
did not need any further evidene
of Von Neumann's rank as a sci-
entist—or his assured place in
history. They knew that during
Warld War IT at Loz Alamos Von
Neumann’s development ol the
idea of implasion speeded up the
making of the atomic homb by at
least a full year. His later work
with electronic computers quick-
ened U.S. development of the
H-homb by months. The chief
designer of the H-bomb, Physicist

CONTINUED 89



Post-war reconstruction of the Maths Lab



COMPLETED JUST IN TIME
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A newspaper cartoon suggests that ENIAC might be able to solve the
perplexing wage-price problems that faced Treasury Secretary John Sny-
der, OPA Administrator Chester Bowles, and Sidney Porter in February
1946 (from the Philadelphia Evening Bulletin).

How did Wilkes find out about the stored program computer? Moore School Lectures
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Moore School Lectures: stored program computer structure; mercury delay-line memory
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The EDSAC:

CAMBRIDGE DAILY NEWS, Friday, October 3, 1947

“BRAIN” WILL KNOW THE ANSWERS
To 1,000 Questions
a Minute

& “ BRAIN " tnat will be capable
s of completing 1,000 questions a
minute is in course of construction
in the University Mathematical
Laboratory.

Work on the “brain” has been
going on for about 12 months. It is
carried out by a team of six, who
are lead by Dr, H. V. Wilkes, direc-
tor of the laboratory, and wartime
radar research expert,

Officially, the “brain” is known as
“Edsac” (electronic delay storage auto-
matic calculator) and Dr., Wilkes told
a “C.D.N.” reporter that it will be
used for the solution of problems con-
neeted with mathematics, mathemati-
cal physics, engineering and, possibly,
economics, .
: At present one “memory unit” has
X% 3 \ been completed and tested satisfac-

£ 140 torily. It consists of 16-metal tubes
full “of mercury weighing ahout 200
pounds, - Another has ‘yet to be as-
sembled, and when finally completed
the “brain” will consist of these and
eight racks containing between 1,000
and 1,500 valves.

Questions will be fed in on a punch.
ed tape and the answers delivered by
teleprinter,

The “brain” will store constantly
moving electric and supersonic waves,
each representing a number, in the
mercury filled tubes. From there
they can be switched into circuits to
add, subtract or whatever is required.

Dr. Wilkes hopes to be carrying out
final tests in about a year’s time.

t
i

—

abridos Daitu Newl

Dr. Wilkes adjusting the four-fc.t¢ mercury tubes—*' the brains " of the
machine.

— o -

mercury delay-line memory




arithmetical unit or the input-output mechanism, The arith-
metical and transfer orders used in the EDSAC are as follows:

4 n Add the number in storage location n into the accumulator.

S n Subtract the number in storage location n from the
accumulator.

Transfer the number in storage location & to the multiplier
register.
V' n Multiply the number in storage location # by the number
in the multiplier register and add into the accumulator.
Multiply the number in storage location n by the number
in the multiplier register and subtract from the accumu=
laror.

Transfer the contents of the accumulator to storage location
7 and clear the accumulator.

Transfer the contents of the accumulator to storage location
n and do not clear the accumulator.

Shift the number in the accumulator » places to the left;
i.e. multiply it by 2™,

Shift the number in the accumulator n places to the right;
i.e. multiply it by 2=,

B

“

R |

The code used in the EDSAC is of the tvpe sometimes
known as single address, i.e. each order contains reference to
one location only in the store. Three ordersare necessary toadd
together two numbers from the store, and to place the answer
in a specified location in the store; namely, two A orders to
call out the numbers one after the other and to add them into
the accurnulator (which is assumed to be cleared before the
operation begins), and a T order to transfer the result from
the accumulator to the store.

An operation which is taken for granted by a human
computor, but which must be programmed explicitly when
using an automatic machine, 1s that of picking out a particular
group of digits, for example, the integral part, from a number,
In order that this operation may be mechanized, a special
arder, known as a collate order, is included in the EDSAC
order code, The group of digits to be selected from the given
number is specified by means of a second number, introduced
for the purpose and placed beforehand in the multiplier
register by means of an H order. Collation: consists in adding
a ‘1" into the accumulator in digital positions where both
numbers have a‘1’, and a ‘0’ in other positions; for example,
the effect of collating 100110 with 17c107 1s to add 100160
into the accumulator. The collate order is as follows:

C n Collate the number in storage location n with the number
in the muleiplier register.

