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In 1 ttl present stage of dev'al opment Whi rlwind lis designed t o 
handle binary numbers of a 15 digi t l ength. This report will no t consider 
t he uee of doublEl-lent~th ( 30 digi t) numbe r s t o increas e t he a ccur a.cy or the 
use of scale facto r s to increase t he r ange of the machine 0 These ma'tml"B , 
tClgethe r ',<Ii th t he control of i npu t and (mtput and cs tain speoial 6.rrange~ 
menta t o f a.cl1itate the use of subprograms ) will be diacuss ed i n a later 
report. 

A computer pro g·r am is defined. a s the sequl'lnCe of operation s by 
w;~eh & computer carries u t a particular proceBs ~ A oomputer code B 
the se t of i.n s tructions whi ch must be supplied the compute r t o enabl e i t 
t o execute a p r 6scrl bed pr'ogram ~ Broa.dly speaking ) t he instruction s f al l 
into tw ,~ p a.rt s ~ th~ ordel's that tell the computer what operation s t o carry 
ou.t~ a.nd the data. upon. which the computer is to ;P61'fol''l1l these oper at i oIlS , 

~l\a prluctpal 111t~ro.al elements of Whirlwbld ! wt th wh1 c:h we 
e t al1 (,,! :C'l n Cel:rll~d are t he .st~~B t he Y'i tl~» and t he ~.:rc?J. ele~ 

IE! ta o Thes .. t hr ee aleuumts are connec t ed by a ccmmunication sy s t em call ed 
t he f.!'buact. ~h t OI'e.ge :alemoot is use(j to hold bo t h orders and numer ical 
dsta p toe art tha1atie el flment arTiea ou t mat hemati cal C,'p ratlons 1and t he 
C !i t:ro ' el ement inl!\lul"ee that the cor rec t oper ations are carri ed out accord-
1 nf~ t u the order s t hat are obta:ined i n pt'ope:r f3equ(')nc~ f rom the s to :rage ~ 

!"tlcti IJ4 1 () this l."ep'J 1; contai '" a s t at ment of' t he vpera.tlonal 
l1ac t.", of'l; i.!O pute:r o r ders , 1'1\ reader 111(;180. :no t l ook: a~1i thi s sec.tion 

ur~ til i '(. h red ~ned t rJ 1~1 ·t be t ~xt but e.b.ould pro £led to SeetioD n 0 Th~ 
e:>1 e- tbat lii 11 be deseri bed . in t.he tex t are bomtd i n a separate vollllll8 

() ta~t t. he l'Eliadtll' tna3 ['EIf e l' !Sim:ulta:neou"l J t o A. pa.r ti cul a r' Ciodt\ and t (:) t t. t1 

~ ~ 'l'iptLme of tl1<:t yrdt;u's uQtHi i u t hat GodQ 0 
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Section I~ Description of Or~er~ 

The operations whi en are des er1 bed in thi s section arfl ou1 y tho se 
.... ]~.(.. operations that are needed for this report. The ~e6c ... 1ptj o~ c: the 
~:!fecte of these operations is incomplete i containing only \that J 6 n0 9ded 
for 'the presen t purpoeae 0 

I!'or ea ch order the following ini'ormation is g1ven~ 

(1) Descl":\.pt1 va llama tor' the ordttr 

( 2) Bi.u.ary eode fO:f the o:l:'der 

( 3) T he operation to bf.l perf 01.'111(;U 

(4) l'h~ f fect of t he Qpe.r'at1cll 

{ti ) 

'·f. It { ) Cleoa.l' and 1\ ,10. 
(2, lOO(lO 

'0 rnment s » wh~r6 necessary 

\~~) Clear;'\.O atH ad.·i ~h CC!Jlt ~l1'lit: r t re~tat~l' x into it> 
I. ) A.,c, ~ contaut6- 0 ':- re~~1 $'i.i'u" x , 

:an ~ ~lltaJ't:ld~ 

c e 1; {) J t;11i:ia,:t ~11d. ubtl"8.rot 
'2 ') lO'J 'l 
'3) t;ltl8..t' AC ano , btHv,rt the ~Oll't~.ut ,,1 t'ttg18~~t:I It :trom 1t.. 
(4) AC - oomplewtmt .It t;,h.~ content of :r'efl eti1r \: 

nR ~. cl. eaT'tld, 

t;. !Il. " ' 1 I 01, ~ .. r- aHd ;l!t !Il.$~ d tu 
(2) 101.000 
(.3) ~l.ea.r' J.\G tUld allO th~ p.bso.Ll.ltt>Dl:If~!1itllu.e < 1 tbe CQ.u~ ellte ,~ 1' 

agister x I.Iltu '1 t • 
(4) AC .. P sitive ebaQlute mfl..:nl.~I..l,Je, Jj t.tl con1;.ent s " f :reglstat' x . 

DR ~ olea.r... " 

t. ~ 1> ' 1 i f rautl el" too a 1:. :.1 r 'A.g 

(2) 01000 
(~) TraAs.fe;r t. O(.'l Ci.)bt,~nt.s 'Jf , ..., to rf:O~Sa t.~X- x , 
(4j Regi s ter lr .:ou . ins the c"ute.uts of .A\.,j~ t.h. Pl",,,vi<,\Ud t.:o.o.t e.nh 

of l"egl~l't(u' )t .b.a1f1~J,gbaen eJ.fl!lU'ed (l()llt)" 

(1 ) '~\:raul5fer- addre b digi, 'a 
'21 0100l 
{:~) 'l'raAs! aT t.r~f!!l ! '1..,;b.t hallQ 1 1 'l.L~' 1. tr. 111 M, tp t ~ dctl" (If· ~8iL~tioD. 

~f the order in ~~ister > 

{4 J ~' hfll t1,ght-haud U ,i'1g1te I" Ngiatell' X t\t'~ tll.t1 datnC!l at!! tht; 
dgi·hand 11 dlf:1~a in A;f' t'1 r D'Iaiu , ug digita of t'egiatel" x: 
~ ;, 1f!. und~ s tu I"J~d 
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~1thmet1c 2Rerat1onn 

ri. x (1) Add 
(2) 10010 
(3) Add the contents of register .x to whatever 1s i.n /...0. 
(4) AC ~ the arithmetic sum of the previous contents of AC 

and the contents of register Xo 

( 5 ) An alarm signal will be given and the oomputer will be 
stopped if the magnitude of the sum (whether positive or 
11agativ ) is gras,t er tllia.n or equal to one . 

au x ( 1) Subtract 
(2) 10011 
(3) Subtract lIhe c()llhnh of register x from wbate-'I'er is alr~ady 111 AC p 

(4) .A,C ~- t be arithmetic sum of' tbe p revious contents of AC and 
the agati ve of tbe contents of reg:i. stEIl" Xo 

' 0) Th~ AWe prov181on for alarm and stop as in ad . 

(1) MuHiply and round ~f:r 
(2) 11COO 
( 3) Mul iply th6 cont ~nts 01 r~gi8ter x b~ wbataver is i n AC aud 

roUI~~ off th~ r~Bult to one register lsngth. 
( 4 ) AC - tht'l left=band 15 dt g1 ts of 1;he product of tt e I) ginal 

contents of /t,e with the cC)tl.tenh of register x» I'ound ·off 
M 1n.g b~efl performed (on~ be1~ added to thl't rigbt--m~ T. 
dig1 t of AC if the dxteantb dig! t of t he product was 8. (,,\l1.o)_ 
·tffi = ~learad. 

(1) Multiply ilIld bold full product 
( 2 ) 11001 
( 3 ) l-lulu'ply the contents; o.f ';t'fI~"i. l3tel" :It by w t e''' ';uo i~ in A.U but 

do not round ufto 
( 4 ) AC = the 1eft~mo8t 15 digi t8 o,f tht'1 =_ dl :d. t product ~ .not 

rounded-off ~ wi to. the! p:t'ope~ sign aasoct aijt~d 0 

BR ~ the posi tl ve 4bsolute value tlf the r:i.ght-moBt 'US dtgi '\;" 
of t~ 30 digit product» followed by a. zero in BR15 0 

(5 A.ft.er the left=band section ba bet:m tJtQred ~ an ,~1._1p ord@t' 
can ring the right-hand section from BR into AC wi t h thb 
prop r Il1gn associa t ed wi th 1 t ~ ~e 81-~ .II11.1.st 'be pel"formad 
befoTe aC B ~l"ared, othe~ ae the sigv will be lost " 

(1) JJiviM 
(2) 11010 
(3 ) Dlvidtl the 4:onhllt$ 01 At.. by -wbatsV'Elr la 111- rtig1ster A. 
(4 ) AC ~ -+0 or ~O (lBp$" ... diut; q, u ""heth~:r th@ ~igr.l 9 f th~ l1uothn'i, 

'- B + or - . 
1m - th poet Hve 1 "o lut~ \Tal ~ 01' th qoot:tt)ut eorl'tlct t 
~,6 figurtHJ (Le (, ~ /O.ht\! rlil :ltd nu rsign d1g!.t d all f, 'i1gH~ 
tiT e s gnif i cau t to allow eorr!!lct. round- off tg 1.5d1gi'tls b,:r 
,; '" 8u.bMI \1-\:< t i'f~ (,lrd~'l"). 

:::;) ... fl.. 1 t h<'1 _v opureti, n th ... IJrdolf s;l. .. J .!>p vbjek. IllUd t u" tl .. ~ 
n "3xt ') 1" 6X'~ ri ng£! "tH~ :tUQ\. "'fit i to AC vith t, f$ proprn «it!; .. 
U8 'O ate witb it ( S@~ ,~). 
!f t Ilt?! di v i n t j:; r aatB. t.h.,.rl the divllJor ~ AO tflJI.l thi'; \lo U a nt 
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dv x (5) - cont1nued-
exceeds one» an alarm 1s given and the computer stopped" If 
the quotient equals one, the error will b detectp~ ,-tbe 
subsequent 91 order, for round off in the ' sl wi l l C _$e an 
overflow. This is because the 16 digit quotient i n .ER will 
consist entirely of ones if and only if the divisor and the 
dl vi. d nd are exac tly equal 0 

(l) 'hift l eft 
(2) 11011 
{3 ) Shift th contents ot A e..!l lnt ,~ plac$~ to ttu:! laft " 
{4 ) C - t he dg digH remain u n c hang Bd o All tb.t:lr digi is Iu 

"AC and 11 8.:n~ s hifted _D pla cefl to the left and the rs sul t ts 
ronnded- ff " Digi t ~htf1;ed 16ft 0 t of AC 1. are 10 at ~ 
8ll. - C ;jared" 

'. } }I.. in 8 1' the sig ~ h ~.,tU:H" 8.Uil r m"m ttrad .(to tbat t,he shift 
8,.1l. 'r'OUild-afl Ca n ~ per Qf'm ... u8'lIl,g positive num ere , DlgH 
t at 8.l'tl bifted l et t put (,) Ai-~ )' a t 's lost Al~d no alarm 1 e 
s i vt.'.tl j but (jil over!l.ow ¢a ' "eli by tb'l! round- 01 f performed after 
hitting hi e mpletad wi .1 g1vljj all alarm s:nd stop the computer " 

'.('n'd rod r a ).. 0 ~111 be QOl'l"e c tly interpreted \, i te only effect 
b~ ng 8 rouo:d":off '" 

r 1). n;- Shi to r hi' 
' 2 ) 1110" 
( "I Stl' l: t til out,en~ti t C e.n £., f l , pl.ac to thfol :t'lght " 
( 4 ) _A'~ - tb~ f n:c., r ~'O:o.te.o,t of AG ' hi ftei Xl p at"('Itl to the r i got 

d l"oun ad- oj f , 
:BH ~ cleared ~ 

. , p ;, 1'.1£<1 'e:lgn is G tl!) ~d. :f'1I\ m f*l"ed and 1;htl nUD)!U!I:t' t v. Ie t 

( 
I 

{ ,.,} 
( .~ ) 

e.ompl~<tmta(1 11 u~gat1vtEI 0 tba t thtl iJhUt An l"OU11 d, ofr 
c Q~ P 1".1' ma .1 usine p o aiti ''1& nUlAb Fa , The "fa~an(;j, e~ ;, n 

tl4< left-hat\d an a re fi.de 'lt1 ~h zeros , A,.ft~1:' tht'< IS i t 
an l"o'lUld~ O i f' thti' cont nt of C are again Com , l!m~I11;. tlI ll if 
th~ P.UlllO r Wa n gatt ve 0 Ih~ orde~ j~ 0 will be COl reetly 
int ' rpret~ ~ ita onls f ~t ing a r ou.u.d-off o '!!illel tH"l 'l 

on11 v ht!n ho i. ts i, A , 1 to AC 1.; and in 1m (j a T &.11, 
one) prior i tn tiMt d rO'\llld-of'f Q1' an s r or ~:r ~ t~ 
TC.·w..td-·off wi ll es} s . aJ) 0 rf1o~ 'Whi a b will giii an alarm 
4ud ~ p 1:11a "OJII uteI' 0 

-:Alt$ 
1 101 
Shi n tUtI coct 'nt 

1"0 dig1- t 1. '~ 

:""I.,1..et r x " 
llt\ln~'Z: 

tl t A~ I)..U I. :el' J h <l.'l .,f t :1l ~ 1 11. 1'8 i:-

i! .. ~ n 'l to ~ th~ llllflb "P t I d .. ft to 
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ti i x (4) AC - th.e previous content of AC and BR 8(.1 scaled ~:i~·~ is 
.' ~t..) magnitucle i s ~ 1/2 and <l. 

'1' 

BR - the remaining digi t~, f the previous contents nl' BH. 
after the shift. 
The address section of regi ster x contains the nUJl.l beJ.~ of 
shifts made (the seHle factor) . If the magnitude of the 
number in AG. was alreo.dY~1/2 and<l, no shift is made 
and zer' is stored in r egister xo (If . the numbe"i' in 11.0 and 
BR was identical. y zero ~ 1 t remains zero and Bome indication 
will be g ' en, perhaps by stQr1ng the scale facto' 33) 

, 5) 'I'h{J sign i £I sensed and remembered aud the number in AC 1 G 

ccmplamente,l if negative Aft r the seal lug is complet ed 9 

fl) 

(2) 
(:~) 

( 4) 
~5) 

(4) 

fiG ts gai.tl complement ed if the numbel' was negative o COllais ," 
ant III· th ot,hel' operat19nB ~ tre qu.a..ntlty in BR 1s always the 

i'0 a1 t va magni t\~da , 
'I,I}},6 .a.um er t,orE:'d in thtt a. l'tll'S section of regi ster' .x is 
a po s t1 n~ nteger ~ a in the address section of an ()rder, 
'l'be left hs..nd fjV€ digits of r'egisli8r X a.re undi£lturbed~ 8. 

i D IfL tC} "rd .t '" 

~u '}Jr. {?, 'Alii 

01111 
'f t 'atI s" ~t' thtl re~i tl 't,eX' a.d<.tl'tc! '3 ;. to the pl" } gr~'\1lJ .... oun1.e 1."" 

