


















Thio grouping of the digital input is not without effect on the disposition 
of orclers. !nspection of the coclo tnble of' p(30)) sho'lrTS that the total n 
number of orders is 2G i. ( 32 ( :;;.· 25) ancl they are thus representEtble 
by a single five hole punching. Again, since this is beyoncl the rango of 
a four ho le code i t follo-vrs that we shall re qui re two groups of four holes 
to repreoont our orclerso This loaves 12 pasitionn to bo usecl 
far number locations in the momory ancl -vrill be

8
perfectly aclequato for our 

high speed memory which contains only 256 ) positions, but quite 
innufficient far tlle slower tape memory which should have a capacity of 
at least 105 !n view of this, our tape roforonco arder will bo of 
tho follm,ring formi 

llproccecl to the word. on tho tapo whose position is given by tho 
numbor contained. in high spoecl memory lacation (X) .n 

Al though this is slightly slm'lor than tho direct arder: 

IIProceod to tho -v10rd on tho tape whoso ponition is given by (X) .n 

it makos available a tape momory of 220·or about 106 wordso 
In vi.ow of the slo-vr opeed of the tape momory ( o25 sec/worcl) the 

hunting aut of a number from ruì aggregate of 106, on a single tape, could 
take up to 70 hours. To reduce this timo wo propose having at loaot 8 
separato tapo feeds and, of course, only tapes holding data rolevant to tho 
problew in hnnd will be inserted :Lnto thoso fecd.s. Each tapo -vrill holà. 
about 1000 'lfrords, so that the max.imum h1mting time will be 4-5 mins., ·rro 
avoicl any \'rai t, a hunting orcle:c "VIill start tho tapo moving to-vmrclo the 
dcsirod set of data, and t.hon direct tho control to :r>rococcl \-Ii th the 
seq_uence of oporationo i'1hilst tho machine is 1)orforming thoso the 
\'rill 110 moving to\'lards t ho rcquirod pos ition ru1cl o n arri val -vrill stop c 
irle assume that the machino is by now roacly to uBo tho 'tapo data, an orclcr 
then a:ppears -vthìch says: 

"Roaèl. data from tapo in t o momory posi tions (Xi) t o (Xi ·r k). n 

Of courso, this arrangemont -vrill break do-vm occasionally vrhon tho rcquired 
on the tapo cannot bo prcdicted in aclvp..nco; so if tho 

tapc has not rcached tho required :position, an intcrlock stops tho machlne 
until tho tapo in ready and then procoedn with tho last ardore To avoid 
dolays of this kind tho following procedure can bo ado:pted. Sup:pooe that 
sin(x) is requirod in the course of a calculation. but that (x) is 
initially unknown. The first tapo orclor states: 

11Movo tapo to ponition (sin il/4). 11 

and, since the sin tablo \-lill contain only 128 entrios, thc hunt.ing tirno 
for tho latter \'1ill bo only 8 to 10 seconda v1hich io much mol'O rvaoonc'l)lo. 

Enough han bcen saicl to make clcar the gonoral proportios of 
code; ito application will bocomo ovident from tho spocific prubloms 
contained in tho body of this roport., 

To conclude, wo givo tho cxact make 11p of a codod ordor: 

Digit 1------8 
MEl-tORY 
LOOATION 

9------15 
SEQ.UENCE 
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lG------20 
'OIIDER 
CODE 
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The position marked SE~UENCE is used only in the orders transfering data 
from tape to memory positions x1 to x1 • k and contains the number k. The 
partial substitution order ~ to M(X) replaces digita 1-8 of the order by 
those contained in the first eight places òf the accumulator, Table l 
is a complete list of orders with code numbers. 

1.3 The technique of coding. 

We shall now give an outline of the form in which a coded 
example \fill appear, and. discuss a particularly elegant method (due to 
Goldstine and von Neumann) of treating iterative processes. 

The coding of a problem ,.,111 be in three parta: 

l) Mathematical formulation, 
2) Schematic code. 
3) Detailed code, 

Of the first part, all that neod be said is that tho mothods used must 
involve only arithmotic operations, so that, for examplo, a differential 
coe:fficient must be roplacod by ita fini te difference approximation. ~lo 
obsorve also, that all quantitios in tho calculation must be so adjusted 
that they romain less than unity. 

The schematio coda io much moro complex. In a calculation 
which involves no itération or docision on the part of tho machine, tho 
procoss is trivial sinco tho code moarly duplicates thoac oporationo which 
a human computer would follow. Wo may roprosont tho coding procoss, in 
-.thie caso, by a lino: 

[]][t---------------~->--------~-------~ 
. OPllltATIONS 

E1!L!. 
This simple arrangoment bocomos untrue as soon as any iterativo procoss 
is attemptodt for oxamplOt suppose that wo wish to calculato tho oxprossion: 

-----(1) 

thcn if only ono valuo of x is in quostion Figi roprosonts tho coding · 
procoas. In Figli wo givo• in groator detail, tho soquonco which would 
bo followcd: 

- -
IN ~---------------------------------· OUT - 2 2 ----dx + o--ax + bx+ c---ax + bx+ c--

dx • e 
FIG II 

Next lot us suppose that wo wish to porform tho division, not by using 
our divide ordor, but by tho itorativo evaluation Qf 1/dx + o • followcd 
by multiplication. Furthormoro assumo that n itorations aro necossary. 
Tho sChomatic code now bocomoo: 

-. . --
IN ~--------------------~----------------------------~~ OUT -- 2 2 . --dx+ o--·nx + bx~ c~~-It.l~-It.2---It.n---ax + bx+ c-

dx +o 
FIG lii 

... 
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wherc wc havo insertcd a separato set of ordors for each itcration; a 
much moro ologant mothod is, howovor, to uso our conditional transfor 
ordor, programmo one iteration and thon arrnngo for the control to rot\trn 
t o tho st1:1.rt of this cyclo n timcs i this can bo oimply arrangcd by placing 
tho numbor n at tho start of each cycle and subtracting unity from it 
boforo cach iteration. For the first n subtrnctions this givos a rosult 

ìl O, so that tho condi tional transfcr Cc causos thc control to ropoat 
tho cyclo; aftor tho nth. i toration, ho\'tevor, tho rosult bocomos nogRtivo 
and tho conditional transfor ordor is inoporntivo so that tho machino 
procoods wi th the main soquonco. This is shovm in Fig IV 

. ,, .. -·•·· ............ _ 
~"""" ' 

..... ,\ 

\ 

, ITERATION FOR 
1 1/a:x. +o f ~~o 
\ . l 

- '·- ---··-·1 !· ·---.. / -
l IN 1 

------------------· n-k '--------------------4 our· :_r- 2 '----! 2 ......=..=.::J 
d:t ,.. o ...... n_.--.;;: + b:x: + c- -----ax + bx +c 

(o d:x.+o 

FIG IV 

Tho portion of tho diagram roprosontod by n-k is callod by Goldstino 
and. von Noumann an 11altornativo box" P.nd thc loopod portion of tho di?.gl·:trr:, 
e. 11simplo induction looplle '\'lo no:x:t complicate tho problem slightly by 
assuming that \'10 wish to computo tho valuo of (l) far X = x

1 
to 

X ot x1 + (N-l)X0 , hcro wc v1ish te add X0 to X at oach ntago e.nd rapoat H 
timos. The samo iteration tochniquo is availablo and tho flow diagram 
now becomes: _ --~----···--·-·· 

~,_.,.---~· .. -- .............. , 

~· ~~-Q-~~-::.:; + Xo t.----j l 0 

l IN r---• l\T..m --i \ n-k ---- ', 
lo \ l/d:x:+o __}ÌIO 

'~----·~ -
------------------------------~ OUT l 

Fig V is a simplo cxamplc of a "multiple induction loop 11 • I\1ore complicated. 
patterns are, of course, encountored, but enough has been oaid to show 
how the method is useful in planning the programmo• For minute details 
on flow diagramming reference can be made to the Goldstino-von Ueumann 
report on 11Planning and coding of problema far an electronic computinG 
instrument, 11 

vlhen the flov1 diugram is complete the ne:x:t s tage is to wri t d 

aut the detailod code .,.,hich l'rill contain: 

l) A full list of all control orders. 
2) Detailed momory locations for orders. 
3) Detailed memory locations for numbers and for any transient 

storage required during the computation, 
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~lo do not propose to lay do\m any inviolable rulos of :orocedura 
in this mattor. Our O\ltn technique will become apparont from the specific 
problems dealt \V'i th in tlJ,e following soctions, b'til.t wo do not consider this 
permanant and are propared to vary i t in a.ccord with tho probJ.om in hand 
and with increasing exporionca • 

.. g .. 