If each arithmetical operation had to be ordered separately
there would be little advantage in using an automatic machine,
since the operations themselves could be performed on a desk
machine in the time taken to punch the orders. Mathematical
calculations of the kind it is desired to perform on an auto-
matic machine are, however, highly repetitive, in the sense
that the same or similar arithmetical routines are performed
repeatedly on different sets of numbers. The orders defining
each routine need be punched once only, provided they can
be used as often as is necessary. This is made possible in the
EDSAC by the provision of what is known as a conditional
order.

At certain stages in a repetitive calculation the next operation
will depend in some way on what has gone before. For
example, an iterative process may have to be repeated unsil an
error term becomes less than a certain amount, or terms of
a series may have to be calculated until 2 term of magnitude
less than a pre-assigned quantity is reached. In all cases it
is possible to express the condition in terms of the sign of
a quantity which can be calculated from the result of previous
calculations. The programme can, moreover, be arranged so
that this quantity stands in the accumulator ar the moment

that the decision is to be made. It is thus sufficient to have
a conditional order whose action depends on the sign of the
number in the accunulator.

The orders are normally placed in a block of consecutively
numbered storage locations, beginning at location o. When
the start button is pressed, the order in location o is first
executed, then the order in location 1 and so on. This routine
is interrupted only if a conditional order is encountered. The
conditional order is as follows:

E n If the number in the accumulator is greater than or equal
to zero, execute next the order that stands in storage
location #; otherwise proceed sevially.

A conditional order may be said to transfer control from one
part of the programme to another. Once control has been
transferred in this way the machine proceeds to execute orders
serially starting from the new location.

The following example illustrates the use of the con.
ditional order. It is the calculation of the residue of a given
(positive) number ¢ with respect to the modulus 2=. To do
this 2= must be subtracted from # repeatedly until further
subtractions would make the remainder negative. Itis assumed
that instially # is in storage location 1oo, and that storage
location 101 contains the number 2. The programme is then
as follows:

Location of order

in store Order
1 A 100
2 S 1ot
3 Ez
1 A 101

If the action of this programme is examined it will be seen
that 9 is first placed in the accumulator and 2= subtracted
from it, If the answer is positive, control is transferred back
by the conditional order, and another subtraction of 2= is
performed. This process is repeated until the number in the
accumulator becomes negative. The conditional order then
allows control to proceed serially, and 2= is added; the number
in the accumulator is then the required residue.

A more complicated example is the calculation of a square
roat by means of the iterative formula

Xy =3, N ),
Instead of writing down the orders in detail, it is convenient
to describe the programme by means of a flow diagram.

inicially ($.]=1

Caleulation of 4"N by means of the iterative formula
Wt N V)

%([s I+ [?Nj) .

N in S,

Ny

ay 18 taken 10 be 1

The svmbol S, is used to denote storage location 7 and
[S,] the contents of this storage location. Rectangles of
“hoxes” with one inlet and one outlet stand for operations; for
example, the box ar the top lefi-hand side of the diagram

[218]

orders are zutomatically placed in the store in sequence,
beginning with position 6. These orders enable further orders
to be taken in from the tape and placed in the store.

(5) ARITHMETICAL OPERATIONS PERFORMED ON ORDERS

An important feature of machines of the present type is that,
since orders are expressed In numerical form, arthmetical
operations can be performed on them. For example, if an
order refers to location # in the store, it is possible by adding
t in the least significant position to modify it so that it refers
10 location n+1.

By use of this device it is possible to treat by iterative or
repetitive methods operations which do not at first sight appear
to lend themselves to such treatment. The advantage of doing
this is that the number of orders required for the solution of
a problem—and hence the number of storage locations
required to hold them—can often be much reduced. An

10

example is the evaluation of X a?, where a, is one of a series

of 100 given numbers. Suppose that initially the accumulator
is empty and that the contents of the store are as follows:

[S:‘ll] ’
[ Sazl =90,
[Szuo] = 300 [Suo] =0.

