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darning.  Because of engincering difficulties there arc a
few exceptions to the normal exccution by the machine ¢f commanis.

1. On the command CS>'-—~Dh,Hp1aoed in cell x, (=rlloq,
will be transferred to D, providec n s 11; but @ —— Dyq will

place XPy7 in Dyy. for this reagon D4 should not be used as
& link register; but if for any reason a routine is written to
use it, a correc. exit from the routine will be obtained by

N T ‘ ' ;
My1) — K, 0,2 — 3,

a the nmagnetic disc

2, For restrictions on commands ¢
and S(lower), see Sections 5.9 and 6,

Index to the chief examples,

Ex, 11 p.22 Evaluvation of a polynomial
12 23 Formation of modulus
13 23,24 sin nx, cos #x
15 25,26 Print 6-decimal fraction .
16 27 Right-shift of a number represented in
two registers
21 35 Division
2 39 logyx
2% 40 Solution of an equation by trial and error
24 42 Primary routine (Ilst version) :
25 44,45 Deeimal to binary conversion
26 49,50 Primary routine (2nd wversion) and Control
routine
217 57 Double length addition
28 - 57,58 Block-floating addition
34 59a Calling successive routines
37 59b Long counts
39 5% Search loop
40 59¢ Feeding mew tape
42 59¢ . Patching

CORRIGEMDA (omitting a few trivial misprints)

N

Fig,l: the amplifier must be between the delay~line and
. the source-gate,
par.2,line 4: '3 x 10° ver second" .
line 11: ‘“write™, not ‘"read®
line 18 from foot: 3.3 x lO"é sec.
In the blank spaces in col.6, rows 7,8,9, insert “CJ,DJ,HE"
respectively, ' ‘
par.4,line 5; replace " S¥ by “I'" in two places.
' Section no, "2,7%" should bs "2 6%,
The top par, may be a little mislteading: standard practice
1is to use Dl5 for inner routines and D14 for )
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the outer cne,

line 4 from foot: +the sccond ¥ a,+1w should be enclosed in

e it

modulus signs, : ,

in first line of second para. ¥exx 14,18%, not "13,18%,

line 17: Place modulus signs round "x©,

Ex.28, In line 4 insert sentence ¥ If they are both positive
their addition overcarries L Aif x+y > 1;  the
sign digit of the machine sum is 1, it~ =
represents +1, and is different from that of
x or y,"m 4
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PROGRAMUTNG MANUAL ¥OR 0STRAC

CSIRAC is a general-purpcse automabic electronic digital
computer, The word electronic indicates that 1t uses eslectric
circuits and wvalves, "Digital! wmeans that nuwmbers are
represented in the machine by sets of discrete entities (actually
trains of pulses), analogous to the familiar representation of
numbers by decimal digits; in contrast there are 'analogue’
machines in which each number is represented by a single physical
quantity, such as a voltage or augle of rotation, capable of
centinuous variation, tAutomatic! means that the machine
performs extended calculations under the coutrol of programmes
stored in advance in the machine; the human function 1s to
malte the programme, feed it iwto the machine, and then stard
the machine, which then proceeds by itself, Finally 'general
purpose' means that a programme can be constructed whereby the
machine will perform any determinate calculation at all, and
many logical operations also, provided the programme and its
data can be fitted into the stores of the machine,

Electronic computers are popularly called electronic
braing, and it is true that they possess a few quasi-human
attributes: they have functions analogous to memory, to the
obeying of commands, and to the power of choosing between
alternative courses of action in accordance with determined
criteria. ' They are intended to carry out any definite rule
of thumb process which could have been done by a human operator
working in a disciplined but unintelligent manner" (Turing) .
The analogy leadsto the use of terms such as 'memory' and
‘command'! and mekes thelr intended meanings clenr.

V To construct the programme for a desired calculation,
i.e. to 'programme the calculation', mecans to draw up a set of
commands, each of which calls en an operation that - -the m=chine
can perform and which together will do what is required. For
this purpose the programmer needs tc know what are the chief
compenents of bthe machine and the “Yroad lines on which its
eperation is organized, but he nceds no detailed physical
knowledge. It is on the whole with these broad lincs that
Chapter I is concerned, but a certain amount of detnil is
important; since it is difficult to fix the boundary between the
necessary and the unnccesssary, the reader is advised to take the
chapter first in his stride, and to refer to it subscquently as
he finds nccessary.

Select refercences,

General: M,V.Wilkes, Automatic Digitnl Computcers (Mcthuen, 1956)

For CSIRAC: T.Pearcey and G.W.Hill, Australian Journal of Physics,
6, 315-356 (1953) and 7, 405504 (1954).
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CHAPTER 1. Rinary arithmetic. Organization of the mschine,

J..1 Representation of mumbers, Gomputer-arithmesic,

(i) Numbers are stored in the machine as btrains of pulses
trevelling round closed circuits (fig.l). Part of any such circuit
ig a’ column (‘'delay-line') of mercury, and here the pulse is a
presgure~pulse; part is a wirc, whers:tho puise le in
voltage or current; and there are intervening valves where the
oculse is a burst of electrous. The conversion between the

clectronic rind mechanical forms is made by piezo-clectric crystals,
o R . . .
The spatial pattern of such a train of pulsges while in the

mercury column can he¢ represented graphically (fig.2);
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the spaces indieated by the scale are egual (actually about % Clm. )y
and for a pulse-train covering n of them there are 2l diffcrent
pulse-pattorns according to the alternrsion of pulses and gaps.

The same graph represents also the succession-in-time with which
pulses and gaps pass any definite point of the circuit; the rate
of passage is about 8.3 x 109 por sec,

To geec how such pulsc-tranine can represent numbers we
recall first that the decimal symbol for a number is a string of
digits in which there is a position-value deterwined by the placing
of n decimnl poin%; e.g. 5029.6 stands for

1

5x10° +0x10° +2 x 108 +9 x20% + 6 x 107", Each digit can
ava any of the values Oy 1, oo. 9, and there are just ten of thosc

values because the radix is the number ten; the cssentinl fact 1s
that in this way we can get a decimal representation of auy positive
number, and for terminating decimals the representation is uniguc.

Now there is o similar representation with any of the integers

2,8, ... a8 radix in place of 10; and if we choose 2 as the radix
there arc just the two possible digit values Oy 1. The system

with radix 2 is called the binary system or scale, FPor example

the symbol :

10110.01 (binary)
represents the number 1 x 24 + 0 x 23 + 1 x 22 + 1 x 21 + 0 x 20+

0O X 2 Loy 1 x 2 2 (= 22.25 in the decimal representation). Such a
binary symbel is a pattern of 1's and O's which is the same as the
pattern of a related pulse trair, ir which to each 1 corresponds

a pulse and to each 0 o gap. By means of this correspondence,
therefore, a pulse-train can be tnken to represent a number. The
representation is hovever not quite perfect, because therc is
nothing in {he pulse~train which answers to the 'point' in the
binary number symbnl, This is no disadvantage; indeed 1t is an
advantagc because the same pulse~train can be taken on different
occasions to represent numbers of quite diffcrent ordere of
magnitude,

We write a number-sywmbel with the most significant end on the
left, and the least significant on the right. To this vital
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distinctisn betwsen right and Lgft GO niae the
direction of travel of the pulse-~bralis: B their
least significant or 'bottow® end leading, ov pnddlﬁg any fixed
point first in time.

{1ii) Arithmetical operations are conducted in the binary
representation on the same principles as in the decimal
representation, It is however the machine and not its user that
adoes the work in this way.,. The user will cccasionally require to
convert a number from decimal to binnry representation, or vice
wersa, and he should gradually become familiar with the binary
symbolg for thc integers 0, 1, ... 30, 3l; these nre given in
Table 3 at the end of this chnpt er, but can be worhed out mentally
by partitioning the integer into such of the components
16, 8, 4, 2. 1 as it containg, e.g. 21 = 16 + 4 + 1 = 101L0L (binary).
The user should also understnnd the principles wheredy Qddltlon
and subbtraction are conducted in the binary system,

Te 2dd two binary numbers the procedure is analogous to the
familinr process for decimals and is founded on the 'one-digit
sddition ftablet:

Wi
H t
1 11
t tt

OO

R e I i
“oOHO

gives
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0 to carry
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(The last entry, for cxample, represents the fact that

h‘. L « «Z+l
1T x2®+1lx2¥=0x2% +1x2%)
process 1s

An exepmple vsing this

1101
+ 2101

s ”W”MO‘

Subtrection is similarly besed on a cne~digit table involving
‘porrowing' in place of 'carrying'.

=

(iii) The machine has a mechanism, of which the principle will

be indicated later, for carrying out on itwo pulse trains an

oncr vtion which cﬂrrespondu te the binary n~ddition opcrﬁtlon and
thus generating a 'machine-sum' pulse traing and similarly for
subtraction, But the machine process is in an importent respect
different from the arithmetical one, The rcgisters »f the machine
hold only pul°”~bra1ns of a standard length (20 digste in the case
of CSIRAC): o carry-pulse from the left-most or ‘toy position

is simply 1mst (as with a desk calculating machine), and a ‘borrowed!
pulse in the top position is nowhere paid back, Suppose for
exaiwnle that to o pulse-train consisting entirely of gaps (0 0 0 ...)
we repeatcdly machine-add a pulse-~train having a2 pulse in the

second position from the left and gaps elsewhere (01 0 O cee)s

The successive results have the renresuntutlon

(1) OO0 0 ...

(2) 03 0 4o

(3) lOO v ae

(4) 110 ...

(5) 000 4es

(6) 01 0 +.uo
where the otl9 Gth, eo. onfriés are the same as the 18t gnd, ..
This shows thot we most properly toke the arithmetical significance

of the top pulse o mblguoug a gap in this position can represent
any ceven multlplo of 2% and a pulse can represent any odd multiple

of 2%, wiuere 2% ig the pesition~valuc of the tep vosition, In
HuMbur theoretical terms, machine-addition correspcnds preceiscly

to arithmetical-addition-mod 228%Ly in geometrloil terms it
corresponds in an obvious woy to the addition ef angles.
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In practice a gap in the top position of a pulse-traln
always represents 0, and a pulse in this position always represents

+ 2% er - 2@, the posibility of other representations belng

excluded by the way calculations are programmed. Which of these
representations is correct will depend upen the operation leading

to the pulse~train. In the preceding table we have supposed

line (8) to be gencrated by adding lines (1) and (2), and then the
tOpGEUﬁ ir line (3) must represent + 28; and similarly for line
(4)% But the same table could be generated by starting
with Line (6) and repeatedly machine~subtracting 01 O se. .

Then clearly line (4) would stand fer =28 + 2271 (= - 2271), and
line (3) fer =28, se the top 'l' in these lines would stand for =29,

So far as machine-adiition and subtraction are concerned this
ambiguity can be left unresolved, but for machine-multiplication a
choice must be made, and a convention must be adopted regarding the
position of the binary point. The standard convention is that
the point lies to the immedinte right of the top position (so that
a = 0) and a pulse in the top position represents -l. Then any
number X THAT OAN DG represcnted 1n Thc macnine (on this convention)
lies in the range =1 < x < 1, and the product xy of two such numbers
lics in =1 < xy < 1. ~ The machine has a mechanism for producing
from the pulse-~tT¥ains representing x end y a pulse-train that
correctly represents xy, on,t%g)standard convention, in all cases
except that where x =y = =1, When the product is required of
two numbers that are represented in the machine on some convention
other than the standard one (for example with the point on the
extreme right, so that the numbers represeuted are integers), the
true product can be deduced from the ‘machine product' by suitable
prograuming; the detail of this will be shown in Chapter 2.

To the preceding statement of the standard convention we
should add (as has been implied above) that a pulse in the position r
places to the right of the top one always represents + 1 x 27T, and
a gap in any position represents O, Accordingly, to find the
Tepresentation of a negative number (-1 < x < 0) the rule is to
express it in the form

x==1+y,

where necessarily 0 <y < 1, This gives a pulse in the top
position (representing =1) followed by the pulse pattern that
represents the positive number O.y. This is analogous to the
standard representation for negative logarithms, where only the
characteristic is negative, For example

i’z 0.1 (binary), represented by the pulse train 01 0 0 4.4
-4 = =1+% = T,1 (binary), "' te 1 1" 1100 sase

~§ = -1xf = T.111(binary),'* ' r 0 11110....

The top digit in a pulse train is called ites gign-digit,
On account of its importance in programming there is a machine-
operation for isclating it, which is analogous to its scrutiny by
a human aperator, .

The convention regarding the position of the binary point
waich is on any ocecasion adopted can be made explicit by naming the
digit position which carries unit weighting; +thz digit positlons,

ey

(;) In actual programming & test would be ineluded for 'l' as top
digit, and the programme would mnot proceed to the formation of
line 85). - The desired operntion would be handled by representing
numbers at double length; see Chapter 6,

(2) In the exceptional case the 'machine~produet' is a pulse in the
top position, waich of course here properly represents +1; and this
is inconsistent with the standard convention,




A 5,:5
in decreasing order of significance, are called p209p19, sso Py

Thus xp means a2 number X represented on the standard convention,
which réguires -1 < x < 1y xXpq means a number x represented with

the point to the immediate right of the bottom position, which
requires that x be an integer.

(iv) It is desirable to have a symbolism for a pulse~trein~in-
itself which is more comprct than the saw-tooth patterns or strings
of O's and 1l's previously used. The method we shall adopt is the
following: Write the '0,1' symbol for the train, and divide it
into fives; for the pulse~trains in CSIRAC the length is 20, so
they fall into four such fives. Then replace cach five by the
decimal symbol for the integer of which it is the binary
representation, For example the pulse-train

01001 10011 00110 11011

has the symbol (9,19,6,27). This is called the 32-scale
representation, because if we put the binary point to the right
of the last group the whole pulse~train is the binary representation

of 9 x 325 &+ 19 x 322 + 6 x 32 + 27. (In this representation a 1
in the top position is treated as positive, so that a pulse=-train
such as 10101, 00000, 00000, 00001 has the symbol (21,0,0,1).)

It is occasionally necessary to find the binary representation
of a fractiou, or (as is equivalent) the 32-scale symbol for the
pulse~-train that represents this fraction on the standerd conventicn.
First suppose the fraction x positive, and let

aq B
Xu"z“‘"""""z"‘é' sooc0 3 (alyazy ev s OOI‘ l)g

The top digit of the pulse train is O and the next four aj,...f,

; : - - . 8al+4az+2a3+a4
correspend as o group to the component Te of x; the

. 168'5+00'+a9
next five correspond to the compouaent TEx50 ;s and so cn,
b b2 b.3

Hence the procedure is to express x in the form Té + TER3D A TERETT +

!
I@E%?ﬁ‘ where O < b < 16 and O < b,,bg,b, < 32, and the required

symbol is (bl,bgnbg,bé), For a negative x we put it in the form
-1+y, find the symbol for y, and add (16,0,0,0), which represents
-1. .

1.2. The elcetronic performance of arithmetical and logical
OPEraticns .

A brief indication will be given of principles whereby
arithmetical and logical operaticns can be performed by clectreomic
means; the programmer however does not need knowledge in this
matter, and he can skip this Section.

It is clear that extended additicns and multiplications will
be possible provided we can get a physical realizaticn of the
one-digit addition table shown in §1l,1(ii), and we shall indicate
a method of getting this by means of triode valves.
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Supposc a tricde vave to be at first in a steady state with
the grid a few volte positive to the cathode C, so Tthat a steady
current flows through from B (which is maintained say 100 volts
positive to the cathode) to C. Then if a positive-going voltage
pulse comes on to the grid the curreunt is increased, sc the
voltage at A falls and there is a negative~going output pulse; and
a negative-going grid pulse gives sinllnrly a positive-golng
cutput pulse, A pulse on the ecathode hns the same cutput effect
as g pulge of the opposite sense on the grid, and for pulses of
the same sense and magnitude simultanecously on both grid and
cathode the cutput effects cancel, Hence (fig.4) if a roegular
successicn of positive-going pulses is supplied to the cathode
from . a 'elock?! a synchrcnized input-irain of positive-going pulsecs
on the grid will lead tc¢ a complemented output trein! symbelically,
a 1 input gives a O output, and a O input gives a 1 output. This
arrangement is called a 'not-gate! because the output is in an
evident sense the negaticn of the input. :

D yinput

- inputs ; A //’7"\‘ J *
B e o b 3
CyE VAN,
| | A r
S AV \ ™ _— - oufput
/ : ' H } : C \\ 1
- ;\} Py [ 5 U b e — i
- \ | cutput . A
. A SR  Pie.gr
L R i o °
a A input Ur=gate

 Fig,5: And-gate

The arrangemcnt shown in fig,5, in which for each valve the
grid (unless pulced) is maintained slightly negative to the cathode,
will give an cutput pulse c only if positive-gcoing pulses arrive
simultaneously at a and b, Symbolically the values of ¢
%ogiesponding 40 the possible values of a and b are given by the

nble ‘ «

0 0 t 0
0 1 o
1 | 0 ‘ 0
1] 1 1

and since this is the truth-tnhle for the lcgical proposition

'a and b' the arrangeunent is called an ‘'and-gate!'. Sinmilearly for
fig.6 there will be an ocutput pulse at r if there is an input
pulge at either p o ¢ (or both), the value table is

v [ o | =
0 o {0
1 o I 1
0 101
1 101

and the arrangement is called nn 'or-gate!,
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Referring now to the one-digit additicn table for a + b
of 1.1 (ii), it is seen thet an and-gate with a,b as inputs gives
for output the correct value for the carry-digit, Tc obtain the
correct sum~digit we nmust combine a number of opernticns, as
shown in the logical table ‘

a | b %ga and b jnot(a and b) ja or b, mot(a and ©)] and [a or b
o]c I o 1 0 51 0
100§ o 1 1 1
o1y o | 1 L 1
114 1 | o Lo ¢

Physically, this is achieved by using the pulse-states a,b as

inputs for nn and-gate (column 3) and alsc for an ocr-gate (column 5),
putting the output from the and-gate through a not-gate (column 4),
and finally by another and-gate achieving the state shown in

columan 6,

One further physical arrangement is nceded, The successive
digits of the pulse-trains appear on the conductors of the machine
in a uniform time~succession, of interval T, say (actually about

10 6 second) ., The carry-digit from any one-diglit addition has
therefore tc be used in o further additicn at an 1ntervql T later
than it was generated, which requirces that it be put through a
Ydelay!'. In prineciple this could be done by means of a short
mercury delay-line, bul the short delay that is actually required
is more conveniently achieved by purely electrical circuitry

thaet will not here be described,

By passing a pulse~train through a not-gate it is
complemented, e.g. 011100 input gives 100011l output., If the
pulse-train OO000L ig now machine-added to the output the final
cutput is 100100 which represents the negative of the original
1nput’ the two when machine-added gives zero. Tc add the final

put is thus equivalent to subtrﬁctlmb the original input, and
1t 1s thus that machine subtracticn is pcrfor@ed.

1,3 The electronic perfornance cof commands,

Commands are represented in the wuachine by pulse trains.
An indicaticn will now be given of mechanism whereby the appearance
of such a pulse-train on the conductors of the machine ean lend
tc the performance of a determinate operaticn, and how trains of
different patterns can lead to different operations,

SOO command liﬁe
-—-~o~—~ Y00

& clock pulse
X ~%<\ ¥ A j
e ,*,m()_”», -O1 SN S
SlO lO i

— T to X &0 to ¥
_ flip~-flop
Flg.7. detail of each gate S.

As a set cf opereticns that is sufficiently typical we toke
the opening of a ccnducting prth frow a point X to one of four
pOin'US YOO’ Yol, Ylop Yll' Ill q‘i-‘*.? ‘the CiI‘Cl@S 809 ¢ 0 0S19
represent switches or gates of sane s<wu, and it has to be arranged
that of the pair SO, S one is opened =nd the other closed, and

imilax ) 1C alrs & g - TS
similarly for the pair ‘SOO’SOl snd ologsll. The 'command'!
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pulse~train thui is to secure this congists of owwo pulpes Pobys
each of which may be O or 1, and it is to be arranged that this

pulse=~train shall open the path from X to ¥ °
PoPq

Suppose first that each 8 is an and-gate, of which one
input terminal is connected to & 'counand-line' cn which the pulses
D 9Po will appsars: first Pqs and thon Po after an interval T .

The connections to Sl’SOl and Sll are direct, but those to SO9
SOO’SlO are nmade through not-gates. For ench of the gates
Sooysol,slo,sllythe second input terminal is connected to a

tcontrol-line! to which a pulse is sent from a 'clock' at the sane
time as the pulse py appears on the coumand-line; and for SO,Sl

the second input terminal is connected tc another control=line,

t0 which a pulse is sent contemporaneocusly with the appearance cf
Py i.e. at an interval T later than Py The effect is that if
the pulse py is a 1 (or 0) it will open the gates 8019811 (or
Soogslo), but be without effect on the gates SO,Sl; ‘Wﬁile pg will
open SO or Sl withgut~affecting SOO’SOl?SlO or sll‘ Eor each of
the four wvalues (00,01,10,11) cof PoPy “he command pulse-train will
therefore activate the gates on the path from X to szpl.

It is however desired that the gates on this path shall
remain simultancously open for a time, in order that a pulse-train
(representing a number N) which appears at X after all the gates
have been opened nay be transferred 1o Yggpl. This is secured by

vsing the sutput from cach of the and-gates to trigger a 'flip-flop';
a flip-flop, which will not here be described, is an electronic
analogue of an ordinary ceiling-switch, which after being triggered
ronains on or off until it is zgrnin triggered.

The points YoogYOlgm.. ray be input ternminals to ‘'menory-

cells!' where the pulse-train N which entered at X is to be stcred.
Or one of them nay be an input ternminal to an adding unit, which
already contains a nunher=train N' and to which the number-train:
N is to be added. And sa on, ‘

1.4, The elemenﬁagy operaticns and command~structure of CSIRAC.