----. 
l 

2.0 Coded problema. 

2.01 A genoral cxarnple. 

Tho first problem to bo codod is that of calculating (ax2 + b:x: +c) 
for valuos of x varying from O to nb. in stops of D. Tho fixed parametors 
a,b and c and tho variablc x \1ill bo storod in given memory locations. 
The2valuo of x must bo altored by ~ aftor tho calculation of each torm 
( a:x: + bx + c), and i t will a1so bo nocessary t o decide a t oach stage \·thothor 
x has reached a valuo beyond tho rango of ca1culation. vlhon thin occurs 
tho opera ti o n is, of couroe, complete., In tho oxamplo chooen thooo t'l'IO 
processoo can be combinod, with a consoquont saving of ordcrs in thc coda, 
if x is givcn tho init!nl valuo n/) and is dccrcasod by ~ at oach otago. 
Tho conditional transfcr arder Cc cnnbloo uo to dctcct uhon x bocomos 
negativo and this determinos tho ond of thc oporation. 

It wil1 not gonorally bo possiblo to pcrform this trick, an it is 
only applicablo \11hcn ono of tho bounding valuos of tho variablo is o, Tho 
procoss for tho more gonoral caso 'l'lill bocomo apparont in vnra~(2.04)., 

Suppose that n = 64, and that tho calculatod va1uos aro to bo 
storod in tho momory; i t will bo nocossary to modify tho ordor \'thich 
dirocts this operation at each stage so that they are sent to 64 consequotiv3 
memory positiono. This is dono quite simply by adding 2-B to the arder. 
this advances tho memory J.ocation indicated by the order by 1. 

The constants 2 ... 8 ancl ù t-til1 therefore aloo be otored in fixed 
locations in the memory. The ordors govorning the ca1culation wi11 bo 
p1acod in the memory before paramotors, constants and ca1cu1ated va1uc:; c~r:,,; 
and tho lattor can ~o given provisional locations onlj• at first. Supp~r:e 
that a,b,c,x, (~, ,2- are stored in locations M(k) to M(k+ 5), and that the 
table of results is at M(k + 6) to M(k+ G9). 

The coding is thèn as follmm : .. 

Memory location .. Orde r. Romarks. 

(l) 1'1(k) to R a 
(2) M(k + 3) X R t o cA a.. "t: (x= n ~ at firnt 

(.3) M(k+ l) to A 
stage~) 

ax +b 
(4) A to R 

ax~ +bx (5) H(k+ 3) • R to cA 
( 6) M(k+2) to A a.x + bx +c 
( 7) A to I~(k+ 6) 
( 8) M(k+ 3) to cA x 
(9) -M(k t 4) to A x- l~ 
(lO) Cc C to H( + 2) 

<O >O 
(11) Oporation complete. (12) A t o t~(k + 3) 

(13) M(8) to cA ordor ~ to I1(k+6) 
(14) l~( k + 5) t o A 2-
( 15) A to M(8) 
(16) C to M(+ 241) 

S inca i t i s ne'l't appare n t that 16 orders aro needed, k ta}::os th0 
value 17, and tho momory locations of a,b, etc. aro givon accordingly~ 
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Tho allocation of memory locations to orders was simple in this 
example, sinco only ono conditional transfer occured. In calculations 
whorc there aro more than ono the proccss will not bo co oasy, and it may 
be necessary to draw up a separato tablo of ordor nu111bors and memory 
locations. This procoss will bo illustratcd in suceedine examplos. 

2.02 Extraction of thc squaro root. 

AIJ A.R.C. is not equipped 'l'lith a squaro rooting unit this 
operation ..,.rill be performed using the iteration formulo. for :-·'b: 

:X:n +l= (:x: + b/:x:u)/2 
n 

------(1) 

If necessary b must first be brought within the rango of the machino by 
dividing by 211 \'rhero p is the smalleot intoger such that b.2P< l., The 
value of the first appro:x:imation x1 must now bo decided. It might appear 
that the simplost value to usa is l, but a much better a.pproximation is 
(l+ b)/2, and as this valu.e is easily formed it \till be tnLen as a 
starting point., 

· Some re-arrangoment of the formula is nocessary ns i t is imp')r~n.nt. 
that nono of the quantities formed whilo calculating it should ba > L 
I t can re soon, that the term b/~ <l since, if d is the error :l.n th~J n·~·a 
a.ppro:;:~.mation~ __ jihe error in the nv:x:t ap_pro:x:imation in d2j2 .fb, n foD.c.•:m 
that x11 + 1 > J b > b, sinco b< l , and tho term b/Xn thereforo lies h1 

the rar-.go of the machine. Tho first torm b/xl is no excep·';ion b thiits 
rulo since xl= (l+ b )/2 > 'b. The term (xn + b/xn) mayp llO'."IOYe:t·, be> 1 
but this difficulty can be overcomo by calculating (xn - b/:x:n) /2 + Xn"' 
This form io chosen rather than :x:::l/2 + b/2x1J., since the rounding off er;:cr'1 
are leso. I~oroover, the valuo of(Jen - b/:x:nJ/2 can bo used to decido Whf~:-,_cr 
tho calcula'liion has proceeded far onough since i t io e qual to :x:!l + 1 ... Xno 
A$ can be seen from (2), xn> Xn + l• and the ex:pression will thorefore be 
nega ti ve as long ao d li o o 'l'Ti thin tho rango of the machinc. When d 
becomes < 2-2° , howovor, this oxprossion '1-rill be zero, and the Cc ..,.rill 
indicato tho completion of tho iteration. 

The only constants lthich havo to be stored aro b and 1/2, and 
thoso t'lill be placcd j_n momory loca.tions M(k) and M(k + l) respoctivoly., 

The c odo is thon as follO\"IS: 

(l) M(k) to cA b 
(2) R01) b/2 
(3) M(k+ l) to A (b + ,1)/2 = :x: l 
(4) A to H(h:+ l) 
( 5) M(k) to cA b 
( 6) il.+ M(k+ l) to R bf:x:l 
(7) R to cA 
( 8) -:·+1(k+ l) to A :x: l 
(9) RI(l) (b/:x:l ... xl)/2 
(lO) Cc C to H(+ 2) 

' ~o -~o 
(12) (bjx1 +:x:1 )/2:sx2 (l l) Oporation comp. M(k+ l) to A 
(13) A to M(k+ l) 
(14) C to M(+ 248) 

14 ordors aro thorefore required, and b and 1/2 will be storcd in 11(15) 
and M(l6). the final result appearing in M(l6) 
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The numbor of itorations requircd dopando ontiroly on tho sizo 
of b, incroaoing ac b docroasos. In tho worot poooiblo caso, whon b a O, 
20 opcrationo aro ncoded; on thc othor hand \'lhon b is largo ( :::; .9 say), 
3 itorations will givo tho rosult corroct to 6 docimal (20 binary) placos. 
It would bo possiblo to scalo b up, if small, to bring it into a moro 
favourablo rango; usually, howovor, b "till havo bocn producocl by a 
provious calculation of tho muchino, and thc programming of this calculation 
should havo boon arrange<l. to rotain as many digita as posoibloo It seems, 
thcn, that tho chancon of uur numbor being loss than 2-10 aro nmall, e.nd. 
tho inclusion of o:x:tra ordors :.n the code to modify tho valuo in thoso 
canoa is not justifiod. 