The programme is then as shown in the next column.
For convenience the orders have been divided into groups
and lettered. The first order takes effect once only; the others
form a repet

At the beginning of the first repetition the accumulator
contains the number gg. This is transferred to the store by the
first order (a) of the sequence. The orders in group {#) cause
a3 to be calculated and placed in the store. Groups (¢) and
(d) modify the orders in group (b) ready for the calculation of
a3. Group (¢) is concerned with keeping count of the number
of times the sequence has been performed. At the end of the
first repetition the number standing in the accumulator is g8.

Since this is positive, control is transferred to the beginning of
the sequence.

Location of order

in store Order
o A zo2
(@ 1 T z02
& 2 4 101
3 Vot
FY A 203
5 T 203
() 6 Ada
7 A zor
8 Tz
“) 9 A3
10 A zer
11 T3
{e) 12 Azo0z
13 S zo1
14 E1
13

At the beginning of the second repetition the number o8 is
transferred from the accumulator to the store. af is then
calculated and added to af, the result being placed in the store,
The orders in group (b) are modified ready for the calculation
of a§. At the end of the sequence the number in the accumu-
lator 1s 97. Control is therefore transferred once more to the
beginning, and the sequence repeated.

It will be observed that the number in the accumulator at
the end of cach repetition is one less than at the end of the

I

previous repetition. When the required quantity < a3 has
=1

been calculated and placed in the store, the number in the
accumnulator is — 1. No further transfer back of control takes
place, and the machine proceeds to execute whatever order hes
been placed in storage location 13.

Programmes for matrix multiplication and  analogous
operations may be constructed in the same manner.

NOTES AND NEWS

Manufacturers’ Publications

Copies of the publications mentioned in this Section are normally cbtainable gratis from the manufacturer named.
When requesting copies readers should mention this Fournal.

Spectrographic Apparatus. Hilger and Waits Ltd., Hilger
Division, g8 St Pancras Way, London, NAW. 1. A s2-page illus
trated brochure S.B, ro7 12 gives details of spectrographic outfits
for metallurgical and general chemical analys

Electrical Instruments. Dawe Instruments Ltd, 136 Usbridge
Road, Hanwell, London, W. 5. Leafler 12104 deseribes a dirvet
reading frequency meter and photoclectric attachment for measuring
rotational spreds without imposing a load on the machine o be
tested. Leafler 1230A duseribes 2 dynamic balancing machine for
Jocating and measuring the unbalance in smail rotating parts or
assemblies weighing up 16 7 Ib.

Thermostatic Bath, A. Gallenkamp and Co. Ltd,, 17-29 Sun
Street, Londen, E.C. 2. Leafler No. 315 deseribes a thermostatic
bath suitable for general Inboratory purposes consisting of a glass
vessel, thermostat unit and control box.

Relays. Eleciro Methods Lrd., 220 The Vale, London, NW .
Tweo leaflets describe the Tvpe H, 15 ac. and die. heavy dury
magnetic relay and the Type XE d.c. magnetic relay.

Resistors. Morganie Resistors Lrd., Bede Trading  Estate,
Jarrow, Co. Durham. Leafier R.P. g gives details of heavy duty
carbon resistors.

Vacuum Equipment. W, Edwar
ham, London, S.E. 26, Leaflet D 20 3-1 deseribes the Philips eold
cathode ion ¢ Model 3 for the measurement of high
vacur in the range o-o03=g-oogel mun. of mercury (5—0614);
leafler B ooz A"t describes Type yozA oil diffusion vacuum pump
with combination bafe valve.

Pressure and Vacuum Gauges. The Brown Instrument Co.
Lrd., Philedelphia 44, Pa., U.5.A, Carlogue No. 700 is o 32-pie
illustrated brochure giving details of pressure and vacuum gauges
for use in indicating, recording and controlling,
Conductivity and pH Recorders and Controllers.
Instrument Co. Led, Philadelphia g, Pa, U Caralowue
No. 13-12 is @ 43-page illustrated brochure giving information o
pH and conductivity eontral and duscribing instrumengs for this
purpose.