(i) The main stcre or 'memory' of CSIRAC consists of 1024
parts or '‘cells! each of which holds one 20-digit pulse-train
which we shall call a ‘'‘word!'. While any specific calculation
is in progress some of these words will represent numbers and
others will represent conuands. The cells are connected to 2
nain conductor (bus-bar or digit trunk) through a 'decoding tree!
as illustrated in fig. 7. Since 1024 = 210, a command-train of
length 10 digits will suffice to open the path from the digit-
trunk to any chosen one of the 1024 cells, This coumend=train,
as a string of ten O's or 1l's, will be the binary syrbol for one
cf the integers 0,1,.,.., 1023, and we think of the cells as
correspondingly numbered: the command~train which represents the

integer n scorves to open the path frou the digit trunk tc cell
nunber n,

There are nlso 20 arithmetic registers, called
A,BQC,H;DO,DI,... 915, ench of which holds cne word, and these are
cannected to the digit trunk through varicus ‘'source-gates! aud
tdestinntion~gntes’'. For exauple, register C has three source-
gates: (1) a gate enlled (C) through which the word Pogbigee.Py

£

originelly in € can be ‘rend cut' on to the digit trunk
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(2) a gate called s(0) through whick the sign-digit ps only of

the word in ¢ can be read out; and (3) a gate called r(C) reading
through which gives the word O Pog eee Py OR the digit trunk.
£ Can,

e symbols (C), s(C), r(C) are also used, without confusion,

for the words that are read nut through these gates; r(C) stands
in an obvious way for fright shift of the word in C'. For
register C there are also three destination gates: (1) a gate
called C through which a word can be read from the digit trunk
into the register ¢, thereby erasing nr 'over-writing' the word
which may originally have been in the register; (2) a gate called
+(¢, reading through which adds the entering word to the word
originally in the register and leaves the machine~sum in the
register; and (3) a gate called -C, reading through which
subtracts the entering word from the word originally in Cs

There are alse 3 input-registers with source gates only,
2 output registers with destination gates only; an auxiliary
magnetic-disc store containing 4096 cells with source and
destination gates; a sequence-~register and interpreter with
source and destination gates; a loud~speaker with a destination
gate; and finally 3 source gates for reading constants from the
control unit and a destination gate connected to & stop switch,

In all there are 82 source-gntes and 32-destination gates.
Since 32 = 29, a command *rain of length 5 digits will suffice to
select a source-gate; this command train will be the binary
symbol for one of the integers 0,l1,... 31, and the source-gates
are correspondingly numbered; e.g. the command train 10000
opens the source gate r(C), which is accordingly no.lé.
The destination—-gates similarly are numbered O,1,...3l according
to the patterns of the 5-digit control trains that open themsj
for example the command train 01111 opens the gate +C, which
accordingly is no.l5, A fuvll list of the sources and
destinations is given in Tables 1,2 at the end of this Chapter,

(ii) Bach command to CSIRAC calls for the opening of one
source~gate and one desvination gate, and perhaps also for =
conncction with one memory cell,

4 full cemmand-word consists therefore of 20 diglits and
is functionally partitioned inte 3 groups indicated:
D~cell ne,
| 3

| P20 P1g---+ Pras+Payy |P1o --- Pl |Ps5 oo Py
memory=cell no, gource~no, dest.no.

The digits, Pop eoe Py taken by themselves as the binary symbol

for an integer, give the number of the cell that will be called
by the command, as explained above, and constitute the anddress
part of the command. The digit—-group Pig ¢ Pg similarly

specifies the source that will be called by the commond, &snd the
digit-group Pg eoe Dy specifies the destination that will be

called. The sub=group Prg eoe Py nf the address serves alsc
to specify which of the 16 D-cells (if any) is called,

Accordingly . when a command-word is represented in the
32~scnle ns explained in gl.l (iv), the first two numbers give the
aumber of the memory—-cell that is called, the third is the code-
number of the source and the fourth is the code-number of the
destination, For example, in the command (2, 18, 0, 14), tre
scurce is the main store (code no, 0) the destination is transfer
to register ¢ (code no, 14), and it is store-cell no, (2, 18) =
2 x 32 + 18 = 82, which is cnlled, The obeying of this command
involves the transfer of the word in store-cell nc, 82 to the
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register €, When writing the command in a progromme, however,
we use a notation in which the meaning ¢f the command springs
immediately to the eye, viz.

(2,18 M) — C
(1)

(2918) - C
where the brackets round 2,18 signify ‘'contents of',

or more conpactly

Similarly in the command which is coded (2, 18, 14, 0) the
source is register ¢ (code no.l4) and the destination is cell
no, {2,18) of the main store. The effect of the command is to
read the word currently in register ¢ into this store-cell,
thereby over-writing (annulling) the word previously in this cell;
and the mearingful notation for the command in prograume-writing.
is

(¢) vy 2,18 M

(1)
(C) == 2,18,
where agnin the brackets round 'C' signify 'contents of',

or more compactly

In an actual programme most commands cnll for tronsfers
between the arithmetic registers and do not call for the main or
auxilinry store as either source or destination, In such a case
the nddress part of the command-word, as a set of pulses, is
vacuous (unless either source or destination involves a D-cell),
i,e., the effect of the command will be independent of what this
digit~group may actually be, For simplicity the address—group
is nearly always taken to be (0, 0), so that for example the
command to add the word in register C to- the word in register A
is coded &s the pulse—train (0,0,14,5) and is conventionally
written .

(C) —> A& | , .
the nulse train (m,n,14,5) would have exactly the same effect,,
when obeyed as a command, whatever the 'values' of m,n,’

(iii) It is mnot necessgary for the resder to learn immediately
the list of sources =and destinations: he will acquire the '
kuowledge automatically as he studies programming techniques.

Still less reed he learn immediately the code-numbers of the
sources and destinations, which nre important only at the stage

of checking and running programmes on the machina, However, a
general knowlodge of the way commands are coded is immediately
useful because it mekes clear what commands are possible and

what are impossible, For example a transfer from one memory cell
to a different onc is impossible; the impossibility arises of
course from the way the machine is built, but it can be seen from
the impossibility of coding such an operation on the scheme that
has been explaincd: the command-word structure has no room for

twe addresses in addition tn its source and destination components.
Similarly a transfer from one D-cell to another D-cell (which

would be quite a useful operation) is impossible: the command-word
structure has room only for ons D-address, It is however. possible
to call upon the same D-cell as both source and destinatiol, er
upon a D~cell and a consistently=numbered memory-cell (i.e, if

the digits Pig oo P71 of the memory-cell number give alseo the

D=cell number),. For example the commands that are written
+ . e
(D5) i D5 9 (DO) —— Dos (8321) —7 D5

(1) To.drop the symbol M is a convention, which saves a little

writing and (with duve precaution)lends to no confusion,
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and coded (0,5,17,18), (0,0,17,19) (8,21,0,17) are possible and

of tan useful) (the last is possible because 21 = 10101 and
5 = 00101, or more shortly 21 = 5, mod 16).

—

1.5 Organization of CSIRAC.

For calculation on CSIRAC a suitable programme of coumands
must first be drawn up, and these commands must then be stored
(by a process which we shall not here explain: see Chapter 4)
in coded form in mEmory cells of the machine, For the performance
of the calculation the machine must then be made to select and obey
the commands in the proper order. The normal procedure is to
store the commands in successively numbered cells in the order in
which the commands are to be obeyed; the programme will then be
correctly performed provided the machine is provided with a
mechanism which arranges automatically that when the command in
cell no, m has been obeyed the next command is selected from
cell no, (m+l). But in almost any programme this regular
sequentinl selection ef ccumands must be broken, so that when the
command incell m has been obeyed the next is to he selected from
cell =r where r # m#l,

To secure the selection of commands in the proper order the
machine is provided with a segquence register which holds what is
shortly called 'the number of the next command'., Mere fully,
at the instant when any command has been performed the sequence
register holds the number of the cell where is stored the next
cemmand to be obeyed, One of the machine operations, which is
automatically performed, is to add 1 to the number in the sequence
register during each cycle of comnand~performance: this secures
that commands are normally taken in crder from sequentially
nunbered cells, When it is necessary to bresk the sequential
order of sclection, the procedure is 1o insert in the prograine
an order that the number in the sequelcé register 18 1O be changed,
mnd The maohine is S0 bullt that 1t can obey this order,

A schematic diagrem of CSIRAC is shown on D.l13. In the
preceding we have referred, explicitly or by implication, %o all
the components, but the following may be added: (i) The ;
interpreter register includes a delay-line circuit which holds
The command (er more strictly the pulse-train representing the
comaand) currently to te obeyed, and the apparatus whereby this is
decoded and the appropriate gates are activated. The interpreter
also has other functions which will be explained in Chapter 2o
(ii) The consrol unit has as 1its fundamental component a crystal
oscillator which acts as a clock to count elapsed time. The
prinary unit is the pulse-interval, about 3.8 x 1079 sec; twenty
of these make o minor oycle, which is the time taken for o 20~digit
word (pulse-traimn) to pass any fixed point in the machine,

Sixtcen minor cycles make o major cycle; this unit is important
because the nain store is arrvanged physically in mercury delay lines
(each with associated circuitry) cach of which holds 16 words,

so that it is equivalent to a set of 16 consecutively~numbered
nemory cells; a major cycle is hence the maxinun 'ncecess~time' for
a menory-cell, The control unit sends pulses to the gates and
decoding apparaotus at regular intervals as required during the

cycle of operation, and provides the pulses at the proper instants
for the source gantes PqsP11°Pone.

The obeying of one command iuvolves four distinct stages,
cach of which lasts for a major cycle when the machine is get to
'normal specd!, giving s total comnend-time of about 0.004 sec;
but there is an alternative setting to 'speed-up' in which the
average command-time is about 0.,0025 scc. The stages of this
computer cycle are: «




(1) The number n  currently in the zequence registoer,
which is the nwmber of the nemory-cell holding the comnand which 1s
next to be ov aycdg is sent to & de coder, and the path from cell n
to the digit trunk is opened except for a urin gate,

(ii) This main gate ic »pened, and also the destinstion cate
fronm the digit trunk to the interpreter is opened, 50 that the
word in cell n is transuitted to the interpreter.,

(iii) The word, treated now as a comsnnd, is decoded by the
interpreter and thb gppropriate source and destination gates are
prepared to open. Also 1 ig added to the number in the seqvcb"
reglster, :

(iv) T™e source and destination gates are bponbd, and thc
transfer called for by the conuand t%kes place,
of the next computer cycle
The nachine then iunediately returns to gtage (1)@ rnd
et happens will of course be governed by the number (norunlly
uel) now in the sequence register.
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OITRAC COMMAND GODE : SOURCE FUNCTION GATES

o

Code No,. FTunction Symbol

0 Read out the comntent of the cell (mercury store (nl) oxr(n)
location)n(0 € n € 1023), indicated by the

address digltis P11 Pag
1 Read out the cou tbuu of the input register (1)
(20 digits, py~ 920) and shift input bape |
2 Read out the content of hand-set register No.l (Nl)
(20 digits, pl~p20) o
3 Read oult the content of hand-set register No.2 (Ng)
(20 digits, DDyl |
4 Read out the content of register A(20 digits,bl—pmo) (A)
5 Read out in pog position the wost significant digit
(0 or 1) of the centent of register A %(A)
8 %bau out b?e contont of regisler A divided by 2 F(4)
20 digits
7 Read out the oontent of register A multiplied by 2 2(4)
(20 digits) (0 in py p031t10n) )
8 Read out in the py pesition the least bighlll ant ple)
digit (0 or 1) of the content af register A
G Read out the content of regidter A and leave 1t c(4a)
cleared Yo zero _
10 If thoe content of register A is non-zero transmit 2Z(4)
1 in by position, otherwise transmit O
11 Read out the centent of rcgister B (B)
1 Read out 1 in py position if the most significant (R)

digit of the content of register B is unity othcrwise
read eut O

13 Read out the sontent of register B shifted to the right r(B)
ene place (0 in Pso position)

14 Read out the content of register C (C)
15 Rend out the most significant digit of the content of s(C)
: register C
16 Rend oub the content of register C uhlLth ene place r(Q)
to the right (0 i1 pgq position)
17 Read out the oontent of the location in register D (D)

indieated by the number m(0m<1é), ruprovpntbd hv
the address._ dxvlhu P11"P14

18 Read out the most significant digit in the loontion in s(Dp)
registe or D indicated by the nmumber n(O<m<18),

represented by the address digits P11 P14

19 Read out the content of the loecation in register D ‘ r(Dm)
(indieated by the number m(0€m<le), reproscnted by '
the dlﬁlt Dy1” pl4), shifted one place to the right

20 Read cut o string of twenty O's (Z) "

21 Rend oub the 10-digit ocontent of register H in thy (5
pesition group »y=Pi, -

292 Hoad out the 10-digit eontent of registoer H in the (Hu)
peslbion group py4-Poq

23 Rend out the 10-digit conbent of the scequence regleter (s)
in the position group P11"Pog

54 Read out 1 in the Py position Piq

25 Read out 1 in the Py position Py

26 Read out from the interpreter rogistor the uddress (nf)or
part n(digits ?1l.p80) of the evrrent command

=7 Rend outb the coutent of the mnguetic °bor No.l from ‘ (nﬁ)
the location nf0€n<liZ4),indicated by the address =

R digits P L~P20

238 A¢ for Code 27 us sing mognetie store No,2 { 11

29 Ag for Code 27 using mnguetic store No,3 (ng)

3 As for Code 27 using magnutlo store No.4 (nd}

3

3 Read out 1 in the position poo P2C
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CSIRAC CCMMAND CODE ; DESTINATION FUNCTION GATES
Code No, ‘ Function Symbel

0 Substitutc into the mercury store in cell n(0Z€n<1023), nl or n
indicated by the address digits P17 Pog

1 Null, i.e. without any effcct I

2 Substitute into the output register the logical sum of Oy
the digits received in positions P1"Ps5 and P117 P15 and
print the corresponding character

3  Substitute into the output register the digite received Op
in positions p209p19’pl-PlO and punch on to tape

4 Substitute inte the register A(20 digits) A

5 Add into the content of register 4 and hold the sum +L

6 Subtract from the content of register 4 and hold the -4
differerce ‘

7  Replace the content of register A by the digit by digit gl

product of its content and the entering digite (i.e.
conjanction)

8 Replace the content of register 4 by the digit by digit
logicel sum of its content and the entering digits (1.¢.
disjunction) )

9  Compare, digit by digit, the content of register L with N i
the set of digits entering, and in each digit-position
place O or 1 according as the digits compared are the
same or Jdifferecnt

10 Transfer the entering digit train into the loudspesker

11 Substituve into register B

12 Substitute into register B, form the product of the content
of B and register C (modulo 2) and add into the content
ofiregister A, retaining the lowest 19 digits of the
product in B with a zero in the pq position of B

13  On the command which is eoded (16,2x~2,26,13) and written L
16,2X"2(K)-vLX9 left-shift the content of registers L

and B x plaees, for 1<x£8, TFor x=1 an altcrnative coding
is (0,0,31,13), written Dol - (For a full description

By b rg

of commands having destinatien ne.l3 sec below,

14  Substitute into register C C

18 4dd into the content of register C and hold the sum +C

16  Subtraet from the content of register C and hold the ~C
difference

17  Substitute into the location m(0Zm<l68) of register D, D

indicated by the P117Pra digits of the address

18  4dd into the content of loocation m(0€m<16) of register D, +D
indiecated by the P11"P14 digits of the address, and
hold the sum

19  Subtract from the content of loention m(0Zm<16) of ~D,
register D, dindicated by the P17 P1g digits of the nddress,
and hold the difference i

20 Null, i.e., without any effcetb Z

21 Substitute into register H the digit group py~pPq of the Hq
entering number

22 Substitute into register H the digit group P11 Pag of the Hm
entering number :

a3 Substitute into the sequence register the digit group 8
p11~Pgo oFf the entering number ‘

24  4dd into the content of the seguence register the digits +3
cntering in the group ppi~pgoo and hold the sum

25  Ahdd 1 in pjy position into Tthe content of the scgueonce cS

register if either the pyp-pyl group or the DLE"P20 group
of tne eatering word is not entirely zero; o«dd 2 if neither
group is entirely zero
26 Replaoce the content of the interpreter register by the +K
group of digite entering. Hold the new comtent until the
next command enters, then add the two, and obey the
command coded by the sum
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CSIRLC COMMAND CODE @ DESTINATION PUNCTICON ¢ATE5 -~ contb.
Code THo. Funetion Symbol‘

27 Subgtitute in the mq netic store No,l into the n,
location n(O<n<lO‘)4)9 irdicated by the address digits '
P117¥20 |

28 Ls for 27 but using magnotic store No.2 Iy

29 Le for 27 butbt using magnetic store Nq.B n,

30 Les for 27 butb using magnetic store No.4 Ny

31 If one or more 1 digits received, stop the computer; T
do not proceed to the next command

Note on the left~shift operation. For the execution of this
operation a single loop is first formed from the digits of the
registers A, B together with a delay unit & of one-digit
capacity into which originally the bign digiv of A is copied.
The 41 digits in thls loop circulate in the standard feet~first
(right-shift) sense, and on a command ceded (16,n-2,26,13) or
(16,144n,286,13) the circulation ie arrested in effebh, after
the lapse of n minor cyoles, for n= 1,2,,., 16, The stote

of the registers A and B, originally and at subsequent stages

is as follows

A B |
s o i

a =0 ’:‘fé\gﬂ ADO oeo xb/ 4 aﬁY e s )\ r~—~>

S < __/__,Q/i_ﬂw_ T

n=1 Lo\ BY .. A& b ees 4
n= 2 AN be ... Lo —BY .e. An |
n = 8 l@x Y ¢ e 0 ).ﬂ( bc PR {:/a E
n= 4 4.'/_}5 ! c L gaﬁ Y PR Kﬁp%

At the arrest a digit is trapped in 4y, and enly in the case n = 2
is this the rgdundwﬂt sign digit a ; din other cascs a significant
digit is trapped and the digit.g is duplicated ' ~

The nperation is thus nenrly, but not qulte, a ovcllo shift
of the digits origifelly in A and B, and when n is even it is
more naturally taken as a short left-shift than a long right-shift.

When n is even the effect is to give the »roduct of (4,B)
by £ (except for the possible overcarry), and the digits that
have entered »t the lower eénd of B have the character of =a

roundwn§~urror For an odd n, (A) and (B) become respectively
the and (A) of the preceding cven n, and the operation then
is uﬂllkblj to be useful,

z
Sbb ég 2 E..».o 70




" BINARY SYMBOLS,

No.

e e e e
& O N O

L

TLAPE-PRINT SYMBOLS, AHD

TELEPRINTER CODE

W oo b NN o

Tape-print symbols

Source
() 7 u
(1) I
(W) WL
(N;) NB
(R) s
g (4) S4
A(4) HA
2(h) T4
pl(A) LA
c(4a) Ch
z(4) 24
(B) B
(R) R
r(B) BB
() ¢
2(0) sC
r{(C) RC
(D) D
(D) SD
(D) RD
() Z
(Hy) HL
(B,) HU
(8) S
Py PE
Py PL
(K) K
( &) MA
( b) MB
(EO) MG
("g) MD
Pop W
ehomag
- S

L space also

Destination
M OO M
I I
Qt OT
Op 1%
I &

+h PL

-h S4
WA Ch

v p#

#L NR
P P
B B

xB B
L L
c C

+G PC

-G Sc
D D

+D PD

~D 5D
Z Z
Hl HL
Hu HU
S S
+5 PS

s s

1K PX

a M4
b MB
o MC
a MD
T T

- Melenrinter code
Letver Figure
shif?d shitt

L « 0
B 1
C 2
D 3
E 4
F 5
G 6
H 7
I 8
J 9
K +
L t
M .
N )
0 (
P i
Q J
R k
5 v
T
U '
v 0
W AR
X i
Y i
Z z
A =
fig, shift >
letter shift i
line feedﬁ
carriage return
space

is given on these calls,




CHAPTER 2, Programming: The elements

The performance of a calculation on CSIRAC falls intc a
number cf stages that are relatively distinct: (1) §eleotion of
method. For example, Lo solve an algebraic equation we could use
Tewton's method, or Greeffe's, or trial and error, The questions
involved here belong largely to mathematics rather than to computing
technique, but the choice of method may be influenced by the
facilities peculiar to an autimatic computer. One may for example
prefer to use many repotitions ef a simple process that can be
easily programumed, rather than a few repetitions of & more
complicated process, (2) Selection of tactics. In the detailed
application of a method there will be many places at which minor
variationg are possible, Por exsmple, a triple product may be
evaluated as a(be) er (ab)ey answers may be extracted from the
machine by typing or by punching paper tapc; the number of
signigicant figures retained may be morc or less. There are many
decisiens of this sort to be made, some larger and some smaller,
the largsr ones merge into questions of method.  (3) Drawing up
the detailed programme, This is a broeaking down of the calculation
T1te B serics of elementary steps c¢ach of which is a machine-
operation, (4) Performing the calculation.  The programme must be
punched, in machine-code, oxn paper tape and fed into the machine,
and the machine then must be corrcecctly opcrated.

Our concern in this manual is mainly with stages (8) and (4),
but a little as to (1) and (2) is said in Chapter 7. '

The notation in which commands are written is strongly
suggestive of the mechine operations and is hence casy 10 remember;
it has been illustrated in §L.4(ii). :

The set of commands constituting a progrmme is written out
and numbered in the order of the cells where they will be stored in
the nachine, Tn the simplcr cases the numbers attached to. the
commands are those of the actual storage cells, but sometimes there
igs a constant to be added to the ecommand-number te get the storage-
cell number (see Chapter 5). : ~

Tt is necessnry to remember alweys that (i) when a word (ow
part of & word) is rend eut from a register or cell through a source
gate it is a copy of the word which is taxen; the word originally

in the register normally(l) remains there ready for subsequent
reading, (1i) When a word is read into (or substitued into or
Transterred t5) a register or cell, the word originally there is
erased or overwritten,

We shall show the sorts of command most coumonly used, and
the formation of simple sequences of them, by means of examples,
Normally the pulse-trains that are operated on by the commands will
represent numbers, on the standard or some other convention, and we
shall call them numbers unless the context demnnds otherwise.