2.03 Double length arithmotic, 

It m~y bo nocensary, on occasiono, to perform calculations to 
a grea.'~e"!' accuracy than 20 binary places; for most pUJ.'l)Oses, ho~;mver, 40 
places will pNbably be sufficien·i:;, and "re shall nO\V" give the codine of 
double bngth J.ddition, subtraction and multiplication. It io, of course, 
possiblo to p:r·Jgramme A.R.Oc to c:llc1.tJ.ate to any desired dogree of 
accuracy~ 

On~ nbvious uso of dou.ble len::;th arithmetic is in the calculation 
by tho m'lchi:;.:o of tables for itn \.Mn us0 1 :>ince thooe must be known 
correct to 20 binary places3 

2.03]. .Add:l.tion and subtr?..C tic-:J.., ---- . -
~!e can storo theso proc0ssos as one routine, the alternative 

sign being doterminecl by substit1.:tion; it should be remarked here, that 
doublo lcngth numbers will be stored \V"ith the sign attached only to the 
first half, 

Suppose, now, that we wish to form the expression 
+ 

where a1 and a2 are respectively digits 1-20 and 21-40 of the double length 
number a and similarly for b, ~Te havo, thorefore, to form the two 
factors (al~ bl) and (a2 ± b2)o Tho only difforonco from ordinary 
arithmetic occurs \'Then formi~§ (a2 .± bz). Hero a carry into the sign digit 
may occur indicating that z- must_b? added.into (a1 ± b1 ). In thio case 
it is also necossary to restoro the s~gn dig1t of (a2 ~ bz) to zero. 

The code is then as follows: 

(l) M(l4) to cA a2 
(2) ~!:.!~( 16) t o A b2 
(3) Cc O to Iv!( +B) 

<O ~o 

(4) -M(l7) to A -l (l l) A to M(20) 
(5) A to M(20) 

2-20 
(12) O to M( +252) 

( 6) .tM( 18) to cA 
(7) M(l3) to A al 
(B) !M( 15) to A ... bl 
(9) A to M(l9) 
(lO) Op. comp. 



,r\ 
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12 orders nre required. and storage for ~,a2,b1 ,b2 , l,z-20 and the result 
of the calc·ulation. 

. . . 

'lho allocation of memory positions is then as follows: 

~ry Position. 

l - 12 
13 
14 
15 
16 
17 
18 
19 
20 

Conten~. 

orders 
al 
az 
bl 
bz 
l 
2-zo 

al ;!:. bl ;: cl 
a2 .± b2 "' c2 

~Te havF.. to fo:.~T!l the three partial pJ~Q·hlCto (a1b140(a1b2 )~(a.2bl)o It is 
not nec8ssar;r to form (a2·t>2 ) si11ca ~his is < 2... t and therefo:ce lios 
outside the r::mge of calcnlatimlo (a11:J1 ) will be entiro1y \'rithln tho 
limito of accuracy requiro~~' anè. ~a2b1) and (alb2) will havo their first 
20 dig~.ts in the rango 2-2u to ~r-Oo \.1/hen multiplying a1 and bl' the!'efore, 
the full 40 ciigits mus'l; be retain.ed with no round off. 

Next it sh~uld be notedJ that we nn1st correct the sign of (a2~1) 
and (a1bz) if necessary sinco if oither a or b wero negativo ono of theno 
would appear \'Tith a negative si5:1.:) i·lhon all the multiplications have b~1en 
porformod, ws must add a1b2 ~ a2b1 and tho second half of(a1b1 ), (io (e.J.11) 2 ) 
and decide whethor two, ono or no carries havo occured beyona the binary 
point; thè oporation is then comploted by adding the nocessary carry (2-19, 
2-20 or O) t o (a o, )1 o . · - . 

Tho coà:o·is then as follous: 

(l) M(a~) to R 
( 2) n. ~r(bz) to cA alb2 
(3) Cc C to M( +2) 

<O 

(4) -M(l) to A 
(5) A to M(40) 
( 6) M(b1 ) to R 
(7) R ~ M(a2 ) to cA azbl 
( 8) Cc C to M( +2) 

<O 
(9) -M(1) to A 
(lO) A to r.~(41) 
(11) !v!(al) to n 
(12) R " M(b1) to cA (no round off) 
(13) A to M(42) (~blh 
(14) R to c.A (albl)2 
(15) l-1(41) to A (albl)2 + (a2bl) 

con t. 
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( 16) Cc C to M( + 14) 

<O );. o . 
( 17) 1-1(40) to A (a1bl)2-t_(a2b1)+ (a1b2) (30) M{40) to A 
(18) Cc O to M(+ 7) (31) Cc C to M( +248) 

<O ~o <O 

( 19) -M(1l) to A (25) A to M(4;;3) (32) C toM(+243) 
(20) A to M(42) (26) I~(a1 b~) 1 to cA 
( 21) I~( '111 t o cA (a1b1h (27) 1~(2-1 ) to A 
( 22) M(2- O) to A (28) A to M( 41) 
(23) A to M(4l.) (29) Op. com:p. 
(24) Cp. comp. 

32 orders are required and storage s:pace for a1,a2,b1,b2, 1,2-19,2-20, 
(a1b2) ,(a2bl) and (albl)1• 

The memory al1ocations are then: 

Memory position. 

l - 32 
33 
34 
35 
36 
37 
38 
39 
40 
41 

42 

2.04 Tabulation of sin(x). 

Contents. 

orders 
al 
a2 
bl 
b2 
l 

2-19 
2-20 

(a1 b':l) 
and'(a1bi)1 +curr1 c ci 

Ono useful function for which our machine is well suited is the 
calculation of tables,. This will probably form a 11sparo timen occupation 
when the machine is not required for more urgent :problems. 

One obvious application is to programma A.n.c. to calculate the 
basic tableo required for its o~m useo As me~tioned before, this provides 
an examplo of the use of double length arithmotic as we shal1 have to 
work to 40 binary :places in arder to obtain tables correct to 20 placeo. 

AG an exam_plo ~re gi ve the code for the calculation of sin( x) 
from O to i-~- /2 at intervalo of d., Sin(x) is chosen for tabulation rather 
than cos(x) since interpolation is thereby made slight1y easier. 

tfo shall uso the formulao; 

sin(x +d) Q oin(x)cos(d) + cos(x)sin(d) 
cos(x +d) = cos(x)cos(d) - oin(x)ain(d) 

to give sin(:c) ancl cos(x) from O to il /4, this being, of course, equivalont 
to sin(x) from O to ~·/2. Tho routines for double 1ength multiplication 
and.addition must be :placed in tho momory for referonco, and we shall 
assumo that these are stored at tho end of tho :programmo, occ11pying 42 and 
20 memory :placos rospoctivoly. 
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The initia1 data which muat be insertei ia tho va.J.ucn of sin(O), cos(O), 
sin(d) and cos(d) and the constants 2- and 2-20. Sufficos indicate the 
first ancl socond ha1ves of the rùtmber u."lder consideration; thus sin(d)2 
meana digito 21-40 of sin(d)~ The memory positions L! ~) and (+ a

1
)eto. 

refer to 1ocations in the double 1ength arithmetic routines. 
Aftor roundin~ off to 20 digits the va1ues of sin and cos are 

punched ou tuo separate tapes. Final1y the cos va1ues are added to the end 
of the sin table in reversed order, thus giving a11 va1ues from o to G"/2. 

The code is as fo11ows: 

(l) Ti t o Ti +62 t o t.1(SO) tol4( 149) Transfer of doub1e 1ength 
routines to memory. 

Transfer of cos(d)and sin(xt to D.L. routines. 

(2) con d1 to cA 
(3) A to 14( x.a1 ) 
(4) cos d~ to cA 
( 

C·( 
5) A te M,~, a2) 

(6) sin ::1 to cA 
( 7) A. t· o P( A b1 ) 
( 8) au:.. :"{p. to cA 
( 9) A t o l'i( x b2 ) 
(10) M- (13) to cA This directs the contro1 to the appropriarbo 
(11) -!:L TO l1(:i120) arder (13) at the end of the D.L.N. routine. 
( 12) C to M( +76) Contro1 to D.LAI-.1. routine,.. 
DOUBLE LENGTE JviULTIPLICAT(mr ROUTÌiiEJ GIVING SIH(X)COS( d) 
( 13) 14( X c1 ) to cA 
( 14) A t o ~1( + al) 
(15) M( .X c2) to cA 
(16) AtoM(+a2) 
( 17) N(cos:x1 ) to cA 
(18) A to t1~.J<.bl) 
(19) M(cos x 9 ) to cA 
(2o) A to H( x b2) 
(21) M(24) to cA 
( 22) AL TO l1(:J!.20) 
(23) C to H( +~6) 

Transfer of prod.uctn to D.L • .Addition routine far 
tho formation of nin(::-t d) o 

sin(x)is rep1aced by cou(x)in D.L.M.R.· 

--------------------------------------------------------
DOUBLE LEl{GTH t.rur.TIPLICATIOU ROUTINE GIVIUG COS(X)COS(d) 
--------------------------------· .. -----------------------
(24) 
(25) 
(26) 
(27) 
(28) 
(29) 
(30) 
(31) 
(32) 
(33) 
(34) 

M( )6-. c1 ) t o c .A 
A to H(].60) 
H()~ ca) to cA 
A to 1\t(l6J.) 
M(oin a1 ) to cA 
i'.. t o M(><.. a1 ) 
H( sin è.2) to cA 
A to M( )<.a2) 
M(35) to cA 
"\L to M(:ll20) 
C to W ·:·e;.,t) 

Trannfer of cos(x)cos(d)to temporary storago. 

coo(d) is rcplaced by sin(d) in D.LoM~R. 