P '0 grrun COll.(1 tel" CO(~ t ai ns x. 
'1'h1 operat\o do",\!; no in oln. ~he arithmsti elbDll'lnt ~ltJI.1 

pt'ogl'iUIl. (;0 It. I dtsl; rmine'3 the 80' dress of "nt; f.Cltae~ r'ecgisttH 
from ",hieh the next cr der 18 to be takell , After. eac:h ope ra"· 
Uon the COfltentl:l 01 the pr.)g am counter are o rdiT.l8.rlly 
increalled by onE! Ii. subprogram order- eleal"8 the progrAJf. 
,~oup te:r Sl'! sabat. t tea tht< storage Teg! £Iter add 6U, pl"E\sIJri b~d 

p the subpr'Jg'r~1ll I)'t'der 1 {,self, '1'ha next order i:) conseouflutl y 
takou from this new register addre8a ~ 

Con:ii t l o.llRl p t'ogrs.ltl 
OlllO 
'1'rans:ter '"h ?eg ut.oe; J" a.ddr ~t\ x tr:> the pl'oE'ram counter i:t the 
n~imber in AC l!;:.$ 8 !)et: .... t: 'Ie 'gl' di G~ to, 
l'Lc.;ralb c."I..'..: t.iQr con aiOI x it the numoer in AC is negative 
N()th.ing MP1J8,(].1) H the n'Wllber in AC h poel tiV'e", 

I ... ) T!1~ ~.I:'\J s igu 1" " ilJ)wn i ll. bra.e ~ts after the bb eil1a.t!Qu 
cp to a,vold pO\J .. 1ble confusion It Y3u1.d PI Iqua ' p,'.>psibl. 
t.t~ fl-A tI 19, 91 Ill ' lar '\ rd.et" wht ~h ,",'Ould Gba.n,~t'I the C01Htmt .;, f 
t .~6 p ogl"eJll ;ouHter 1f thltj !lumbt3f' iu A.C is pos1,t i 'Y f> 1 a.hd thl 
i>..t t'lEithe o1"d~l' w)'J.ld 1) .. V:r'ltt !l cp( L 
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.~~tion ll o Fun~enta.1 Conc~t8 

f. J Binary and Decimal Number Syat ems 

10 A number in the decimal system is represented by a set of 
digits and a decimal point. The selection of these digits is restricted 
to t he values O. 19 2 . 39 4 ~ 58 6. 70 Su and 90 The value and the posi
tion of each di~it with respect to the decimal point specify a multiple 
of power of' 10 ~ the muJ.t1ple being equal to t he valu.e of the digit and 
t h e power be ln~ determined by its pos i tion , For exampl e ~ 

I) nt 

3 2 1 ( 
'4 2;.809 := 4 10 ~ 0 x 10 2 x 10 + 5 x 10 

~ 1 ~2 - 3 
} i.. 10 + 0 ::t . a + <3 x 10 

( <s m h ;l o!.i '0:11 Bt'y liwnber i iI t!:xpr~6s d by a. liJet. 
1u • i~ aa~. th 11~lt are r~ str tcted to 
p attio f ~aeh wi th ~opect t o ih 

O~ 'r f 2 0 • r x. ~ple = 

~ l I.) 
010 0 011 f'" .t: 2 .,. t) % ;~.,. 2 t . C :A: tJ 1'- 1,\ X ? 

- t. 

+ 1:2 tl x 

2 ~ "'t ,. 1 .". ;? 

It t1 ~ { 'lTy 

th dec ((I'" ~ 
!In. t,h rt; • .rt· 

h~ n rn '!l't!' 

. ( . 

5. Ttl COtlV8raio'. ';;,' a. fll.lJJlv ' l ' ~ It' m C.v 6 <! imal torn:. 
iJlH,Y' t fJ f'1 ("J l'"m d. 'fl t.h di rect ( decimal d at )Ad11.-~· -n=of th~GpecTfied~' 
ptHi .rR of 2. } 13l t bi 1'~ n r l OlU oOll t w t's lQn p:t" ~i& tin 

folla 

2) 
., 

-&:. --'L01 ) . OU. :::I i' + 2 2 

::; ~ +2 L/lJ. .. if 

or " .... ~ c5 + 01 2>; 

~o "h co v-erlJl.Oft t'I nu '. ", r u,'C/J; 

C )l!Ipl L rl ct 'J 8UCC .... a1 .. .. t 1" Gt t\ 
J~!. _, to <> _~fi~!l .~'t'!!!'! 
(" p er (b. r,h ... 1. • 
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'" ':' U of 2 from the decima.l fom" Given the decimal nwnber lOn3 7~; ~ 7,~ f 

c'\.' "'0t'sion proceeds as fol1owfj~ 

The highest po~er of 2 in 10.375 is 23 o~ g~ 

1 
The highe st p ower of 2 I n 2.315 1s 2 or 2g 

~2 
The highest, p 'we i" of' 2 i n "375 1.8 2 OJ" ,250 

. 3 (~ - " ~~ - o 12~ 
~ 1j 

Ana. ~ 125 8 2 0' 

3 1 "'~ -'.5 
Htmc:e lOd?, ;. 2 ' + l' + 2 +:2 (. r l Ol Oull 

oe1 Wo 

Decilllel 

1 
2 
3 
4 , 
6 
7 

9 
10 

60 
to the linary 

l~1n!1rl T p~cfmal '!!!~!_rL 

1 ! 2 1 010 
' 0 

- I 
50 11110 

11 \.jO 101000 
lOa -..... HOOlO I "'v 
],01 I 60 1l11()Q 

-110 to lOOOllu 
111 gO 1010000 

I nOO I ) lOll 010 
001 100 1100100 

1010 :)00 111110100 
:l000 1111101000 

'1'''0 important fe. 't, os "hould ll~ no t. ~d. with l'eape,::t 
and r prflQentat ione of n \lmlll; riF 

The r epres nt(-lt loll. of elll! bel' i tone bina.ry By S tim w1.l1 
requi re appl ximate Y 3 /3 ~ iM~ a roany digit posit on~ 
88 th rept'6B nt ation 'f the llullIber if I t.he dt$c1msl 6Y4t ~uL 

Mult i.plicat10t; ;.)f il b l 'y tl1.lJllbe:r by positive int.eg.c'e.1 
po'Wer of 2 0 say 2k v (,I e'lulv&ltlut. to 8."lift lug he binary 
J,olnt .Jf t.h ( number k digiti t the ri r.nt ~ f OT multipli 
r:at on b~ nlN~at he in t ~grai f,I'J",e Ttl of &2. Iilay 2~ k. whe'l",e 
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k is positive . the binary point is shifted ;-c d~gH :(>; ... , -:-,he 
left. Similar remarks are appl ioable to ~ult ipl1 ·,c", .ttn 
by integral powers of 10 1n the decimal system. 

(I t should be obvious that in the abovs- def.lcribed sh,Uting 
the significant result 1s the relative ~hift between the 
digits and the binary ( or decimal) point . This relative 
shift may be achieved with the digits held fixed and the 
binary point moved a or with the binary po int fixed and the 
dlgi t s move d , ) 

'0 ';'he 'bin li 6ytlt.tlrll of r8p1'8Gentation is part icularly wall Buite!i 
f or tl 19 Ual. curup~tel" d n ce t e machine need only d1stingui eh and at.OTe 

t <' "'yPt::? Cit d'. gtt.B ~ 0'8 or 1's" '-n atead of the t en different d i gits f 
till! de : n ~tdm , l'h l; devel pment of ~omput er8 alonf,' logi cal 11nes 
aimU J.. ,t,·1 nts 1.(> 1\ II,) tul 111 or II>, 1!0 and no system . An ther desirabl e 
f aa. ur '! he blnar.r t5y st e:n 18 th T'el&t1v~ ea~'b encountere d 1n pet'forml og 
~1" t b et1c e ""8 ()1l '4 p rm birutry number8 ~ 

t .' hJ.. l it 1t .!. t \6tl!1l ~e unl)' i .rllnnat iou ill biuary fonn ~~ all 
I1' n • rIce, >}t .;., ttl ;l reU8ett at! viulU'Y ilU,nb<d1's. al Olll utat' v r.dt."TSl ~T'~ 
(,('l<J ~ i n t:.nt; b n ry UUlllb~ . t mt 

1< '.l' ht! wmr d r~!!.-!_ i US I! 1:." t t. ~ 8. nJ' aictll llleE'l fll;§. .;;.[ 

!It c .1'1., /Jf binary digit 8 , Each dil"'it pu ott b ... :it-hill a reg 8ttl • 

l~ l." tlp !:l- f. J. 'Y ogg e wit 
" ra 1iY. rltp- flop . r apl)'!, p~d1. ion 

1 n <>J'! ? I et. to 1'"0 af. tt.t "C <'Storage tu'beBe et e " T d P ticula..r d1gU cUhe:.:' 0 QX' 

s!,r)f'tlc a I,. 8.Oy ig t posit. or! !s represent d by th ,e ph:ydcal cond1tl4)f1 '. f 
th co rr IJDC>bdin;e: 9liit ch . roal.ay • fl p=fl(;)p. Of' apot . 

,,2 ,;, '111 ~ Uti!' of digit ~ star Ii 11 a t"t!lgi6tl!T if! kTl W t u ~.?~9: o 
1'1 )lJ )o .. ~ of d1r; t 8 i ",. t"d 18 de -eYW ed ~ 

t ~on li.1o 1:0 A- r e htaT' 1st~ l en~~o Tn 
b. it1 nd 1 i.e ben' re compo. 

30 :'h !i~ 'Wh!'h ay 
1'1-' ,) f tw . yPe6 ~ 

11..1' r 'pft'"u •. 'lIl at. l ot i! (on~ 'rl'; 

pttli C ,Id .. · f r..h ~ 8 ill (~ti.l , 

of 1 

t h nUll' er v.f d glt p 8 -
l'egl at..,r I.'Jngl.h of W :l.Tl 
bl.ntu'y diF, .to o 

'.) 
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4 0 The 2·egist ere within the computer are of t wo tyPelH t he 
l1-"";,~c:J al-PUl"Ro!'Lregist er,! and the etor~ r egisters . Th~ epecial-,p",l, QRe 

:;'3G:£Iters have been named i n accordance with their opera.tional uee~ '?~ r' 

are referred to by those names or abbreviat ions thereof; the term l'c,&tat er 
has been re~\erveda generall y apeakln#!:e for use in referring t o one of the 
storage r egi sters of t h e computero 

5· Three of the epec ial~purpoBe regist ers have part iculal' 
i mpo rtance in t.h e arithmet 1c element of the mach i ne. 'l'heee are ;; 

, aJ the "Ai' regi ster (a.b'brev lat ion ~ Ali) 

OJ th~ I' ~, 

re~i, iJt t:1" ( a br9vl~t.ion . BR) 

r c ) t If:! '\..,::cunm.ls.t ol ( ebbre T1 at.1on ~ A,C) 

'I,h 1 .Uri!. o aH!rJX'J 111 (.n ~ .:rf I!Itart lns:: t, 'the 1aH are dellol1.ed ' a s A.RO, 
U" AR2 _._- A.Rl5 o .A m la.r notation 1, 1J.Gbd for desiKllAt. int. digit 

po :ett-1ovr n t h :e (" "Ad tht> }lRo ' h10 f' ~01t' b el ow for th6 AC , 

.~,.._ '0_ 

1'1, l' tH1, 11l lilt, oon el.11 ,nt lJl ~ ' \.1,gbt IJf ~ th-a extel ~l.vn of 
t,n~ 4.G . 10 t h 11 ~~rJ:tc1ty i t h. sed J..() h''''lr. tit a:ecoud Wi If a prO<A ,;:t 

f t 'lllO n bel" . t: th qu.ot, nt 0.1' e. db a ,:>n o (1n gsne:ral t il mult tpli~ 
<;;at.100 of ""n III digH 'aUiIi ' :81' hy nother nl d.ig! \ Dumber prQd: ¢ !! .. It \)\1,!t\ ~r 

ltlth 2~ d,1r,1t e o) 'l'h~ ffl9ct fl .:;1' tb arioufl order ltp01.! the JiC a ud Bl' 
are 9c,..1 bed in ~ec t.itln 10 1<'0 1" t ~ P ~e lil nt, ~urp(,) t\ H will n(~ l )ti!' ntmes-
'6>ary t () eon 1 et' th.. lee I)t th" .a.R o 

,. J'tU:~J t. It!. e ree::}s e 8 f ~.t ~ "oll,p Aid!" iH·~ coxopl'} l3,t) d ..)1' ptJl. 
poa1tl.tHl5 h .l l e~ tt'Otl\'B.t!i! ah~f'~~ ,- un ~ o E~ct t'tii!:jijt ."r (tltox"a.g~ t'1C'.r,ht.~l' ) 
j ldant.H h~1 by an _~l~.!~ t n h rn of I:t tl inary llI;qni:l~r . ~'1 /:!"'6tl d.:if, l t 
L11 tl.rI numbers.a1" ,loS d, f or th 'Ae s.ddre ~~ 15 9 p erm tt ng the 1dentifics.tinol'> 
f 2 or 20 dlst tn I'. r .f,' l tt- Yo th - uc.dre lii (1 runninr: f rom 0 t o 20470 

'fh Be 2048 register COluprh the int I:': gl '1 C. l" ~ta. i t:: ~t l"~a ' !' !!l~g!~ 
of t. be" C01t'lput 'eru 

d'c "h.,; Cq~lPU 

r. l1 ~ i At\)' ,j. B . ll,"Iaton 
of t ae - a I d re 1st r -- ~-..... 

(\,(tifie 
I;;odlnp; t 
(.j "U .... ddt" 

) <!'~r.h ,,~!, \l 0 1 y by it. .!d..dr~ a ~ 
;~')l' d _ un I atl'lod that tha '111~\ 

1:'1 " 
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F"£p'resentat ion of Numbers 
, 

1. When regi sters are used to hold numerical quantlt1eB fIr 
uae in calculation the content of the fir st (left hand) digit pOBl~ ion 
indicates the sign of the number. A 0 i ndicates the storage of a 
positive number 9 a 1 t he storage of a-ne~ative number . In writing out 
the content s of a register used to hold a number it is convenient to usa 
an obl ique stroke (I) to separate this _s i gn diG~ f r om the remaining 
15 numerical <!.~11.! o ~ 

2 0 ~Ee ."~~resent ~t ion of p odU ':,E:I number s is direct . If a 
regi st er . contains th~ digit s 

0/101 0 01000100 

ul ) 0010 00010 

'where . &l,o e t.1l~ 

dlrec 1y f ~(lm t h 

. !..~ ;ela..£! dot the 
mult .t.plee of 2·~ 

dgn 9 t he 1~, OUtll rica! dir;Ha at'!! ,.)btain d 
rifht M r. 5 di gito rt the reghterc ~~_ b~narl,_p'oi~~ 
eft h~d _~l'!.~ o With t,h .le repX'eQe taUo'n all posl.Uve 
froOl 

~ 2~1; _ .0')00000000 <)' l1 

. 1111111 HI Jl 11. 

5 0 !he_r~ eEl ~!!t.E\tl~n of ~g ;.l!e .!!~b!£'L!.~L!?"~Ld1.r!91. If 
8 l' gikJt,.t' conta.in(J t.he d .gitii 

1 /100101000110] 

t.he numb r rep1'8Se 

o O.uO H I O'Jl00.) 