%t
TS

2ol Substitution, addition, subiraction.

Ex.l. Substitute the number in cell 5,17 (i.e. cell number 177)
into register C. :

0 (5,17 M) ~—s C

Ex.2. Subtract the number in D. from the number in Dy .

0 (Db) sy
1 C(A) Dy

(1) The exceptional commands are (1) those with e(A) as source,
(2) those where the destination involves the same register as the
source,




" 19,

The brackets here indicate 'contents of!': ‘(Dg) —— AV ds A

contraction of 'move the contents of the place Do to the place A',
We use here register A as an intermediary, and the numbers originally
in 4 and Dy are lost in the course of the operation; but the lattoer

could of course be regnined by a2 similar nddition of (Dg) to (D)

Ex, 3, Add the number in cell 5,17 to the nunber in El
(17

0 (5,17 1) =3 Dy

This can be done by one command becnuse 17

it

1 (mod.16); sece gl.4(iii)

Ex, 4. Place (minus the number in Dg) in register C or
register B

0 (Q) —— ¢ ¢ {(Q)' =0 0 (A) —— A
I (Dg) —=¢C 1 (Dg) —= A
2 (A) wwme B

We cannot assume that ¢ contaiuns zero at the stort, and command O

is needed te sccure this) the notation (C)' means 'contents of C
after the eperation'. For the second case, subtraction into B

is not a2 maechine operation, so we must proceed via a register having
this facility] it is normnl to use A for this purposc.

2.2, Multiplication,

Ex 5, Cells p, g contain words that represent numbers on the
gtandard convention, Find their product, assuming
that they are not both =1, The commands are

-

0 (A) ~eeme

7

QB

Y U R —

2  (qM) —=1p .,

For machine multiplication one factor must first be placed in C
(command 1), For numbers represented on the standard convention,
the hottom (pl) digit has the weighting 2719, and in the exact

product of two such numbers the bettom digit will have the weighting
2 98; g0 two registers are required to accommodate the exnct product,.
The effect of command 2 is (i) the number (g M) called by the source
is read into the register B, thereby erasing whatever word may
originally have been in B, (ii) the product is formed with the

number in C, the top 20 digits of it (starting with the sign digit)
are sdded to the number that was originally in A, and the bogtem 19
digits of the product (whose weightings run from 2-20 o 2738) are
substituted into the 19 +top positions of B; the bottom.(pl)

pesition of B is left with O in it, Moreover the digits of the
product all have positive welghting (as in the standard represent-
ation) except the sign-digit in 4, which will represent -1 if the
two factors are of opposite signs. Comuzand © 1s required in ordexr
that the number that is in A when command 2 is cbeyed may be zero.

If we desire the product correct to 19 binary places the
command 3 ‘
3 (R) == A

is added. This adds a 1L or O to (A) in the Py pesition
(representing 2“19) anccording as the top digit in B is 1 or 0, and

(D
From this point onwards the arrow barb will be omitted, to
simplify typing,
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the error in the approximation (A)' to the product is then at

mnost 2u20.

The product (A) x (C) can be found by the one command
0 c(4) —= B
where the source c(A) (code no.9) has the effect of clearing L as
the number in it is read out., For (p M) x (g M) an alternative
rrocedure is

1 (p M) — C
2 c(L) —= B

Ex.6, Put half the nuvmber in C into D . In the binary
represcentation A positive number (on any convention as to the
position of the point) is halved by right-shiftin its set of digits
one place in relation to the binary point, so if c) > 0,

#(¢) = r(¢). If (C) is a negative number x in the standard
representation, put x = - 1 + ¥y, Then

fx= -1+ 301+ ), (1

and (1 + y) = r(0); e.g. y = 0,101 gives x = (C) = T,101 and the
right shift of the pulse-pattern 11010.,,. is 011010.,., which
represents #(1 + y). The -1 which is %o be added on the right of
(1) coincides with the sign-digit s(C)} of (C). Hence :

() = r(c) + s(C), (2)

and this is true also when (C) > O since then s(C) = 0,  Hence
the required commands are

0 T(C) D,
- ¥
1 s(C) —— D, -

When the binary point is taken to be in some position other
than the standard one we can still rapresent a negative number x
on the convention that the top digit only has negative weighting,
provided lx} does not exceed the welght 22 attached to the top
position, L little consideration will show that, on this convention,
formula (2) remaing velid, i.e. if (C) gives x on the convention then
r(C) + s(C) gives %x on the same convention, :

For a number x in L the source %(4), no. 6, gives 4x in one
step, irrespective of the sign of x.

* If the bottom digit p,(C) of (C) is 1, £(C) as given by (2)
ig rounded down, i.e, the machine answer is less than the true
enswer by $p,(C).  4n answer that is rounded up is given by

0 (C) —— D

1 7(Q) e D,
L

2 S(C) antunneue :DO a

If (C) had been arrived at as an unrounded product the latter
procedure would give %(C) with the smaller probable error,

Fx.7. If (4), (0) represent numbers x,y on the standard
convention, rind oxy, supposing o2xy < 1, If A
contains a number x on the standard convention, and =% < x < >,
the order (&) —— 4 gives (L)' = 2x, Moreover the digit pattern
for 2x is the left—-shift of the pattern for x. (For 0 < x < %
this is evident, For =z < x < Oput x= 1+ %y, where 1 Sy <z
so that

y = l.abc,.. (binary) with sign digit 1 representing +l.
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Then 2x = 2 + gy = L.abce.., and theﬁpﬁl

e pattern of this is the
left=shift of that of x, since x =

RN e e |

Thus left-shifting and doubling sre equivalent, provided
the doubling can be done within register capacity; and in all
cases, A —— A gives a left-shift,

If (L, B), as the result of a multiplication, represents a
number at double length, the left-shift destination L (n0,13) -
gives a doubling cf this number with minimum loss of accuracy,
since the top digit of (B) moves into the place vacated by the
bottom digit of (A); and similarly for multiple left shifts up
to the maximum number. of them, eight, that can be called. The
best solution of the problem is thus

0 e i : (L,B)! = xy
: Pog T h (4,B)" = 2xy
2 (B) st &

There is a noteon the left~shift operation at the end of
Chapter 1, The coding of commands calling for it is:

for 1 left shift,  (0,0,81,18) , written pyy —— Iy

or(16,0,26,13), " 16,0(K) = Ly
for-2 left shifts (16,2,26;23); KRESATG B (K ey
- for 3 left shifts. (16,4,26,13), e 16,4(K) moemme L

innjﬁsieff“ﬁﬁiftsww6}6y£4726wlal4 11 16,14(K) = Lg

Ex.8. If x,y are integers reprcsented as (4) = _XDq, Fehi= ypys |
represent the product xy in the form XY D1 assuming [(xy| < 217, |

Or otherwise expresselif x,v are represented in the machine on the
convention that the binary point ig on the extreme right, find
thelr product on the same convention, agsuming that it is within
register capacity. (Thls 1s the usual convention for representing |
integers other than cell-numbers,)

=19

Since B = 2
Gh)i= 2“19x, (e)E= 2_l9y, so the operation c(4) —= B gives
(AsB)ahr= 2—38xy on this convention., Hence xy is given by (4,B)'
provided we suppose that the binary point is 38 places to the
right of the standard position, which puts it between the Po and p-
positions of register By and one right shift of the digit pattern
in A,B will kring the binary point to the right of the bottom
position Pys as assumed in the representation of x and y. |

Pog We have on the standard convention

If xy is positive, the assumption xy < 219 secures that the
whole product appears in B (the part in A being entirely zero), sc
the problem 1s solved by

0 o(A) == B
I P(B) e oy 2 (M) = XY P «

If xy is negative the top part of the machine product is a string of

1's, and on the assumption |xy| < 21 fne whole of 4 is filled with
i's;  ‘the signifieant) partof-bheproduct is g1l in B, and the

right shift of this with the sgign digit 1 added on the left is

what is required. In both cases therefore the answer is s(4) + r(B).
Since coumand 1 above erases the sign digit of (A) the solution
covering all “cases 1is
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0 c(h) ceagn
1L 2(B) = C
2 et CEhdE= xyPy

2.3, Pormation of constants.

Constants are often required as date for a calculation or
for making alterations in the seguence register, The constalts
Pogr Ppqs Do which on the stzndard convention represent - 1,

2 9, 2‘19 respectively are directly available from sources

3L, 24, 25, More generally, any constant which, as a digit-train,
has a symbel of the form (x,y,0,0) may be read out from the
interpreter-source (K), no. 26. Thus the command 5,17 (K) = 4
or 5,17 (K) —% A will substitute or add the pulse-train
(5,17,0,0) into register 4,

4 constant whose lower half is not zero cannot be directly
generated in this way, but it can be formed with the help of' the
H-register, Let X be any cell containing the word (a,b,c,d). Then

{X) —H  gives in H the word (a,bya,b)

(X) e Hl 12y Ly L (C,d’Cyd)

and for (H) = (x,y,%,y) the command
(Hu) —— Y gives in Y the wdrd (%,5,0,0)
(Hl)'*—“'Y B e 1 i (0,0,X,y)

By means of the H-register we can therefore perform shifts of
half word-length,

Ex,9., Place the pulse-train (0,0,0,10) in G, .

0 0,10(K) —— H_
-  (H)) =G

Ex,10. Place the number (& + 2—14)-5920 in cell 5,17
L 1,0(K) e B 5 2740, (oo (150,0,,0)
2 (8,) L e ds (00 o) ok
3 : (L) === 5,17 M

Another way of having constants available is to store them
in memory-cslls at the time when the programme is entered in the
machine, and for a four~term constant this is more economical than
to generate it as in Ex,10,

Ex.ll, Evaluate flx) = 8,
numbers XPopr 8,Poger 89Popy 8olony 8gPon BTC stored in cells

99,96,97,96,99, The polynomial 1s evaluated in the form
C(agx +ag)x * nl)x * .

+ aqx azxz + agx3, where the
LE

0 (842 M) = A Gh)ate= g

3 (2,31 M) = C CeMptE=tix
i (3,3 M) nﬁé B Sl e ay + 8aX

3 c(4) -§ B (Apni= (aBX + ag)x
4 @@



5 ol4) = B
6 (3,0 M) »mIVA fldd-ve= (B0 x)

We have here omitted round-effs, and have added command 7 tc step
the machine, In practice if f(x) were the desired end point the
programme would proceed to send (A)! to the punch or teleprinter.

The procedure of this example 1s used for finding circalar
and exponential functions from suitable polynomial approximations.

2.4, Operations on the sequence register,

The c¢(S) destinstion is used for the conditional skipping
of an order, mainly on the criterion of the sign digit of some
number The S and +5 destinations are used for an unconditional
break in the sequential selection of commands.

Ex. 12, c¢iven (A) = xpyy, get (A)' = |x| pyy.
C
1% e s(4) == §
gl c(A) —— A
L,2 o) —Z 4 1o (M) = |x|py,

At the start of the operation the sequence register S is supposed
to contain the number 1,0 (in P11 units) of the first cemmand

§i,e. the cell number where the command is stored). A4t stage
iii) of the first computer-cycle (S) becomes 1,1, and at stage
(iv) the first command is obeyed. This command converts the
sign digit of (4) inte the same digit in the P,y bosition and

adds this te (8); hence if x < 0 (8) becomes 1,2 and if x > O ‘
(8) remmins at 1,1. Accordingly the next command to be obeyed |
is drawn from cell 1,1 or cell 1,2 according—-tsg—x->-0-or-x < 0,

and in the former case the command 1,2 will be subsequently

taken., The effect is that (4) has its sign changed twice if

x > 0 but once only if x < 0, se in both cnses we finish with

(AY' = |x| = except when x = - 1, and then we finish with

(A)' = - 1, cn the standard convention(*).

Ex.13. Calculation ofisininx, cog' nx.for =1 gLoxeg L

The argument is taken in the form mnx seo that the range of
x that can be represented on the standard convention corresponds to
the period 2n »of the functions. The calculation is made from
the formula

(&

§£§§£§ = 0.7853974 - 1.291842x2 + 0.635901x% - 0.139590x5

which gives sin nix with an errer not exceeding 10 8 forudx |hg &,

Per x outside this range we use sin mx = gin n{l =~ x) = sin T(=1=x).
Nete (1) how the multiplier 1,291842 is handled, (2) that
avercarries at commands 0,3 are irrelevant since to change x by 2

is without effect en sin nx, cos 7x. It is supposed that (4) = x,

at the start,

The significance of commands 21,22 will be shown in Chapter 2.
g § P

(1)

The machine subtraction of the digit train (16,0,0,0) from
(0,0,0,0) gives the digit train (16,0,0,0) = the same as though the
two were added,
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RV o

10
11
i2
14
15
1€
17
18
19
20
pER
22

840w A
s(4) "
c(A) stz s
8,0 —= &4

(4) e T,
(4) = C
el )it B
(R) — I
c(h) e C
(0,26 M) —<="RB
(0,25 M) ——t A
c(A) ==X B
{ By B TEY i somnt 4
c(A) —Z B
(R) . A
(0,23 M) —t A
() —= A
(D) == C
el B e B
ik R e
@
(R) =—ms L

pp —= D5
(Dyg) —— &

23
24
26

26

12,18,3,30 >
27,10,18,15 >
1035,18,19:>
29,24,16,26 >

AA AN

(M)t = Z~x (mod
1=x (if

(W)= "7 (i
-1~x (if

(Bgd! =i

(c)' = u?

; 5 8in mu
(L)r = 4u
(A)Vi= sin mx
0.785 3974

~0,2918420
0,6354901
~-0,139599

It is emsy to see that register capacity will not be excceded
up to command 16, and thereafter the only chance -0

ok

in fact sin

Suppose
Since cos mx =

when

lsin mx |

1 - 2718,

is nesr 1.

CO8 MX.e

£ trouble is for

The approximation has been
carefully chosen so that here it is slightly in defect;

=

it gives

néw that initially (A) = x and we require cos mx.
gin n{x + %), a programme with 8,0 —% L preceding

command O would give finally (A)' = Since this initial

command would cancel command O, we shall obtain cos mx if we enter
the programme at command 1 with (A) = x.

Ex.14, Get'(A)'\i‘{A) + 9(B), assumine that the addition

does not overciarry.

. : . + ]
This could be dene by nine consecubive (B) ——— L commands,

but a more powerful soluticn 1s

1,0 0,8(K) ww=e C 5 set count
. 1,1 (B) == A
‘ 1 ,2 O 9 l( K.-) ""‘“6‘ C COLlIl'iJ
: U158 g(C) === S
h w L4 1,1(K) = 3
SIS next command
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The commands 1,1 = 1;4 form a cycle on Jocp, for when 1,4
is obeyed it puts the number 1,1l into the seguence register, so
that the following command will be drawn from cell 1,1 and then
will follow 152 and 1,3, L new repetition of the loop will
take place whenever 1,4 is obeyed; and 1,3 secures that it will
be obeyed so long as the number (C) remains > O. Command 1,2
however, diminishes (C) by 0,1 for every traverse of the loep,
so ultimately (C) becomes negative; and on the first occasion
when this is so 1,4 is skipped and we emerge from the lcop 10
the stop command 1,5,

By command 1,0 we place initinlly in C the number that
will secure that the loop is traversed 9 times: to check this
in details

after 1st (B) —= 4, (C) becomes 0,7 and 7 +1 = 8
" 2nd X X '' 0,6 and 6 +2 = 8
1t gn X X v A% and 9+ (-1) = 8.

The number in ¢ effectively counts the number of times the loop has
been traversed, and by a proper ‘'setting of the count' ( command 1,0)
we secure the desired number of repetitions,

An alternative solution. using a 'count up' instead of a
'count down' and showing ether. wariantu, 1s

{

%) di5E0 (K==l S

i S (ttia Eamd o
‘ + N

= Pape=—liEd oy
3 s(C) ——= 8 AA*) 1

g |

5 51,27 (K) — § | Loop
6 next commund € sk

Cemmand 1,0 would have the same effect as 0,9(K) —— C applied
when C is initially clear; but as we cannot assume C to be
initially clear we use a substitution ccmmand having the desired
effect. Lt 1,2 we have used the py; source (no.ZZ? instead of

the K source for the comstent (0,1,0,0) which is Pyq- Regarding

1,4 and 1,5 it is to be remembered that when either of these
cemmands 1s obeyed (at stage (iv) of the computer—cycle) the
automatic addition of 0,1 te S has just taken place, Thus 1,4
will cause 1,6 te be taken as the next command, while 1,5 will
give (8)!' = 1,6 + 81,27, equivalent to (S8)' = 1,1 on machine
nddition; the commsand has the gffect of subtracting 0,5 from (S)
but cannot be programmed 0,5~ 5 because subtraction from (8)

is not o machine »peration.

The reading of a programme is facilitated by iaserting
lines to mark coff the loops which the programme contains and by
indicating pecints where entry is not always from the preceding
cemmand,; +two methods of dcing this are illustrated above,

The followi ng part-programme, eor a variant of it, is
frequently reguired, In addition to devices that have alréeady
been exemplified it uses the teleprinter destination 0. (ne.2).

P t

BEx,15. Register L contains, on the standard conventien,
s number x that is not =1, Bxpress 1t 1n declaal
notation and print 1t.

(1) The pulse pattern of this is (31,31,0,0)
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The procedure is first to find and print the gign of xj
and then to find |x| and print successively its decimal digits.

-1 wis _ y i
If x| = 10 "a, * 10 23, + pae Where O < 8- 3855 ose.< 9 We have
VR 1 o - 2 e
-] .
10lx| = a, + 10 "a. + ..., and here a, is the integral part which
1 g g 1 E

has te be isolated, To get a machine product that is within
register capacity we multiply ix(ppo by lOpl, whose machine-product
is 2~19 b4 1lelp20; and this will represent lO{x{ if we take

the binary point 18 places to the right of the standard position,
i.e. between the Bq position of register A and the Pog pesition of
By Hence the integral part of the prrduct will occur in &, 1n P
units, and the fractional part in B with the point ence place to
the left of standard position.

The programme should now_be intelli
a 6-decimal print, but since 2719 =~ 2 x 10
not be fully significant,.

gible; we give it for
=6 the last decimal will

1,0 0y27(K)  wreren 0, ¢ signals 'figure—-shift' to
” teleprinter
1L S(A) 3
_2 Oy Bt o diolf %:2:0,5ekint6:146
3 c(h) —=— & g o x|
A if x < Oy get (L)Y = [X} o
4 O3LE) —Op ) oring =, and skip 1,6
= R B <
o P11 s )
6 0,10(K) —wmm O, print +
L~47 0412(K) mewomemr o print dec.point
8 0,10(K) — H,
9 (Hl)-»w~ ¢ set multiplier (C)' = 10py
10 5,0(K) =me D, set count for 6-decimal print
T TR
12 c(h) = o print integral part of
product
13 r(B) 4 set fractional part into A&
on standard convention,
ready for 1,11 on next
cycle
14 150 = D_ count
15 s(p) —=8 test for completion
1o B R B i - 8 sives return o 1,11
v 37 0,43L(K) = o ~ signals 'space' to
: teleprinter (to leave a
gap before another number
ig printed).
18 next command.

Note: The teleprinter takes its signals from the ‘logical sum'
or disJunction of the P15"Pq1 and P5™Pq positions of the output

register 0,5 Normally one of these sets of digits is zero and the

ether then’determines entirely the signal that is sent; in 1,0

and 1,4 etc. the operative group is Pig = Pyyv while 4in.15l2 it is
okl Sl %

Pg = Dq. If (0,) = 0 2 signal is sent whereby 'A' (on letter
shift) or '0!' (on figure shift) is printed.
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The following is a loop in which the number of repetitions
ig not explicitly set in advanoce, but is implicitly determined by
the 'data',

positive
Ex.1€. Registers 4,B contain afnumber x (the result of a

multiplication, say) on the couvention that the
binary point lies between the i) position of A and

thesp. sl posidionset-B, Represent this number in
do.p £

: { : Y e =
the machine in the form 27y where 0 < y. <

i._i

>

The index n 'will be represented in DO with py as unit,
To right=shift (A,B) enc place is equivalent to dividing x by 2,
80 in compensntion we nust increase the index (DO) by Pq s This
right-shift is not a machine operation, and it must be done by
stages, cne of which is to 'move' the bottom digit of (4) into the (1)
top position of another register, which is conveniently taksn =as Dj A
The operation is complete when the integral part in A becomes zcro,
and this is tested by use of the source z(A), no.1l0, which reads
oUtrero -3t (R) 7270 and py otherwise, The source pl(A), nessy

also is uscd,

0 (DO) == Do elear D  to receive the index
1 T(B) s Dy moves fractional part of x into
= D, with point in standard
position
7 e/ T C ;
2 z(4) i~ S 3 exit test
3 0,7(K) ——— 8
6 Do Pl 4 D, ) according as py(4)isl or O |
5 r(D) — Dy ; right-shift (4,D;); after 7, |
8 H(L) === 4 ) pEO(Dl) becomes O, and on 8 the
former bottom digit of (4) is
i lost
9 B e Do incresse index to compensate
right=shift
10 3 el el return o 2
(Dl
S G B next command (x) =52 (Dl)'

Note (1) that we must apply the exit test before starting to
right=-shift, because x may be less than 1 at the start. (2) On each
right-shift of Dy a digit is lost from its bottom end; it is
assumed that we are interested only in the 19 most significant
ddgit8 of x, (3)-The eflfcdticr 5" i g o rdonver tia L iin the o
position into 1 in the pur position before adding it to (8), whereas
in previous cxomples the Tl'counted'! digit has been in the Pog
position, L coumand (X) —= 8 where (X) has non-zero digits in
toth the P1 " Pqy ani P15 = Pgg £roups would add Epll to %S), but
oecasions for using this facility are very rare.

(1)

it is genernlly less desirable to overwrite the number initially in
¢ than the number in a D, We cannot use B because addition into it
is not a machine ocoperation,

We ‘could use C insftead of D:"or D, 3 but in"an actual programme
o} 1 )
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2.5. Stop commands.