--------··----, ...... _______ .,. ______ .,. ... _ ... __ ,. __ ,, _______________ _ 
DOUBLE LEHGTI1 !,nJLTIPLICATION ROUT!ìfill GIVIHG COS(X)SIN(d) 

( 35) 
(36) 
(37) 
(38) 

l'I( )<..cl) t o cA 
A to w: +b1 ) 
M( )( c2) to cA 
A to M( +b2) 

Transfer of con(x)sin(d) to D.L.ArR~ 
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(39) 
(40) 
(41) 

M(42) to cA 
~ to H(l4l) 
O to M(+ &9) 

Direction of control at end of D.L.A.R. 

-----------------~----------~----------------------------
. DOUBLE LElJGTH ADDITION GIVING SIN(X)COS(d) + COS(X)SIN(d). 

-----------·-------------~---------------------------------(42) 
(43) 
(44) 
(45) 
(46) 
(47) 

(48) 
( 4:9) 
(50) 
(51) 
(52) 
(53) 
(54) 
(55) 
(56). 
(57) 
( 5i)) 

M(+ c1 ) to cA · 
A to M( sin xl) 
M(+ c2 ) te cA 
A to N~oin x2) 

M(2- ) to A 
Cc O to ( + 4) 

<O 

11(2-20 ) to cA 
I~( si:r. JC1) t o A 
A tu !Jì.'. •• + cl) 
H( -:· ~ 1 ) to 9 ~ 
E( sil! :;;:, ) to ci 
A. J;:.;) ~( ·.\ 'Jl) 
M~s~:n. ..c ... ) to cA 
A to h;\ bt:>) 
H' 59'• to cA 
' • +. , "' 1 ';')tì) 

,.(~[, ,.,) •:l, ".' 
c t,:, 1-l•, -:.30) 

sin(x -~ ù) in ctored ready for use in the 
calculation of the next term. 

Rounding off to 20 binary places of 
sin(x +d). 

Storage on tape. 

cos(x) roplaced by sin(x) in D.L.HeR. 

-------------... -.... -----------------... ·--------------
DOUBLE L::JJNGTH 11JLTIPLICATIOH GIVIl!G SIN(X)SIN(d) ___________________ ........... ________________________ _ 
(59) 
(60) 
( 61) 
(62) 
(63) 
(64) 
(65) 
(66) 
(67) 
('68) 
(69) 
( 70) 

-!4( ·>< c1 ) to cA 
A toM( +a,) 
-H( X c2) 'to cA 
M(-l). to A 
A to I~(+ a2 ) 
M(l60) to cA 
A to 111( +bl) 
M( 16l.) t o cA 
A. to H( +b2 ) 
ll~ 71) to cA 
.'!L t o H( 141; 
O t o !~( + 60) 

~sin(x)sin(ù)lto D,L.A.R. 

-sin(:x:)sin(d) 9 to D.L.A.R. \-Tith sign erased, 
The sign munt~be removed as no sign is 
attached to the second half of D.L. numbers. 

cos(x)cos(d) placed in D.L.A.R. 

~-------------~----~-------------------------~--------------------
DOUBLE Lj]]HGTE llDDITION ROUTINE GIVUTG COS(X)COS(d) - SIN(X)SIN(d) 

------------··----------------------------------------------------
(71) 
(72) 
(73) 
(74) 
(75) 
( 76) 

(77) 
(78) 
( 'r9) 
(80) 

~f·: +c:J to cA 
A to H(cos x1 ) 
E~ +c<:>) to cii. 
A to i~(cos:x:2) 
M(2-l) to A 

Cc C to ( +4) 
<C 

K( 2-20 ) ·t o c...\ 
M(con :x.1) to A 
A to H(+ c1 ) 
111( + c1) t o 0T j 

cos~=~ + d) stored for use in calculation 
of ne:x:t term. 

Routr.è uff of cos(x + d) to 20 places, 

Storage on tape, 
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') 

' \ 

(81) M(H) to cA 
(82) -M{2-P) ·to A Record of numbor of terms ca1culated. 
(83) Cc~ o, C to ( + 174) 

<O 
( 84) cTj +N-l to j t o I4(k to k+ N .. l) Transfer of cos table t o 

end of sin table. 
(85) I~(k to k+ N-l) t o s T j + N + l t o j +2N ( 86) Op. comp. 

86 orders are therefore needed for programming. Afurther 59 are required 
for the dnublo length routines and memory positions are nocded for sin(x) 1 

cos(x),(initia1ly used for sin{O) and cos(O)) sin(d), cos(d),cos(x)cos(d), 
2-1 2-2o N ~l•-'n . . . _ _ 

' ' ' t::) .t'. . -- ' 

The allocation of memory positions is then as follows: 

14omory posi tion. 

l to 86 
87 to 128 

129 to 148 
149, 150 
151, 152 
153, 154 
155, 156 

157 
158 

159, 160 
161 
162 

2.05 Use of tables and interpolation. 

Contents~ 

Code for tabulation of sin(x). 
Code of D~L.i•I. 
Code of DoLo.Ao 
sin xl' oin x2 
cos x1 , cos x2 

sin d 
cos d 

2-1 
~20 

cos(x)cos(d) 
N 
2-P 

One of the most important features of a computer is its ability 
to extract data from tables, and to interpolate if necessary. A.R.C. 'l'till 
be provided with a library of tapes containing such usoful tables as 
sin, ex, log(x) etc .. , and 'l'IO shall now give the coding for a typical 
interprJ.ation, taking as the f'unction, sin(~). 

Our table here will consist of sin(d) tabulated from O to TI /2, 
or of sin(y) and cos(·;.,.) tabulated frcm O to TT /4. It has been found 
that the coding is simplified if a s:!.n table from O to ri' /2 io used oince 
the c"l.nte-rmì~.ation of the sign is Jj.J-'lio easiero The code can, of course, 
immedia~;;\y ·t)o adopted for cosines s tnce coc(y) "' sin l ,-r /2 - y l ., i•Te shall 
assume ij}lat t::1is table is stored 5.r. tì:lc high speed memory; interpolation 
directly from the tapo io almost ~.dan.Ucal, 

S,.,m9 preliminary adjus t:1o1Jt is nccessary t o bring y \-li thin the 
rango O to ii' /2 and to determino tho correct sign of the final result~ 
First, i t; is o"'Jvim,.s that tho adcl:". tion of 2 ·11 makso no difforonco to tho 
value of tho si::l., while tho addi t~.t)'l ryè i1 changoo tho sign.. It io 
probablo that y wll1 havo boon cg,·Lcn.!.a·~od by tho machino, a.nrl if wo arran~o 
t.his CD-1-culatirn so that 'l'rhon y l',:a;~hos tho value il , a l is carricd o·ror 
in t o tr.o r.ign d~ gH, tho sign of c·u.r :rosult 'l'till bo gi ven co:t':rcctlyc _, 

·Larger valuo:.:: o:f y .,.,ill also be g;:_·,;·en corroctlyg sinco multiplos of 2 l • 
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"Yrill cause a carry past the sign digit which 'ltlill be lost. Thus, auppose 
2 !1 < y < 3 fj • two digi ts 11rill have carried past the binary point 
leaving O in the sign digit; this is correct, since sin(y) >o in this 
range. On the other hand, if Ti < y < 2ff , ono digit \-rill have 
carried over indicating that sin(y) is negative. 

Having decided tho sign of our result, it is next nccessary to 
determina 'l'thether y (or y - ;! if y > fi ) lies uithin tho firot or 
second quadrant. This is done by adding i1 /2 ( "' .1 in binary scale) to 
y and observing \-rhether a carry into tho sign digit occurs. 't'te can thus 
decido "Yrhether we require sin(y) or sin( li ~y). 