"here~ u.1IlC ';, the d p,n di~1t t 1. th t~ I1U1lleri c a. digit." a:l"e () p'taln~o 

ycomplf!lme ing ( lnt~rchH l/~ n p; Ow 6 arI d, . i e ) 40 of the r ight f'rd ~ 
digits i n l-h <e regis cr . !E~-..-!>!~ar oln! ..!.!-.._ ai~ .pJ..!.£~~t_~Ll_~ lett. .!._£. 
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40 Thus when the Gign dig~t i.e ]. t h e numerical digit B of e\ 

. " ·:~t er must not be interpreted direct l y ~= ·their compl$ents w;~. ..,! 

!,linary point at the left hand end and preceded by a negativE! dgr.! f'.;~ ,oJ 

the desired (negEl.tive) nUltl ber. With thia representa.tion all nego:f,hfl 
mult iples of ;:-15 from 

~ 2=15 = 1/111111111111110 

1 "" 
t, I) - (l - 2 ~ :; ) :: 1/000000000000000 

• l.llJ 11L it 

I;. Ih .. J .,()'I ,1t ~ ':''U>(I;.lo ,h .. ,', X'~ ,; til al b ~cQ ltic of t h ch oi.c'l!' 
of If ~ VH,'tivn '.II' (·11, b D 6 <7 p,d .l.'lt. Wr- &:r'e limit d 'n dt (;jr~", t \,i ..... U1l1tH 'ir:;a.}. 

au 'It H ' h r. t Tl'! "u11, 1 '1 c~fj ¢ 2«·15 y e: • . .,t,1Ii~an ~..:.(l 2'~ 1 ') l\n i 
~ L.. 2. 1 ':>,1, 

7 .. ~ fu· h8,l." ,il ac\) fI ) C.. 1f 1.<-, U. I)f M ... .: lJltl1 "r \i tne-
COI'l)U t, er HI nclu i' c. .n S ct hilt X '. 1l LoIt\..1 '1'..,' Ax'r .. ' .re t het H ~ . ~ P".HSii· b I .. 
t '.11:\ ' t. .. o 1'>2R1 . t dO" t::: niT>! "flI tlDt ~ )0 ;. r,H Ot)..\'l,t'"H' I t ",·· Bl ~: gU· '> .art'; 

) ( "l 1', u, .i, 8t" "" . \~~.a i b 1'-)1 l!ir1. t t, " ' .IIl·oel" .1 .. 1\11 ho ' aDI[, .~ ,1 _" .r;. ) 

to (l- ;t' ~~) 1...," c:: # A ~t rtL 1'" litl cr~pt. on 1,1 \.1· 
tf"dmi\1 H ' if l;e(' '(;o rL 

1. 
c.h .. C1 . , el 8., to~ '(.n 

'Of 'h) ~hlft Ilr dt'!:t' '\IIhel'~ t'J't' \.\' C(lIl 

tJJl ddr 1.: 'II t rEl1.hr:>l" h;~ e~t,~~,t . .)i t' , Ih.iH, 
diea es d Sn :ecttDn V.) 

i.?, (I'h~ n 1". t f '. ~ ~r r Ul. ~l d.l r l t 

, 3.,cJ " :!\ f hal, ~pa: f l. e~ 

l~ addrei!ls f t; h~ l"~g1 Bt. ;,, ~' 
~---ruept~,(.liJ i n I , IS If\~ t'' 

f' O'l'der d06G no." ,ljp a () 1';10 
b." iU ' tl6:t' je r, ct,h",r 

n '<!) JH n rf..,!!'II: ~ (. ~. "V::' ("q); .... Jl Ii t<: ~ t. 
f on ()rd~t' ll~t f'Ul1 ~ 

~ll .. ' '-ve.· d #1:it '0 ... 1 ".1:")-

Xl :;hc:t .. \c£ L '{ t I!,!' ,[1 \1.lglt~ , 2' 
"f't '('t,'!.Il (' • E'i I t 1 Ill, i 1\ 0 f rlil 

• 'ul'lit:i.v.· ,l'na 'Y ~, '.:J .-r ,.!,t.h H 

Tt t n •• It!. 1.'.1<> p (; tf ~r.t 

Q r y:: d 1. t P"'t I") '" 

l' a ~ .<U"t'\ 1:' E.' n.1 1 ! 

-p,)int h' !!r:hlt a", • 
8trr g~ rer ' ~e' ~ , 
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3Q I n the representation of I order. an oblique stroke ~, f, 

I.'lf~.: .~o separate the ,operatio,!! Md ~esB sections . A.'l ;example 0" c', 

III "t",: 'ould t hen be 
._ I 

10010/000111010001 

Since 10010 1s t he co·de f or the ad ope:r.at ion and 00011010001 1e the 
binary form of 209 . the order is ad 2Qt? 0 

L T e previous d~DCU.0sioll (If t.L.6 u s e of egi stet's for orders 
and m.unbera aotls not i mply au}/' perma.niEmt. divIsion of registers into the 
~lrJO tyPe s ,. A. re,giut. l" 'Whi ch is used f O.r- An order n one pro, ram may be 
us~d for a 'llmber :l.n Mot.her prCtg:"'twl , 

, 
--Rl1r.:i?.s I 
I~I-' ._-

t 

• 
r Hl!.G 1ST EnS I - --..,. .. _-- .. ' 

t 
L s i.ONiM~bN J.:~1~~ I 

I , 

I i 

j I 

L~2L~~t5,.' ~ig~t~s~I- L~lBt; ~~ ~l~!t *J ~~~_tt; d!'! ~lt7"~;i .~~ ~i;.~_~"l . 
,~. it· tl ul.d hb JI .) tt' '' -;' 111-\1,. ,,</:j 1>I1" .ul b~ talldug ":if two idn .. 'It 

ilWIH)Srs , 'l'h~ s.ddrellfl/bS ;) f r\"f'~~t£~r~ JH~ p· 'iJlt 1.vId lnt"5g l'a au, 4 .ze repr·a·~ 

eant.ed b;,) 11 dlgit'.ll.ary uumbe.t"9 ill . ttl 1,!'l~ )lnary pOitlt n the :r;'ght. 
theue nunlbarkl c\:"(:u.py1,f.~ \} jy t' ~ u . rl~~.h t b !lnd djgit pi)a1tl~h' of .... registet' o 
i r. th " ')th,::r hacd t i t': fl'wn for'£! \ftdd s!'c "!fIt' 1 i., cOlJlnu.tation "'l"@j lC U.lt tr,l.e~ -', 1-- l~- , ~ 
)f ;,~ 1. .. 1:e ;::Vt<~L. 2 ~ J~ l. tWd 1 - 2 ' :J , 'l''l~ rep I @ 'l.'!Dtat.1.on o f tn HI' lttU7lL' 8 't'& 

u.e:~a all 1r r"r,it 'P'J8itl{7U!I of T9t!:1ster. 1, h~ left. h an e_ dir,'h pt)sH l o11 
!::lehl fH~ t) 1ndica;tt' tbt! &l.nlo tl :('\tlllli; nai:Hh-l it ..,1l1 ",8 '::!1!1'i1eniEH. /;.;) 

lHI.l '1-/\ tt '~ r. (,jr .tI~ . is b m'll'J ~'r.'ic \ q:J.&n' i t J "i\ '\ d pel~f():"1.;) ari t.llmati c .;}-p 'lH·~ 
,,~)., l.\.. l.f' to the fA(\. tt a t. ll :in3.& f l ll ,C(; pc.l.dt v a 1n t.~~era t .",h~ll 

1\1'. \ "rl'lt 8 n i.r.< "' ell1 ; OJf.)Jl.J. f c1 it, tIt 8;rt':"I~l elj,li: s)t"me:n~ :H' ''1 ~11H'' et (' ·r't1.J.lu 
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, 
1. We are now i r. a position to discues the general opera.t i ,,·s 

p rocedure of the computero The control element contains a special Gle en 
digit counter lmown as t h e .E,.rogram counter. This program counter holds 
the address of t he r egist er from which the next order 1s to be taken. 
The control el ement then pr oceeds to carry out t he order whose address 
i s i n the pr ogr wn counter by p erforming the speci fi ed operat i on upon the 
quantit y at t h e spec ified address section of t he or der o 

2 0 $01" ~xampl e . as oume that reg1Bt ~r 973 contains the order 
' ill binary co d.e ) ca 8549 an d that r egist.er S54 cont a ins the quantity 
u?3~4 J ~o tu 'bina ry f o rm ), Reference t o the desc r i ption of the Opfll"a · 
Uo , " ea" n Sect\on 8how ~ t ha.t when the a ddres s 973 h placed in th l~ 
prof,fBlll count e r~ t contro , ca rri e s out the order ' st or ed 1n register 
:7) and p ro ce do t.o plact5 t hfl ql),ant ity 05,94 l n t. o the AC" 

, 

) 0 f l.ll l ()wb.l~ the t:omple U.ou of t,hi I:l orde t.h", \,Hllli bar ill th., 
p 'o~r8m co o_of-af 1. ~h,"Ulg d 9 t; Ilt br in#'(!n . i nt o effect a nell AddresQ al~d 

tt '.1"10 i.>rrier o X, '1 :nIlsl opera-t OD the liWDbeT' in t.he p rogram cOWlt er .it!! . 
lM, n;· e :: uy one a:ft. t' sad), ('p~rat. 1on . yith reBult, tha t. the ;Jrder~ 
.t · ... n ~r . thdra,wn from. ti tOT&.rif; C llil ~""tjvely " Methodo of Chant9::tDf, th E' 
.'!.1qu nc.e o f' 01"dlH'~ are dt ~t'ibtd. i ll "eGt:tOIl IlL 

.... T - ~ j.ttfH f o rm -II 6 C,. ~(pllrea!; t .1.IS" vi tV() C0 4 wru16 p 

.1'1" Hrtt t ~f IIn let lndlr:at.e'1 the addT'8e8 01 6,p~h regietar p a nd. thoH sectmd 
wt. 1 tnd.1c tee the E2!~~ !;!l~ of I. hat regIater. hav tnl; con eut h d.l1 

,is'·1,· r t u a C01Hl column llpl~t 1:oto t'Wn partS t the f1rst pe.t't containIng 
t ~ pe at.10:o d th& aeeo)'.!!'1 tae addre.ssi) wh'8i1 th C'out!-!nt of tb6 l"eglat.(11 

a~-nwnb~' ;;~\hl'! ?l~C nd col\wtl ~1t8Tnto tiLl! ~1~ 8.11d the numerical, 
~.~~.!t!l ( with t.b(" conv~ut1on ()f rep e entation of aray,:l:"apb.8 l.l2 find 1',\ 

of ttl S f.lectlon). 

'\ 
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.30 Au 8XSJ1lple of (a) woul d be (all quantities in delcimsJ.. U··COdfld 
:f~X'l:. fo r convenience) ~ 

1019 ca 346 

which indicates that reg1st ar 1019 contains the order" clear a.nd add con·· 
t ents of register (address ) 346"0 

40 An ~%ample of b) voul d be . 
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Section Iil.,. Some Element~rx C,29..§9., 

We are now p r epared t o exami ne a few si mpl, codas 1'.::.\:' ~'!' t in 
tne cabs of Code r the actual codes themselvee app aT i n Par t. I ;)f the 
report. In accordance with B.. p r ocedure to be d8f.t.1onstrat ed below ii he 
reader should follow t he ordt:lr-to=,order progress of the coden» refe rring 
when necessary to the descriptions of the orders presented in Secti on I e 
The r ea der shoul d a t tempt t o determine the effect of each ordor of the 
codes, cheoking Buch a determination against the stated effects printed 
wi th the code s i n Part I I . 

For conveni ence the codes of this section. deal with llteTal 
r a t her t han bina ry numerical quantHieB ~ it baing understood t,hat t hese 
quan ti ti e e 11 e yj, t hin the capaci ty of a regi s t er • 

A.iI--.-9Ai.!'LlL~§.~l.e» J\r!!&~Bl s. 01' A .C(.)d~ 

1 Cod~ 1 ; 1 os 14 
2 IIlr 14 
~ mr 11 
4- t" 15 

~a 14 
lilT 12 

? ad 13 
iJ 8.d 15 
g t£!j 5 
0 tlnd o f' Dade 

n 8 
12 b 
13 0 

14 'It 

15 ( bl8.Pk. I'egi s tal' ) 

2 " '1le rr 1 T.'1" '"1'.1 . .. ~ ~ut!le . unlaR8 o therwise 1lH.ltructed.» h t t hE. ~, :t'O~ 

gram ~ount or i l ~1 tially co t a • s the f1rst addr eu li sted in the leI t or 
address c e' t..:r ' of a CQ 8 , I II thi b >ca.b: t h. · 1 i t ttddres~ 1 s ). , 
I t shoul d be noted that we ar l.n no way est!':'- ("ted to beginning (lodGe 
at ad.d:r-ess 1 & however. we must u se a group of consel.-wutivEl reg! sters for 
our orders " We may store l"C>lL"e 1Il any ~roup oJ! conse(..'Utive register s 
pro .... i ded that we make 'thE< appropri a te chang~s in the add e s sections 
~f these - rders , Hen e WU ~ould , just as wel l haV6 used registers 256 
t hroug h 271. for Co de r ~ '.;ith 'iJO resp ndid~ ~l:lal1.ges n all t he adc.re s st'l t ., 

'5, ••• t:..:. • • Q ~ .. f "~arl'.ving oi .. rt he r dtt l" i n r eglt1 tJ1:' i.e t.o put "G htl ~.J l 
tent uf r .... t. Rter 14 . ! p h t ' <:) .A , 't' " pro ru.:. ,.LO.ter thii>i. !H .. reA&dti 

to l'ea d g, aAd the ol"de a t ttl t addr f'1!I i s - a rri.e fl out This o J"del" has 
th Elffect .)f m~ltiplY l ng th~ 3 ttl t h e AC O}" t} content of register 14 , 
'.if' ~ leaV'i.n~ L in th!,l AC 'rhe next order. 3 ~ mUl tiplies the content 
'Jf t a AC» ,x _, by the cont ent oJ f r gis er 11 ;j r ~» leaving ~~ LtJ. t. h~ AC, 
"he. f l tfxt a rd~r (that at e.ddIo8 4) transf er the 2 to register 15 , 
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4 0 The results thus far can be wri tten as follow8 ~ 

,&,ddrttPJl Qrders EffeQts of the 0':', ,!t,rft 

1 eEl. 14 x in the AC 

2 mr 14 2 
't: in t he AC 

:3 mr 11 
2 

in t he AC ax 
4 . s 15 f:: in the AC 

al so in reg! star 15 

5 0 Before contimliug several points must be s tre B Bed ~ 

a ) '1'r au f errlng f r ·"un l na r egiste r' t u aJ..l.otnel" ( thest:! may ~1 thet' 
~ 8pec1al~purpo se )1" s torage r egi s ters) d~ee not alter the 
~ont~nt of the register from whi ch thb trp~sfer was made, 
In thi s conns c t1ol1 special note should be mad. of the effect 
J f the ',;)1"de r e. eddr8s8 4 a.·bove " 

0) J t,. l"8!Hlf rring a. word into tI. t"egieter tho t.f'a:Jul!~rred wOl'd 
11; o t a: ec t l;.id by th orlg1;ual cuntont of tbat register., 

Bance th r i glnal content of regi s ter 15 1 of no consa
qutJnllEL) hi t.hd 88.lll8 regard. one must n te tha di 1 ferenc.. ~ 
~twu~n the op~~atlonB e and A4n 

5, l'bl:l r e rr'E\l.ude I of Co de 1 can Q wri tten out a t; el 'JW ~ 

a 

, 
A ,. . 

d.na! 