Any nen-zero pulse-train sent to destinstion T (no.31) _
operates a switch which stops the machine, If such a command is
stcfpd in cell n the machine in obeying this command will stop,
if then re=started (by a manual switch) it will proceed with the
commands stored -in cells ' n + 1, n+ 2y o .

The standard stop command. is Poq = Poe -primarily because
its coded form (0,0,31,31) is very casy to recognize on progralme
tapes.,

" : . - . T

A running stop is effected bJ the command 31,3L(K) ~— S,

its effect is 1o bubtrﬁct l from (8) .af nurge (iv) of each computer
cycle, whiclh cancels the 1 added at stage (iil), so this same
command is repeated indefinitely, This duVle hes no useful

function, but the 'hoot stop!

cell m 31,5 1K) comm P
cell m+L . 31,30(K) ~—t S

can he used o8 o signal of distress (e.g, if the machine Is asked to
divide by O)d) r of triuwph (to summon =n attendant when a job is
finished); the two commands form a locp thet is repeated
indefinitely., The digit=train 31,31 has been chosen to scnd to

the loudspenker P (destination 10) because it is the heavicst that
is available fron source K,

Stops are inscrted into programmes at points where it is
desired tc examinc the contents of registers on the monitors of the
machine or to read data from the hand-set registers Tl,Nr (sources

pt C). successive stops can be dlSt*thLSLbd from cach other by
using commands 0,1(K) wme— 8, 0,2(K) =—~— 8 etc, ; thu nddresses
Byl & c will be visible on tnc monitor lights after the commands

B

L s
hmve been obeyed,
2.7 Notation.

In‘N¢1t1ng prograumes, a pair of commands such as

(5417 M) meem £ Byl7(K) wemsm fi
are distinguished from each other by the faet that the former has
15,17"' ‘inside the brackets thut denote 'econteant of' while the
latter has '5,17' outeide then. It is customary therefore to omit
the symbols M, K and write simply

(5417) mem= L Ogl7 womwms [ 3
but when it comce to panchluv such comuands on-tape the fact that
brackets imply source M and absence of hrackets imply source K is
of course vital. For a transfer to a store~cell we similerly

o

omit the symbol M from written programmes, and write €8 (L) ~—— 5,1

in place of (&) =— 5,17 M,

For the four parits of the magnetic disc storc the suffices
a,byc,d are appended to the nurerical symbols,

(1)
If (4) is the pvopunhd divisor the division part of the progrmune
could start with Z(4) —= &, n(K) —— S, leading to the hoot stop

: : 2
only if (A) = 0, But the lc s speotacular sequence z(A) == 3,
Pog T would save 2 stornge cells.,
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CHAPTER 3. Programning Technique

3.1 Variation of commands by the +K procedure.

In ¥Exx,1l4-168 we have shown Programnes containing loops:
sets of commands that are repeated a certain number of times .
However it is often desired thet the repetition should not. be
exact, ‘but should involve cach time slight variations, Suppose
we wish to add togethor the numbers in a large set of cells
R 012 1 B SR e The cewpact way to do it would be by means,
of a loop of which the kernel was the variantle command (m+r)-—-A.

o

»

Twd wiays are available for securing, ineffest, such'a
varianble c"mﬁdndz we say 'in effect' tecause the actuanl set of
commands used is quite determinate, and the variability occurs
only in Ln51r net effcct,

The first way = and the one that is usually adopted = is to
¢ the destination +K (nc.26), and the ceumcn form of command is

1
W

i i A

The effect: of this/ pommand is (3) -that. the pulse brain (x,say)
that is in the register or cell X is read out on to the digit
trunk and thence into an adding unit attached te the Interpreter
register; and (ii) that as the pulse~train representing the
fellewing command enters the Interpreter, in the next ccmputer
cycle, the pulse-train x is machine-added to 1t, and it is the
resplting pulse-train which is then de-coded and taken as the

ocmmmrd(l). For example let x be the “ulob tha iRl 17,0500
and let the fo]low1ng command be (O)~- 4, represented by the

pulge=train (0,0,0, 5) These two pulse-trains when added give
(5,17,0,5) which represents the command (5,17) 338/ Thus the
effecet ef =~

n (X) — K (X) = (59179090)

n+l {0) sl

ig that the contents of cell 5,17 are asdded inte A.

If therefore we have a loop which includes the commands

n (D) i
n+l () sl g

+
n+2 pll i DO g

go that the number in Do is increased by P17 R each traverse of
the loop;  then if DO contains originally YP1q the contents of cells
Ve iyt sy it deeliwill beadded into A on.successive. traverses.,

To complete the construction of the loop we nced a return-to-
the-start command, and must make provision that the lcop be
raversed the desired number of times, by including a count and
an exit test, And since the number in DS increases regularly

during the performance of the programme it has the character of-a
count-number and can be used as such; in doing this wec achieve an
economy of programming =~ the use of a register for two or more
purposes simultaneously = akin to artistry.

Forthe executbion ‘off “thege idesag thiere are-a number of
variants in detail; the choice of the detailed tactics will be
governed by the p_rtloular context,

1

(1) The corresponding facility on the Manchester machine is called
EtherB=1inel, "and this term is in fairily gencral usesfor 'enes
address! machines, -



Bx,17. Add the numbers in cells 97,98, ,.. 132 into
register A,

A loop with a count down is one command shorter than a loop
with a count up {ef. Ex.l4), so in order to use a count-dowr
number in the +K command we toke the cells in o decreasing

SEQuUence ., Siluce
1D = A o RO e oA o= (zl 4) b > 5
R s [ £ e QDG i~ ps 8 7 A T 8 TR S Ra T e e ( ey 3
o i with difference (1,:3), a
g O R IR0 A GAaV 810 )3 . Fame.?
suitnble count-number will stort =t (1,3) and be diminished Ly (0,1)
after ench wraverse of the loop, so that it will become negative
after (1,4) traverses, which is the correct number. Since 1,3

can be set dircetly into D, we use D, for the count-number.

\3 ’
€, L=

4} 1,3 == Do sct count
L,

= + *r
n+5 —3 n+l (48)(D,) —— K

n+2 (8,1) ——= & Dbocomes {4,4) -~z A on lst travers
(4,3) —= A on 2nd travers:

. s ¢ . L] L] ® ® ° ° ° ] a’ e

n+3 T = Do (8y1) » 4 on lagt traver:s-

= Yol o ] Avsarmenietd
-+ 5(Nq) == S
) ) %
n+6 81,87 wt 8
n+6 next command

Tt is to be noted that the block of cells n ~ (n+6) where
these commands are stored must not overlap with the block (3,1)=(4,4)
containing the numerical operands.

Ex,18,. Elimination of a variable between a pair of linear

gquutions.,

The solution of linear equations by elementary algebraic
processes is based upon the repeated elimination of unknowns, The
full programming of the solution is guite complicated, and we shell
consider here only an operantion which represcnts, in a somewhat
gimplified form, the typical elimination step.

Let the equations be

+ “ = O doe 1,85 wes O

8.a%e F BogX s s PO AREL G - T
B )i i Bpo¥o rn®tn - fr o nel

Suppese the first equation to be retsined and used to eliminate .Y
from the rth equation (r > 1), The first equation has to be
mul tiplied by —arl/all and addéd -to-the rth, so that -the 'rth equation
is replaced by a new one in which the coefficient of Xq is

i X A .
- = ¢ Al gy £ o We ghall assume e he o iplie
Bl gy LG Ls( rl/ill) We shall assume that the multiplier
(“&rl/&ll) has been found and placed in register C, nnd shall give
a programme for extracting the element a.. from store, forming aés 9
and storing it in the cell formerly occupied by B (which is of no

further interest),
We suppose that initiaelly the coefficileunts (represented on the

standard convention) arc stored sequentially according to the
gcheme



cell

} m {m+l ?O, | min ﬁm+nil‘ oo | mAF2NHL !|m+2n+2 seo
t o | . T Ta I i B
gelieisn k) i 812+ 181,04l %21 ! sv, ) G5 nal ' 291 Lo

j i ‘ i :

A generally useful programme must be valid for any value of n so
none of its orders must contain n explicitly: the value of n
for any particular set of equations will be stored at the same
time as the values of the coefficients are stored, in D5 S0y e

For the sawme reason the pregramme must not refer explicitly te r.
It i1s plain that the useful datum involving r is the number
n + (r=1)(n+l) of the cell where 8., is stored, and we shall

suppose that this number is stored in D6; 1t would have been

arrived at by successive additions of (n+l) to m, The other key
cell number is m, which we suppose to be stored in D7. Finally

(D8) will indicate the value of the secend suffix &) we convenidntly
take (D8) to be s = 1 rather than s, . Since these four nurbers are

elther cell numbers or are closely related thereto they will he
represented in P1q unitses initially

)
— s r—l; — — nee Ry
(€) = ( “a‘fi‘i)pzoa (Dg) = mpyqs (D) = (m+(r=1)(n+1))pyq,
b (Dg) — D4 (D7) = 2Py
tHLG > THL (D7§ — A
42 (D8) i entered generally with (D8):(s-l)pll;
543 (4) —— B gives (B)' = (m+s=1)p--,=cell number
ll :E' o)
or ‘Tulc\\
v
= W, S&y
t+4 (DG) ——
£45 (Dg) —= & (M) =
t+6 (A) =g T (Do)‘ = (m+s-l+(r~l)(n+l)pll
= cell number for a = Vv, say
47 (8 —= K —
t+8 (0) e & becomes (V) =~ A and gives (A)'=ars
£49 (B) wens X .
t4+10 (0) - B becomes (u) —= B and adds 81 g _ng
g e
to (&)
$411 (R) =t 4
t#12 (D) —2 K
t+13 c(A) wmm—- O ‘becomes c(d) ——— v and overwrites a.,
by ang
Ll (Dg) i A % completion test,
t+15 (D5) e A g (A)' is negative for (D8)=O,l,..n~1,
t+16 s(A) == 8 ) but zero for (Dg)=n,giving exit from
% loop
~ 417 0,2 —et 8
t+1.8 P17 . D8 adjust for dealing with next pair of
elements
$419 HAL: e 8

-5 5420 - next command
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Note (1) at command t+3 we have used B for temporary sterage,
(2) at t+6 we have stored in Do a.cell number that is later

required; (3) instend of counting towards O we have counted away
from O, witll a suitable completion test for repetition of the
loop: (4) a definite value of + would be chosen so that the
stored programme did not overlap with the stored coefficiente.,

In Exx.17,18 the +K frcility has been used to modify the
addéresg~part of conmands . It can also be used to modify the
source and destinotion parts, but the occasions for doing this
are infrequant, Here is one:

Bx,19. Add the modulus of (B) into A.

% (R) s B

The R source reads out a siring of zeros if the pg, digit ef B _
is O, or the string O-dess 0L AL pzo(B) =, The commsnd (B) we—— A4
is coded (0,0,11,5): and when this enters the interpreter %t finds
there ond is added to, in consequence of the command (R) —— K, the
digit-train

(0 0 00) if \B) > 0, (0 0 01) -if (B) < O.

Hence if (B) > O coemmand t+l is executed unchanged, but if (B) <O
it is changed before execution to (0,0,11,6) which is (B) —— 4;
so in both cases |(B)| is added to A&, unless of course (B) = = 1,
The success of the manoeuvre depends on the fact that the cede
number for subtraction (6) is next to that for addition (5).

3.2 Variation of commands by explicit operation on them,

Lny command is represented in the machine by a pulse-trailn,
and we can subject this pulse-train to 'arithmetical! eperntions
such as are usually applied only to pulse~trains that represent
numbers. Fer examp%e if te the pulse train (8,1,0,5) representing
the cemmand (3,1) —= 4 we add the pulee train (041,0,0) it becomes
(3,2,0,5) and now represents the command (3,2) —= L. LD
alternative solution of the problem of Ex. 17 is accordingly

Ex.20.  =n e
n+7 > ntl (049) = ©
n2 (D) — ¢
n+3 (c) B g e 7
n+4 [pZO . Tl
n+5 Y "
11 3
B kg 31,25 —= 5
; )
n+8 ame
Pyg —= ®

n+d < (B31) memee L >
At command n+l we put the contents of cell n+9, viz (3,1,0,5) inte
C, at n+2 we add the current contents of D, to this = initially

(1,3,0,0), at n+3 we plant the resulting digit-train into cell n+4,
and the command represented by this digit train (which in general is

. =
(391 + (DB))
next to n+3. The content of cell n+4d is thus altered on each

A) is there obeyed, since it is in the cell nt4
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traverse of the loop, and it does not matter what it was
originally. The original content is usually teken to be pyqy — T,

a stop signal; if the programme goes as is intended this will be
altered before it is obeyed, and the choice of a stop signal

will lead to an immediate indication if some error in the
execution ¢f the programme should occur, The sguare bracket
notation indicates that it is intended to be overwritten,

The digit=train in cell n+9 serves only as a component
in the formation of the variable command n+4, and is not itself
ever te be mbeyed as a comuand. It is called a pseudo~command,
and in writing the programme this nature is indicated by the angle
btrackets. Command n+g is inserted so that the pseude-command
n+9 will be skipped on emergence from the loop.

The procedure of Ex.20 is longer than that of Ex,19, and
it is naturally used only when it is unavoidable. Ln important
use of this 'making the machine construct its own commands' occurs
in the Coantrol Routine af Chapter o,

3.3 Routines,

There are many standard cperations which are often required
but which require a sequence of machine operations for their
execution; for exsmple division, square root, calculation of
circular and other transcendental functions, printing o number in
decimal notation, Many such eperations have been pregrammed ence

and for a11<1) and the sub=programmes are avallable in the CSIRLC
library, whence they can be copied into any programme where they

Raeie ; : : 2
are: required, They ge under the general name routlnes( ). It

is convenient to leave the usage of this term somewhat vague because
there is no sharp dividing line between 'standard eperations' and
'programme devices' such as those of Exx. 12,19; but on the whole
our usage will be fairly clear-cut.

It often happens that a standard operation occurs once only
in a prograume = though if it is in a loop it will be performed
more than once when the progremme is run. In this case an
appropriate command-sequence for the operation will naturally be
copied at the proper place into the programme. But. if the
operation occurs more than once we shall save store-space if we
have a device whereby we need write only one set of commands for
the operation; since the nperation is required at two or more
different places in the main programme, the device must be such
that return to different points in the main programme cen be made
after the several executions of the operation, This can be
achieved by incorporating a certain device in the sub-pregramme
for the operation, and it is sub-programmes centaining this device

which we call par excellence routines S .

(1) This is an over-statement. For almost any standard operation
there are a number of different but reasonable programmes, the
choice between which may be guided by the context of the moment.
Experience shows, moreover, that one must be wary of asserting
that such and such a programme is the 'best possible' for its
purposes.,

(2) Often called 'sub-routines', in antithesis to 'master routine'
which is the main programme,

(3) These are often called 'closed sub-routines'; the antithesis
is with 'epen sub-routines', which are written directly into the
programme at the appropriate points.
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The device is (1) to record in a suitable register, say
Blg, the cell-number of the command (a sequence-change) whereby

the main programme is left and the routine is entered (this is

called ‘planting the link'), (2) to place at the end of the

routine a command (Dl5) e S which when obeyed will cause re-
.

entry ts the main P Ogramme at the proper point provided it is
preceded by P11 et DlS (this is cnlled the 'link command'),

The way this device works will be made clear by an example.

Suppose that we have stored in the machine, in cells 0 - 26,
the sine-cosine routine given in Ex.13 (§2.4), and that the main
programme requires en two occasions that the sine of an angle be
calculated. To suit the routine we must uec 2-right-angles as the
unit of angle, and arrange that the measure x of the angle (mod 2)
te placed inregister &, Suppose that the commands which finally
secure this on the two occasions are placed in cells 3,5 and
4,29, and that on the first occasion we require actually. the

square of the sine, The mnin programme then runs
3,5 command securing (A)' = x
3,6 (8} == Dygroy d v glyes (Dlgw’: St
3,7 O —em 8 : gives (A)' ='gin wx on're~
: ' entry at 3,8
838 (A) Y C
3,9 c(4) —= B
39].0 (R) -—'-j: Fis (A)z = Sil‘lET[X
4,29 command securing (4)' =y
4,30 (8) —— Dl5
5.0 ST N et RSN L procedd with (R ) SR EEn ny

By the time 3,6 is obeyed (8) has been increased to 3,7, so it is
this value which is planted in D 5¢ Lt 3,7 the machine switches
to the set of commands 0-22 giveﬁ in'Ex,13, s0 at 21 (Dl5) is

increased to 3,8 and at 22 this number 3,8 is substituted into the
sequeniee register. Hence the command following 22 is taken from
cell 3,8, and thence the main programme is pursued. On the
gecond occasion the happenings are similar; at 4,30 we get

(DlS)' = 4,31, and after 22 we return to 5,0,

It will be observed that the person making the main
programme does not need to know how the routine works in forming
sin nx, 411 he needs to know about this routine is (1) that it
will finish with (A)' = sin mx provided it-:is entered with (A) = x,
(2) that its first command lies in cell .0, (3) that it has been
written with Dy as link-register, (4) - for purposes of overall

design of store-space = that it occupies cells 0 - 286.

If at 4,29 we had desired to find cos ny we would have
replaced 4,31 by 1 —— S,

The internal structure of the routine of Ex. 13 depends,
at commands 9,10,12,15, on the fact that the routine is written
for storage in cells O - 28, When incorporated into a specific
programme it will,almost always,need to be put into some different
block of cells, so all cell=-numbers in it will need to be increased
by some constant. In Chapter & it will be shown how the machine
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can be made to do this 'bookkeeping'.

Consider now in genernl terms a routine for calculating
sin mx with double precision, i.e., to 38 binary places. Lisl
numbers will need two registers for their representation, and
both addition and multiplication of two such numbers need to
be executed by sequences of operations, The relevant thing
for the present purpose is not the detail of these eperations,
but the fact that the sine routine will have the genernl
structure of Ex.13 and will call several times for double-length
additlion and multiplication. Hence we shall do best o make
routines for these operations, which will be 'subordinate' to
the sine-routine in the sense that they will be called in during
the operation of the sine-routine, The important point now is
that, having used Dis for the link between the sine-routine and

the main programme, its content must remain undisturbed during

the whole operation of the sine routine, Hence the link bctween
this routine and the subordinate routines must be placed elsewhere,
in Dl4 say, and the sub-routines must be written with the

concluding commands P11 by Dl4’ (Dlé) — 3y and if these

sub=-routines have to be called directly during the main progreamue
the plant command must be (8) w—— Dla' Similar consideratiecns

apply when there are three or more encapsuled reutinas,

It is of course mere convention to use D15’ Dlé’ v hiaS
link registers.

A routine is a general-purpose tool, and in a particular
context may not have the maximum efficiency.

3.4 Loops.

Nearly all programmes contain loops, which are the means
whereby a programme occupying sny 100 cells may in its execution
involve the obeying of thousands or even millions of individual
conmands . Apart from stop-loops, every loop must have an exit
which is reached after some finite number of repetitions,; and a
test for attainment of the exit,. In Exx. 14,15, the number of
repetitions is determined by an explicitly set count; in Exx,16,18
it is implicitly determined by what the content of certain
registers may be when the loop is entered. LAnother example of
implicit determination is the following routine for division.

Ex.21, Find x/y, where (4) = XDg 1 (Q) = YPg and it is
assumed that =L < %y < 1.

If y is positive we change the signs of both x and y. Then,
DL e A co) we have

2 3 2
.;.;: = x(Ierho (He vt uu = —x(1+co)(1+oo)(l+c§) Vi

2
I = & & = =+ i t1 3 =
£ e qae= o andea, o an(l cn) , with a = x we have
then a4 = = x/y as n ——> @ (provided Cg < 1y dees ¥y ZEo)=
A oo . B @ : x < Lrens .
Also By41 approaches its limit ?i?h 841 1noreas;ng, s0 register
capacity will never be exceeded. When e = 0 as given to single

length in the machine there is no further change in a , to single
length, and the quotient is 'attained!.

18 . . ; 2 i
(1) The guestion whether this conclusion remains valid when
rounding errors are taken into consideration is here lef't aside,
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0 LB} e B
£
% (D) o T % _
N c |
2 s(C) = S Yolipery = 10@) S 0 replawe: (4 (Chrbypistheir
8 c(A) ——= A ) negatives, equivalent to supposing
= s(Q) —= 8 § y<0
5 (D)) — C )
* :
6 Poq == C {(CYY = g+ 1 = c,
7 (g =£Z-p taken in general with (C) = Cy 2 (4) =8,
+ il
8 (R) = A giving (A)' = a +a c = 8,
9 c(A) ---; DQ = (DO>'
10 (¢) s B
"+ 2 _
11 N(R) Y (A e of 7B
12 Zlh) . —e8 _
13 0,3 —— § exit if o, = Oy With (D )=a, =~%/y
14 (A ) Losaliify (oY= o)y
15 (PR (&) = &l s
16 T o—— S
17 (D) wosmte & gives (A)! = *+ x/y because entered
18 )o t with (4) = Ojwe finish also with
P11 ™ M5 (D) e
19 (Dyg) == 8

Notice that possible overcarries at commands 1,5,6 are irrelgvant;
we certainly finish at 6 with (C)° oo(mod 2), and the result

(!

must be Cy because = 1 < Cq & s

In exx., 13,18 have been shown three methods of counting
and testing for completion, and further varieties are possible.
For example, suppose that in Fx.,18 n had been stored in a cell
whose number is congruent to 8(mod 16), say 15,24, Then in place
of (t+14) - (++19) we could proceed

< 0 %before completion

t+14. = (15,24) —— Dg (Dg)' 2 6 at completion
+15 5(Dg) ~= 8
—t+16 0,3 —= 8
§417 (15,24) —=> Dg
>
£+18 pyy = Dy
t+19 t+l we- S
L-~>Jg+2o next command

In certain contexts this procedure would have the advantage of novb
disturbing the contents of A or C, and of leaving (DS)' = 0 on
exit from the loop.