The coding for tho diocrimination is as follo1trs: 

(l) ~;(y) to cA 
(2) O c C to ( + 8) ~o 
(3) M(l.O) te A giving (y - ii , (lO) M( .l) to A giving (y., ì"fj2) 
(4) ;_ to 1-i(y) (11) Cc C to ( + 8) conto 
(5) O( ' te r.A Change arder which \·ti th intorpolation J 
(6) M~k) to .\ determines sign of 
(7)· A '.;o I!( O) sin y. This will (12) H(LO) to cA 
( 8) ll.(y) ~o c.A occur in a subsequent (1'3) -M(y) to A ( i1 ~y) 
(9) C to ( + l) code normally, (14) C to ( + 5) Continuo 

with intorpolation 

14 orders aro nocdod for this diserimination, and \-re must also storo the 
constants 1.0~ 0"1~ k and the variable y. 18 momory positions will bo 
occupiod in all~ 

'v'le can now consider tho actua.l process of intorpolation. 
Suppose that y == x + nd, \·rhoro ::: is tho noarost smallor tabulatcd valuo to 
y, and d is tho intorval of tabulationo 

Thon, using contral diffcrcncos :-

sin(x + nd) = sin(x) + nn1 + 

1trhore: D
1 

= sin(x - d) - sin(x + d) 
2 

••• ---(1) 

D2 = sin(x - d) - 2ain{x) + sin(x + d) etc. 

ìofc roqu:l.ro to calculatc sin(y) corroct to 6 docimnl placos, !1.nd. tho numbor 
of tor:ro::; of (l) "l'rh i eh n:rus t bo i:ar:l "J.éi.o~l.. d.oponds, of coursc, on tho valuo 
of d" i!cfonnco to tho tablo \•riJJ. bo sir:1plificd if thc intorvnl is il jztl, 
and it ,·,an t.J sho\m, that1if J"',-::::.8. swcond difforonccs \-.rill givo 
sin( x -·· n::. .1 ".;o tho roq_ui re d accu:ra'.!3. , 

via thoroforo havo to c·:n:.•.1;atc thc function : 

sin( x) + n( s·b(x - à.) - sin(x + a.) , 
P.' 

·' ~2(sin(x - d) 
2 

2sir.(x) + sin(x +è) } 

··-------( 2) 

It is fhJt :'lc::of~sa.~.'Y to locate ti1·l GrK.tion of thc tablc fr0m 'Thich ~-ro 
havo to into.~:.1o).·.,to~ Thin in dm.o :.:y ciircct~.ng thc cont:..1 0J. to tho I!.J;rJo·.;
nosi ti ·x~ . .gj,~o:J. 1 ì~'· t!lc :'irs'(i 8 d ir:::.·:;u ,i y, T!·~o sin tRblo wil:!. J:-~vc "Joon 
s ·~orcd t;; C. ·~b ~t·-' t:.o momory J ocr.tior.. uf er!y to:r:r.J in t:h.o o amo ns t!.o fl:~: t. 
8 digi ts of thc lWJlL)Cr llhoso sin ìs stcroél. thcro (plus a :posdblo con:::t:'l.:.:t; :.:' 
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We can thereby pick out the location and value of sin(x); sin(x +d) and 
sin(x - d) are then obtained by instructing the control to advance and go 
back one position in the memory., Tha proportionate part, n, must also be 
calculated, but as this is equal to the reme.ining 12 digits of y ~ 28, 
this is simplec 

( 19) 

(20) 
(21) 
(22) 

(Z3) 

(24) 
(25) 

(26) 
(27) 

(28) 

(29) 
(30) 
(:E) 
(32) 
(33) 
(34) 
(35) 
(36) 
(37) 
(38) 
(39) 
(40) 
(41) 
(42) 
(43) 
(44) 
(45) 
(46) 
(47) 

The coding is then as fol1ows: 

Ti to Ti+ 128 to 1.-t(k) to It.(k+ 128) 

H(y) to cA. 

Transfer of sin table to 
momory. 

I•I(k) to A 
~ to I-1(40) 

:i~: ~~:t: 1 !(~l 6) 

, .)··~r") . ~ 

Insertion of the location of sin(x), sin(x+. d) 
and sin(x - d) in the appropriate order3o 

~~- i:J ' 'tjfj .r. 
·\ ·::.o :'!\,:;c) 

-I:(.a-7 ) t0 A 
AL t, 0 J'~t( 3,P.) 

Giving n., 

A to M~51) 
-t~(l'l~n(~: + d)) to cA 
• A. t0 rvr(G3) 
M(sln(x- ~)) to A 
s (l) 
.l-to M:54) 
A to R 
R ., N(n) to cA 
A to M(52) 
M( 54) to cA 
sin(x +d) to A 
-sin(x) to A 
A to R 
(n) " R to cA 
A to R 
(n) o R to cA 
H(~2) to A 
sin(x) to A 
O.Jr. comp. 

s:i.n(:: +d) must be stored for use again • 

(sìn(x -d) - sin(x + d))i2o 

n( sin( x - d) - sin( x+ d)) /2. 

(sin(x- d) - 2sin(x) + sin(x.+ d))J2~ 

n2(sir.(x- d) - 2sin(x) + sin(x + d))/2~ 

gi ving lnin(y) 1 

30 orders are therefore needed, and, in addition, storage for 
z-8, z-7., n~ sin(x + d), (sin(x- d)- sin(x ·!· d))/2~ E_(sin(x· .. d) .. , sin(x +<l)~ 

2 
k and sin(y), but some of these quantities can be stored in the same 
posi ti ono 

The who1e process of discrimi~ation and interpolation therefo~e 
occupies 54 memory posi tions as fol1ot·Ts: 
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Memory location. 

l •. 14 
15 
16 
17 
18 

19 - 47 
48 
49 
50 
51 
52 
53 
54 

55- 183 

Contents. 

Discriminati'on. 
y 

. 1.0 
Constant t'or. ord·or 6 in à:iscrim. 

· O,l 
Interpolntion. 

2 .. a 
.·~7 

k 
n 

n(sin(x- d) - sin(x +d)),':::. 
-sin(x + d) 
(sin(x- d) - sin(x+ d))/13 

sin table. 

2.06 Three dimensional Fourier summation. 

lmong the computationl'! far 111hich A.R.O. is likely to be used, 
are those ar1sing in X-ray crystallography, In particular, thore is the 
problem of effecting Fourier summations_of the type: 

H K L 
2 . .' ::;-· L.: Fcos( 2 i!{hx+ ky+ lz) + . .,z ) 
-H -K -L 

where x,y,z are fixed, h,k,l vary betueen the limits shO\·m, and F and d--. 
are given for any particular (h,k,l). 

The programma of such a summation is also of interest as it 
provides an example of the use of thc intorpolation routine given aboVo. 

A typical problem of this sort might involve 1,000 terms, and 
it is obvi~usly impossible to storo all the initial data in the high speed 
momory. vto sl:all assume, thon, t ha t the val ue s of (h, k, 1) , F and d.. aro 
stored on ta,o; (x,y,z) can be placcd in tho high spced mcmo~J, sinco 
thoy aro cor"l'i;ent throughout tho calculatione .A:3 will bo soon latcr, tho 
most com-o:rd.:mt disposal of tapc data is as follo\-rs: 

,:,l. .:/.;;, 
hl,kl,ll,Fl,h2,k2,12,~2 ,~ •••• otc. " , .. 