6 

t 

t1 

9 

n 

\.i.l'I14 

.Af' 1, 

. 13 

a.d 1 . 

t 15 

E 'f ec 't.$ of the Urd~" 

JC 1n t he 1\..0 

\) ill tho At: 

(t' J: '" . ) tn tt *" 1\(, 

( a1
2 

+ bx + c ) in t h~ A~ 
({u + b.x '+' (1 ) in 'C'tl tster' 1[

( 2 + bx ... \.I ) in th U 

tnlil e mputl:lT' h tea)" or aIlQthlllr «Jo d ., 

ac tlae of ttl,.. cv nSb 11 aJl~ hd!1, t o .r l"It! ( Elva.lua - e ) t It:l :xp r~8 ato !J 
e» \o;hcu'tJ g, !!, and f. al"e gentlT'al.1y tiXI'3 oonetant nd ox i ' 

hJl.ngl.ng th GontEltlt ~f reGi ster 1 4 ., 

~ ... '11 H Q r daT'- tly-o rd. r Hal ~h w!'tY I1CW ~a r i~~ ,:lu.t ... Co d, 11 
;. .~l t ",' t I L 'f I!' a r.,c of fb . de .i."\ 8dBLl to b ih .. sam u t hat vf 
(';1) Ie !. i-wE! aI' ":od 11 'L ~ InQft'l fle"on(m 08 1)1' or j;jl (a tO r'8 +.'" a,ac~ ) ABO. 

) 
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hence takas less time for complet i on o 

2 0 The method used for fO I"llling the expression in Code 'II is qu.it.:.> '~'J ~.c·· 
E;tlle to general polynomial forming o ThuB to form ax4 ... b:.t3 oj- ox2~ . ..x ~,' 8 ) 

the fol l owing order of processes should be usedg 

a = (a) 

( a. ) 0 x = (ax) 

(ax) + b = (ax + b) 

(ax + b) 0 x = (ax2 + bx) 

(ax2 ... QX) + 0 = (ax'2 + bx + c) 
(exPo + 'bx T o)x =: (ax3 ... bx2 + ex) 

( a'x -+ bx2 
'+' ox) -+ d =: (,ax3 + 1)x

2 + (::;x + d ) 

( ax3 '+ OX .,.. ex -+ d ) 0 oX :: (ax 4 
1- bx3 '+ cx'2 + dx) 

-4 :3 '2 ) 4 3 '2 ax T bx + ex + dx ... a =t 8.'X T ox + ex .", dx + e 

add 

multiply 

add 

mul tiply 

etcu 

1 , I t a.~ previouR y menti oDe. (paragraph PI of Sect i on It) that th~ 
t" gnt l1auo. levan digi ts ;)f wl (J l' er a.rt' u.aed to specify an address w'l U. 
~J:l impo r tant d.xc~ptil,)n " ~hi 8 UDeu re in the uso of tne siltf t ,.)rd81'ij. 
{U' ~- or s1 - - ) whare th add:rel\l~ sec:tion specifies luly the number- ( .• f 
91acee the digi ta are to ba ~hifted to the right or left , In thh re p t;..1. 
Jn~ UK i ierentlat~ betw8~u the meaning ~1 the !Q. i n the orddr ~a l~ 
and the order §1-..l?. ~ a.l§ (lrders the cl eari.ug" of the AC and the a ddi t l0ln 
of the contents of :register 15 i nto it; Jtl,,).p_ o!'d~r$ t he shHtl.c!g left 
by 15 p' a ces 0:1" the digits It the AC and the me 

;2 . 'C),w 8}{ i.e a c tually all ~X~tms1olJ, of tn.S it ' , a.nd thI"J quo tient 1 ~ le f t 
there after a lit 'vision haS b~al1 p6rfo:rmed " I n a ei tuation i.n wllich 1 t 
is th~n desit'~d to p a ce the quoti ent of a divi sion iDto tb.a AC the ~}'.. 
<,)rd~n' rIn st be followed by an ..sl..J,5~ ord",r u 

J . li1\- L tl 6bo q~ remark 8 Co (.lel! II I and IV alll:mld to ~:ltelli t:U8d, i t. \tJ 11 
b~ "beet rt~d. f.c'01Il an xam1nat1 C,1l J f these codes that when a dlvisi c ll 1 ,. 
to be err! d .j\l1; the divisor shOuld be f ormed nrst L\,lld. s tored . 11 't, ht< 
hi I:lIlla is then formed in U.s AC~ t hA division DEllI iIl1mediat.,l y PI> ~ !'-

f orrued the dy 'Jrder , 

11 ifp t.) t hl ~ po ln t Wt!l .hHv ~ qSS'.HU (t t; ha't l:\.l t el' tha IJumpleti ('> 11 j f 8a~b 

J r , t:tJ: i.tl~ p' g:-alll (V')Ul ttll' 1 ~ l n e r st'HH'" l)y l ~ tb.a.t iii. - con t 0 1 ra~~ elv-~~ 



-
6673 
Eng~neering Note E--2000 " 

Page 21 

its next order from the next (storage) registero Thi s i s not completal Jr 

accurate ~ and when an order is compleied one of three 'things may ,happen ~ 

a) If the order was nei thaI' a su.b- program or-der (sp) ", '. 
conditional sub-program order op(, ) 2 t he content of !.he 
program counter is incr eased by 1 80 thslt the next ord,;;I' 

w11l be taken from the nex't a.ddress in storage " Aftel' "he 
address 2047 ~ the program counter reverte to addreSG 0 and 
is ready to continue operation from there. 

b) I f the order was 8p x & the address contained in the p rogram 
counter i s changed t o r ead x so that the next order will 
be t aken from register x , 

t ;Ill. lllil.:P ~et;n irem thi remark that a.fter t he completion of a. ,,"ode 
t h,;) n xt ordar ~bould be tiP x whe~ x i li the e.ddi-esB of reg! ster cou 
t.ai tl.i nf~ 1"he ii ,rat order or" the uext; code c (Thb will be superfluous if 
tn tww codes! llowconsecutive y 10. the storage regi ster ) , Codes l~ I18 
1 n ~ and I V {lho\l,ld os end " d wHo !'!! Ordel'8 , 

c) 11 the ord r wa~ cp(- ):x the '::-<..)ntent. of t he prog ram ';\JI.lld,tH 

1 ~ ohanged t t. ,. 1.1' and only 1 f the num ber tn the AC i fI 

~t10i lve» t.~~t l.s=if the 9tgn ii:igit poaition of the AC 
co ntains a, i If th~ sif, l dig! i in th AC is a thd 
the pro~re.w coutinu",s 1;.0 the Il8Xt order " 

2, 0 i' . rt1.cular r 'ard te;, (c) tt ves it mu t be 1lI00uttonad tlliit the 6UO~ 
tyP,ct l 11J. 01 t wo equal uumbeX"e g ivef\ riae t " the IH:!gat1va zel"C 9 thtit le~ 
-I. H:!N wl..t h a negative £li ~x, dlgit. ~ Th~ na.t ema ti ca l aspects of t h\ s al'tJ 
t1sCU~ ct i n paragra:pb .E!l 01 Seci1(.)n I V, but for the present it 1.& Impof'taut 
t o Yea lize that the negati ve zel"O 113 Buffl oent to caU !il1!lJ the eha,J; g in 
l.h", ~1T O €! am GOUllt6t' eSCT bed in (c) , 

':'(, w'ttL the abOVe! . te e 88 OJ Codes 1I au -VI c:a.a ue 1nspEl ted , ~'ht"ls t1 tUI;! 

.. ~o,j tI wuich art'an.g UJl) 131'·. iu a. cert ain Qr·diiff' , 1<\,1f convenience i '.u er-
<It li H '(;he~e l.'od S Oll.t3 sbould tn1 t1 al.ly 8,asuml.'l $ relati onuhlp amoJte ttll~ 

'fhat is» for COOt:l V a tJF.U.yst' thl!:! progreafB 'for 8. ';' b~ it ..: tJ F lV,hi 

. , b A l!irnl1ar iUla.1yuis f , 'uld 'be carrie ut for the 'Pout bl~ relaUcn-
"',~1 PI-I '.I f a ~ b~ 8J~.. of Colle VI " " 

'{'he ':l.ll.l!l,)'u:t .>1 Co ~ V 'Will reveal that tht'i I',a.x 1lU'W .. 1 1\ <:vl:l ~:l~ 

~l a c d 1 regi ster lO~ th'i) minimum in l"egister tL J1' fI, ::::. b h~ 'luat:'i:.1 t.itu 
Are ap t lUi orif'!rJ,Q,lly $t~ 8d " 

D , ',n,~ ar~61ye kI.J' \,;0 f' II flhoul 
LJ - "f' C. fl U ll{~ {Jl'dflX" ill, ref:i a tar-

1 nd1 C t6 that. fh ~ J and ~ art> au H,.lI.f, , 

26 ~ 2 '7 ~ aud 28 , 
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A morfl d.etai led investigation will now be made of 'the !.) ... 'j. 'r 
11'. which al'Hhmet1c operations using binary numbers are perfoI'I.'led w he 
~otapu.ter, For convenienc in representation we shell aSlSuma i.n t l~~i::' 
section that the availabl e register length is only 8 ~ -,,;1 th a sign. fj,g't 
and seven numertcal digi t s o The bi na.ry point i s assumed to 1J6 5.m!tH~::t1 .tely 
to the left of t he seven numerical dig1 ts ,_permi tting the repre::;~mt:;(,:t on 
of numbers in the r ange - (1=2=7) tc.> +(1_2-7 )" For the purposes of eli t,
cusei on we shall u se t ,,,o pod ti va binary nUl1lbers ~ 

'X "" '+ .01101-00 

/.ill Y =: + : OOllOH 

Ill, cc .... tdath:e"" th the T'~Ularka in Secti on II concerning the r~'PresantatL)n 
d nume r i(.:a1 qll811ti tiea wi Thin regis'i',ars~ WE» nee that the r egister :repI'a~ 

sf'n t a t.ione .. ~f ;t and y a.re , 

1: :: 0/01.10nO 
f:=; /0011011 

If;' rf:l D ~t:l Wb fl:t'eIl'10u8.l~ l.mte 'j thti c' Ol! u .. stroke '0 j Gt1d to <.ie~\fl.1.'8t(;, 

i.!., ~ign dj gi t. j rom the cru.ll\~r " cal di~t ts ) 

1., Md1 tiO[J t.~ th~ blHI:I.~Y l!Iyei<t:l1II 1.1:1 l'1JrfOl'lllttd 1oI1th tho Ul;StI ,'1 i"l\,:. 
; 1i\(. •. tllAI" p rtfid pl fl; (,f tb.d £@l1.:.t.' '46 nHtJ t~~ H i. the bln&'f'y &ly'l'lt ,-m. 'I 
I. ,J",-(l to 1 giv{)u C' witb a. ~a.:rry of l ~ 0 I!.dd~ t1 to 1 or 1 ad.dra'l to v f.,lj.'e~ 1. 

, t h no ar l"y s and r addt!l;·j, to () gl we '" 0 wl tb. no tSarr ,! I D :t1gul'l'I.\ 0 

1 
!Q 

1 

) 

!Q. 

2. 'f l!o dddl tl,Oll ,:. 1 .It oSfId '1 it a 8 1: 0110,*,1& ~ two ·e,1:'Ft a t.a~M'" ',; lit 

r~ H~t.! san" . 

.- 00110100 ~ O/l)l'l.OlOO 

y - Ol1011 ~ QLQQ&\911 
U/OJOll 1 
, . .1. ____ . ., 

1/000Hll 
. __ l- ~. ~ 

l) 1 jOlJ.ll 
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3 . ~h9 simultaneous addition of more t han two number~ ne C not 
'bo considered a1noe t he computer adds only in pairs 0 

4 0 With a register length of 8 the computer 1s ~ot Gqulp:v~(1 ".' handl~ 
numbors greater in magni t ude than 1=~7, hence arrangflwanh mus t Of:'- Ir:ade 
to stop the p rocel!ls of add1 ti on 1f at any et age t he computer f1nd~ i t eel! 
trying to a.dd two positi ve numbers who s e sum is greater than l-2~ 0 1'his 
state of affairs would be indicated by a carry from t he left hand numerical 
digit to the sign digit position. For an example, an attempt to form 

2x + 2y would be as f'ollow8~ 

2x := 0/1101000 
+2y = ctQ~llQ 

0/10ll110 ......l.. _ _ 
0/0111110 L __ _ a car'ry into the s i gn dig:tt posi Uon 

1'h18 occurrenc l.H C led an ov~rflQv since the sum has o'VeT= 
lowed ,ann r equ1.r'8S another ~ digit pod tion o .Au alarm II 

sounded by t he comput er when Buch an overflow occurs . 

In a Ccor<!a.nee wi tb t hQ previoue discultaion of Sectiov II tb.~ 
r'(Jpre eentatione of - x and -.1 in thll'l \';O nlpute:r ar" 

~x:: 1/1001011 

~::: 0/0110100 

=Y = 1/1100100 

+y = 10011011 

rt might b~ n t ~d here t he.t ih~ ti~got1ve of a number 1 repr~8ented 

II t e OOD:lput r bo the cODlplete compl Ellllent of AlJ,. digi t S g includ.tng thfl 
/lIi r di .it 

'" , ..)ub Taction If t:. .uumb.,r t~ perlormed 'by adding tue ntjga t ivf:; of 
th~ nunlo",r , 'rhus the oper ation e- b 16 replaced by a +- (- bL ~ht" e.ddH1.o:n 
~! t~~ numoeTs of vhich e1ther or bot h are n~gative 11 purform~d by $ 

proc B lClv:nm a s ~ _ ound=ca ro> ThfJ f act thAt thi e p roCast; g1 v ee thLt 
corr at r esul t; 'Wil first be Ulustxoated by 8B8lI1ple tUld tru.n r'ov8d ~ 

3 0 ltl tOE:l 1!5 d ~al"OU11d- carry pro ~f,I !) tnt; sign i i h t:t.t'e t:reat 11 
;t c tly a s if they were a dd! tional. numerical digt ttil ~ a (larry f rOID th" lelt

. n tns;ri cal. dig! t pace bai ng added i the 81gn dig! t pl a t!8 ~ but a carry 
ft~m t sign digit place 1~ taken around and a dds n a t thu o ther end 
VI .. n o rig It=Uan utimer1 cal di gl plaee 0 

=~~~~-21 end " 8~; 

, i nt t h num 1'1 y ( x ~ ) tb 'I' ~ OUa ~~K~e l1 't Itt 'lJ).4~ a l'i s (/ 
r t lll; E>.O ti. ox. ::Ii n ,b":Jr a 1'1! e~ml'lif~>@i ' i'l. f'vl w ~ 

( '1) b "-Ll n.um tHU'fi p o i~:L V~ ; x ~ ~ 
( b) Otll!! n ber neg tiV$s o um o~t'ti v<t~ J.c~'= X c;- \"Y t 

\~d~ ) One number uegative , sum nega~lv8 ~ = ( ~ = y) = y ~ (=x) 
( ) Bo th number s negativ6 g ~ (x ~ y ) = (-x) * ( ~y) 
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The possibility of ov erfl w :1.n t he addition. of neg~,t1 .,e ntunbe '8, 

1bich does not occur i n thase examples. and the po !;j si 'hi li 'Cy of 11 

~f.lro sum \'Ti ll 'be consi der ed l a.t a r', 

where an 
Case (a.) 

dl.S e ( b ) 

:, tla~ 
. , 

t.:) 

The conputer r s p rocedure i n the se f ou r cas'as 1a ~ !3 fo.;' 'Sb 

end- aroUlld- onrr y 1s i ndicat0d by (1 ) ~ 
x =. 0/0110100 
Y = O/.QO.l.lQu. 