To make a programme containing & loop it is usually best to
start by constructing the loop, making sure that it has a valid
exit, and then to sce what preparatory commsnds (such as setting
of o count) are needed, The allotment of cell numbers to thke
commands must often be tentative at first.

If the crmmands of a leop could be stored in a set of ceils
lying round a circle, the sequence~shift command at the end
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(e,g. cemmand 16 in Ex,.21) would be unnccamsery:s Essentially a
loop has a circular structure,; to be cycled e

the desired number of times, with prescribed ra \\\
entrance and exit points, To adapt this to / \
the linear store of the machine the circle L )
has te be cut at some point and a sequence N A
shift command must be inserted at this / &
entrance exit

peint; and the point of section can be
chosen at pleasure, It is usually so
chosen that elther the entrance point is at the top or the exit
point is at the bottom; as the preceding examples show, we can

not always secure both. On ocension, & judicious alteration in
the point of section will save a command; +the routine of Ex.21

can in fact be shortened by a cyclic change and slight modification
in the loop along with a change of tactics in the preparatory
commands; the reader may try his hand at this.

Programmes often contain loops within loops. It is usually
best to construct the inside loop first, and thenwork outwards,
As an example let us return to the proklem of solving linear
equations, In Ex,18 we have shown the elimination of % from

the rth equation by means of the lSt. This has to be done in

succession for r = 2,3y...0 and we shall amplify the programme
so as to secure this, The loop in cells (t+1) = (t+19) will be
the inner loop; for present purposes the relevant facts about it
are that it involves r only via the contents of C and D6. The

outer loop must arrange that r starts at 2 and finishes at n, and

it must alse secure that for each r the correct multiplier

(“ar /all) is- taken, This regquires a division for which we shall
1

call in the routine of Ex.21l, supposed stored in cells 0-19,
The typical adjustment of (D6) is to incresse it by (n+l)pll for a
unit Increase’inzr; It will be best to use a new register for the
r-counts; (D6) is not convenient for this purpose because it

involves r in somewh&t complicated Tashion, The detail of the
r-count can be arranged in a number of ways, of which one (which
is at any rate close to the optimum) has been chosen, The cell
numbers for the commands are of course assigned at the last stage.

Ex, 18 (cont.): Preliminary group

=16 (D5) s
t=15 0y 2rmmne 4
t=14 (4) —— Dy set (‘:09) = r-count at n-2
t-13 (33.7) s A
=12 (4) —aee D6 set (D6) initially at n
Outer loop
421 —>t=-11 43, — Dy r-count, initislly n-3
10 (D5> T & 3 sets n¥l into (4)
-8 (&) - Dg ro~set (D6) for current value of r:
. cell no, for 8.9
=7 (336) e K )
-6 (0) =— & (A" = a9
s (Do) 4 K )set factors for division
7 routine
i pepte)
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=3 (8) e D s calls for division; return to main
- programme with (D,) = = a,./ 817
=2 0 moeemm G
=1 (DO) . ()t = multiplier for current value
¢f T, :
ok (ES) e T sot count for inner loop

(++1) to (t+19) dinner loop

£420  8(Dy) = 8
t421 b1l ——— 8

It is most important to check the counting. On the first
traverse of the outer locp (Dy) = n~3, corresponding to r = 2, and
-

for each traverse (Dg) ig diminished by 1. Hence r = n corresponds

to the traverse with”(D = =1 and exit from the loop occurs

g

after command t + 20.

This programme will of course be correct only if, for each
r and s

: a
o~ Lo —_--].::..3; = - ¥ - - 9,

the manceuvres that will secure this are not here considered.
3,5 Switches,

It sometimes happens that two sets of coumands to be
executed are largely identical, but have certain differences,
We can then write a programme in which the identical sequences
occur once only and in which at the end of such a sequence the
machine is appropriately directed by means of a switch: the
logical layout may be represented thus.

E_Mﬁ_g,WJE:)rﬁm‘\\_ﬁm_mm“EL lst traverse
R S R T E TV o - 2Rd: hraverse

NThe switch is constituted by the sign digit of a D-register, say
Dgg and a suitable scheme is

t~1 Pog = Dy set switch negative for lst traversc
t ° ° ° ° ° ° ) * ~ s b | N
) identical group
l Pl Vo 5 .
w1 0 ) é - 3 taken on lsi traverse
TV il P ol i "g taken on 2nd traverse
_.‘..bq, ° ® ° . ° ° )
P e a e e w e ) i8entical gTOUD
u L] . L] L] e » )
WHL Pog —Z D, (D) ' = O (let time), - 1 (2nd time)
2 S(Dz) e 8
u+3 t e S return for 2nd traverse

u.+4 L) ° Qo L] ° L

+*
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It will be observed that (DZ)' = ~:1 after the 2nd traverse, so if
a similar switching procedufe is required later in the programme &
command corresponding to t=1 will be unnecessary. The switching
procedure involves 7 commands, and ncar~identical sequences of
length less than 7 are therefore best written separately.

Scmetimes 2 sequence is to be traversed twice without any
variation, The preceding scheme then has an evident simplification,
and the switching procedure is cguivalent to a count, for two
traverses of & loop, which is~ self-resetting., Thig is called &
'binary switch!, Remembering the mod o character ef machine
addition it will be seen that a sclf-resetiting ‘ternary switeh',

for 3 traverses of a loop, can be based on repented ndditions or
subtractions of the number 2/3; but since the binary representation
of 2/3 in ihe machine involves & rounding errocr, this switch will
break down if the number of traverses of the loop or loops exceeds
about 330,000, :

3.6 Strobes.
A gtrobe is a single 1 digit placed in a register and for

seme purpose moved systematically to the right or to the left,.
Such a digit can be used for a count of 19 or 20 (by a signrtest
or zero test), but nothing is thereby gained over the conventional
procedure unless the strobe 1s serving some other purpose also.
In Ex.22 we chow such a double use, and in Ex.23 we show a strobe-
count,

Fx.22. Given (A) = x with O < x < 1, find log, X,

exhibited id a single register; if x % geparate registers are
required for the characteristic and mantissa. We first express x
in the ferm x = 2"B(A) where + < (4) < 1 (commands 1-7) and then
build up the mantissa digit~by-digit., 4 left-shifting strabe

is used, which becomes finally the characteristic of the logarithm
in the case x > %.

If x > % the characteristic is I 3nd the logarithm can be

0 Py mee ID1 set strobe
i (Do) Eiod D, for characteristic
2 Py — DO normnlization loop; exit when (A)! =1
3 2(.[‘;) e .[L\
4 s(h) —= 8
5 70 fmblog Lidiis
1
6 5(4) ;- A § reverse the overcarry which gave (A)>L,
7 Pog A giving (A)' = 28x where (D )'==(n+l)D
& ~ n O ]_
and < 2rassal o e
—l”"\‘z-l:l-;'}%"‘.'.
17 e 8 (L) == C Let (C)=(h)=2 “ ,(cl,cz,..o ar 1
9 (Dy) s Dy left=shift strohe (and digit train
CqCoese #o its rlght)
e Cey
g ".24‘0 -!"(")‘:' a5 o0 0
10 ol8) == B (At g
Co 2 L cp = 1
"'l"*"C "'“q"':' A e .
11 WYz O (e P s = Al oo
2 g Py o5
' ~l!() + * 0
13 Dopemai oy R R ! irrespective of wvalue
gife
14 (Q) == B .



40,

1 £ ‘%‘ N )
(RY S DT adds ¢y To (Dl}
16 s(*l) wind | 8 exit when strobe reaches top of Dy
. " o
L‘? x‘llggz e :J
i - . O
. n 2y Co Coy o0 W40 X
16 (Dy) e A (D )=(h) '=logy(2 x)=1""172° " +Y89
m X y if n =7.0)
19 PPy cancel sign digit from D,, giving
50 + logox with characteristic (a

P11 Dig

. negative integer) in D, and mantiss:
21 (315) s 3

(a positive fractiom)in Iy.

Fx,23., Selution of an equation by trial process. Let f(x)
be any Tunction which increases monotonically from a negative
value at x = 0 to a positive value at x = 1L, The single roct of
£(x) = O hetween x = 0, 1 will be constructed digit-by-digit, with
the help of a right-shifting strobe in.Do. It is supposed that

there ds. a-routine,.stored: in cells t, t+l,: ¢.a, Written fopr linking
in Dy, which when entered with (4) = x yields finally- (A)! = £(x),

Counting is done by a left-shifting strobe in DB’ The programme
is arranged so that nothing significant is left in any registers
other than D_, D8 ’ D4 during the calculation of f(x); in certain
cases (e.g. calculntion of square and higher roots) more
economical arrangements arc possible,

0 By Qrmities T set digit-strobe at &

1 (94) s D, for current approximation to x

a Py DS set count strobe

3 (Dy): =mmm &

4 (D) == & ndé digit to form new trial value of x
5 (hdremetes Dy (D4)' = {A) e friel, value for x
6 (S) mmeam: Dy g

7 to— S (A)' = £(x)

8 (DO) mre B

9 g(h) ~Z 8
10 (B) = D if £(x) > 0, decrease trial x Ly

removing the digit added at 4

11 r(DO) e Do right-shift digit-strobe

12 (DB) e Dqy left-shift count-strobe

‘1 S(Pg)y 2t g 7

14 B e B

15 Py b D4 round off, to suit case where the roct
is éxncet

16 (Bpdt e o (1) (A)' = required root

1) , : ¢ e y o a - .
(1) This command has no logical  force, =and is inserted merel; in
accordance with a genernal convention that results are exhibited
in A. '
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CHAPTOD 4, lnput and Cutpul,

o aa.

4.1 The programme tape and puach,

Ionput of procoranmes for CSILRAC is from punched paper tape of

sepecity 12 holes per row(l)a The tape is read by & photo-
electyric remder, whence a pulsc-pattern is set into the input
register corresponding to the pattern of the tape-row: to a
tupe~holz corresponds a 1 (pulse) and to a tape-blank corresponds
a 0 (g=p). To the 12 tape-positions correspond the positions

Py 1o £10 i eXet p19’ Pog in the registers of the machine, so we

can designate the tapu-positioas by these gyuwbols., But in normal
practice the programme-dat: are coufined to the Py to Pio

positions, and holes (or their absence) in the P1g and Do

positions nre used zs ‘cues' or 'tags! or 'control designations'
regarding the handling of this data, in a way that will be shown,
Henece for the pl9 and Pag pogsitions the distinctive symbols

[~

X and Y, respectively, are used, as with Hollerith-type punched
chrds.

The keyboard from which the tape—-punch is actuated has 32
keys, each of which carries one of the numbers 0,1,,.,..31 and also
the symbols for the source and destination that are coded by this
number, There are also X and Y keys, an erase key and & 'punch!
key. Depression of the key numbered n causes the binary symbol
for n (as a hole-blank pattern) te be set up; on the first such
depression the symbol is set up in the P10"Pg positions, as for

calling a source, and on the second depression in the P5=Pq

positions, as for e¢alling a destination, in X or Y key (or both)
causes similarly a2 setting for the X or Y position (or both).,
When the set-up is complete, depression of the 'punch' key
sctuates the punch; and an error in setting detected before this
key is depressed can be corrected by use of the erase-key.

L 20~digit command-word has to be asscembled, by a process
that will be shown, from two 10-hole tape rows, In normal
proctice the top or address~half of the word is punched first, and
the bottow helf (indicating the source and destination) is punched
on the next %tape-row,; the latter is accompanied by an X~-puuch
but the former is nct. For command words having the top half
(0,0) = (address zoro) = the bottom half only, with the X
degignation, is punchoe., Since the sywbols in which prograumes
are written are shown on the keyboard, punching can procecd withoutd
an intermediary translation from progremme syubolism to numerical
COdeo i ) '

Since a Y-punched hold is resd as a 1 digit in the Pog
position it has the potentislities of a t!switch' in the sense of
g3.5
e b ]

4,2 Assemblineg of words by the Primary Routine,

Suppose that a punched btape is in the tape reader with a
word y undcr the reading hoead, When a command which calls the
input-register I as & scuree s obeyed, the word x currcently in T
(which is shown on moanitor lights) is re¢nd out to whatever
degtination may be cnlled, the woerd y under the reading head gous
inte I and overwrites x, and the tape ig stepped forwnrd so that
the word 2 followings y on it comes uwnder the reading head, The

ape render is thus o feeder for the lrput register, Any

(1) In every row there is also a 'sprocket hole! which has
nothing to do with what is read fron the tape.




px('ramwv contairdry commiands which csll on T must thus be
designed in wsletion Yo whnt is on *the tupe, ov rather the two
must bo dogd; LoTogether,

Suppoge uow that a tape C%”fthbg in punchied form, the
cogranne for coms onleulation is positioned in the reado? with the
first vow of hales undor the reading hend. The words constituting
the progravne nave to be stored seguentially in the proper cells,
smnd nA vy of these words will hsve t0 be sgssmbled from two half-
noTAs puﬂchcd on a poir of tbtape-rows as stated in g4.1. This
1C3blb¢lh{ ena G?Qrzn, is done by the obeying (by The wmmchine) of
st -of commcids culled the Tri imnry Routine or Lrlmq1x But
k*Qrb this is possible.the primsry must of course be stored in
the wachine, =nd tule is dOQU by a special process annlogous to
forced feeding. The full scheme 18

]

;C‘C‘J

(i) storing the prinsry, by forced foeding,
(11} storing the programue for o czleulsticn, by obeying
the commandsg of the primary,
(iid) periormlnr the calculation, by ob»ylﬂr the comusinds
of the progrommd,
(iv) outpattlng the results of the caleculation, -asually
by obuylng COanndu of the prograume.,

In previous chaptvrs we havg condldered (111) and Ex, 15 has
related to (iv) . We shall consider ! 11) now, and (i) at the end
of this secticn, '

Ex.24, The primary routine \Ilr”t version) . This ie stored
always 1n cells O-177, and is

0 (D) —— Xy isolates the half-word (a,b)
1 (“ )~w~i DO gives s(Do} = 1 if there was an X-punch
o (D ) L5 '
3 (S) —t g gives (A)' = 8 if there was no X-punch
X
4 \Hl) s} if there was an X-punch adds (0,0,2,b)
to (4)
5 (0) —F K . .
g 63 and stores (L) in cecll whose number is
6 c(L) == O ) currently in € =nd increases stobmge-
; + cell number :
8 S(DO) s 8 . .
‘ 9 (H,) = & adds (a,b,0,0) to (L) if there was no
logical - - X=punch -
start 10 (L) == D, reads inte D 2 half-word (a,b) from
of ioop bqyo~9031t1\ﬁ~ “Pig along with possibtle
Y “919) and L(ch) punches
11 : S(BO) — leads to 13 if there was 2 ¥ punch;
ctherwige to 12 and O
12 Q e §
13 - }20 amvw-jnn—» T~}
1 Y IO, Y .
Later ELé i<l ) dll % stoves g05149090} in C
(,\Lr" (1‘3 (HJ‘) s G
A gl t(D ) e DO§ clesrs D, ‘sv that the obeying of 0,1,2.2.
L1 | 0 g | 8,9 on the first troverse shall b@ h
(* - . VR OUoUS

The dape which is %o bo fod through the reader under the
control of thig primary routine has the following structure,




“1‘ 3 4

row. L 0,14 Y

row o upper half of lst word to be =tored ,
row 3 lower tt  trvrooprodE o Ed Yv o with X punch

row 4  upper f* 'r 2Zndg v PP ORE te

Tow 5 Jower 17 v b L UL it ¢ with X punch

® * 3 3 @ @ L3 © L3 e © ° ° @ & @ ° 2 2 ] @ o

TOwW 11 Lower half of last word to be stored

row (n¥l) Y

Suppose that row 1 is in position vnder the rending head at

a tioe when the registers I,DOyH,A,CgS aie nll clesrs with the

machine switched on, Since (8) = 0 the first comuiand cbeyed i1s
0, and *hen follow 1,2,3,8,9, which are all vacuous, i.e¢., they

alter nothing except (8). Lt 10 the zero cowtent of I ig read
into Dog row 1 «f the tape is read into I and row & comes under

the reading head; and then follow 11,12,0 . back to 10, which
now putbs row 2 into I and gives (D Yyt o= (1 C YV ,0,14), where the

'16' stands for the 1 in the top p Oulthh originmting from the ¥
of row 1. Since now S(D )y =1 We skip from,il to 135 and on

“o

re~stnarting the uachine aftur the stop we come to 17 and thence O
with (¢)' = (0,14,0,0) and D, cle

h’

@

On resurning again to 10, row 2 goes into D  and row 3 into

I, Since row 2 has neither X nor Y gunoh the oCQUCﬂC@ goes

11,12,0,1,2,3,8,9,10, and at 9 row 2 is added into the upper half

Of L= whlch is cquivalent to substituting it into L since L
torted clear.

On the next cycle row 3 goes into DQ and the X-punch of
this leads to the sequence 11, 12 0,1,2,4,5,6,7,8,10, Lt 4 the
P17P10 part of the row is &ddgd lutO tho lower hali of L so that

the desired word is assembled, at 6 this word is stored in cell
no,l4, at 7 (¢) ie increascd to (0,.5,0,0), and at 10 we start a
new cycle with 4 clear,

Similar cycles arc now repeated, with the X-punch always =5
a storage cue ond with successive ﬂ*ﬂwwbjud words stored sequenticlly
T”u ilrut four storages overwrite what was originally in cells
l/‘:"‘l? »

Finally row n+l with its ¥ punch is rend via I into Dog the

Y punch foreccs an exit from the cycle to comnand 13 and the machine
ufupﬂﬁ with the prograune tor the desired caleul 1t10¢ ready for
Gperation, And when the pachine is re-started the programie will.

run, starting at command 14,

It follows thet 4 prograiwe vibich is to be stored under the
control of this prinnry routine must be written with 1ts Tirst
conmand in cell 14

If the tape contains o number of consecutive rows without
X punches they will be added cunulstively into the upper half of L.
Hence blank bhyberWo are vacuous, In particulsar, the p»imary
will opersate correctly if, at the start when I,D ,H,L,C,5 are all
clenr, there are o number of blank rows ahend of 'row 1, one of which
is under the rexdirg head.

The stop coumand 13 plays no loglenl part but is often a
ohlvenﬂancu< ) If it dsonitted the first tape row nust be 0,13 Y.

1 o : ; . .
(1) e.c. 1f, followlng the progromme Tape, a data tape is to be fed.
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The forced feeding of the primsry is done by switching
the machine to an abnorurl mode of operation in which, a

stage (i1) of cach couputer-cycle, the loglcal sun (disjunction)
of the contents of the hand-set register NI, and the sequence
ropister is tronsuitted to the Interproetery but the other gtages
teake place norually, so that in particular (8) increanses by 1L

in each cycle, The word (I) —— I (coded 0,0,1,0) is set on I .
Tt is supposed that the priuary has previcusly been punched at the
head of the prograrme tape, with a nucber of blnnk rows between
ite last word no,.l7 and the progravce-rows starting with 0,14 17,
The tnpe is sbepped by single-shot through the reader until the
first word '(DO) Hl' appenrs on the monitor lights of the

input register. Thon all registers and meuory-cells are cleared,
ineludine 8, and the tope is stepped or run continuously through
the reader, Since § incvemscs by 1 at each computer—-cycle the
conmands successively cbeyed have the codes (0,0,1,0), (0,1.1,0),
(0,2,1,0), .. and in cordincry notation are (I) =~ 0, (I) = 1,
(I) wwwm 2, ctc,; s0 the successive words of the primeary are
sbtored in cails 0,1,2,...17, When they are all in, at any stage
before the row '0,14 Y' reaches the reading head, the wachine is
switched to normal operation nad S is cleared to Q. The machine
thus starts obeying the coumands of the priuary, and the first
non~vacuous one is 0,14 Y, whose effect we have already considered.

It will be noticed (i) that the prinmary consists entirely
of lower-half words, such as can be punched directly onto tape, and
(i1) thot these words are all in thenselves complete commands.
Because of (ii) it is a programme, and because of (i) the forced
feeding of it as just described is possible. The commands of the
prinary are punched without X-tags.

4,3 Input of numerical dnta.

If +the nunerical dota for o calculation are to be punched
cn the programe tape they vust be punched in binery representatior
as a palr of half-words, Vormaliy this is done cnly for
tawsolute constants!, such ss the coefficients in the polynomial
of Bx,.l3. This is becousc prograrvies are nornnlly designed to
nandle any calculation of soue specific type e.ge. solution of
linear equations, and the progrmre taprc will contain references
to the numerical dats but not the specific data of a particular
cuse, If the specific data are few in number they nay be
converted by hand to binsry representation and input by hand-

sebting on Nl, NP and I 15; for this purpose the progreaute nust

contain a stop during which the dntn are hand-set, and this will
be followed by conmands calling some or 2ll of Nl,NQ and I as
SOUrCes , <

When the data arce numercus it is btest to punch them in
decimal represcntation on tnpe according to some schenme, and to
Tnclude 1n the programmae a roubtine for rending the numbors,
converting thoi to binary roprescuntation, and appropriately
storing thom. The stornge nrrangements will depend on the
particular context, but the punching nnd conversion ean be
stondardizcd, and we shnll ghow one schene for this,

Fx.25. Conversion to binary representstion of o number X
in the rance =L < x < 1, ftor wihich the firet 6
decimel digite of  x are punched 1ih succesglve
rows 1n thie Py~ Py positions, and the last of

£

these rows conteing o ¥y punch and (an X punch
(no X punch

{negative
if Y mhy o 3 3 AN (‘L)‘:.u *
if the number i ( o tive

1 _ . ; .