It may ùt- J.'<.~'llarkod horc, that tapo sto.rago in particularly ccnvoniont in 
problomt~ ~...-l1crc a largo amount of da"':a is 'tlsod in soquonco, ninea, \thcn a 
numbor h~3 toon road off, thc control nut~ma~ically movos to tho ncxt 
posi tio.!'. 0:1. tho tapo. It follows tha.t,. by d::sposing data o:.1 t~o tapc 
carofully, tho machino can r<Jad off Yaluos in ncq_uoncc, thu:> s.J.ving tfm:J 
and mom:Jry spaco in tho code,, 

8to:..·a.ge space will be 1·en_ui:r.ed in the high specò. ::.1em'ìry fo:~ 
(x,y,z)~ far the partial sum of t-he se:dec, for the consté .. IJ'G 1T siving tho 
numbor 'ii terms in -the seriesp a."1ci. ';;he constn.nt 2"-1' which '\':~::.1 ·uo ou"~Y~r3.::t-9'l 
from 1-1 :J,t each stage to keep trsck of 'Jhe nu:nber of terms C)rJ_Futcd. .·~k 
shall, il'l aclditionp req_uire 129 pcsltior.s f~lr the table of s~.r.s and 54 
for the intorp0lation routinoo 

.A word l:ere is needod on the subjoct lllf scalo factcrs, I t \'!il~
be necessarj" to reduce (h,k, l) by sui tablo factors to bring thom within ·~re 
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range of the machine. Usually,· (h,k,l) will not exceed 32, and it will 
be sufficient to di vide all valueo by 25 bofore forming hx, ky ate~. ~Te 
mus1;, of courso, correct for this scalo factor before taking the cosine; 
i t .ia eon"toniont1 toot to offoot tho trolt!llpJ..ipe.tion by· · 2 ·fiè a.t thio 
t!ta.o:c,. ninoc ti:t.M: rtontt:J.~tG moorl;r o:€_ Ono lO:ft_thift. 

Tha· coao io thon a.s foll0\'18~ 

'l ,. ·: .. 
. +-

(l) 

(2) 

(3) 
(4) 
(5) 
( 6) 
(?) 
( 8) 
(9) 
(lO) 
(11) 
(12) 
(13) 

Ti to Ti+ 128 to M(k) to M(k + 128) Transfor of sin tablo. 

Tj to Tj + 53 to H(l69) to M(222) Transfcr of intorpola.tio'!l 
l'Jutlno~ 

Ifi15ortion of k in intorpoJ.ation 
routinoo 

(14) 
(15) 
(16) 
(l?) 
(18) 
(19) 

(20) 
(21) 

(22) 
(23) 

(24) 
(25) 
(26) 

(2?) 
(28) 

(29) 

k to cA 
A to M(~c) 
Ti. t o l!.( ?.23) 
H(::) to ~~ 
R ,. 1~(223) to cA 
S- t 6' .LI\ • 
L t o I•l( 223) 
Ti+ 1 to 1>1(224) 
M~y) to R 
R • M(224) to cA 
SL(6) 

M(223) to A 
A te :rv\(2?-3) 
Ti + :?. to M(22·l) 
M(~) -~o R 
R o J.:i(224) to cA 
SL(6) 

1·1~ 2Z3) t o A 
~i + 0 to M(224) 

14(22.4) to A 
-M(O~l) to A 

• A to M(l83) 
M{ ::ICI) to cA 
l .. i:o H(l?3) 

l.• 

P(3C) to cA 
~ lio 1'-1(222) 

C to ( + 149) 
~--------------------

INTERPOLATION. 
---------------------
(30) 
(31). 

A to R 
Ti + 4 to M(224) 

h 2-5 
• 

, 
Il hx ...., 

k .,-5 
" çJ 

2 T\lcy 

2 rr (luc ~ ky) 

l " 2-5 

2 llz 

2 l;'(hx+ky +lz) 

2 rr (hx+ ky+ lz) + ·~. -= e 
g!ving 3 - i1 /2. Th:ts is noccssary sinco 
\'10 ;y-1q_uire cos 3' and r,in e is tabulatcd • 

b is insorted in intorpole,tio'!l routino, 
:r.Joca·-ij o:o. of orCI or disposing o::' cos( B) aftor 
in'.:.o~~polaticn io inscrtod :!.n intorp .. coda· 

L~st r •• :r:'\·.:-r of intorpolation G'JrJe is modif.tod 
· to c,mt::nue wi th tho summatìo1~ ~oJ.o_. 

Contrcl to first ordor of i:J.to:::pnJ.ation., 

cos( 3 ). 
F, 
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R. M(224) to cA 
M(225) to A 
A to M(225) 
M(H) to c.f). 

·-·M(2"'"P) to A 
A to M(H) 

F cos( 1.:) ). 

Previously calculated terms added in~ 

Record of no. of torms calculated. 

(32) 
(33) 
(34) 
(35) 
(36) 
(37) 
(38) Cc C to ( + 219) 

<O 
(39) Op. comp. 

The alloc~tion of memory posi tions is as follo\1s.; 

Memory position. 

l - 39 
40 - 168 

• 169 M 222 
223 
224 
225 

226 - 228 
229 
230 
231 
232 

2.07 I~trix rrrul tiplication. 

Contcnts. 

Code for summation. 
Sin to.hlo,, 
Intorpolation routine. 

Storago positions, 

(x,y,z) 
N 
2-P 

0.1 
k c:41 

An operation of coromon occurenee in numerical mathematico is 
that of matrix mul tiplicationo i'fe shall considor two methods of 
performing this using AoR.C.~ In the first 1 the whole of each matrix and 
of the product is stored in the hi~h speed memory; naturally, this . 
restricts each to a size leso than 256/3 terms, and, since the programmo 
has also to be included, this m3ans in practice 8. 8 element mEJ.trice8;> 
The second methocl stores one rot,r at a time of the first watrix in the 
high speed memory, and takes the elements of the socond, in arder, from 
the tapeo Tho a.dvantagc of this ar~rXlgomont lios in tho fact that matl'icos 
of oizc up' •i,o o.òoyt 200 .(< aoo .:-;;~;··": bo ·readi7.y oporatod upo~~ ' 

:... T:1:.1 d±o~il!'1rtB ehm'; .ilo~~· 'Ù0, oi:onon:f,~l 'of tho t n .. I>v~:r:iaoa o.ro · :
pto~rcd b. J.::::~on.r ooquonoo fn i;he ·;nu:tc .• ,~ .. t· HjJ•l "ìllo ~implo, ·~:-~~.~ly i torative, 
proceso io clear from the foll::nring cof.eso 

'· ------..-------
-----~-----
------Y.---~-

r ------}----
------';------

.1.\ stornge. 

s 

HtH 
:B str;:r~ge.; 

C = AE 
crs = E. i 'J.ri bis 
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. , 
' 

' ~ ~ 

l) Both matrices in high speed memor~ • 

(l) 
(2) 
(3) 
(4) 
(5) 
( 6) 
(7) 
(8) 
(9) 
(lO) 
( 11) 
(12) 
(13) 
(14) 

( 15) 
(16) 
(17) 
(18) 
(19) 
(20) 
(21) 

(22) 
(23) 
(24) 
(25) 

(26) 
(27) 
(28) 
(29) 

(30) 
( 31) 
(32) 

(33) 

Iv!( 7) te cA 
+ 2-P to A 
A to ~."('/) 
M(8) to cA 
+ 2-P to A 
A to H(8) 
I4(ar i) to R 

Mvance of ar,l to a.l'~ 1 ,. 1 

and bi,s to bi+ l,s• 

( 
p \ M b.; ,., , • R to cA ... ,.., Formation of single term ar,ibi,s and 

partia.l sums of these. 
+ M(ab) to A 
A -:·.o il(ab) 
N(n) to cA 
-2··p ·iic• A 
A to ~·I(:n) 

Cc C to ( + 243) 
<O 

I4( u.b) t.o cA 
.A to M( TI i) 
M(l6) ".:o cA 
+ 2··p to .1~ 

A to M(l6) 
M(H) to cA 
AL to M(:n) 

M(nl :J to cA 
-2-P te A 
A to ~i~ n i) 

Cc C to ( 
<O 

H:·:J0 •0 ) to cA 
.t>t :;ò a( a) 
W, :~r, +,o cA 
Ar_. to I,1(n') 

H( u ~ • ) to cA 
... 2-::'1 to A 
A t:; M(n") 

0~'! C to ( 

<' a b. =c 
~ 1 r,i J.,s r,o 

M vane e of dioposal posi tion from 'lì i t o fii+ 1 

Restoration of iteration indox in (11). 

Formation of iteration indox for completion 
of rth. row of Crs• 

+lO) 

Re tu~·n nf:' ~l r•'l to b,. ') , · 
Rcrt::b.:;j r:,-:.:. of 
i te:r:a t :i. 'Jt. .cd ex 
in ~ ?.2). 
Form<J.ti ì'!L 0f 
i te:r::-.-!:in:r,. :.:-1dex 
for 1'01rl;:: c::- a 

( . \ 
.l Go e .. ~. 