The Brown

[220]

Programming: symbolic instructions; instruction modification
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CALCULATION OF FUNCTIONS
BY THE USE OF RECURRENCE FORMUIAE

NCHEST RSITY = ;
There are many functions in common use which are most
Brogramme Sheet 2. easily calculated by means of recurrence formulae. Such formulsze
can be expressed as S_ = £(S 1,n), Where n =0, 1.2, 3 iaosin
RO N SHERT 1). ” I

and £ is some function. This very general form of relation

u_;g;;g?;e/_x.! Esé;:/;:g!(/_k_j usually degenerates to one in which the only change in the form
3 A :
5%55?‘5:2% %i;!cf :g of f arises from the use of a series of coefficients. For
;g;;zg’ﬁ:;?” 6 3%{!3!:? instance the formula used in evaluating a polynomial
Raratd 4 s
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Manchester vs. Cambridge coding style
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EDSAC springs to life, 6 May 1949



CAr 5,8 1 Des &

£DSAC.
FirsT ACHIEVEMEDT

INITIAL ORDERS : HAY 7ZF 1749,

QC00 0001 0004 000¢ 0016 0025 003§ 004¢ (054 0081
0100 0121 0144 016S 01¢6 0225 0256 (C28¢ 0324 (361

0400 0441 0484 052° .0576. 0625 0676 C€72¢ 0784 (0641
0C00 0Sh1 1024 108C - 1156 1225 126 136C 1444 1521

1600 1681 1764 184¢ -1¢36 2025 2116 220¢ 2304 2401

—— 2500 2h01 2704 280S 2¢16 3025 3136 324C¢ 3364 3481

3500 3721 3844 396G 40S6 4225 4356 448C 4624 4761

4¢00° 5041 5184 532C 5476 5625 5776 5¢2¢ 6084 6241

6400 6561 6724 688C 7056 7225 73%6 756C 7744 7S21

USER PROGRAM 8100 8281 8464 864C 8836 <025 <216 <40C <604 <801

David Wheeler’s Initial Orders — wired on to uniselectors



3. The initial input is only able to synthesize symbols into the

standard order form. However, since, inside the machine, orders are _

pr ted as ibers, it is possible to input certain numbers in the form
of orders, These will be called pseudo-orders. Thus, for example, P5S
represents the muber 5x2-15 inside the machine, and so may be interpreted
as the mmber 5 multiplied by the soale factor 2-15.  In these test problems,
it hl:ppens that all the numbers required can be built up from simple integers
in this way.

4.  The layout of the printing is also under the control of the
progranmer. Thus, for example, by using the order "OnS", where store position
"n" contains "AS", he can effeot a line-feed on the typewriter. Special
attention has to be given to the suppression of non-significent zeros, if
that is desirable,

5. In the routines, the store position is listed for external reference.
Only the orders are punched on the input tape. Standard five-hole teleprinter
tape is used, with a slightly modified code,

6. The arrow indicates an entry point from another position in the
routine. Normally, orders are obeyed consecutively.

7. Quantities in brackets are changed in the course of the execution
of the orders.

Hotation.
S(n denotes store position n.
C(n, denotes the contents of store position n.
A denotes the contents of the accumulator.
R denotes the contents of ths multiplier register.
n = 0.1.2. ... 1023, i.e. a short store position.
a tob means to replace b by a.
ROUTTIES;
(i) 1Initial Input
Yemory Order.
[ T 0 S
1 E2s Set multiplier.
2 T 0 S8)
3 E 6 3) Transfer control to 6.
4 P18
\ 5 P 5 S; Pseudo-orders.
6 T 0 8
/7 I 0SS Input function digits; shift to
8 A 0 S correct position in 0.
9 R16 S x =0
10 T 0L
1 I 258
2 428
3 S 58 Input next symbol. Test for
4 E21 8 digit or discriminant.
5 P38
6 W18
7 L 88 10x; +b to 1.
8 A 2 8.
9 T 1 8

13. /20

ROUTINES: contd.
(i)  Initial Input

Lemory order.

position.

\20 E11 S
1 R 4 § ;
2 A1 8
3 L o L§
4 A O B
5 (r31) s
6 A25 8
74 A L4 S
8 U2 s
9 S3 s 3
30 G 6 8

Length discriminant digit to acc.

Form order and transfer to n.

n+l to n.

Test for start of prograrme.

lote: The first order to be punched on the tape for any routine must be

T n S, where the last

order is to be input to position n-1.

Control is then automatically transferred to the beginning of the
routine after the last order has been input by the above initial

input routine.