(1) On the contrcl-~honrd a full-length word may be set up on switches
and it will be taken intc I when bthe programme next calls I, provided
that there is then a blank tape row under the reading head,
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LS LY -

Tet x = 10 Ta, + 107 %, + +» 1076 dhere 0 < a_ <
o e i e = Ceey 5o oy A - VWILLC A2 \ o Tho, »_: o

. L) el R

Then - [ - -6
w = 10 20 (]_O(lOf%l + 0.2) + Zig} oL, | = 10 TN, sC s
4

\v-” -

The integer N is bu 1t vp in register 4 in the representation with
P 28 unit, the multiplication by 10 being performed by using the

1
i
factor f% followed by four left shifts, This gives

(L)' = Np, = T x Z"Lgpoo =y snys 80 1OMpr20 - which is whnt we

S

roguire = is equal to 10”6219
19

Since 0 < N < 10° and 229 = 524288 we have 0 < y < 2, and
the cperations on A will not have caused any overcarry, but the

top digit of (4)' nay be a 1, representing +1, not -1, To allow
for this the final uultiplication is done in the fcrm
619 ~@.10 . -
107 %1% - 107% 3y - 1) + 1075219,

where the final answer will be properly represented in the nachine
gince x <« 1.

The routine converts ~0,889959 punched 1nto “% in the uachine
in & afiter command 17), while O, 999907 becoues 9, which 18 a
reasonable approxinstion to +1,

N

-

0 B e reguired since 6 initially calls +i
_ 10

2 o( &) —E B ) . .
nultiply current contents of A by 107

3 16,6 ~meme L4 § vacuous on first entry.

4 (I) =— D

5 s isolates the - & C

5 (DO} - Hy isolates the pyy = py half of I

6 (Hy) = & add next decimal digit

7 S(DO) —E s exit when the Y-punch has been read,

. with (4)' = ¥p-

Y " ,

9 Pog = A (L)Y = (y = l)pgo
10 (0420) = O
12 (R) ——t L

+ Id
1 c( L) = C (¢Hr = \x\
14 (DO) i D, cives S{DO) = 1 if there was an X-tag
15 0 (Q) w—— & g {

. N .G q e Ny b x} if no X=tag) I
16 u(“u()) S ) glves (f..) (... P;I if X"’"t:‘?ib ) e
17 (C) w4 )

S
18 P11~ Dis
19 (Zyg) =8

e
20 < 8,12,13,30 > = 277107°

”cr punoh1n¢ the decivinl digits of 2 number 1t 1s nore
convenient To put two of then (rﬂtpc than one) on each tapoe=row!

the Ycoupact bunchlnﬁ schene., The conversicn routine nust then
provide for dis Oeotﬂng the row, as read, intc ite two oozstltuentus
and is COnS’ﬁucntWV lenger, Convereion routines on this plan are

avnilable in the CuIﬁlC livrery.
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A dnte~tape nust of course be fed through the fape-reader
under the conirol of a programne already stored in the nachine,
snd two problens here arisc, (1) The tape nust be stepped into
the position where the first punched tope-row is under the
rending hend, This stepping can tnke ﬂlac culy by the nechine
cbeying & counmand in which the input re egister I is called, and we
all I by switching to an abnormal node of cper vtlon in which
SOUETnds are t4nbn from N, , and setting an sppropriate COL wnd .,

coljlug I, on the Jl~switchu The szfest one Lo choose is

(I) == I {code 0,051,1) or (I e 7, (code 0,0,1,20), olnc both
thess send the word (O 0,0,0) rend fron blank tﬂpemrow to
‘nowhere'; (L) - m(codu 0, 09$7O) will do provided the
substitutiocn of zero into call 0 (1 e, the clearing of this cell)
does not Si,zl the later operaticn of the programie. When the
Tirst punchod row is in §05Lt1:m, switch the nachine tc normal
cgperation, {ii) We have to securc the proper syanchroenization of
the obeying of commands with the progress of the tape througn the
reader, The gimplest way to do this is to store the readine-and-
convergion routine in cells 14,15,.,. and G0 punch Y oIl Lhe tape in
The oW precedirns the first datx; row, and to clear (S) to zZerc on
the appenrance of this Y c¢n the 1n9ui"ruﬁlsrbr lights.

What happens now is this? we start with (8) = O, with D,
containing the ¥ (i.e. pgo) which wrg rend as the last tape-row
of the progremme tape, prev1ously stored, The machine
proceeds to ohey the commands of the priumary routine, and at 1
the Pog is lost by overcarry and (DO) beccnes zerc. Hence the

seguenee follows 2,3,8,10, At 10 the Y which hends the data~tape
goes intc D and the first data~row goes into I, and thence follow
I1 =nd the sbvp at 13. On re~gtarting the machine comiands

14 15?0., wxll be taken, nud the first of thex which cells I will
concern the firgt data-row, Subsequent calls to I will
auwtonaticeslly concern the later date-rows, in order,

If for any reascon the reading~and-ccenversicn routine is not
stored in cells 14, ..., cell 14 nusyu contain the appropriate
sequence-shift,

4,4 Oubput to teleprinter,

In Ex. 15 we have given a routine for binary-to-decimal
ccunversion snd printing, and all that need be added is a few words
about the layout of the printed page. We nmay achleve whatever
nay be desired by including in the programme coumands ‘o the
teleprinter for space, 1inc~feed, carriage-return, figure shift
and letter shift according to the code showz =t the end of Chap.ls
but it should be notcd thit 4hpr is no‘bn k=space faclility. The
coumands O 29 reme Oy 0530 mvmee for line~feced and carriage~return
(which if given in hls crder ¢ ﬁcbl the 'space! acconponying the
*.ne—fcpd) must be given when or before the line being printed is
fuwll, This is done by using a register tc count the number of
prints per line - usually via the complete nuwibers printed rather
thaon the nuvber of separate print comunnds - and forming a locp ia
the programmc the exit from which is based on this count,

4,5 Output to m;v"ch°

IS

The punch can be disconnected frorm the keyboard uscsd in
punching prograrme and data tapes, and connected to the nachine,

L ocoumand of the form (X) = O will then enuse the p,~p- .~ and
P 1 F10

pwggpoo‘digits c¢f the word in X t¢ be punched in their standard
pogiltions on one row, and the tape will be noved forward ready

for the next punching. The routine for punching o complete word
involves its dissection into upper »nd lower halves, and X or Y
tags can be ndded as desired; this is quite simple, a2nd the reader
can ccnstruct it for hiuself,
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Experience has shown that output to punch is Jess subject
to nmachine errors than is output to teleprinter, and there are
accasions therefore on which it is best to moke the primary ocutput
by punching and use & supplenentary programme for decimal conversion
and printing. Punched cutput will natural 1y be used when the
results are to be data for a later calculaticn,

Output to both punch and teleprinter can be checked by
having the unachine forr the sun (wod 2) of a set of humbers to be
output wnd thern punching or printing this sun, suiltably togged to
indiente its eignificance.

Kote, The operation of tape reader, teleprinter snd punch
is slower than that of the machine in obeying commande, and there
is a switch in the nachine which autonatieslly inhibits the
exccuticn of a command canlling any of these mechanieal units until
the last such comimnded cperntion has been completed:. the machine
walts until the ccchanical unit is ready. The ready-signal
interferes with thoe correct operation of a command to destination
+K(no,28); and such a comrand must never be followed immedistely by
g command collins T, Oﬁ or Q}9

*»
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CHAPTER 5, Gontrolled iaputb of vrogrammes contalnings
Library r«utlneu‘ Machine onerﬂi%on,
O.1 Intrcduction, Comtrol desirnntions,

It is often desired to iidze the time taken to write and
punch a programme, which tiuy d«&e by mwaking the greatest
yUSSlulv use of the CSIRAC library of routines for such standard
operations na nrce reguired by the prograuie, The completle
pro~r“wmb wxll comiprlee thess rslthes, along with a master.
voutine or part-p fmwrﬂmue which 18 sg901£;o to the problem in
hand, The mastur will cnlli in each roubtinc where it is reguired,
and the comuand which esllc 1t ia has the form no-—— S, where u
ig the numbsr of the cell in which the firet C“J@lﬂd (or cececasionally
a later one) of the roubine is storsd,

Now on the one hand vost roosines couteoin references, in
certain of thoeir commnode, Bo the cells wherein they are to be
stored (e.g. command 10 of Bx,.£58), nnd on the other hnnd we cannct
hope to reserve a fixed sct of ce ch for the storage of vach routine
on all occonesicuns vhen it is required. cnce if we use the inputb
procedurc of Chapter 4 we nre obligud, for esch prograwse, to re-write
the required routines o ag 1o suit the nuwiicrs of the cells where

they are to be stored. There is however = cunningly dovised input
procedure whevreby this re-writing is avoided but the rvutlve are
stored as though they had been fowrltc@n. The precedure us &

primary routine slightly modified from Ex.24 together with a coxtroT
routing,

TR e

Suppose for definitencse that for some problem the prograsuc
includes the conversicn routine of Bx.25, the sine routine of Ex.l13,
and others, and that we decide to store the full set of words

(comw@nas) qubnt'zllyg utqrting with the head word of the
comrersion ruutlxe in cell n Then the last woerd of this routine

will be stored in cell nl+209 and word 10 nuet be replaced by
{0,20+n1) e (4, The first word of the sinc roubtine will then be

stored in cell n,+21, and to the cell numbers contained in its
words nos. 9,10,I2,15 we shall have to add nl+21. And so on.

The control routine is a set of commands which in theilr executiocn
by the machine make there adjustments sutomatically .,

For this tc be possible 1t is oloﬁrly neceggary that those
tape rows which represent werds reguiring adjustment must be
aceonpa nied, on the tape, by some physical indication of what
adjustment is required. This physical indieation consists of a
tape row (or scmetimes two rows) which includes 2 Y-punch, The
Y-punch, when :ead,aotw as a switeh out of the primary into the
control routine; and the pattern of holes that accoupanies the
Y determines the point at which the control routine is entered and
thenee the effect of the ccatrol-commnnds that are obeyed,

These Y-tngged control-rows are represcnted on the written
prograume by ﬁuxro,qutc symbols accompnnylng the words that arc
to be adjusted; ench such sywboel is a direction to the perscn
punching the e pe that he is to punch the corresvoundiig control-

pattern with Y tag before he punches the word thet is to be adjusted,

Opposite the first word (to the left of it in stendnrd
practioe) of the conversicn routinge, Ex.25, we write 'L St
Fhis syuwbcl is o mnemonic for 'giore thoe nucber ny ¢f the cell which

o

will hold the first word of routine no.lt. ngobitc the fivet word
of the einc routine we write '2 §', stondine for 'store the number
I of the cell whieh will hold tne first word of routine no.2',

And so on, The pattern cn the tape correspouding te the sywmbol




C, L Y ,
winiere the XY in fthe second row is the code for 18! or 'shore!

Cppozite woerd ne, 10 of the conversion roubtine we write

LAY, a wnemcnic for 'add the number ny ta the addregsg-part i
the word which follows on the %ape', Sipdilurliy, syposite woras
moq@ngb Wus bci the sine routine we vwrite '2 A', with
cor 4wpona3ug significance, Thie pattern on the tape corregsponding
te bnc synbol m A consists of two rows,

On

0,2 Y

[

where TtThe '2' in the second row is the code for YAY o 1uddt,

The symbels mS, mi are called countrol-desienations, Thore
are three other control designations, as follows
m, ol ', meaning 'transfer the number (m,q) to register !
with the tape pattern (two rOW“T m; o
c, 01 N

'R mearing 'repeat the control eperation last executbed’,
with the tape pattern (one row) 47 °
7

'DY meaning 'de the command represented by the word next
following on “he tape', with the tape pattern (one row)

6Y .,

5.2 Primary and Control routines,

Tro %rimary“andmoomtfol routine which, by the obeying of its

I
commands, gecures the performance of thsese control operations is

Bx, 26, Primary routine (second version) and control rouline.

3
Primary 0 (w ~e D
1 s(D ) -
+
I3
2 (Hu> A
3 S(DO) s
,.§«
2.
5 (Hy) = A
¥ . p .
6 (B) —— & gives (8)!' = G 18 it preceded by
3 command
7 (C) s ¥
8 c(L) wmm O
. *
9 13—; g T C
1.0 Qo) JEE— D,
] = e R
11 T, H 1
12 s(D) —< g
13 O v S
a + [
Sentrel 14 (H) — 8
- I . . ‘ .
18 (0,24) = A gutry point called by m,q;
. rer Sransfer
2.6 (0,23) womm 4 eutry poiunt cealled by o,ms 1Y,

for Store
(0;18) w4 cntry point called by O,m) 2Y,
Tor Add

}._J
\J
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v
i c(A) v 0,19
19 Loy = beesmes the command, in
20 X
- N virtue of 1lff by
- 4Y, for He
20 33,21 e K
21 Coll summe B entry point called by &Y, for Do
22 0,10 e 8
23 < 0;0 18907

The primary part of thisg is, apur’ wnd 6, merely

51 r arrdmﬂcmknt of Bx.24, whose working ha bb’TK/Aylland To
see how the ingenious control routine wox nu Wb note first that when

commnnd 10 1s obgyeq with a Y(920> in I that hos cowe from the

tape~row O, nY, command 13 will be skipped on uzccount of the ¥,
at 14 we shall have (Hu) = QO,n, and the next commond will be

15,16,17,19 cr 21 according as n = 0,1,2,4 or &,
Suppose now that five comsecutlve tape-rows are

(1) a lower half-word accompanied by X-tag
(«3\ 0 m
. b
(2) 0, 1 Y
(4) an upper hnllf-word
(5) a lower half-word accompanied by X-tug,

and Llet the initinl state be that B is clesr and row (1) is in I,
with commanrd 1C about to be obeyed, This will lend to & traverse
of the primary in which A is clenred and (C) finishes ot the vulue
Ty SaF . Then on couwmand 10 the hﬁlf“woru (0, m) goes inte Dq

aud on the succeeding traverse is put lnto the upper hali ol A,
with (C) remaining ot r. On command 10 “ﬁ in the word {0, 1 ¥)
goes inbto I, ond we arrive ot 14 with (h = 0,1, €0 Uhu next

1
comrmand taken is 16, cntured with (4) = (Oym9090)°

3,27 ) from cell 23,
4,0,5) frem

1 e

Gommaﬂd 16 now adds into A the word {0,0,13,
and the following command adds into & tho word (0,2
cell 15, Thisg gives

(A} = O m 0 0 = (0,m+4,14,0),
+ Q 0o 13 27
¥ 0 24 0 5
which ig the osulse pattern for the command {C) ~—- L¥24 At
command 18 this puls e~patdurn ig substitubted into cell 19, so
command 19 becomes (Q) =~ m+24, which ig obeyed. Hence the

number T in ¢ is stored in cell (W¥E4), which is the mth after the
last cell occuplied by the control programme,

Next, commalds 20 and 21 are obeyed, wnd 20 causes 2L 1o

hecome 0,0 = B, which leaves B clenr, Then on conmand 22 we
return to 10 and que~1ow (4) is sent into Dye There follow two

treverses of the primary, entered with 4 clesr (on account of the
prooedlﬁ% el nd 18), and on the second one the word ngsombled
from tapo-rows (4), (&) is storcd in cell r.

The foect theroelfore is vhnt the number r of the cell where
this word is wroed has itsclf been stored in cell (w24
Suppose now that at ony leter stnge o polir ol tape-rows
O, m

3

0
<

is read, with A initbtinlly clesy, By gimilnsr aregument we gec that
9 o . £




|
e o

command 17 will be entered with (4) = (0,m,0,0); =and this
ommand adds (0,24,0,5) to (4), giving (&) = (O,m+84,0,8) which
TCU“PS tg the cmmmﬁnd

,}.
(D424) —mem A

At 18 thie is put into cell 19 and & is cleared, and
cermand is obeyed, which QlVCQ (A)‘ = r gince (m+24)
the following traverse of the primary, (which as bofore is

entered vin comuands 20,21,22,10) is made with (4) starting at the
value r, and the word waich is agsemblced during this Trﬁvurwe and

the following one will have v added to the upper half ns read from

at 19 the
=T, Hornce

the tape, In conscguence, if 1t 1s the wpper helf (i.b, A1l
iddress) vpunched on the tape, the word as_storcd will have the
uppoer half r» + 4; and this is tho ¢ffcct which was desired to

()

Le soecurcd by the control tape-rows C, m; 0, 2 Y (which the
programmer punched in respounsc to the dvhlvnﬂtlcn m 4 on the
written programme) .,

T the samce way 1t will be found Lha,y when entry at

command 16 is called by the bape~rows m, ¢, O Y, the pulse~
p”‘tbrq put into cell 19 is (m,q,26,14) representing the coumand
Ky ¢ = C, The obeying of this command puts the number m,q into
Cy so the compand next assembled by the primsry will be stored in
cell m,q. The code weg ¢ C Y WCCOIdiﬁgly calls for = change in
the storage~cell number, and we thus have o control cperation
whereby we can sbtart thp storage of words (read frow tape) in any
desired cell, or brenk the secguential storage nt any desired }thb.

If 'Do' is ecalled by the code 6Y the control routine is

entered at 21, so we get (B)!' = 0, 11, Then follows the nssecmbly

of the next word from its tnnc rows, snd on the X~tag we arrive

at command 6, whose effect is to give (S)‘ = 0,18, Hence the

word nlready assembled in A is y?wcpd in cell i and the commnand
which it% represents is forthwith doumes; =2nd tnun 20, 21 give

(BY' = 0, The commoncst use of this fqolllty ig to fraasfer control
te any desired point of a programuae that hos just been rend and

otored, ot the end of the ‘tape we punch, say,
6 Y '

l{ e - S 5

the command is obeyed; so the number kX is put into S, and the
fellowing command to be obeycd will be the once in cell k.,

Finolly the code 4 Y leads to entry to the control routine
ot command 19, so whotever command wis placed there by the
preceding control operstbtion (and then obeyed) will forthwith be

ocheyed again,

-

5.3 Programme assanbly and btape layout.

Consider n complete DTOGK”MHQ consisting of a number of
routines and 4 masber, The mester will =t some stoage call cach
of the routines by 2 comuand cont vining the number of the cell whore
the heand-werd of the routine is torodg and some routines way

similsrly refcr to others, Also each routine moy conbain words
referring to ti¢ cclls where it itsclf is torcd9 eagb word 10 of
Ex., 25, The routincs now Dre to be arranged in such an order that

cach of then roefore only to itscli or to bnosc that come earlicr
10 the seguance (which ﬁz“I]\ alwnys econ be done), and last will
come the wmmster beoﬁusu 1t relers to all the routines,

To the routincs and wmaster, in this crder, R au%ﬂch@d
trno control-designations 1S, 25, 38, ... - Hoch of thpm ig written
as though for storage in a Sut of cells starting «t cell O, but
fheir hoend-words will sctually be stored in cells Hys Bos Doy ey

1 ¢

say Then for the crogs—-refercinces or internel refcrences to bo
corr“c+ it will be necesgory that coertain words have their addrogs-

parts incrensed by oK others by T g ete; and to words rcoguiring



this adjusitn
The tﬁpp is
etc, 1n the
primary and

ant
JOR0:
v
e
c

ontrol routines,

oper places, and is read into the

The tape is headed by the primary (words O~13

Immediately following this are the words

14 (#,) = C
15 (DO) ~—— D,
16 (3) = H,
17 0 S

which are later overJrittﬁn,

as described in g4.2. Then follow

blank rows
0414 Y

: *
14 (Hu) e

° Ll ° » °

24 < 31,8,12,14

0, O

O, 1
0, 1
lst word of

* o

hY%

e e S et

Y

Y X

5 the control designations 1A, 24, etc. are appended.
wched with the control cues corresponding to 18, 14,
mnchine via the

of Ex.26).

mhis is forced-fed into the machine

control routine, stored in
cells 14~24 by operation of

t}:‘ 3 _Qr...,m.( .,.f'::yr

cue for m,n
the n
cell ne, me.n

cue for 1S5 ¢

T meaning ‘store

ext following word in

store head cell

number of routine 1

routine 1 (two halves)

L] L3

NS

Y

s
irtses

5.4 A modified assembly scheme.

If vhe only cross—~refeve

sIlCces are

cue for 1A
part of the

cue for 29.

adjust addrese-
iol¢ow1né vord

store head cell

number of routine 2

master, desiguated sany by kS

cue for kA

cue for Do

next command obeyed will be

the (g+l)st
numbered g

betwsen the

of the master,

s the master
was written,

master and the

routines, i.e. if esch routine makes no reference to other routines
as is often the case = there is a modified assably
logically more oompllcntod but physicnlly simpler tuan thnt of

5§55.3. Each routine 1ls written with the hend control-designotion
18 and iTs self-refercnces d081gn vbed by 1a, nnd 1s

punched. But the routines, taken
numbered 2, 3, ..., and references
control-designations 24, 34, «s.

achene which ig

correspondingly

in any or&cr, are nlso
to them in the master carry the

The mastor carries the head

designation 1S and its self-refereuces arc designated by ik,
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In punching the tape, the routine numbered 2 s proceded by

the cues for both hosnd desiguations 28 and 18; and similarly for
. 0 \
the other routinés, so that the 1e 3ou+ of the tape is (symbolically)

privawy and control
Tig i1 ¥
p
as

18
routine nc, 2

o]

Dl

oG
< U

tine ne,3

* ] € ]

I‘»

1

A 1

C’) U)o

tor
L A D g e S

4

The reading of the cuss 25, 18 will cnusc the hord ¢
routine 2 to be stored in toth the cells 2441 snd 24
gseli-references of the routine the storage in 2x+1 will
operative (via the designotion 14) Tutb for the references

Do
S
0~
*:
&

will b operative (vino

the duSl“ﬂ’LlOﬁ 24) . Then cues oSy 1S =mre :
hend cell=-number of routineg 3 will be storced in cell 244%
(OV»?WTlth@ its previous content) and in cell 2443; and so oun,
vntil finelly cell 2441 conteins the head cell-nunber of thie

c

s

. b

routine by the master the s ternge in
he

b

ﬂ
\
.
:
5
m
(]
K
L3

The wirtuce of this scheme is that those routines which
are self~contnined cnn be punched once and for 11, and by the
COIRAC vditing cquipment cen Le copled fron iibrary tapes on to tho
tnpe Tor the desired cealculation, In this way punching is reduced
to o wmindovm and punching orrors arce mininisz ed,

library roubtine-trpes for CSIRAC are 211 punched witl

M (o
dedi o
the centrol-designations 18, 14,

i} ubﬁi*ning a programme wal sl Is to be written =nd

xs cabled with use of the control rouill we mus s of course

renember Gt cells 1-24 ore sarmarked for the prima:y snd control
nd that @ coert-sin nuober of cells a@s 26, .. will contnin the hend
chl nunbers of the routines and the master. :aﬁ cell for the
gpecific programme wmust be chosen go os not %o with this
prellwluary block, Once the speeific programme hwg i
however, this preliminary block has fulfilled its
can he ova rvritten by nuwaierical d-<ts or otherwise
the programme proper (unless it is later to be usc
a continuntion of the tape).