(35) 
(36) 
(37) 
(38) 

~o 

M(7) to cA 
-H(n) to .A 
A to IJi(7) 
Cto (+222) 

Restorati..Jn 
of ar,i to 

.:1:':',1• 

+224) (e.r .. i ci~'l:·::t.:r.cer. to ar+ l,i af:.er (3).) 

(34) C.p, comp. 

I.femory location. 

l - 38 
39 
40 
41 
42 
43 
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Contents., 

code. 
2-p 

M( ab) 
M( n) 
14(U) 

H(n1 ) 

con t. 



Memory location. · 

44 
'.Ì: 5•w 44 t- n2 

45·t n2 .... 44 +2n2 
45 -; 2n2 ... 44 +3n2 

2) Using tape as secondary med~um. 

Contents. 

· M(nll) 
M(ai-1 ) 
M(bis) 
M( TI i) 

Read one ~ of A into M and ono ~ of ~. 

(l) 

(2) 

(3) 
(4) 
( 5) 
(6) 
(7) 
( 8) 
(9) 
(lO) 
(11) 
( 12) 
(13) 

(14) 
(15) 
(16) 
(17) 
(18) 
(19) 
(20) 

(21) 
(22) 
(23) 

(24) 
(25) 
(26) 
(27) 
(28) 

arri,i+n to M(j) to (j+n) 

bTit to M(bits) 

M(6) to cA 
2-p to A 
A to N(6) 
M(ari) to R 
M(bts) ~> R to cA 
+ 1>1 ab) to A 
A to lli(ab) 
M(n) to cA 
-2-P to A 
A to i4(n) 

Cc C t o ( + 245) 

<O 
1·1( ab) to T o 
M(N) to cA Restoration of 
At to M(n) index. 
M ni) to cA Iteration for 
-2-P to A ro~;r end .. 
AtoM(n') 

Cc C to ( + 9) ~o (29) 
(30) 

<O (31) 
~T to bT(b11) (32) 
JI(N) to cA 

ll_r: ·:;o H( n' ) 

Iv!(~ i 1 ) t o cA 
-2'"':.) to A 
A tn M(n1t) 

O c C to ( + 230) 
Op. c:Ompè 

Memory 1ocations• 

l - 32 
33 
34 
35 
36 
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Ono ro~;T of A. 

One element of ~. 

M(6) to cA 
..:.M(N) to A 
A to Ic1(6) 
C to ( + 227) 

Contenta, 

Code·. 
M( bis) 
a-P 
M( ab) 
M( n) 



., 
Memn~y location. 

37 
38 
39 

40 ...,(39 +n) 

2.08 Sol1.1.t:ton of a differential equation. 

Contents • 

M( N) 
i'!( n t) 
lv!( :a J l ) 

M( ari) 

T o sho\·r tl~e po.,.rer and flexibili ty of our machine \·re shall no\'1 
code the solution or the ~linear differential e~uation: 

~.~~ + f(x) o9JL + F(x) 112 O ------(1) 

dx 

This is really a very simple o~ùation from the point cf view of the 
mach:lne, and \:e propose to use only the crudest method for its soJ.uticn; 
i t should be C!I'pl:.aslzed that, in practice, moro sophistice.ted differonce 
techni~ues \l':luJ.d be usodo 

vle assume that the boundary conditions are : 

x= o, y .= ~. dy/dx =p. -----(2) 

and that \"te may represent tha different:Lnl aoOffn. :by the difference o~unsn ~ 

(dyfdx)n = Yn + 1 - Yn-l · /2a 

(d2y/dx2)n = Yn +l - 2y~ + Yn-1 /a2 
------(3) 

where a is the interval cf diff3r.encingo 
Udng (3), (l) mr.l.y be \"Tritteu : 

or: 
Yzi.-1 + ~(Yn +l - Yn •. l)f(na) 

2 
Yn + 1 - 2y:l + + a2F(na) = O 

+ (~( na) - !)Y.~-1 Yn+ l= (. Yn 
'.) 

- ~ J:s'(ne-) )/ (,!. + !: f(na) ) 
::3· 2 4 4 2 

\"Tith the bonndary condi tions; 

Yo = q, Yl - Y.~J. '"'23.:p. 

No\"r, fr~,., ··~), \"tith n=O: 

/ ~ v . ..l. + • 1 .. 
2 

n f(O) ) c 2y0 +~'-l (J; f(O) - l) - a F(O), 
~ J 

or,· usinc (G) 

Y1 "' q + ap + la2( F{O) ., ~->:(o) ) 2 . 

------(4) 

------(5) 

------(6) 

From this pcint; a straightfo·~1a:-1i. np:r;lication of (4) "l'lith n = 1,2 etc. 
\"till give t~1e values of y at r.1l }'r..:.~.·\t:.: r.~=~ 

i'l8 no\"r give tho n~nm:.e :·· tJ~·:t~:~.7o code re~uired te obtain nll · 
values of Yn up to n =N. !t- :.s nssunl'.lè. that tables of values of f(nn) 



and F(na) have already been calculated and are stored in the memor,y; ànd 
that y0 ,y1 and various constants such as -a2fa, + a/4 have been obtained 
in the preliminary mathematical discussion of the problem. Another 
assurnption is that the calcula.Ucns have been so arranged that 1 Ynl< l; 
if this is not true suitable scale factors would have to be inserted. 

(l) 
(2) 
(3) 
(4) 
(5) 
(6) 
(7) 
( 8) 
(9) 
(lO) 
(11) 
(12) 
(13) 
(14) 
(15) 
(16) 
( 17) 
(18) 
(19) 
(20) 
(21) 
(22) 
(23) 
(24) 
(25) 
(26) 
(27) 
(28) 
(29) 
(30) 
(31) 
(32) 
(33) 

(34) 

1'-1(17) to cA 
+2-p to A 
A to M(17) 
I-1( 18) to cA 
+2-P to A 
A to 14(18) 
I4(21) to cA 
+ 2-p to A 
A to H(21) 
M( 26) to cA 
+2-P to A 
A to 14(26) 
M(29) to cA 
+a-P to A 
A to 14(29) 
-a2/2 tp R 
F(na) • R to cA 
Yn to A 
A to M(40) 
+ a/4 to R 

f(na) • R to cA 
+ 1/2 to A 

A to M(41) 
... 1 to A 
A to R 
Yn-i. R to cA 
14(40) to A 
A~ M(41) to R 
R to M( ) 
M(42)to cA 
-a-P to A 
A to M(42) 

Cc C t o ( + 224) 

<O 
Op. comp. 

2 
Yn - a J(na)/2 

1/2 + a f(na)/4 

- 1/2 + a f(na)/4 

Yn + (a. f{na) /4 - l/2)y0 _1 - a.2r(na) /2• 
Yn_+l 

The memory posi tions for constants are as follo\'ss: 

Memory position. 

l- 34 
35 
36 
37 
38 
39 
40 

Contents. 

. .cpa.c. 
-a2/2 
a/4 
1/2 

.. l 
a-P 

Storage for (19). 

. ! 



41 
42 

4 '3 -1;.) 4-3 + 1-T 
44 +:t! to 44+ 2N 
45+ 2H to 45+ 3N 

Contents. ---
Etornge for (22). 

Sto1rsnge 1'o-r iiier~:tti::m indox (30). 
S torage fc.l' f ~O) t o fO~a). 
s·l:iorage fcr 1(0) to F(Ha)o 
Storage far Yo to Ynv 

2.09 Con.vq:z-s i.vns t o and from binnry scale. --·.-.··---·· -~----

.LJ m:mtio:n.cd earlier, A<R"C""'ill perform i ts o\m conversi ono 
from docin3.l to bin•1.ry scale, and vice-versa.; those aro the last problema 
to be connidored0 

The normal ari thmetic procons of decimal .. ·bina~y cor..vernlon of 
a decimal mu:be:-..· is as follm1s~ the number is S'.lcosci v:Jjy mt:li:i.pli~d by 
2, l or zr;~:o i a :recQrded in tho correspondi::lg bt:mry nur:.ber a:::co:rcli:1g u.s 
t:r..ero is 0r :~.s not a carry past tho dec:lr.:Ial point~ Unfo:"tu..."'lal:icly t::ds 
mothod is !'}1:; YOTY suitablo for a binary mach:bo, ninea decimai nnmbors 
cannot be i:l.oortoci as such, but bave to bo rcpl'u~ontod by o. bina:.r.y code,. 
Tbus, the è2· ~·lmal number 9 \\TOuld bo insox-tod in tho machino as lOUl:, 
Tho convol'8irm procoss outlinod abovo bocomoc vory complicntod if \-TO hav·o 
to operato cn a decimal nurr.bcr roprcsontcd by binarios, as carrieB bct\>Tcon 
tho digits hnvo to bo adjustcd a.t cach multiplication. 