0/0101111 __ -1 __ _ 

0/ 0001111 

- r;J,n- - -1'.. ·t 3 ~~ 0, 1001111 

" = 1:1/ 01H,1O'; 
(~y ) -~ lJ l1itO]!QU 

1/ 1010 n( 
_l -L-.. 
l / r ()llOO' ) 

0 / (' -;l io6:,· 
{l) l 

~~ :I ~ . o/not1(X)l 

:J ~. IJ ({ :,) 11 u,n 
~1.. _ 4 ~m 

1/10 i OOC' "j 

~J~U-
l / l O('o ,)l1C'r 
~~~ 

y='L ,-- 1 / 1 \0')11 0 

- a ~ 1/100101 1 
=Y l::t UUOQIQQ 

0/ 1)1 un 
il.~s~ 

1 /01011]/' 
~~.~ __ ' i 

1/01 0~l01 
_-_ .. <-~~_l~. 

1 /OlC1000 
~~ _ __ "~,J_. 

= ( x:"~ ) . 1/011 00'J':) 
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It 1s easily verif ied that the value obtained for % ~ Y is correct, 
and the values of -(x ~ y ) and =(x + y) are the complements of those 
a1reaqy found f or x - y and x + y , 

5. To prove the validity of the end" around-carry procedure let z be any posl t1vs 
.1l;WIlber i t.lS3t~tl 1 wId.eh is represen ted by seven binary digits 
i Ilimediat e ly following the binary point . Denote by z the complemen
tary positive number formed by complementing each of the Beven 
dig1 ts of z 0 Then 

z + W = 0 .1111111 
= 1 ,, 0000000 - 0 .000001 

= 1 ~ p:-'/ 

=7 
2 ------- .-----.---- -----A 

tii. Klumb~r 1 +,z, beb g gr ents r t ttM ene, ca nno t tI '~prt:H:i · nte·j i n 
the computer, 'bu,t 1. t~ dl t~1 t~ art" p sci ely those used i ·n "hl9 ~~mputl..~.r 

v r eprel3 t'lnt the egati VEl ~ :.m e - 2 t if the ' if:.P d gi t , i t< lxwl 'Ud~d , 

L~t x aud. ~' *' two 'if' U tsb .r Z J anrl ,ak' t1 '" y )l 0 " .!l.b kf 'Ill':' 

. 1,Q t.ha\.(x + ~< 1 t V'oif1 o7erfl,,Jw,. I he CA~'fi b j Os d of p~l"a.
A'l'g: h 4 will be onddered it! t urn .. 

'I'h oouJ)tlter l'u ) l.'l.)eed.ur.~. i ll .t onn1:og:lt -t ( =y wi .. "l. en:1-
~'O nd- c.a, t'y if.-i quival an t to tt~ e - Il. t,;6S . h -e crparn.tion 

(t, i'\ bt E Ct1I~ o cO !l(l:)O·) 

( c ) 
, 

the la.s t t 
Bu. i ulll 

(~.I:J ~rat1 nu b h.t equlval lH to th. ':Jud · 

\1 tiou.A for \I -= 

'I'! t> ;> 1 1((.11.1 that. tIe I.l ,u t.el' pf\ !~ koC; pro d ·s s t t..fi ~orl' c 'i; t" t<'~l't 

Y pro af' that en - a,rou.nu-earry occur~ o 'rlt ~ l!tU~'i: b in 
l":) m 

) + 1 ~ > h 
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from which 1 t follo",s that the add! tion of x and -; .Il'l\lst pro :u e a 
1 in t he sign digit place J whi ch wi th the si gn dig! t cor resporJ.di ng 
t o - 1' mus t produce an end-a round-carry. 

Qase Cst) 

Similarly t he validi t y of the procedure fo r ob t aining the 
negati ve sum l' + (- x ) = - (x - 1') is proved as follows ~ Equation A 
applIed t o the posi t Ive number x - l' gives 

1 T X ~ 7 = - (x - 1') + 2 _ 2-7 
::: y _ X .... 2 _ 2-7 

::: y + (1 ... x) -~---------~ - ----- - --C 

h6 19 tts 0 t ~ P elttve numbe 1 T x-=-y arti preoi sel y the digi t s 
t hat he comp ter ought t o obtain in order to represent the llegat l ve 
number -( -~) and t h digits of l' + (1 + x) are tho se that t he 
cOIllputer actually 1ioee obtaIn» provided that tlutr e 1s no end around. 
c.Arry " Xn thi eae,. end- a round carry cannot occur beoau se f rom 
equatiou C 

C.:J si r "i na 1" t h c;~H t 
( "';1 :: ~(x ..,. y ~ Jf x + :/ "7 

1 di fH .. >ussed i n sec t i on C 

..... iTY = - }: "t 1') 

- (~:t'" 2 

:= (1 -+ X') 

BUIll ' :1 i t I 'l E:! ~d.,.tv number 
e all wl li'e f l ow (: ndi tio 1. 

l f (:t +- y) 1 ~q.ua.t on A 

= 7 
3 t ? - ? ) = ? 

- ? 
2+~ 

hi 1:1 110" s that he comput r -"ill .J\J t dll t ;o r :T'oc t l 'upr s n t A "1 n 
of t h negfo th·e numbftr -(" + y ) bfJ auae 8..11 II - al" 'u,lH1~ eal'1 it-! 
produce 'by t t uegati ve sign digi t s () f =X aud - ';I 0 

.1.1 )" dy b un f!XJ.>1 
p si '1 , Dum Eln 

a t 
n 1. c:.e te aH rl eY'1' l r,JW. 
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20 To prove thi s we no t ieo that when t he computer adds (~x) 
and ( ... y) an end~aro1.md .-.ca.rry is immediately p roduced by the additir.:>n 
of the sign' dig! te . The SU!Jl fo rmed by adding the num'3rical dig! tfJ 
1" ther efore 

_ _ -7 ( ",,7 ) ( -7 -7 
x + y + 2 ::; 1 - 2 - x + 1 - 2 - y) + 2 

= 1 - 2- 7 + 1 - ,(x + y) 

< 1 if (x + ~") l 

3. The overflow control that- t he uomput e r must provi de tthen 
it Ie adding two numbero 1s t herefore as f ollowsg 

Doth num bers positive . - Overflow sip,nal l ed if carry 
occurs i nto the sign digit place . 

Un .number ne ,,!\tlvtl = No act ion . 

t.o number s nep.;atve~ - Overflow signall ed l' ItO ce.rry 
o CcmI'S i n to the sign dig1 t. place 0 

1 . Multi pli cation and eli sion will bo th 1>9 accompUshed y 
it combination. of a 1 tiona, shifts and complementing operations , 
1 t 1'1 1 not b necasBBt-y 0 specify the m t d 'Ueed 1 detail , ut 

t f.' 1ll1po r tant to sttp a te that ''lihe actual opot'a tions of lllul UpU .. 
e.nel divi sion will be ca rried out "r1,th positive numbers , aIlj " 

nece e , ary cODlplemelltiug being done t t beg nning all nd of the 
pro ce4J 

20 "hin opaf'atl o.o.ra l:I. 0 lfil) be perf rmttd -n ') itivt; numb rs .. 
'k u. l! a negative :number' is to Ul'I shifted it is first complemtflt ed, 
t lbfl tihe complement 18 hift d A,lld nally thu l'" t i s eomplem nted , 

,_ • ' , op':) 'atlo.ns oJ: III tiplicatio1J. ,0. 

i g i n t :B T' l~~ '!.,: t~ r ana, th conta.u of t;~ acCWllll.-
Ator may be . r ounded off by adding in a one in th r1ght hand ?lac~ 

of the aCC1..uDtU £ltor i f the e t hand igi t in ' the ra-
g~at ~ 1s a 0 e . (Thi s round off a optIonal in mult plica ion but 
'fll l alway be carded out in e ft1ng rIght .) 

4 0 'f ap ratione 0 6-atl(~ d tha't; ro (l' ', \,) ." 1& ,,)11, 

"' 1:1.1' 1 d Ci t OU 06i t. en: btU's " Fo e ~ i n ~orllllIlC' ~ H Tuw:..d. d 
c t x $' (-)" ) th (;1 the fu 1 pro u:t t.~ f 

t 1v n .unbera x and y and ouud' off t.b1 s po e tiv pro uct 
g t o 0 tid t b ro da of va of -"Y . 

aeated (;i t 
zero~ BIld~ 

Ct1 » :0 l' tj~i sta r i ;$ 
~ meeJ} s mald 19 n. 1 ' 1. ,:1 ts zero. ) Thu ~ i 
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x = 0.'0110100, t he process of shifting l'ighttbre places 1s as 
1'0110"89' the C indicates t he beginning of t he BR: 

In! tlal val ue of x 
First stage of shift 
Round- off ef fect, 
Result 

010110100 ' 
0/OOOOl10().00 

1 
0/0000111 

If -x = 1/1001011 is t 
step 1s to coDiplement » 
out, givine 0/OOOO1l1 ~ 
T ' 8 

b0 phifted right three pl aces, the first 
givi',lg X 4 The above proce ure is then carried 
whi ch 1,8 complemented to give t he result 1/1111000 . 

- ;r-

Ca np lement 
Shi f t right t lu'0e placei' 
Round-of of f!ct 
~hifted cOlXlpll,llTlent 
Complement 'bauk 

1/1001011 
10110100 
/OOOOllOf).OO 

1 
10000111 

1/11110 0 

6. Af. WJ exarupl H Of ti. Oa8ti in which , '4.t1d* o f doa ! la t pro dul(. l:) 

t hr dct l Uon of a on : .. n thfl! right- hand plS!<! of toll a.c cnmulator, con~ 
siaer the p I"OO(; e of .... 11.1 ttllP' x four p1a~e t.o tb :r1ght~ l41 e n 16 e. 
:tol ' ~l\ol " 

Initi al Va.l I!U oi' x 
Shift right UUf' pla cdi:> 
UQund-of! fJl'fect 
Re utt 

Compl em n , 
Sh1 t 1'1 ~,t fo I' pl a.c6i1 
'Round -off r fa c t. 
ComplemtJr.t li ack 

. ')/0 10100 
0 /0 ')0011(01 ' 

\ 0 
01 0(0 ), 

1/1001011 
10110100 
O/O~')OOOllfPl 'I 

1/ 11 11 

In th~ all:;) () dla - ~ tsitw ' ba'V a . ~ IDltid 0.( x ""1 » O·~ :t ..... 1 ~ 
(x ~ ~.J Wa Ito conti de 'r ",118t Ifl: p en ."t tl X .:.. y :.:: 0 ~ y tt~~ Y ::: 0 
a lld wb n :x ::: 'I' :::; 0 . 

(s.) 
and (b) 

01 O.J(){) )Q 

l/n11 11 
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~~e sets of d1t~ t s (a) , (b) have the same meaning . Howeve~» 
as they look d1ffl!)X'snt Oil the comput er ~. t 1s r6a~onabla to rofe t~ 
t hem as positive zero and negative zero . 

3. It will of ten be convenient in a computation to use the 
ulgu digit of some intel medlate result t o determine which of t~~ 
alternative courses the computer shall follow o We must therefo ~ e 
consider carefully whether a zero occu~ring during t he course of a 
comput ation wil l ap98a r a s a positive or a negative zero n 

4.. It he. be(, . rema r ked tbat su.btractions arEl replaced by 
a diU nt! of compl ement B ~ and t hat multipli cations and d1vi si~ns Are 
pfl rfo f 'l'U 9 (.I by a seri es of a ditto'ns ll compleme.nt1.ngs and shift s . Now 

h , SuIIl of IlUlUber and i h colllplement, 1 0 e .» X + (-x ) j appears on 
tne eom;p ter al:l t he nagl'l.ti va z ro 0 For example 

x - /OllOl OO 
- Jt = lJlQ.Q;LQl.l 

o ~ ~ = 1/1111 111 

( N t that. __ l he 1,Ctlsd .i of cali b) i ll secti( 1). ~ equbtioll 13 _. 
g :Iea Jt: '+ % := 1 - 2""' if y =: x» IS wine that tha d d1 Uon of x and. x 

·,LV - no ea .t".ry into thtt i (c';n dig! t pl. a.c u i I) that XiI.) end-8.l"ound.
I;ftj'ry ta.Y.t.'I8 plac e . ) I.n pw t 1 lar t he re It of 'add ng Iii posi ti ve 
zero t o a negative z ro i s a nega tive zerOn 

5. Tna oruy )'th r 
~ilen t w p s.l ti v ~eI'O or 
Thlii 8 can g1 va 

o ::; 
o :::. 

0= = 

i i l " bier. :I.eI' can arh& IJy addi tion i~ 
t ne )A ti ~ on G are add to ett~I' n 

( t appear8 ·therei'ore tbat 8 au trac t ion <:Ian only 1". risEI t o B 
positive zero liho bott. ~ ere invo vtld art:! ztlrIJ o 111 t act , proVi ded 
x :f 0 we can be ~ure that the result of the subtract ion :x - :x will 
be a negative zero. 
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The occurence of positive and negatlvo zeros in multiplica
tion a.r..d d1 vi Bion 1 s uo'i; '0 inr'pol'taa ~ fJ.lld will l',~~) 
be di s c"'llBoed. It is perhaps worth r ema."rlCing tht~t : shift r1; ..... ~; -. .os-ves 
a negative zero unchanged, because compl ementiJl€ occurs befora f.c.'t 'l 

af ter the actual shif t. 

'fa have now e.xa.m1nad what hap? ns in tl,9 four Case' Qf 
eccQtil)!:l when x - :r = 0 and wh 'n x ::::: if :; I). Consider no 1 

1 r 0 and y = ~ It fo l lows from t he investlgatl( s of cases (a ) 
anrt (c) t hat , if ~ 1s repr esented b the positive ~ero , the addltlo1 
of y t o a non zero number has no efi a t on t hat m; nber < Also , :t ,~ 

in the i nvestigations ot ~a8es (b) and (d) in sect ,on ~ we WTite 

3 ,= .0000( \;0 
Y - ') 1111111 

t .fo l.1'J"'EI that th~ a i tiOI. ()" l\~ ,n.t Vb ~t:lro to '" O, l :tl3r'O numb f ' 

J.u .,. to t Char.v::H f. to \wl'tlr. 
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.§ ~ct1Qn Y... Mes of a More QQll1p1Q:; Nature 

A D Qildes VII and VIII : Fqrth.er Ill!ll~trations of Sh1tt1~ 

10 The r ound-off effects of the II order were illustrated i n 
paragraph D of Section IV. A particular use of the !l or der will now be 
demonstrated . (Refer to qual i tat i ve discussion of the or der in Sec t ion I.) 
Assume the or i p,inal contents of the AC wer e : 

01000000000100000 

d t h th e R cl eared filled. with zeros) . If the firs t 0 der is 81. ~O the 
,Il.C e llA neeR to ;, 

0/ t')O)OOOOO( )UOOOO 

Id.'H t" "" aa v l(s~~t /'j ). glni.l t'i flPJi i f, te ~nif c. out of A ar losto 
10 , e ; b e~< I.HI:;! tr. t!' t ,.ta. r g iMlly leared we ave u r !lnd-off at 
~C I~ » t f "j r. i .) i. v w'tt h B. UJQ. r de' we are l ef t i n th AC with , 

17 )', 1't·)o]I ..... nc tc 
1]( \.(~ ').lli ,:IC 

__ :r u t' 81 .. ord er 01,. t .<:, ,~ ir, .nal ~o n tt- n t t 
. h l'f'~u.l t. ' m r a l:..h p,r 

T ·h 

l' n 

-l~ 