“kﬂ

;..

~+,

a ior

('./

5.5 Inpe editing vrocedure,

Tapes can he copied as follows: The punch is connceted to
the wachine, the tape to be copied is inserted in @hc reader, the
machine is switched =0 s to tnke its commands from Nl’ and on N]

the command (I) e O (code 0,0,1,3) is hand-set. When the

miachine is then run, COﬂtlHUOUUlV or single-shot, a dnplAcwtﬁ of
the tape will be punched, The ncxt wowd to be punched is the one
noon

the input monitor lights

Shown
To Interpolate new tape-rows on the copy the wachine isg
stopped at the approprinte point and the s etting of Nl is changed
T0 (W) = 0, (0,0,3,3). The desired too.-
on N, and puhcnud by single-shot, Tiio mext desired tope-vow is then

-

hand®set on N, and punched, and so o,
[«

row is then set up

To discard = tope row thnt is on the original but not desirced
on the copy, the sctting of Ny is changed to (I) = I (0,0,1,1)

)
when the row sppears on the input lights. A single shot will then




gend it to limbo and the nexbt-tape~row will he vogitioned in the
reader.,

This pfoeedure is used for mnking mincr amendments to
programme tapes

5,68 MNachince operation,

Tneidentnl rcference has becn made, in this snd thic preceding
Chapter, to some of the machine oppr tion procedure, and we nay
conveniently mention herc the chied switcn~bosrd facilitics,

Master stop~sta t switch
Stop-gtart buttor
Single~shot sm1tc1
'Take conpand from ﬁ]* gswitch
'Take commend from I, and S° switch

1

Clesr-butt 2 Topr wroriloos
Switchog £ bimnds L

Switch for w1

Switch =nd

nort or

gpced
control knob

”\‘u\l L
for T”Ild

Switches for displaylng con tonts o
L.x\"ﬁ’Cl 7"‘"“87"0Tb Vpllv

Switches Tor innibiting 'ndd 1 to

Trigger stop ewitches; by “”UTOPT

the nachine ean be made 1o agtop after
degired ccll, . common usc is to nmnke tu
degircd number in 8.

Tt nay be added thot the nnchine ie

obeying the cor
machine

8 (CJMU1MuUu runndig
1uglc~>ﬂobu¢n
selected block

-~

£ of
g
in

snd baperread
setting of these
;mﬁnd in any
gtop with any

ve

sonably fool=-proof.
J




S4a,
but not the lower half of the disc command, so that for example
(x) —£ x, (O%} —— A is invalid unless the lower half of (x)

is zero; (2} if the machine is to be operated on Specd-up,
no such +K commané can be placed in the mercury store in a cell
whose address is 14(mod,16),

5,10 Five-~hole tape equipment should be installed by the end
of 1958, and instructicns for its use will then be available.
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CHAPTER 6. - liscellancous. "_5 : .

6.1 Errors.

Experience has shown that it is very difficult to make a
programme that is free from-all-error, It is wigse to 'reascn
through' the draft a number of fimes, at intervals, and to have
someone else read it critically. . An error may cause & programme
to run wild - which will be evident = or it may merely cause
arithnetieal mistakes;  +t0 deteet these it is wise to check
specinen results agpainst those found by hand computation. Ln
error nay lic in the written programme or in the punched tape;
as regards the latter the tape should always be read against the
written programme, and in practising this the binary symbols and
the code nuwmbers for the sources and destinations will be learnt.
If the programme is run on the nmachine by single~shot the
sucoessive cornands as obeyed are shown on monitor lights.

It is inpossible to eatalogue all possible sorts of error
in prograrme writing, but some cotmon ones ean he mentioned.

1. Adding or subtracting into a register whigh ought to be
byt is not explicitly clear. Multiplying when A is not initially
clear,

2. Overwriting a number which will later be required; or
destroying a numver later to be required by operating on it,
Ceg. in gounting.

3. Incorrect eounting.

The more subtle forms of these arisc when the operations are
interior to a loop. A loep has different sequences of commands
preceding (1) its first entry and (2) later arrivals at the entry
point, and it nust be ehceked that at all the entries the initial
settings of sueh registers as are assuned in the loop are eorrect.

4, Errors in programming encapsuled loops: for example there
rnay be fallure 0 re-set the eount for an inner loop.

5. Failure to provide for liniting or special cases, The
specinl values of variables wmost likely to eause trouble are O and
-1, An obvious oase is that machine nultiplication gives
(=1)(=1) = ? =1 § either one nust be sertain that this case of
Tmultiplieation. ean never arise, or one nmust provide in the progranue
for its detection and appropriate trestuent {see Ex.24 below).

A uore subtle cmse 1s the oriterion '|a) > (bl if the sign digit of
faf = ibl is zero', which is important in solving linear equations.
For a = 0 and b = =1 the wmachine gives |-l = |Ol= 2(=-1) - 0 = =1}
and working with the minus-the-modulus is no better:

- lol=-(C"1-1)y=0=(-1) =2 -1, A

6. Failure to & low for rounding errors. For example (1) a
variable may theoretically tend to zero, and the exit-test from a
loop may be based on this famaet; but the variasble is not represented
in the nmachine exnetly, and it nay happen that the machine value,
having becone reduced say to 27+, remains there or oscillates

between + 2~19. (2) A roundihg error uay eause a number which is
theoretically within (=1, 1) to lie beyond this range.

7. Correcting an error and thereby maeking a different one,

8., When eonstructing the programme, altering some detail and
thereby introducing inconsistency with other parts of the programme,

9, Sheer blunders, arising fromn inattention, or from disregarding
the obvious because attention has been directed towards avoiding
the nore subtle traps.




.2 Keeping within nachine cspacity

Most computations coumcera numbers that are eapable of
quiasi-continuous varintion rathor thun numbers, like integers,that \
can vary crly by wultiples of 5 finife unit, snd it is this sort of”

computetion that we shall cousider, .. -If the binary point is taken -

in the standard position, specinl stops will usually have to be
trken either to socure thnt nu nunber x outside = 1 < x < 1 oeeurs,

or %o detcet any nunber outside this range and desl Suitably with it.

G e AR

P N

»

By prelicinary habd ccuputiag regarding n specific problem it
lg sometimes possible to determine in advance the range of values
that will be emcountered. If this spreads outside (=1, 1) two
courses Are open. The first is 0 scale down the problem~data so
thet the range is brought within (-1, 1), and finally seale up the
answers obtained for the wodified problem; this final up-scaling
may be left to hand-computing, or dene on the uachine by a suitably
progranmed print-reutine, The other course is to adopt a non-
standard position for the binary point! nachine nddition remains
valid, but eneh muachine wmultiplication twet be followed by an
appropriate left-shift for the proper representation of the product
on the adopted ecnvention, For extraeting the asnswers a special
peint-routine will of oourse be necessary,

Scuetines the sealing ean be & progratmed one, and noreover
not the same for all values of the variables, For examnple, suppose
the value is reguired of

£(o) = 2laz 008 )% * b 5info , D@

T =Kk eos B ? - : S
for n succussion of values of 6 from 0 to 1, regularly spzced; here
a,b;e,k are data-constaonts with 0 < a,b < %, O < o,k <1, For
0 < 8 < an the nunerator and deponinator ean be handled on the
.Standard convention, while for %ﬂ < 6 £ m we can handle

(G . c080y? ing,
36(0) = B 2 e (2)
< L cos®
¢ b2

The programae is essentially a loop in whieh 6 is suitabiy increased
after each traverse, The loop starts with a test whether 0 > om,
and & switch (say B, as in §3.5) is set to be 0 if this is so and -1

otherwise, We then programme o that (1) or (2) is ealeulated
secording to the state of the switeh} for example if (4) = sin 0
the connands o

‘;33"([;) et
will give (4)' = sin 6 in case (1) but Ssing in case (2). The
cprogeamne nust sinilarly provide for doubling the quotient when
(Dgs = 0, s0 that (2) may give £(8). (The idea in making. the
dichotorly is to comnserve accuracy for ¢ near O; in the present
case there is not much so gained, but it would be important if,
say, the fourth power of £(0) were required,)

If the range of the variables eannct be foreseen in advance
it will be necessary to adopt some plan for representing in the
nachine numbers that are far outside the range (-1, 1), There
are two possibilities, One is to use two registers or cells to
hold a mumber: one for the integral part (with sign) and the
other for the {(positive) fractiocnal part; this is called double-
length representation, The other is to represent a number in the
Torn 28x where =1 €« x < 1 and n is an integer; then one register
is used for x and @nother for T, in p,-units SAY This is called
a floating-point or floatinge representation. By the first method
any number whose modUlus 1s less than 219 can be represented, and
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it will often be a reasonable assunption that all nunbers that
cecur satisfy this conditicn, The sgcond wmethod provides for
encormcusly lIarger numbers, Both methods require that the simplest
operqtlons be performed by routines. For cxample let x = (A4.B)
and y = (D D1§ the representaticn ie supposed such that the

P1g” digit of (B) and (Dl) hzg the weighting 2“1, that the pgy~digits
of -these registers are zerc, and that the o - digite of (4), (DO)
have the weighting 3%,  Then;
Ex.27. Double length addition: x+y is given by (DO;Dl)',where
2

0 (1) m D add integral parts

1 (B) = Dy ndd fractional parts

2 (Dy) Ty B add cerry digit, if any, into D
3 (R) = B,

4 s(Dl) ~ui,Dl and cancel 1t from Dl

In what nay be called 'fully-~floating arithrnetie! emch mumber 27x

lu prrbSbﬂtGd with its own index n, and the restriction that

& < x < 1 is often nade. There is also possible a 'block-fleoating!
rbpro entation, in whioch all numbers are represented with the same
index n, which at any stage will be the largest that is required for
any individual number; this representation may oonvenlently be

used in matrix cperations, and has the ﬂdVﬂntage of conserving
store-space.

In particular problems a judicious mixture of single length,
double length and floating representations will suggest itself.
Thus in ealculating £(6) ﬂbovs, one would use a floating represent~
aticn of the quumlcnt and convert this to aouble~leﬂgth represent-
ation for the convenient printing of £(8).

Ex, 28, Lddition in bloek~floating representaticn,

_The muwbers to be added are 2%, Zny, where (D ) = np- , (&) = XPoos

(¢) = yv209 g0 that x,y are fractions (or =1) w1th the standard

representation, If x,y have cpposite signs, or if either is 0,
their sum is in “lexty<l, If they are both negative their:
addition overcarrlbéglf x+y < =1; the sign digit of the machine
gurt is O, it represents -2, and is different frou that of x or y-
(as in the other case). ' '

To deal with the owercarry we have tco halve the triue sum and
add 1 tc the index n. In the positive case the true_sum l.abe ..
hes the true half O,labe .., but the machine half is l.labe .. &

In the narhtlve cage the true sum 2 + O,abe .. has the true half
T*0abe ¢, but the machine sum O.abo .. has the maohine half
0.0z2be .. . In both cases machine additiocn of Pog to the nmachine

half gives theé true half, Hence:

0 8(4) === Dy
+ = . (O for like signs

+ s(C) 3+ Dy (Dl)' = s(x) + SCy)“ El forunlike signs

2 (C) o= A (A)' = machine sum x+y

3 60L) -2 11(0)' = v + s(x+y)

4 S(Ei); ¢ g :EQ(C}‘# EE 1f,y,§fy h?Ye sgme sign digite

Opp [ f!

(1) not in the sense that the carry*dlvlt is lost but that the
standa rd convention is broken,




o
o
<

0

sfoy —2 8
0,4 =—— 8 tnlzen if S(Dl) =1 cor s(D,), «(C)
o
are both O no overcarry

[

7 %(A) s [y overcarried; correct half-machine
+ o, S
8 };;:} N em——— t
[t 3
9 Dy DO increase index
10 Pog — D set overcarry indieator
NS i
il next coumnnnd

The progrouse would now have to provide for halving the fractional
parts ¢f aoll the nusbers that have previcusly been represented
with the index n, We shell nct discuss how this is t¢ be
programued beyond reumsrking thst some indicaticn must be provided
that the index has been increased, and this is the purpoese of
cournud 10,

In fully-floating representaticn ench nuaber has its own
index, and the nbove comunnds for additicn nust be preceded by a
sequence which deterwines which of the two add ends has the
greater lndex and then 'we-floste! the nunber with smaller index.

-

Geo Multiple precision represeuntaticn,

Sonmetines numerical data cannct be represented with
adequate sccurancy by single words, and a multiple-precisicn
representation nust be used, For the douvle-precision
represcentaticn of & number x in -1 < x < 1 two registers are
used; the mest significant or uppe? half of the nuwsber is in
one register with the s tandard weightings of the digit-positions,
and the lower half 1e iln ancther register with the Pog positicn

-~

Y attached to the F1g positicn; the

digits in this register nll have poesitive Weighting(l) This

double precision representation resembles the double-length
representation referred o in g6.2, and invelves sinmilar

progrowaing for the fundamentsl operaticns: the distinction is

that in the coatext of §6.2 it was supposed that the data had only
single~length precisicn (equivelent to about 6 decimels), and double-
Length representaticn wns intrcduced to denl with overcarries,

D
o]

left blank with the weight Z

The OSIRLC library includes routines for performing the
fundanental opernticns in fully~floating and double-precision
arithrnetic, Each rcutine covers the fouwr operations of addition,
gsubtraction, multiplicaticn and diviegion; the particular opersticn
desired is 'enlled' by entering the routine at a stated point,

Such multi-purpose routines are sometiues called funetion-blocks,

Bt Style. Dodgpes,

In learning progremming 14t is well worth while to strive

for ¢fficiency, i.¢. for deing the reguired job without wasting

onzandsy  1f gocd habites in this matter are formed, dividends
will be reaped on cceasions when store-space is tight, There are
general points, such as naking the mest use of a given multiplier
cnce 1t has been sct, or using 2 certaln register-content for two
different purposes, and there are points that are specinl to
CSIRAC (or whntever the machine may bhe) so as to meke the best
use of ites individual facilities, Mininal programming is of
course especially desirable in the fundanental routines, and it
does not at all fellow that because thesc have been drawn up by
professicimls ! they =zre incapable of inprovement,

(1) This treatment of the lower half is not the only possible
one, but is the mest cocunvenient,



The examples in this ilanual show, incidentally, a nwasber
of cdevices which in the first instance may not have be obvious,

s

een
and these may be useful in other contexts fere arc a few nmore,

x. 29, To allow Ffor the machine-product (=1 (~1> = 2(~1),
It 1s supposcd that a numboer of products of numbers in standard
representation are to be added and that the sum may extend outside
the range (-1,1) e sum is accumulated in D (1nterra] part)

and D4 (fractional part) and it is supposed that the term (product)
currently to be added Wﬂto ) ,Dl} is in A,  Then s(A” reprcsents

~1 unless (A = (16,0 and then (the oritical case. s(A)
represents +1, B noc
0 Qf;.j? —x ")1
1 s(a® -i-Dl cancels sigh~digit of (&) from Dq
2 s(d> — 3B
3 Lo —LX 4 (A% = 0 in the critical case only
4 z(L —L K
5 (R -i-DO adds s(4) to i, in the critical case,
but in any other ocase subtracts it
6 0> — B )
7 (R -i-DO < transfers carry digit from Dy to D
+ .9«
8 s(D1} —= Dy

Ex, 30. A use of -A (destinstion no, 7?, One use is to

fisolate'! the digits 1n a sct of selected positions of 4, For
example to is olafe the sct in positions pl = Py let the word

(0,0,0,312 be set into B, this being chosen as haying 1's in the
SGLPCt“d positions and zcros ﬁ7ubwzcrc. Then (B, A will give

4

h the ~ Da Gigdts unaltuored but zer glsewhere
ATV with tl P = Py digd cd but zeros elsewher

\

X, 31. 4 use of vh (destination no, 8. . Suppose some
process 1s to be reneated until two Independent conditions are
both satisfied, e.g. somc operation is to be performed on the
elements of a matrix, in scrial oroﬁw within each row with the
rows taken in serial order, until a ‘stated' element in a Yst@te
row is reached. For onc of the conditions we arranse that s(D
shall be O if the condition is satisfied but 1 otnorw1s%, ana
similarly s(&) for the other condition, Then SQD A will

give s(A7' = 0 if both SCDO} and s(A) were 0, i.e. 1f both
conditions are satisfied,

O/

Bx, 32, :ultiple right shift, Dissection, By calling
destination LT (no.13) we get a multiple left-shift of the contents
of rcgisters A,B, Therc is no Slnfla machine operation that
reverses this (cf. Ex. 16, p.27), but a multiple right-shift - or
~more strictly halving - of the coutents of the single register
C can be obtained by a multiplication; e.g.

0 : CA, --A
1 1, 0 —*%
gives (A,B)' = 2 4(C\ This proocduro is sometimes useful for

dissccting a word, i,c. dividing the word at a given point and
separating the two parts into a1¢+erent rezisters,

Two other methods of disscetion are (i) place the word in
By, clear A, and usc a multiple left-shift; (1i) place the word
in C, transfer to A and isolate a component by use of conjunction
as 1n Ex, 30, then store this component and again transfer to A
and isolate another component, and so on,
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Fx. 33, To test if a product is negligible. In certain
contexts, e.g. evalualing a polynomial, & succession of procucts
is formed anc we desire to stop the process of forming them (and
procced to something else) when a product 1s found whose modulus

is less than 2717,  mng quickest way to test this is
0 z(A) *a
1 5@ —L3
2 X — 3
3z = A

If the product, supposed waiting in A,B when this sequence is
o tored 1 IbEC e hea Ten 2-19, (4% start :
entered, is positive and less than , (47 starts zero and
remains zero after command O; while if the product is negative

-1 . . .
and >~ 2 9, (L) starts as a string of 1's and is converted by
command O into a string of 0's, lioreover any non-zero (&)
except a string of 1's remains non-zecro after command 0, so

commanc 2 is taken only if the product was between + 2 19, and
gives exit from the Loop of which this sequence is & part, In
the contrary case, comnand 3 reverses the effect of 0, and starts
the continuation of the loop,

Ex, 34, Calling of successive routines, Suppose two
routines, both linked by D15, are to be called in immediate

succession; that the first finishes with its result in A; and
the second is to start with its operand in A. E,g. we might

want sin w(x/y), so that the first routine would be Fx. 21 (p.35)

for division and the second Ex, 13 (».23) for sin «w(L)., Then the
sequence (in which the division and sine routines are stored und.er
control designations 23, 3S as explained in §5.4)

t
t

N \ N
t+1 24 0 —38 < t () ~—-D15%
t+2 (8> — 315 2 can be shortened to el 24 0 373
=3 oA 0 — 3 < t42 34 0 — 8
7

In fact, after command t of the shortened version we have
(D15>Y = t+1,  The concluding co.mands pyq Dy5 (Dl5} — 3

af the first routine bring us back to command t+2 with
(D15)° = t+2; and then the similar concluding commands of the

second routine give CD15>‘ = t+2 and bring us back to command t+3,

e

A similar device is valid for thrce or more succecssive
routines which are all D15 linked,

Ex. 35. Routines or other sequences with alternative exits.
The standarc method of linking & routine with the master is
to use the scheme

master routine
ceeees 0 25 ,......
b ~
b (S, —— 1)15 ..----; B
x+1 24 0 — S P1p — D15

<D15> — 8

If the routine does not use register H, we save a command
by writing instead

mnaster routine
T s eTeTey
X X+ 2 I, O 235 .......
x+1 24 0 — S
D Sy

w-
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so that at the conclusion of the routine we shall return to
command x+2, There is sometimes an added advantage in this
scheme, that at command x we can put any number we like into H,
and so scourc a return to any desired point of the master.

4

‘ The general principle here used is that we have a commangd
(Hu) S of fixed form, whose detailed effect depends on what

o

prior setting of i has been nede.

& compact method of maling alternative scttings of & is
to use a +K command which is talen on onc entry but not on
another, For examplc supposc we desire & scqucnce to be
traversed twice, starting with different data in the two cases
and recording the results, which in each case appear in A,
This will be achieved by the pattern

viieaees O set data for first traverse
X %2,0~D —*x

p i P+l Pu

X2 o(h) —— Dq.

e v euueevaae.. ) caloulation

cees e revre.e. ) set data for sccond traverse
X+ G S

By ocommands x,x+1 at the entry from the top, x+1 is set into Hu,

so after the first traversc we roturn to x+l, set x+p+1 into Hu’
then store the result from the first traverse in Dy (overwriting
the junk that was put there on the first traversce), and finally
emerge at x+p+l from the second traverse with the result of this
in A, g
Ex. 6. Counting in H oan be done by
- ~ oy
(> — X
31;31 —— :CI
(#,0 —2 8
— S out from loop, when (I} = O
—3 to start of loop, if (#) =£ 0

This is not as economical as counting in a D-register, but it
illustratcs two points, (&) By using +X we ocan add an_upper-
walf constant into E,  (ii) The zevo-test is (Hy) — S, not

(Hu) -2 Ss the rcason for this lies in the specificaticn of the

oS destination on p.15: it gives variable results when the
‘oounted' digite belong to the pyq = DPpy &roup.
%x. 37, Lonz counts, Counting by sign-test as in Ex.l1D,
18 is invalid for & loop with more than 511 traverses, because
XP17, has the sign digit 1 if x > 511 as well as for x < 0. In
1

such a case the simplest exit-oriterion is that the count number
be zero; cof, Ex, 36,

Bx, 38, A three-way switch. "he following takes
advantage of the tact that the eifects of . the Py ~ P and

P15 7 Ppp ErOUP
Sunpose an integer, reprosented with py as unit, is being

of digits are additive in the oS eperation,

6]

operated on in the register D_~it might for example be an index =

Q

e . 10
anc suppose this integer is known to be between * 2=, Then we




53¢,
have the three-way switch
- o
®™,) S

— 3 if (‘.Doj = 0
— 8 if (DO) > 0
—_—5 if (:oo}<o,

Ix. 39, To secarch for the first non-zero tape-row,
()
2y —£ 3
= ls "[‘ d

A

Tx, 40, To Teod & supvnlementary prosremme tape, It is
supposed that the DI O gTamne for the second part of a calculation
is Wﬂlulﬁg in the tape TCUOOT and is to be stored = over-writing
the programae Lfor the firs fwrt - when this first nart has been
completed, To read this second tape, finisn the first programme
with

Q — B : o¢an he omitted if the first versiom of
the vrimary (Chap.4) is being used.

which will call on the Primnry and store the first word on the
new tape in cell x, flb,xnut1VF7J, if the Control (Chap,5°
also is in storc, use O B, (> A, 10 — S and start
the new tape with xT,

Fx, 41, Repea‘ed +XK commands, A sequence such as

is OlbthO useful, I QD ) = ap,, command 2 becomes
£11

(D +% K, and 3 will tr@nsfer to A the word in the cell whose
S C
nunber is in D__ .. In this line ox country traps such as
O- .