Vle r,hall, accorò.ingly,. adopt tho lcss diroct mothcd to bo 
doscribod ~:O\'h· :rt is bcst i:lustratcd by an cxamplo; thus, suppose \·10 

havo to co~vo:.t .341 t o bina::-y scaloo TùMl can bo \'tri ttcnz 

~To thorc:t'o:r:-o isolato tho first dig:1.t of tho numbor and mult:.plJ by lO 
( 1010 in b :l.nary o calo). Tho no:c~ ~ig~. t ~.s nou addcd in~ a."l.ò. t;,.o ''"'Vlll ngdin 
mul tipUccJ. by lO~ This procouo i u :ro!'oa.·~cd un t il all tho d.ig,tJt: bevo 
bocn usud~. i'to novr ha.vo to ro-;.1 tiplJ'· b; a scaling fa.ctor 2!'/ l•:'" 't o proà.uco 
t ho cc:-:-~c~t rosul t i as nwr'Jors \'/D.l bo ac.ldod in. t o thc cnJ. ·:lf tho 
accumule:!:o:"', p will havc thc Vt'tluo 20" r.n rn·a.cticc v1o sh~ ... L~ ·oo doa.ling 
wi th 5 di1~:~. t docimal numbors m:.d tho scale factor \·ril:. bu z'::.c/:o5r. 

!:.'ho only quootion ::orr.<.dning is thnt of tho ni~n of tho numboro 
Wo hn.·J') roont.ionod proviounly, t~1ro.t data will bo inscrtci C'n :f•unc:hcd 
tolo-t:rpo ·~a:r,>o, using binary codo icr c1.oc:lmal numùol's .. A~;·;i.ì : ... is rcst:r.ic';cd 
to 5 dùcii!l·'-1.1 n;umbors and thc :hvn:t \~·ilJ. 1Jc.: in tho form of 5 c;y:Jhors 
roprMO'".tiYlg thc docimn.l digi ts anrl a ni:lì:th giving tb.o si@: é\S doscribcd 
in pc.ra .. (J .• 4)t 't'lo roquiro to ò;-crato \·rith tho moduluo oi' '!i!.'lv nt'mbor in 
both co:r:.7o!·sions, and if our doc:i.ma.l numbc;o is negativo l "i is tho:"oforo 
nocoss3ry ·~o adjust tho corrosp,m'iìng bi•1o.ry numbcr obto.ircd by 
complcmonting and a.ffixing a nogo.tivo signg 

(l) 
(2) 

(3) 
(4) 

Dotailo of tho code aro no f0llows.~ 

N(D) to cA 
SL(4) 

A to N( T1) 
R to cA 

Docimal nl,llllbor~ 

Th:l.s shifts tho first digit of tho numbor 
into tho l"Ogistcro 
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( 5) 
( 6) 
(7) 
( 8) 
(9) 
(10) 
(11) 
(J 2) 
(l:,) 
(14) 

( 15 ) !.1.( :J) t o :t 

( 15) 
(17) 
(19) 

(20) 
(ll) 
(~2) 
(23) 
(24) 

??JflJb e R to cA 
.~ t~ M(B) 

1:(; a to ( + 5) 

-M(Jl) t.c. nL 
1-:ù t.) .1.1. 

1.0 to 11. 
A tt. M(B) 
Op.. c ')L.!p .. 

~ry po11 i ti.on~, 

l - 24 
25 
26 
27 
28 
29 
30 
31 

Result of previous digits added in. 

lf.J.lti!)l-:.cati.cn by 10, 

Record of number of digits convcrted. 

Scale factor~ 

:B complemer.ted and giv~n Jor:.·ec ·~ slgn., 

Contents. 

2 .. 092 ~nary-decimal conversio1l., 

Binary-decima1 conversion ?s slightly easier than the revorse 
process as tho straightfonrard ari thmetic method ca."'!, bo uced .. The proceso 
is to multo:rlY the binary number sucessively by 1010 (ie..,lO)o The 
correspondiLg decimal digits are given in their codel binary form by tn8 
carry past the binary point. Tho modulus of tho binary number must bo 
used du~ing convorsion, and a negative sign attachod to tho rosult if 
approprj.ato. 

(l) 
(2) 
(3) 
(4) 

(5) 
(6) 
(7) 
' . 

The coding ~G as follows: 

IM(B)I to R 
R • 0.1010 to cA 
~!(Tl) to R 
SL(4) 

R to M(T1) 
A to M(T2) 
M(l9) to cA 

Portion of numbor a1roady convcrtcdo 
Carry past binary point which would havo 
occurcd on mult. by 1010 shiftcd to R. 



l 
l. 

(8) 
(9) 
(lO) 

-2-20 to A 
A to M(J.9) 

Cc O 'to ( +247) 

( 11) l~~:'i) t o cA 
(12) c~ a to (+ $) 

(13) 
(14:) 
(15) 
(16:• 
(1'7) 

.Co 

M~:r. ) to cl~ 
l, ù1 ~(' J.l 
A t ~, . ~(( .c1) 
H!. ~:1 • to T 
Qvl O ~(Jro:,? O 

!-icm•:..·:;r ponltions,. ----- .. ------
J. r l? 

:~.s 

J..9 
;:;J 

Sign adjustcd. 

C:1nibc:1ts, -·----
C:,JdO 
o .. :i.Olo 
2-l? (for orlcr ~7)) 
2 .... ;JQ 

1~0 



l 
4 

'~ 

l! o. 

l 

2 

3 

4 

5 

6 

7 

8 

9 

lO 

l l 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

Code 

O~'JQOO 

0,0001 

0,0010 

0,0011 

0,0100 

0,0101 

0,0110 

0,0111 

0,1000 

0,1001 

0,1010 

0,1011 

0,1100 

0,1101 

0,1110 

1,0010 

Table I 

Symbol 

T1 to M 

T to Ti 

n Ti to i1-j to M1 to l+ j 

I\ to l-+j to Tn 

C to M 

Cc to M 

L( N) 

R(N) 

r~ to cA 

11-11 to cA 

-l~ to cA 

-IMI to cA 

1-1 to A 

Doncription 

Fil l ~j g~;, spocd momory from 
inpnt t.s.rJo, 
Start ta:;:JO moving to posit:i.on 
Ti and procccd \'Ii th ncxt orclor~ 
Road natorial on nth tano 
bott.•con i and i j :,n~o ll· 
Punch matorlal fror.1 nomn:v 
location l to J. j onto nth t.apoc 
Shift control to o:-dor loca.twd. 
a t I1(:x:)" 
If A> O shift control as i:1. 5o 

Shift contento o:f A. s.nè. n! N' 
placos to lcftc So t~.,/. 0e;, . 
.A~ o)-~:.( 20); :1( o :~--:.1.( 8 :· ì ·~.() 
A( O), A( 2)-A( 20 ,l~ O;::( .L)--:!.' ?.? } , 

.dJ. 1. l f~ 

Shift contenta of A~ N ~liDOr 
to right oo that cg,, 
A(O),A(l)-A(20) to ~\(O),J,A~::.) · 

~·-~~( l':J) ':" 

M,:-:. t~ ci~ Glcar .~ :h1.f;i}:~~- !I by F.J:pj.'l;;c 
lst 20 dig::.to c.:.lll. Jign i.~l 1:. 
aftcr adding uni~y +.o 21nt ~iglt.; 
Loavo last 20 digHo in Ro 

M • B. te cA(H~Ro) Porform mult. \·tithout round. oifc. 

A+ H to cR Divido A by M, placo quotion1:; 
in R \1ith laot digi t unityo 
Loavo remainder in Ae 

M to c:!:1. 

R to cA 



22 1,0101 R to M 

23 1,0110 A to H 

24 1 0 0111 ALto M Substitute d:l.gits 1.;..8 of A in 
ord.or loce.ted. at H(x)~ 

25 1,1000 A to cR 

26 1,1001 E Signa.l completion of operation'• 

t .. 

l 
' 
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