j'.' " V I [ ~ t " \ '.L I~ t 

t>!, t "'~l •• '( , .. EHl1, 

"")-It ,, ~ ; q. 1;<;. 1 , t Ii 

t",i . i. C.! (, t·, i . 
1r , f.""i? 'p' [ 15 , 

rl' \. .3 J. ,. .2 .... [, 
Afl r 31 ~ 2'~ 1, h 

:-'., ~nt: 1 1 A..l .. Jerf('ll-'1, "'.11 .. " '(.~ e tJ L"l'f..... ~ ~~ s o us 1 1ll' 

H' E ., r l.e}.' 1" 8,1;0 '. /;OT'd' f'j r~f' l~t" l!3 rId "" L\!..P .n'l,t (E. c.ne s h i f t1 ~ s d'e.'le 
~h Wl i :. :1 j .'lila so t1l8 wi!" l ih~ C-Jur. t tr' .'1).~ 3~ . ;? ~ (O/Oc,(y~ '\ r~O" ,)l('l(\ (' ')) 

!1 t .u.._l. N 1( .~L. 12 () r r:'~ c, 1·' r l ,- he 0 

J. 

,~ .. !,'>l l 0 1:1' U~H' 

o , loT t:'l ... d Uf) H ."l:t",j r , 
':1,- t:'lIl " € 0 f • f t' 'L~LC t 

~< l.';!ctr-r i.. : c e lG 
fi)rd~ u .. j'n n ,. ~hf'rl:3 

,I,d II, fJ rt (, ' :,nl , . n1"oh l t' 'T, i be e :'l . >~ 

n."r 1:lt i (,I. .t j TI(id1.. f :l ~l·.t 1 \H1 S thRt r 8y 
l)'Oera ti '1~ '11 ,1 If.od Ltc n t1.0 !'- '; 1"'<'- (]S~ 'Il l:' 

r neh l t \.1 f' (.l td r hil t. t:- C< Ame l d'l S i e' 1 
b ,l r :r Thlrrih l' ' )j i.:r ~ 01. "f)", eal ' t i t:1e s , 

a. f f l.! !'''''li.t whe 1 ,.".i.'t t n Of f';'u' r a ll (l n, t" 
o,l~ .1", tr)i-t: IJ':-cl • ~J .':' )1' • ., > t' ~ two ,-8, T.' ! s of ., '.! ~I ) 
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20 Suppose that t he order under cona1deration 18 ceo 183Q Thi s 
j c ~epreaent ed in. a regist er a s 

10000/00010110111 

wher e 10000 18 the binary cod~d form of ca and 00010110111 is the binary 
equ.l valent of 183 . The r e sult of add1ng+ 2"'159 represented by 0/000000000000001 9 

to c:: a 183 g1v8e (neglecting t he obUque stroke) . 

~ 1000000010110111 

~ OO\')(X)() 0000001 -----_-.:::----
1000000010111000 

10111000 or ca 184 

, bu", t.he J!dditiofl 0 8 tlon of th Qrd r 
by 1 'no ' Af e ct1ng ·to tn . Cl din ct tb1 d1f i cation 

h a (':.d 1"8 IUI 118 U 8. 1. it 1. '~'<UQ d that I' g to !Sf' 

'~IV ~-15 
.r.V:J 'unlral n d th o.rd l ¢.$ 18. .1 iqil . r ~tlt.8r 1J )5 con ahl d 1> ,<;1 

u . .). 

.50 \'l f.} I l ~t' lS;i.fWp .\ *' of opera; 

rf""ot I) h fo c:tlll' 1,] (.' Q v. Qf ol"del"' ~ 

h r r~g lit at' J~O ,;,o a1 II ne 0 I'd. l' Co 
1. \ C (.t t.a. n Of.! 18 0.,00 /000 OnOll h 

<; 5 () put 3 t to t . ,C 

1Il t ru.e d .,, ' .I. 
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4. In general the subtraction of two Ordel"S containing tto IlB'lle 
Oi.~c',=,£l,t 1on section resul t B only in the di f f erence of the :address (~u.·,V ~ fie 
of t hose orders mlut1plled b 2- l 5e In view of t he remarks in E of fio~~ 
tiol). IV. if both oI'ders are ectual the r esult of the above ope rat on In a 
ncagat ive zero. 

5. The above mentioned operat i ons and modificat ions of orders 
lU'e used extensively in coding and w11l be llluatrawd in the codes which 
follow. 

Cu Codes IX and x ~ Cyclic Program,! 

1. One of the desi rabl aspect. of Whirlwind ! i the feature of 
modif ications and operations vhich the computer can perform upon i t a orderlo 
When thi s feature i8 coupled vi th the use of t he cp (=) order th machine 
is able t o periom cyclic programs in which tho s8IlIe orders or slight modi .. 
flcat loDe thereof are used over and over. 

2 " The use 0 cycli c programe permits e. good deal of aving in 
computer s torage «SpACeD th1a being illustrated i n a compariton of Codes IX 
and X. I n these codes due to the l arge number of storage r egiatere involved 
literal coefficient . along with numbers are uued for addr&as des1gnAt lon8 ~ 

An ~ 1 used to refer to t he regist ers cont a ining ordera wb reas ~ 1u used 
for numerical dat a regi8terl o 

3 0 COdd IX 8V Qat.ee a polynomial 1t A u falhion U8 ng 
t he proce8S indicated in Section III paragr aph B2 ? 'l'htl cod use 2n + 3 
ardera . Cod X al t O evaluates a polynolDi using a cycle t o rep at the 
sioil ar sequence of order8 ~ Thl. necessary sequence in Code Xa ardera 
3 t hrough A6 ~ have their addreea secUons cbanged t o permit handling 

the various & coeffi cients . The subtraction of tvo orders ie used to give 
t.he necessary' + or r quant ity to pemit regenerat 10n of thre c101e . Coda X 
\laes ~ orC1ere and thus if !£ 6 Code IX woul d be ueeds for Xl ):t· 6 COdfll X 
'Would be more 9Conomlcal , 

4. It auld be noted tha t a c1'c11.o ~bd alv B :requlrtlll a long r 
operating time (more orders are carried out) t han a l inear cod& du to 
the lDodlficat ion of orders during the c1c1 9 1l'l e ither type of code p hovever~ 
the amount of useful arlthm tic ope:rat l on carried out. 1 the ame ~ 

; 0 A part i cular ad.vant ag\!l of th~ cyclic code i n IU.I'l ' 1"obl_ 
6S polynomia eValuation 11 what might be t etmed the e.lt era110J1 :e08 ibllitl,o 
'By t h is t e%'lll "We ref er t o t he ea.l., by vhich a code 18 alter ed to extend i t. 
range of operation u whether 1t be tb~ chan~6 of the d gree of th~ polynom Al 
form ed or th extent of an iteration o I n N Il" ,eusqrpl 1. t h e ri gret!O of t h 
po1;ru 1al vel" i ncr &iSed from the Val"'8 1'1 " Ooat; .n . 1; \J,l d :req.u1r <.!wy 
the ci:8Jlge in the addreu 8~(:!t ion of orde; .Al ~ in Q t cods t,.b'8 . ~ nw;u Del" 

\.) of A.ddit ional COllliit ant. 1ZlU.~ , be added, 
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6. A primarY' requ i rement of a cY'clic code h t ha.t it l}e ~~1= 
resetting. BY' this one means that if the address sections of orders 
are modi fied in the progress of a program these addresses must be restored 
to their initial values befor e the program is used again. This r esett i ng 
can be done either as the prl)gram begins or as the program 1s complet edo 
Code X i8 reset at the beginning of the pI'ogram with order s Al and A2 . 

D. Code Xl ~ Scale FactorinG and Overf1o~ 

1. :Because of t.he restricted range of numerical quantit ies '!Ii ith 

which the comput.er can work [ - (1 _ 2,,:15 ) to + (1 - 2= 15~ we are f C'.ced 
wi th t wo requlrement8 ~ 

( a) Mo st wnerica l quant ities bef or e they can be int roduced 
in 0 t h e comput er vill have to be Bcale=f!ctoredv t hat 180 

m t1plled by ~ apprOpr iat e number' t.o bring them i nt o the 
com 'ut el" r ange. 

( b ) Part 1cul ,u C;l!U"e luue t. Cle t aken i n 8 cOillpu:t er p1"Og1"8111 to tmlSW'e 
tha'j; no- £veJ>!low occur. !\f'J the r eault 0 arithmet i c operat 1on!3 ~ 

2 . COt1 Xl 1l1u lltt'at e a d mple ex.emple of addit i on 1n whiGh 
t e naC8e &-'f'1' 8cale factorin.g h.a n eSi), done bef ore the quant it ies s.re 
i nsert s i nto the c mputer fS tor~ and i n vh.1ch t he progr mxl 18 dlluJignod 
to prevent ov rfl w. T 'l~ In"oblOOI 1e to M d the ~ an.g1.t! l G

1 
9 02 c @3 - .. ~- 0;0. !I 

W <ere eac angle is expl"tf l se d 1n rad1&.n mea!.'i\.U"e and each h8.~ 8. value uch 
t ha.t ~ 2n ~ Qi <' 2n for 1 :;a 19 29 3 --== no 

s 
3. Due ,(I t h e !Stat e r ange of S1 0 ve at"e a8WJ"ed t hat ...!,." 

4" 
(fef' 1 = 1 , 2 -~-= n 118S within the aco6pted omputer 1"8.1: ge tm , it 16 
th~8e values which are! at. ored 11'1 r~g1stere 16 through 15 n~ Despi t e 
t he Initial scale f actor in , of the e angles WI f or-Rae thA.t '~ i;..!! ti.J ?:abiwn Gf 

t hel'Sc I Cal f.! fact ored ~l'lgl eo s;y exceed th& comput er range unlesli V~ add the 4+ is 

an cast (; aU 1l\u1 iplsa of 1/2» t hese corre8po:o.din~ t multiple~ of 2n 
in t he e' so 

pro (!edu;r- . €'d in th:h code h t CSi:lt u;,, ·a / 2 a Gh 

t . e it appaars i n ·th olUlllmIJ.t1on ~· t he use of a 11 1 order follo'!t ~ d by 
..!t-,_ or de r>. These . 1 and .il!, or dert1 ke the 'UIDlD8t1O belo 1/2 s), 
t.lm*,s. aIl d. flinct!l all the l" aining gular quant H 1e . t <l b~ added r e l. ellls 
t . 1/2 a8 a reoult of th ucal f act r ings ve vil l not get ovar.flov0 
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50 The repeat ed summat ions and use of the aU and.!!...! urdere 
r ··~';. Bted t he u e of a cycl i c code . The determination of the end of ':;ll. 
sU!:t!!llat 1on is made by a subtraction of or ders, the cycle endi ng when the 
dif .. erence of the two orders produces + 2-150 The final result f t ha 
summat10n appears in reg1ster 17 + no 

60 The reset of t h e address sections 18 carr i ed out by orders 
10 29 3 ~ 4p and 50 

70 It i e important to remark upon the :previously ment l oned 
point that Bhift ing di git s is similar to ~ttlpl1cation b.Y powers of 20 
Rai erence to the description of t he orders in Section I Should indicate 
an important differenc e between the shifting and multiplication orders 
as regal"ds l"ound.-.off cons1del"at 10nso 

Find1n~ t he reateat of A tie 

1 0 .... ode XU provides another H l u !ijtra tion f tho Jnanll~r by 'Which 
ht1 comput er can che.nge i t s lm control ul st l''u.ct1011S during tbe cou:rae of 

a program c 

2 . /j' h '(1 DeT'e l' ' 2 " L .... __ .~. :n. N.l of wh"l.c;r.. e.:r d iv., ru:u~ 

ali il are t e r tid in OQOS8OUt lYe r u 1st'lre Cl . 02 " ~~-= On. Tha code 
fl~d~ th gr te~t of tbese um er8 0 say. MU and oior 8 it in B4. If 

tor mO~8 equal numbers a greater truw. al' the ther awnbef's of thl! !lei" 
th~ progr Itore th~ f ir t at th e in 

3, · ~ prQgram d end~ a en ,n ~ddr~ s ect lQn Qt 
the ord , 1"8 A2 .,1 and .A2 .. 2 in such !panner til t for t he .W::C,6 she "9'I!IlUf.j ' 

;;> ~ " 4 -~-= ~ 0 ' ~. th nU.DIber~ m 18 oomp eel w1t 1 he 11lJ)nbeX' tbat. baa 

alr a ciy b ~ . found t o b the gre.ate t of ~ ) u T2 ==== 'l'h1 numb'r 
III ~ l ' 

,..111 b~ cbllred the l.8fQpor Y' ma.:xiJDum . 

4.> l ' prllc l/Jdur the (;Olttpu1. e1" is 1.mUtt.r t,c. ' .. 4 t ox alII . 
running his e,e M'Wn et of XlW%lbers e The !It wouJ !Db l' h ~ fi rat 
num Pol' until 43 r each If. great er umber 9 Yh1ch hb voul t.h 

'nil ht r each II at 11 grea:ter number, and 8 0 n .. I n i'ac. 
p SI' g each num r i n t rn yith the greatest of t he nUlIlb~:rQ 
prev10u l ' examln d. In Code XII the computer e8 the am~ thing except 
that it r&m~mber8 th addreue at wb eh a num ~r i 8t(~ed ~at S~ than tb 
num ber i t self 0 

~d .A4. 
50 T.6 ~en 1"81 pazt of th~ cod 

'r h first eo ct1on~ Al D ril:!~eta t ht'i 
COl taiIlvd in .:!ect1 \ • ')9 

r der wh ~~ bav ~een alt 
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du.!'wg a previous appl i cat i on of t he program. Section A5 det armlne~ H' 
ell the numbers have been dealt wit h . I f not the computer ret urns to .~ ; 
if all numbers have been dealt with. sect ion A6 put s t h e maximum nmnber 
into :a40 

60 The el gnt oper at ions of s~ctlons Al and A6 are used only once 
1n a program; the eight oper at i ons of 1.2. , A4, and A5 are used only once 
f or each of the numbers x2 ' ~3 --- xn 0 The 2 operat i ons of A3 only occur 

when the number being exam1ned i s greater t han all numbers pr evi ously 
examined. 'r he total number of operation. llee between gn and l On - ro 
,A.u UIIl ing an average epeed of 20 microl econds per operat ion and taking 
n = 1000 , t he time requir ed ~o find the great est set of 1000 numbers by 
this me~ hod i s between 160 and 200 ml l l18econds o 
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pj3ction VI 0 Coding Notatjon anU~~ 
1.0 IgtaUoQ..to.r Qodinc 

10 A p:rogr am is a sequence of operation by which t he CO;il!)ui.;er 