(ii) Print squares

31 T 123 S (As required by
initial input.

2E 84S Jump to 84.

3(P S) (Use to keep count 9A LOS

of subtractions.

57T 658

84 335 E To control printing

(P S) (Power of 10 being 60T 33S g
subtracted.
5 P10000S ) 14 485S 2
6 P 1000S) For use in the 28 38
decimal binary
7 P 100S) conversion 3E 558
8P 108 4Aa 348
9P 18 5(p s)
40Q S 6T 4B S
Pseudo-
17%¢ S Figures orders7 T 33 S Px'(int contents of
S .
2A 4OS 3A 528
3¢ S Space 94 4s
44 s Line-fecd 70U 525
5@ S Car, return 18 4258
60 438 2G 51s g
70 338 3A117S i
8(p S) (Becomes number to LT 528)
(be printed. )
Lo /9

David Wheeler’s Initial Orders and the first programs, 6-9 May 1949




eceo
010
0400
eco0
4500
- 2500
3500
4¢00
6400
81C0

001
0121
0441
0¢61
1681
2601
3721
5041
6561
8281

0004
0144
0484
1024
1764
2704
3844
5184
6724
8464

ONUITANa 000

0o D OoOvwn
A WOIT~NIW0 S \W\JINLa =

CAre 507 1 DS ¢
£DSHAC.

FIrsT ACHIEVEMELT
HAY 7F 1749,

0025 0036 004¢
0225 0256 0238
0625 0676 C
1225 1296
2025 2116
3025 3136
4225 43
5625 57
7225 73
c025 ¢2

N0
ONOYONONOYOY ONOYOY DY

The lost first program
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0C00 0001 0004 000 0016 0025 0036 004¢
0100 0121 0144 016C 01¢h6 0225 0256 (28¢

0400 0441 0484 052° 0576 0625 0676 (72¢

. 0c00 0¢h1 1024 108S - 1156 1225 12S6 136¢

45600 1681 1764 184¢ -1¢36 2025 2116 220¢

~ 2500 2601 2704 280S 2¢16 3025 3136 324¢

3500 3721 3844 396G 40S6 4225 4356 448¢

r 4¢00° 5041 5184 532C 5476 5625 5776 5¢2¢
6400 6561 6724 688¢ 7056 7225 73¢6 756

8100 8281 8464 864 8836 C025 €216 <C40

C‘/‘f'?‘-(, 726C 1t D¢ (,’

FIRST ACHIEVEMEDT
MAy 7% 74 P
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EDSAC springs to life, 6 May 1949
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(443)  Print Primes (from 5).

‘llr;n éa

Test
n| 54 989 ¥

If the 5th
YA XN o i

AV R T

wixre ]
Paeudo-
R ixA s orders
SLigg s
es
Bisp—awn) n
Ps a5
Y HE—tTm) n
141 8. Ls1
5" 91"?4-- = (0
. —#=100-7—T°S,
if n not a
Prime,
clo) 6
g W
JTREE ?ﬂuﬁ-ﬁu*‘.
- varia s v wms bl

1 mumbers, n, beginning from 5, cre tested.
Testing is doue.by effecting division by repeated subtraction,
Factors tested are 3, 5, 7, seeee &, Where i necd not excecd

) Lor S digit is treated as the least significent aigit.
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The lost first program -- reconstruction

FIRST

74 -

70,73—>

o'

48 —

60 —
57 —

HOFPFOMAEFSTOHAFEIOSAEFIAOHEBFENOOFEASAE I THO00HNnDO0O00A

WU mTe>®a TG T

500

16

w
o

N HELELRERLLRDRDLRLRLDRDLRLRRLRELDEDLRREDRDD ROV OOV

LEHE®mLOnO®n®noLnn

PROGRAM RECONSTRUCTION (2 April 2014)

As required by initial input
Figures

Line feed ] New line
Carriage return
Set position count, p = -10

Double space
calculate n®

Save n’ for printing

]
]
}
]

n+l to n

Set digit count, d = -4
Print digit

} d+ 1 tod

pt+t1top

4 (digit count)

= 1000 Used for binary
= 10/15 to decimal
32 conversion

figure shift
carriage return
line feed

space

n (=0 initially)
(=0 initially)
1

100

[S

position on line of printed page
digit counter

Constants

Page 6