A + Y, h ER

0 CDl) —L X with (D = mpq,

1 n_y-—20 '

™.

may be noted; the command obeyed at 1 will be (b > —— m, which
is unlikely to b@,mhet s desircd. .

Lx, 42, Patching., Sometimes it is found, at a latc staoge
in drafting & progromme or aftor the tape has been punched, that
an extra bloek of commands should he added, To dnsert this block
in the proper place,(after command n, say, will involve
re~nunborring of later commands and heﬂc in general, altcration
in OQH‘WCO”ChwU”” commands ., To avoid L 1is, put the new block
at the end of the programne, starting in cell m say; prefix it
by command nj replwoo command n by The oOQUbnOF'Sﬂlft Sy
and finish the block with the secquence-~shift n+tl — S

Wy, A3, mod(A> din two moves: s(&) —— C, 2(A7 —= B

mod (C) in threc moves: (A — 4, s(C. —= B,
o) —L ¢,
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6.5 Use of lower half of S register.
th de scrlpﬁl on pp.l
rogister (source 23 & d destlmLCLon
it docs however oov“r the operations
Actually S has a lower half (py-pqg

upper half (p

11" Ppg Gigits) that
the?

next? ogmm and during operations
cycle

(p.12

i e

i A command (x) S will
(x> to 8, while
carrics as may be iﬁ@llud Trom

the pyq will be astded at stage (1ii
However, there Jo an exouptlom if
oon cruent to 15 (mod 16) and if the

the p ¢031t1un, the additionnl o
proefer to say, the Dyq is added Dbut

thl

.1)./

3

Hence 1f we are to
take oare to avold

use d
the ti
A command n

the whole

-
1

WC QLS
lves

¢}
ha

previous

L4

— bt

AETL
ran

A command (3)

]

f use of u(l@x(I) is
the loop is entered

At the end of

Thb chie
6 traversas.

g,

loop,
desire

added to S where I is a OOSlthC L“&Othﬂ
3
.Lhuv k) (:LOVJ ]i' ;

successive traverses we
not affect tne saqueniwal sele CtLOﬂ
it remains less than 1. However if

tronsfor
— 8 will normﬁllv add (x) into S - with
The initial content of § ~ and

S (uvmnoibwwlng an upper
content of S, both uvoper and lower

4,15 of OOGrublOﬂS on the sequence

2%,24% is not strlo ly correcct
th@u are usually performed.

digits), but it is only the

involved in the seclection of

(1Y, (4i) of the compubter

.
&

Lu]l 20~digit word
such
also

"

Y of the computer ovolo.
Cq

thb address igits of (i)
dOlLlOﬂ leads to a ocarry
is pnot added (or, if you
the carry dizit is lost)

are
into

dition~with-carry facility we must
onal case, :

.

e we]

i
Llﬁ«n £

word to

sfers to A the whole content of S,

for counting traverses of a
with S(lower) = O and that we
each traverse let fpyq be
Then at the ends of
I 3 2..Ly Bf: ‘- . e v\l'h.i(‘ij. ‘Nill
OI the next command so long as

5f < 1 while 6f > 1, S(uoper)

will be 1norewsed by on extrd Pqq after the 6th traverse, and this

sed as Tollows to give

fact ocun be

¢ o8 ® o n e s @

N +

) 5

o +

3230~ —— 3

Note that the ‘return to the start’

of +S, to avoid cancelling S(lower),

net bhe

‘

nuabur botweoen (oxolugsive)

iy

congruent to.l15, mhd that th

exit from the loop‘

to stert of loop

command must be made Dby means
that the cell numbsr x must
content of this cell can be

1 . . o
and 7 Ppq (inclusive), i.c.

”1“ 3 ..Ll
between <0,0,6,12> and <0,0,),_l (both 1noluulve,. If the
proﬂralm is hand-tailored there may for vamplb be a gell x,
not 15, containing the comAuuc & l} —235 or (4> A which
will scrve, and in such & cose we oan use this x and save 2 commands

on normal counting in a D=~ foglstur
routines are uscd in a compniled wro
particular command varies from one
above procedure is not sa it is

o

re
6 b /L—) —

L N +
BZyU”n-

I

-5

(g N
weds Vi

on: -~

s I -
agdrens nglﬁS CL

saves onoe conrrand

rary routincs,

QO

df‘

s L

ounting

faln e

lowever, when librwry
gramme the location of any
case of usage to another, so the
however safe to use

command should be placed before
this loop unless the loop
uscs H otherwise, ‘

i
j
3

S Aarae

always 0,0, This

s and is usced 1n certain
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(e assunec here tbat the loomn was entered with

/4

S%lower( = 0, Aowever, for the 6-traverse ocase con81oere€,

S5 (lower Wi?l remain non~zero after the loop is left; 2

for (x, =< 5,11 > we sholl remain with 5(lower, 6 x < § 11 > =
< 32,0 > =< 0,2 >, Hence to validate a subseouemt count by

the same prooeovro we must clear S(lower), which will be done

by the command of the form (D15, S whereby a routine is left,

Warning: (1) the trigger~s top will not work if S (lower)
is not Zero; (1t 15 essential Ly ”or ed in the machine by a :
zero~test involving the whole of (S).

(2 On this account, and on account of
possible OV‘TolghtS in programming, the use of S(lower) is
discouraged,
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CH&PTER 7. Prograuning Strategsy.

The previcusg chepters hove been coucerned with the uneans
whereby the unchine wuny be wunde t¢ perform such detniled operntions
a8 uay be desired, There renain certain wider questicns of choice
of nethod »nd prograwac design, which way be cenlled strategic:

(1) choice of wathenstical nethod for sclving n specific problen,
(i1) choice of accuracy to be ~ined at,
(iii) relative welght to be given to econouy in store-space;
nachine-time and programming—tine,
(iv) overall progranue design, including
(v) flow diagraus, and
(vi) checks,

Thesge questions are $0 some extent interlocked, The relevant
gener=lities sre frnirly cbvious, and as the discussion will be
confined to these 1t will be brief. Praetical exenplification nay
be seen by studying the complete programues and routines in the
OSIRLC library.

7.4 Mathenmatical methods,

Por the numeriecal solution of a given problem there are
usually wmany methods availsble, whose differences from one another
tay be anything from gulte fundamental to trivial. Infornaticn
nay be sought frown books on Numerieal hAnalysis, of which there are
meny, from certain pericdicals, or frow the CSIRLC staff. Lmongst
the different niethods the choice nay well fall on the one that is
nost easily programmed, which uay not colnecide with the one that
would be chosen for nand couputation, This contrast extends down
to programue details euch as the evaluaticn of function—-values,
the hand computer gets thew from tables, but for the autonatic
nachine it is nearly always preferable to calculate them from a
definition of the functicn or a suitable approximation to 17,
rather than to store & table and programme the interpolatory
reading to i1, Some recent bocks pay special attentiocn to the
contraust,

7.2 Roundine crrovs, Checks,

In addition processes sbsolute errors are relevant, but in
nultiplication processes proportional errors are relevant. Llmost
any calculation involves the two processes intermingled, and the
crowth of absolute errors will be very largely dependent on whether
the nultipliers involved are large or suall, In consequence it is
impossible to wake any general sgtatenent about the propagation of
roundling errors., If n nuubers, each of whieh may be in error by
ff, are added the rcot mean square error in the sum, taken over a
large population of sguch additions, is on the usual statistical
assuniptions about 9.3 Pa/n; and with considerable reserve this
moy be taken as indicating the adduracy to be expected 1in a
computatiocn involving n elencntary operga’cionsé where for numboers
represented on the standard convention § = 27 o, O the whole,
then, for a calculation on CSIRLC starting from €-decimal data one
calh scldom hope for better than 4 significant decimals in the
answers, If better aceuracy is needed it will be necessary to
work to double precision,

L8 a check on rounding errors and on machine faults (which
can and do ocecur) the programue should provide for the same sort

of checke that are used in hand comnputation. This is specially
important when (as in solving equaticns, for example) one cannot
expect any check frow the regularity of the results, A

conveniosnt checl for the final stage of output has been indicated
at the end of §4.5.
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In order that everything nay not be lost if a wmschine-fault
oceurs during the running of a programue 1t is wise 10 arrange
that end-results be printed as they are obtained, or perhaps
ia batches; 4And 1f the progrumme falls into distincet secticns the
end-results from cune scetion nay be punched even though they are
not final answers punched rather than printed so as to facilitate
their input 1f the next scetion has to be repeated, We have not
vet got enough expericence to state anything precise as to the
average tinc of fuult-fres running; 1t is suggested that results
be extracted, if posgible, at intervals not exceeding 16 ninutes.

7.3 Econcnmy, in tinc and space,

It iz nearly slways the case that cne cnnnot have simultaneousl

minimal store-space and uininnl operating time. the sequence-shift
coutinnds whereby loops are formed and store~space saved tuke time

te exccute. Lnother consideratiocn is the btime token to construct
the prograsune: for an ephencral job one may throw together anything
that will work, but for o big projeect or a programme of permanent
importance one will take trouble to economize the machine—-operation
titie .

Sometives, however, the dowinant consideration will be that
store~gpace must not be cxceeded. To save store~space the
following nrtifices may be pessiblel

(1) The programme wnoy £211 naturally, or may be perhaps
arranged, in sections euch of which is self-contained. Then ot
any one time only the current section need be in store; and the
prograume uay direct that when esmch section is completed the tupe
carrying the next scction be read so ssg to over-write in the store
the previcus scction, The reading will of course be dene by
calling in the privary and (if it is used) the control, which will
already be in store (and nust not have been overwritten); and one
nust securc that the approprisnte registers are in the correct
initial state, For exrnple, if the firet version of the priuary
(g4.2) is being used, =nd if the tape to be rend id already
positioned(as it will be if it is o physicenl continuation of the
tape previcusly read, weth ite first word following without gap

after the control Y =t the end of the previcus tape), the appropriate

cormannds are {(A) = L, 0,14 w=—- C, 0,10 -~ S; Dbut if the tupe
requires positionineg the commands should be (A) —= L, 0,14 —— C,

(D) — D,y Pog — I, nnd (3) will be hand-clezred tco zero, as
for feeding = data-tape (§4.3).

(2) Tunstend of storing all the dota ot the sthrt it may be
posgible to rend them from tape ns required ~ either by blocks
or by single itens, The programise will then alternate between
sets of commnnde for rending (and perhaps storing alsc) and for
calculating, For exauple, to form the product of two matrices
one of then must be completely in store, but it is just as
convenient to rend nnd enleulate from the second one row-by-row as
te store it all at the stari,

[©]

7e4 Crystollizine the degign,

4 finished progrunue is the end-product of a process that
gtarts from n general design and proceeds by crystallization
dewn to finer and finer detnil, For the erystallization to be
correct it is nccessary that the programier should have firmly
in mind the logical structure of what must be done; the order
in which operntions nre wrde, the places ot which tests nust be
nade regnrding slternative continuations, and so on., For this
purpogse 1t is often helpful to construct flow-diagrans showing
the logical relaticns. 4 flow disgram is an interuediary
between the goneral design and the finished prograume, and
severnl such interwcdiasries, at different levels, may well be
desirnble,
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an exnmple

of flow diagrnms the following relate to
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CIIAPTER &
Interpretive Programming,

8.1 The leacding idea,

Internretive methods of programming have thelr chiefl
application in multi-word arithmetic, e.g. in calculations on
complex numbers or on real numbers in floating or couble-
precision representations, Operations such as acddition or
multiplication of two such numbers have to be performed by
means of routines, Tor definiteness, suppose that in a two-
word arithmetic,

a routine giving CA>Cj‘$(A;C3+(D1,D?) hzs been stored under
B designation 28,

P P (A, = A:C>.C91732> has been @tore%sunder
, " designation s
v e CA,C,’:(Dl,DZ}/(A,C} has been stored under

designation 4S5;

that we start with (4,C) = x and <D1’D2> = y; and that we
require the value of y2/(x+y). Susposing that each routine is
written with its link in D15, a programme giving the desired
number 1is

24 0 — 8§ gives (L,C)7 = x+y Q

L ) (1)
44 0 —38 (a0t = y/Gry) < g
30— 38 AN A STAC O

The commands calling the three arithmetical operations have the
same pattern, and are distinguished by the code numboers 2,3,4,
which have the effect of sccuring the performance of addition,
multinlication and division respectively.

The idea of the interpretive method is to secure the
performance of any succession of these and other operations in
response to a master programmne which consists only of the
corresponding succession of code numbers. Tor this purpose we
recollect that, for the routine stored (via the FPrimary and
Control routines) under designation rS, the number, say a., of
its head cell is stored in cell 24 + v, i.e. o

a, = (24 + 75 ,

so that the command rA O —— S is more explicitly «, —— 5 or
(2441 — S,

Hence if we start with the code number rp,; In B, the
command (24+1) —— S{and thence the arithmetical”" operation
called by the routine »S) will be performed via the sequence
of commands

+ o N
B — K
( : C o N ~ ) (2:
(0,24 — 8 (82" = (24+r) = o, g
/
Suppose now that a succession of the code numbers r is

stored in the cells n, n+tl, n+t2, ,.. ; e.g. for the calculation
programmed by (1) we should have (n) = 2pqq, (arl) = 4pyq,

(n+2) = 3p11. To perform in succession the operations belonging

to these code numbers we require a loop whose core is (2), which
starts by placing the typical code number r in B, and which
secures that after the operation coded by r has been completed the
next code number is placed in B. Hdere 1s such an intsrpretation
loop, placed in ocells m, m+l, ..., and written on the convention
that Dy, holds in succession the numbers n, n+l, n+2, ,...




hyper programne 1nterﬁretatvon loop (sntered with (0747=0)
cell | content cell content

n | r m m~1 — B
n+tl | 1t m+1 (B) — Dy5 plant the link
2 | Lt m+2 (Dlo} —t

R R nt3 L (0D B (35% = »

. . m+4 P ) prepares for next

. . = 10 traverse

y . m+5 B — =z

mté | (0,24 —— S to arithl.routine

rS and thence tom,

The first two commands of the interpretation loop §et m~1 into

5; since the arithmetical routine rS has P11 — D15,
(Dl —— S as its conclusion we shall have finally (D15 = m,
so that CD15) —— S gives a link back to the head of the

interpretation loop,

It is customary to speak about this process in the
following analogical terms, e regard the contents r, ', ...
of the ocells 1 n, A+l, ... a8 words of a shorthand or hyper-
language, for cach of which the intended ‘*meaning' is that a
Gertain operation is to be performed; these words are thus
hyper-commands, anc¢ the succession of them forms a hyper-

rogramme, wnat the interpretation loop does is (I} to
‘translate’ these hyper~language words into plain language

(i.e. the standard computer code, that the machine 'understands’,
and then (2 to scours the performance of the intended one~atlons,
via the appropriatc arithmetical routines. The interpretation
loop 1s designed so as to select the hyper-comnands in succession
from the cells n, n+l, ..., 1n analogy to the seleotion Dby the
machine of the “l&ln language commands from sequentially

numbered cells; hence we mdv call the number, e.g. n, of a oell
where & hyper- oommang is stored the hyper-sequence number; and
we may indeed call the interpretation loop with its a35001at d
arithmetical routines a *nynor~comnuter‘

Here we have,in principle, the interpretive method,

The programme for a desired calculation is writtcen in hyper-
lanwuavo, and its execution is done by a standard interpretation
loop with its associated routines, The advantage of the method
is that a hyper-language programme is shcrter than its
translation into machine lancudgo, so that 1n01anntal?y (once the
%yper language has been learnt) its construction is less liable

0 error.

8.2 Llaboration of the idea,

The preceding schemc has been designed to show with the
least possible oomblloatlon what is the lcad1a~ idea of interpretive
prorrammlng. However, this scheme nesds to be elaborated before
it can be of practical use, = In the first place a calculation
will usually involve more fhan two numbers; the ones currently
being operated on can start in registers such as A,C or Dy:Do,

but the others must be in store; so we have to provide for
transfer eperations between the arithmetic r001otbrs and store,
In the seconcd place a calculation will involve control. cperations
such as setting count numbers, planting links for sub- routlnes,
and making Jumps from thbysequgntl l seleotlon of oommands
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To cope with thesc requirements we use 20~bit hyper-words
which are partitioned into sub-words with sevarate '‘meanings’
or functions;  this is in general analogy with the partitioning
of plain language words into address, source, and destination,
The interpretation loop must then be claborated; 1t must ‘
provide for the physical partitioning of a hyver-word into its
sub-words and for securing that each sub-word triggers the
intended machine action, "he scheme for partitioning must
suit the general features of the uwachine (for example that the
high speed store contains 210 cells), but within this general
requirement it can be chosen at will, provided that an
appropriate interpretation loop is designed, The following
scheme 1is reasonably simple and comprehensive:

dyper-words are partitioned into 3 sub-words:

10 bits 5 bits 5 bits
TN A R Ty Mo
n M

The top 1lO-bit component is the binary symbol for an integer n
between O and 1023, and the other two components similarly
represent integers r and ¢ between O and 31, s

¢ 1s the code number for the operation to bhe performed,
which may be an arithmetical operation, a transfer, or a control
operation; there are 32 possible operations.

r is in general the code number for a hyver register,
which is to be thought of as analogous to A or to a D-register;
there are 32 such registers,

n is in general the code number for a store-space, holding
one two-word number; but in hyper-words for which ¢ denotes a
control operation, n may indicate a hyper-sequencec nunber, i,e.
a word-nuwnber in the hyper programme, or a count-number or other -
integral constant, o

The hyper-rcgisters have To provide for the numbers under
calculation, which are of two-cells (40 bit) length, and also for
count numbers and other control numbers which normally occupy ‘
only half cells (10 bits). Since the operations usually
performed on these two sorts of numbers are different, the
byper-registers are chosen of two different sorts. . For :

r =0, 1, .. 15 the hyper~register consists physically of the
cell-pairs g+2r, q+2r+1l, wherc q is chosen so that there’ma§‘be
no collision with the stored programme; for r = 16,17,., 31
the hyper-register consists of the single cell q+r-32,  The
formecr are on the whole analogous to the A register, and may be
symbolized a..; wnile the latter are more nearly analogous to the

D registers and may be symbolized dr'

The store-space whose ocode number is n consists physically
of the pair of cells q+2n, g+2n+1,

The full detail of such a scheme is available in the CSIRAC
library, and here we state only some further general points.

1. In our initial illustrative example we supposed that the
arithmetical operations were performed by separate routines,
stored under control-designations 25, ... rS, ... . In practice
this is not usually done; instead, a single function~block is
written, and the several operations are sccurcd by cntry to this
at appropriate points, The cell-numbers of these points could
then be used as code-numbers for the operations, but this is
inconvenient because (1) being ‘random' numbers they are not
easily remembered, (2) most of them are not in the range 0 ~ 31,
(3) the same spcration would have different code-numbers in
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different tworword arithmetics. . The:practical procedure is to
gssocidte with the function block-a directory which tabulates
the entry=cells for the several operations against thelr code-
numbers, .- Supposing the directory to . be stored under designation
33, it contains, for each value of o, e

cell number content

Shy o

|
i
| .
| cell~no, of cntry to function block
; to secure the operation whose

t code~number is ¢, \

2, Bach word of the hyper programme is, in its meaning,
a hyper-command, and the interpretive scheme is to secure the
performance of the hyper command by translating it into the
appropriate set of plain-language commands,  Now there are two
ways of doing this, The first is to translate each hyper-
command just before its performance, ""he second is to compile
at the start a translation of the whole hyper-programme, and
then to perform the calculation from the resulting plain-language
programme, The pros and cons of these two schemes will be seen
from the facts (i} a single hyper-word translates on average into
about 5 plain-language words, but (ii) it requircs something like
30 or 40 machine onerations to make the translation, while
(4ii) most programmes contain loops that are traversed many
times,  Thus the first way =~ translation just before S
performance - involves the greater performance-time, while. the.
second way - to compile a complete translation at the start -
involves the use of the greater store-space, It is customary
to pall the first way the interpretive method and the second way

the compiler mcthod.

- 3, In most hyper-programmes there will be certain parts that
arc more conveniently written in plain language than in.hyper-
language - & convenience that on occasion may be virtual =
cempulsion, It is thercfore neccessary to provide a cue to .
indicate in the interpretation routine whether each word under
'inspection' is in hyper~ or plain-language. Then the compiler
method is being used this is very simple: The translation is
made directly from the tape carrying the hyper-programme, and
the distinction of language can be made by punching the lower
halves of plain-language words with an X-tag (as usuwal), but
for the lower halves of hyper-language words using a Y-tag. ...
But when the interpretive m<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>