c&rries out a particular p r ocess . Tbe code for a progr am 1s t he Bet of 
instructions that must be put into tbe computerQs storage to enable i t to 
carry out the program o Thus a code is essellt 1ally a st at ement of the i niti al 
content of the r egistere that are to be involved in the pr ogram , t hat i s , t he 
content immediat ely before the program s t art 8 0 These r eg1 sters a'r e of two 
kinds i 

(a) Action. rKl.!i!terli from whi ch t he computer control ob t ains i ts 
ins t rllctiona , 

(b) ~J:eg18Uri, whi ch are used. to sto re other i nfo rmation 
t hat may be needed during the progra.m o 

('l'hie distinction. appl1ee on y 'to t he Wa;! in whi ch r egisters are selec ted 
for se in a part i cular prog r am " Any register in the comp'\lttu'~ B s torage can 
~ 8ssigndd f or u se ei ther a s an action register or as a dat a registe~ ~ ) 

2 , The content '"I f regi s ters o:f both ki nds may be changed d l.ll" i llg 
t he progr'alD o For oxample, Ii particular data register may cont ain 8A o t'del" 
whioh may b tra.neferred t o an &etlon regist er as t ho r e sul t of e. compar i.s:> D. 
~peration Q T~ coder who i s drawing up a code will have to keep t r ack of 
the oontent of all thu regi ster s a t all stages of the program » bu t t he COIll

pu t e r mu st be given the i niti al content, so t he code must show t he 1nl~ ial 
content onlY n (A distinction 18 drawn hexot'l between the code taelf' and any 
e1planatory notes t hat may a~company a write up of the code ~ ) I n many Gases 
part or all of t he initial cont ent of a r egister may be immaterial because 
the content 1s going t o be supplied during t he course of t he pxoogram before 
t hat register 18 uBed , In wrIting out a code a dash is used t o i ndicat e 
tDis state of affaire . (Hot e t he distinc t ion between Hca __ " and "ca 'z e ro ~ . ) 

3 0 I n Section I I i t was explained that in discussing COding t he 
tit! of t he word reQ.lter impUed an Addres 8 . When wt' refer to t he reght. ~r 

con't &1n1ng a particular number or order WI9 are usually , if not al.",e.y6 ~ 
thinking of t ne address of tne r egi ster though for the sake of rev1ty of 
anguage we do not mention the word addres, . ~1 ilarly wnen we t alk about 

the content of a xoeg1etel', we a.r e t hinking of t he register as identifi ed by 
an addr6s6 o Thi, i s reflec~ed i n the follQvin~ RbbreYi ationa whtch ar~ 
co trunOA1;y u aedg 

RC- - - = (address of ) Register CQntaining---

CR--- ;: Cont.en t of Register ( 'it il8 addreu i& --,) 



( 

( 

6673 
Engineering Note E-2000 ~l 

40 The addreeses t hat wi l l act uall y be u sed when a code 1s 'Out 
irito the computer are no t usuall y known when the code 1s being drawn up, 
PO symbols are u.sed to denote t he actual addr es3e s o To ?btain a contd. je, 
\ 71'1 tten r ecord ot a code 1 t i 8 best t o represent t he addresses of th~ ~.ct1on 

end data regi s ters by a Get of consecutive serial numbex'lJ , Th1 s wU l be 
called t he aerial nQiallqn . 

5 0 I t would be nat u ral t o start these serial number s a t 1 , and 
for the present this should be done . However, i t may be decided to allot 
some of t he regi sters of the computer to the stor age of certain unive rsal 
con. tant. , and in part l oular regi s ters with addresses 1 to 15 may be all o t t ed 
to power . of 2 , so that for n = 1.2» " . , 15 

CR - 0')- (l6- n) n - .c. 

If this 1s ne th~ $ari al Dumbe r e will have to b~ cho sen $0 that t he y do 
not contain numbel"8that are a ddre u B of r egi s ters allot ted t o ep e 1&1 
p rpoeel o At the end 0 the ac tion registars of a code a serial number 

l o u l d be rau" d :for an ap o r der that will Qw1tc h t he compu ter t ~h next 
j ob .. 

4 ha t .t'o l l o'W fj tI. tB.llda. rO no t atiOD 1 d sCl"i b d whi c h makes 
i t as ~r t o f ol low ti~ execut ion ~f t il p rogram 0 Thi s standa r d notation 
18 a1llo mur Et CQIlV nl n.t than t he aerial no ta.t ion fo r USE; when a coda 1 
be i pl ep a red o 

? , 8er 1 of tat~entti of what t ~ oomput eT 
llll. ~ do a t p gram , TMiH~.tatwnent8 a):" j@ wr 1ttfin 
no A(iJ tUlO th~ 01e8 a:r:'e J \) i na by linea o f now whi ch .,how ht:.w t h& {.(Im

put e,. pau\lI " from ontll :s '1iage of t 146 pr ogram t o another 0 When t h.! p r oc: e .u.r~ 
:'l.1 ne computer aft \U' 8. pa rti uular stage dapent'11i1 Olt 8. cp (- ) ordor~ th:i/ state~ 
l1l f.!u tt i n in co r T fJp ollding 'bO:lt i B 80 wor'ded ,tbat th~ lines of flow 6l1le r ging 
i rom t he bo C8.U P labfSl l ed "Yft s" ana. ~I no ll . When a code ba een compl el,iely 

or ad out t ha main obj ect of t he flow diagr~ 11 to m~e th~ main gt ructur 
l ~h program al ar . Dur i ng t he process of worki ng out a code t he fl ew 

d &gram , by separating t he p r ogr am i n t o 8tag~ • • mak~1 it a y t o n t~duc 

alte r ation.a al c ding p ro c e de ,. 

I thti PTQ e6 ~ 1!i vt' ~ol ri.ng pl"obl - t ht'l :fi r s t t nta tive ~tep 
1 t:l t di v1 th program tnt a few maiu 9tagel an t o dra'" a. ow ~r~ 
w i'I bo xt'. v11) oQntlldn broad statt.nuent B of wbat t he compu.t er 1llU8 t Th~8f!l 
Il1dn t~tH'j e r e denuted by ,A2 b A3» ., u Each Qf' tne s et ageli 11ll t nfllJ. 

f u r t.hel" s,aal yud Md, if n,IJICIlI BS.8.17, 1s d11f1d~d into su stag a , r ep r&ae.ntt!1i 
y ;})lo t; il~ a 1DCl't'6 detail ed fl ow di~ram ., The B\l.bs t. agel.\ i n t o whi c h Al i iii 

ut. 1 v ~d aU d l.loted by Al ,,1 ~ A.L2 ~ Al , 3, 0. '» an aim.ilar l y 0 A? ~ A~ ~ 
I r . 1:: 8a1".." 80 m. of t he e Qubstage. are f urth.%' au Cl1 rtdad tnto .6.1 1 J ~ Al < L 2 ~ 

},2 _ ,1 , A2 ,102, ." J .too Onl y experi exu::e wil l .,how bow mu h subdh1sion 
1. t"a ))le, but it aho ul !:;Ie r emember that the two main ob j c tbres a !"e 
t o " e llt'l H l"UctUl"fl o f t h ol!l p:rogrwn olear and to lDakt< it 9Y to i nt rr.- du cflI 
1 ·rat ~ on a $ ~dtng pl"oe ~d l , 
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9 " It is often desirable t o 1ntr dues more Bubd):{r1s1011S tn 1; ' a 
o r ldllg s tage than will be u sed in 'the final. wrHe up of t he so lu~ic n When ' 
p r oblem has been completely cOded and t he Clo de te wri t~ e:n out in ~ 61'18.1 

fOl'lll the aeri.al flu.mbel" 1iJ repre senting t.ne a ction register s whi ch c01"l"0npond. 
to the various boxes of t he flo w diagr am sboul d ba written i n the bOXtl n 

lO ~ An 8%ception t o the notation indica t ed above may be made i n 
the ca se of auxiliary Bubprograms tbs.t a r e no t to be \t1"1 tten ou t i.n the 
solution . The se Bubp rogr'ams can be danoted by Aa~ Ab ~ ., ', < ~ and their etage s 
and Bubetages by symbols such as Aa 5 . 2 < 

11 0 The act ion regiet 1"s conta in t im p rogram ordet's o I n t he s t alldard 
na t ation t hey are grouped into blocks oorre sponding to t he stage' in t o whi .::;h 
th~ program h di v:l.ded j,n th.e flow diagram " 'rh~ addrllae6s of th t'eg j s t el' 
t at contain the suueaulvtl program order s that a re required for I6tag fl A~ , 2 

will C$ deno t ed by A3 02 o 1~ A3 02 ~ 2 >> A3 o ~.3~ 0 0 ' ., whi ch will be called i~~~ 
n ~Rer~ As wa s explain~d w shall ref@r to " t he rogister A3 0 2 o 2" ~ although 
a t i ctly epoaldng the index n\unber A':L2 ~ 2 t'fJP esentB ·the e.ddl"~S8 of a reg! 18-
t ~ro No coufueion wi l l b e oa,us$d i f we afer to the of'd~r i n reg:l.~t e:r' A3 02 . :2 

imply a e 'the ord.r A3 n2 02" , 

12 , A By.tsm (}f '. lld~x Ilumber s 1" a .'0 ut1edafl for data l'e ls filt' l$ f; 

but CO( 1ng problem di f er Be> Dlu e 10. thei r nature and compl en t y t hat U: 
U III ~m eail"able t o l ay deVIl l"igo r ous :rule. f or tnt? l''!8p l''esentat1011 of th"il 
ad r Betit9 ot data regi s ter-s e rt sem. r eaIJollabl a to !Ju.gg~8t tllat ' c,ul y t tl · 
l ./llt t el'S lJ an C shoul d bi! U8 d~ and that e.ny f urther 8u:bd1ne:tolle int o lo c:k 
of l"egi.e·l:ei'1"8 of diff e r ent tyPes t hat m~ he o.~Cfi lt!lflry gjhould b e a<lhi e.,'er.'i y 

8. no t a tion similar to ti'..a u lled. fo '!' a eti. (}n l"egiBte.tr8 0 In s i mple pr'o 'blttlllt/ 
t lUi:\Y 'b e de iJ 1..rabl~, at any l"a e at th~ worki ng I t ag/!! $ to i ntrodu.c uc Su.o ... 
tvild,or~8 but merely to allo t tempo rary lAdex numbers , 1Jl~ :92» !~ •• 0 ' 'i<Q 
8 eh. data regi star as thi! 118f1d i'or 1.t ari.e186 . We shall r efer to r gist .r'~ 

gro l ped ndel" tbB let ur. B and • as B- clan and C=cla u reg sterR , Ac tion 
~ag at '%"1 may be eallad A-class l"l8giet@To . I n subprogr am. d noted by Aa~ 
A.b» 0 0 ' , .the data r egi sters iIlbould 1)e denoted 'by Ba~ ;Hb~ 0" . and (,.'e.. b~ 

Data that wUl dl ffer A dill: tl ftXl.t appl1c.a'iii otlll '') f th", 
program, poesibly t'u.I' t 8%' . u bdlvided. tnt 

»1 . l~p ut and au put {la~a , 
BeL Data rut!'! ved for \.I. U Ii :r1~ i; I!$ progI'alll . 

Fi :ud dilte. u u d f or. ali a pH ca tion. o:f th¥9 p r-Clg:ram. ~ 
PQ &a1bl~ rurtn~r u divtQ8 into 

1 . tJu1. - Ell'Sal con j:. It 
2 " Ot ha r eO ll s t , 1 1.,~ ~ 
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14 0 Other subdivisi on s that may some time s be desi r abl e a r e 

(a) The dis t i nct ion between 

and 

and 

(1) Data o r regi star s used in some other p r ogr am t hat i 
on t he comput er at the same t ime ·, 

(2) Data Qr r egisters that are u s ed onl y in thi s part t cula r 
program . 

1) a te THfi stet' s wht.Hla addresses occur i n the address 
tse,~t1on o f ac t i.on ragis ttsf'8 in thei r 1 n1 t1 al ' stat .... 
at th~ beginnlng at.' t he progT'RtI1 ., 

2) 1'hose \-,h O SE:< 8. t1 r Ehi tJi:I e. t:S t'i v d durin~ t he pt' .'g l"SJn 

( as ba; p 0.6 i ll t he Case 1,)1 l"@gister s .,;ontal n" ng t all ~ , 
l a t ed va1ue~ of f uuctl0,n) , 

lb . '.I.' h& torm tY l ' writ i ng (') ).t a cO de ha · Qfi~tl ~e cX"i \l13 o. e III ~ h~; 

s'f<iUH1aX'd nota t i OD t he addrs s e" wi 1 tI., 11ldi ca tet.\ by ttl llld tix- l~um berti ~.:' 

t he act ion tUld data r eg! tex's , Fo r a c t:l Oll :re~;l s tt:!lrs hi; explana.tory .n') tt18. 
whi ch are to be given 10. 8. s6'parate column ':.>u the rlght i ucmtat n 6t a t aln nt.s 
o t he following typ 8 ~ 

( a Thtl cOIl 't ent 0 1:' At;, nH o r lI t> IUIt! bto r agt1 1:'."1 a t ~ 1' r e at! t J,llg 
from t he or der iII. qu . ., s ti n . l!'Qr d. cy c l th~ xpl anatOt'Y 
notes ShO(lld rEifer t.o ~,hat hap aue, whell th" ey c:;le i~ 
being per!orm",d for t he mth time , Fot', i. i\ubcyc l 1.11 tl 

cyole t he explana.tory ll.'l t.flIf! 6h~ul.d refer 0 w.oa t happ elUs 
when t he eubeycle i s be1n.g pl'3rf orIDt"dor the k- t h i mf,t 
as par t of the m- th perfo rmance of t~ cycle ~ 

( b ) Reference ' to the Qr i gin ! 

0, ) 
(ii ) 
(Hi) 

th~ address actio ... ofaxl ord"r 
tb.e operaU un section 01" an order 
t hel numerical uantB y ccnta1ned i n 8 dat a :t"~ghhl" 

(0 ) Referenc - to ap or cp( ~ ) order's that cau cs 'tho (l nt r ol 
of th .. ca mp iter to jump t o thf! rd.8r i n qu 8tioIl ~ 
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16 . In t he t abul at i on of t he i ni t i,al content of data regi sters 
'explanatory notes should be added on the r ight i n t he Oase of any j'eg'- ster 

hose content 1s ohanged dur i ng the program showing the : varl ous BUcceesive 
contents of the register and the orders from whi ch t hey are derived , 

17 0 The wri te- up of a progr am should include ordera t o cover any 
restorati on that may be necessary t o ensure that at the end of a particular 
application all registers a r e correctly set up fo r another appl!catlon~ 
(The need for such re s torati on orders a t t he end of a progr am will usuall y 
be avoid~d either ~y the i nsertion of sUitable orders at the beginning o r 
by including in the i nput data that is supposed t o be suppl ied befo r e t he 
pl~gram starts the content of the r egisters t hat have to be dealt wi h ~) 

18 . 'rhe wrl te- p of 8. code should i nclude statements o! ~ 

a. ) The p o d t;i C Il .0. s torage of inp t and output data " 
(b ) The total oumher of r egisters used , 
(c) The total number of Qperat ionl to be per f ormed , 

(No t a 'that in cal culatl1'1g tne total number of ' opera.tionts t o be perfor med 
a.llowanoe must bt:) mad. for t; he numbe r of times that t he computer has to go 
through any eyole that may '.J CCUl- in t he p r ogram o I n many OaS8e 1 t 11 not 

a poaaible t o state 8. d~HnitfJ number, but only maxi.mum ana lllinimum nU,otb '!"e ,, ) 

19 0 Tho g (H~ral 1 C) l'ln 0 .1 the tAbu1at iO.o. ' a co de e,tld. the 1nde,
nUlll bere used to r~reS811t the addre s ses of a ction an dat a regist r e have 
been d1ecusssd Q In t hl3 standard notati on, when ell! entl''Y in t he tabula t i c.w 
of the code r epresents an or der i the second pa r t of the second colU/lltl 
contai ne the index numbe r 01 t ht5 raght l' to which that order' appli 138 0 

During the early s t ages of work on 8. prob em ~ or for explana t i on of a code 
en 8 blackboard, it may often be more cOl1veni ent t o indicat e 111 this p1aGe 
the cont ent of the register :referred to ~ r a t he:r than the index 0 that 
rSfs6ter " For this pUrpOS8 the 9ymbol RCiwill b 'ned o Thus if Dl ? oo:utai ne 
2- we mey wri te 

ad RC 2 15 

\. stead of ad :817 4 

:Z ., In the standar d uotat i oI t ile od~ i te tJl t i. dt tst n ena ' 
,t' rom tne explanatory, notaa . The coc.'l e shows only t ha i n! tal conteut of t h 
a ctton and data registers, ans i ndicati on o! otanges in content during tbo 
eo r ae o!" ttle program bei ng confined to the uxp l aJ'I.8.'to ry notu < I Xl. th~ workl ~ 
no t at ion the symbol nc ~ when it is Utl d in tb,e addroB8 section of a prog:ram 
order, indi cates the (address of the ) r egis t er ~ho 8a con tent at t hat par
t i cu a l" stage of 1:he pl"ogrlUll 1B a certaifl quantity, although t he ini ti al 
content of that r eglete l" may hav~ be n something elsa ~ In fact. t bi vorkin 

o tation allowl explanator.y matter t o get into the columns whi ch i n t h 
at,f11ldard notation are strictly reserved for t he code 1 hel:!' . 
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1 . This section star ts wi th a provisional arwysis of a preble'll 
leading to a first a t temp t to wri t e out a code , '.t'his first attemp t is then 
cr iticized and a number of i mpr ovement s are made before the code 18 written 
out in a finished form o 

a o We are given 8. set (,)f ..B.- tabulated values of f (x ) f r the valu~ 
Xl' %2 ' " 00 Xn of th8 vari a ble x o The differences between suce s dve tAb a.T 

value. of x aTe all equal t o a positive oonstant . , 80 

further 
Xi = Xl ... (1-1) h , 

-1 .xl < Xu " l.. 

3 0 It .8 Bupp0 6ed that during the tours of eOlliputatio.o t wo, .aWll #.T'l'\ 
a an ar derived by the computerj an a e bprogram t~ want d to ftnd 

(r (x ) dx~ UtI Il~ th~ tTaptl'Zoi dal l"UlB whi ch gi va th~ t 'ormula 
§:' 

*e fj au. pl"fJ um tllnt ,A, an 1l s.ra kwnl'l t o, be w1. thin ,t 1'a(J.6 

converiild by th t a bu s.)'.' v(\.l (;111 x 8 x.., ~ ,0 ,' x 81.ld furtn6X' t ht'lt (b~alll' 21'1, ~'J 
t h,Q t ther e i tl at 1"a 8t \)n., t am tndae tha bPaCke ot' the fot'Mula ill i:I d1 Uo.u 

t o ~ . a ) and ~ f(b) 0 W a T ." al so told thttt. l:f (x;..)1 <. ~ for all 1 ~ au th~ra 
1 tf ,10 daugel" 0 o V'er;flow H Wti dmpl add t l a term., ~ f ,a) ~ f (a:+h) ~ 0" ~ 
2 f ( b) ~ since the to tal n mba r of terme to be s,(ld8d t g~thBr 1 las ths.n 11 . 

b. w~ ~nall aC ly ca1auls.t~ th~ lnt ~~al f row the t abu ~~ val 
A re~t to ~ to the t alJ tl.l" "a111 .nea..r~s t to 1_, ,n~g ecting tbe eo ro r 
thareuy l.ntroducl'ld at tne en.de of the a.Ilge of int~Wl"ation ., We abal ~, n.ot 

1 t1nguisn batween tbeu values and t he e:rac t. valuae of _~. and b. ali tl art veO, 
'by' th computer . 

We will .n:t's down Il t ra\ htfo:rward ma tiMd of tla l Ag wi th 
~n , pro ttm» represent1.n.g htt metbod l)y a :fl~'W dii:lgr9.m an elloca tlng blot!k~ 
of A-cla n regl.ters t o the successive stae a of the now diagr am o We ehal. 
then "'1't t down a code stB€t8 oy stage , allocaUI'lg }3....,c laes f'eg:\ sters as th$ 
ne@d for them ariBee . IA t his p oblam it 1s not nec88sarJ t o subd1vjde the 

class t'eg1stere into gro~ ps and there i n need to introduce a C-C'. i!UUI • 

• ehal Aee A consecuti ve B-cla s8 r egister fQr f(Xl)~ [(x) c o- ,f(x ~ 
but Wtt oan Add them a t the end 01' the 11 at o.f 13-C1.48 reg1stirs requ I'ednfo 
ot r purpose. . The alloe~tion of B-elas8 regi ster8 j which is built up 
d 1'1~ the proces8 of eoding j 18 ehown. 1n paragraph 15 0 
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A l 

A2 

A 0 

7 , 

r~-;-
~C f (a) 

-
"3 ,. St~f!~ , :-i llpp a~ y l laVtoJ ~~ ' iC t 'x ) lii\,}l" !!;(l 1.n 11 1 , 

{ ~ lli 8 uwn b r may not be fh ed. until t he prqt~:raru i fj 9h .all,'f pu t 0 t h 
machiW!l n) Then inc t he 8 (.;cessive ta ulat d 'faltHi of f( <t ) are t oI' ~r_ in 
e nS8cu tive register W~ have th~ equat ion 

a-:lt 
RC f(a. .~ H £( X

1 
;:::, ~ 

wher e t h e right band 81 de mUQt f,; roundtH3 oft' t o to nt:ta.rest 1ntl~ , 'f td ~ 
giVIHI 
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A 1,1 os. RC a. 

=·15 
2 mr RcL:---

h 

3 au 

... - 15 
RC~ 

b 

4 ad :8 1 

5 td A 3 .1 

6 a RC 2- 15 

7 td A 4 . 2 

9 0 St e Tw " 

A,. 2 .. 1 Cs. BU ' '\) 

2 
2~1.5 

mr R~ 
( 

3 w RC Q 
b 

4 a.d b 1 

td A 3 02 

10 0 St~~ru. 

3 01 os. RC f a J 

3 S f' 1 

4 ts :8 7 
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AC, a, 

2- 1:5 
AC ~ -boL- (s.=~) 

AC l 2= ,15 RC f( a ) 

1\ 3 . 1 ~ cs. RC f( a ) 

~he llEte,t for the e t~ ord.e.r s 
8.r1aas 1n tag 'our 

A 4 ,2 . a\~ RC f(a h ) 

V ,i t taLl Y CA-= 
.0.\ g1 1;s 'tram ~ 1 , 5 
,Ar~ of ( a ) 

lilt tiall y ad- - . 
D\g1 h from A 2 ~ 5 
A ( ,~ f ( a) T feb) 

1 1 
A\~ ~ 2 f( s.) T 2 f b) 
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\ 
11 " .§laea ~U!> I n t he cyclio process we want to e..dd f(l\+~'l) ) 

f( a+2h ) 0 • • eucce6 s1 vely, GO we need an order c·-<! Re f(.a + mh) t o r aJ.·t erna.
t i vely a d Re f ( a + mh), whose digits w11l be Lncnlla~~ , one in ea.,.; h cycle . 
~!e wan t t o end t he cycli c p r o ces s af t er f ( b~h) !.18. 3 yeen ' added , hall -Ie shal l 
have obtained the r equi r e( sUlD 

"[::: f(a'" n) + f { a + 2,b,) + '0 0> + f(b - h ) 

Th.is sugge s ts that 'W s luJu1d do the ineT 6aBi::lg af t er th& add! tiou an1 tl (II 

ad RC f ( b) i which 18 i v, A 3 . 2 » for t he c:ompal"i son whi ch 11 end t he eyclaa .) 
'o.neequently we u ae a d ac f (a. + mh) i n pref . rene to ca no f CB ... Inh) a 
t he order who sa digit . at'~ t..) b e inoreaB.d ~ At the beglnni l\ UJ f the 1'i x'at 
~~ ... , ~ t h l . or d\'lf' Inlet 'be ~d RC f(a + h» 8nc1 the or4a"t'8 A 1 .6 D4 A 1 ·7 
have been t ntl"oduCftd. tor 1.01 f:j pUrp0 6 d, Xhe su ccess 1- v e parM 801 eume L- In and 

the fina l sum r aTe put 1 1l B 8 , 'WIlo a 1Jl1 tial con "3.0, mU l5 t be zero , 't o th 
a llowing code the d~ 8criptione refer t o what .b.e.pp n e d ring cycl e ID " tilt!' 

eyel et du r i ng whi c h. f ( s • ,\\h) j~ a dd d t o the paJ"t~ SUJD. r 1 t o g1 ~ r > 

(In the fi rs t c:ycl ~_ - 1 'fa the initi al cont"'nt o f B 8 ~ 'lihi~ iI! -zerl) , ttl 

1 • .§.i.~~_ F~·~r 

A 4 .1 

t Jj 8 

ea A, 4 .2 

5 Ad C 2~15 

b td 4 , 2 

? oa A 3 . 2 

~ !:lU A. 4 o~: 

cp t\ 5~1 

o sp A 4 . I 

t.t. y, 1.1 
... ~ 0 

,> 
Ul-l 

ad 
D1g1h 
'l,C~ ./ 

t!J. 

.. 
J, oj ~ , 

'~m 

t r ' m I\. . 7 ' \ \ 1 ( I f 

( .... h) 

by .A. 4 , 0 

I r; ~ ad HC \~· ( 8. + J:n ) 

r 
Ae. a,ij f( 1 l. 6'" llA 

Jj.. 4: . 2 ~ 8 J He f [ a 

A,t.;: a LO fCb) 

Content of .A, 4 , ~ "'e..~ c hang .i by . '" "b ~ 
aud if nova ' .Re f . a -+ fet + l)b l 
AC~2~ 5 rb---a~(m"'l)h] -
~ontE!nt o f AC:> (j unt il l.ae t cy c l e 
wntJu a -+ . (m + l)h .=. b . and ~Z 6ro ~p:p e8. l"l!' 
i n A(! . 
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A 5,1 ca :B 7 

2 ad C 

3 JIl l" ' 0 

AC . ~ f(e.) 

1 
A.C 2" f(e.) 

,.. 1 
2 

+~ 
2 

'b 
AC ~ 1 f(x)dx 

a 
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(: b) 

f(b) +. r 
,-, 

14 , 3~1_~ J,I'or thi.~ fi nal Sta 5d "Of tlltik t oug u t hl1 h do U \, 1.", td 
o r ders 8.tld i nd that th con ant of r.egi 6tt.H~ ! 3 ·1~ ~. ;3,2, & 4 , 2p B ')' 
B 8 t E ,- na"~ })f~ffn al t sl"E:la 11.1. i ' t he p rogram , Of tt;'(isC! the onl l ,Il l:! t la' 

floa t o be e 1:\ 14 i. II B 8 ~ trni oh mus t b e r.' l:!ilat to t~ro " ~"or 'th:l t; 

A 6 . 

4 

5 

b 

1 f(8) + 1-. f ( b) 
2 

In1 t i ally t l:J ro 

Then 2,-l' t 2~ 0 0. t tl inal l 

b J f (x ) d.x 

a 

1.0 h 

11 zero 0 

.Bl ~ t B 1 Tn , 
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16 , We f l' J t l ook a t r;he F.- clas s .reglst~rs for:" ~hanr.!€1'3 . f oom U'" 
'~0:'..H3 and 013 tha:i; e can put B ? =. P 9 , 3av1ng £. reg1.etsl· (Al . "rJ'. · ';.1 v ~6 

t his tyPa will in olv r emrnbering the data. reg 1.etl3t bf3fort~ i.l.<t 
1j;r.l te up ) 

'7 S 'b 1 f ( . .. ~ i,l, 1 , eco '3' , it appea.rs t ba t after 0 t a.1n :lll g 2 a I -;" U 

A' by order A 3 ,3 we could use A :; .4 0 transfer t <} 13 8 lnstean 01-; ~)., 

This would mean tha.t o.ul"ing the cyclic s t age thu content .'f R 'Ur..ul(t 1) 

~m ,t ~ [1'(8,) -+- f(b)1 instead yf r Dl Th" lni tie.1 cont ent ot 'B, neCJ. Ill: 

l onger be 'tar II 90 stage aix can b~ opp d~ alld )ne 0 r OlH ' "an b~ Sf1. 'ed. ' ~ 
stage five " D ? is no ongeT neaded, but we \'Ia re already propoc~n;,; ,0 
combine this ragis t er wi t h .B 9, However~ there i no !C,I f.lgl3r 8JlY c bJecti " 1 
to comolni I.l.g .B e with :a 9 FOl"lllerly h fl restcra.tiou 01 B H to 2,iHQ . r.. A ) , 
prevented ~hi S CCJmbi :na.t on , 

18 , H is W'orti. poi til16 cu t that j{J .u raJ. it Wll1 be lJette . 

t o d.a /:lIlY restora.tion work at Od bag\ lIn1 Xl€, f e 9u'bpr()~ram r a tVH trl,itr. 
a t he ~nd , 'be ause t his al l owl3 t hE! :B .. o:::la~8 reght.et 's which ba,'II'''' tt ) ' t 

rtH~torad in partl\.."Ular B bp gt'lU!l ' 0 . a 11 d f, 1:' 0 her plJ. tpo~e~ 1lJ <l\; h, ' 

pa ts of the who) p rogram 

19 ,:\llotb~r av1Hg ()a,u b. l\d.t; boY t lnpfVV\l!#, i..he tecl..u!'-Il .... t 

f1ndi~t(a) ~ l ( A.+h) ~ etc 'J 1fl thE, "tab" l a ~ C Il -..I t f(.d It ",~l:l rLl:'lr)~ 
8.1w;,· .. )'& he t he C~S5 -:'bat ""h~tt a tunctiOll t (x) 1 tahnlate te,,' f>tq"t 4

., \. d.I,~ 
val\..l~s of Ji. iB! iI t'allg l.nc ludtng - O. '..I n 01 til ·1,a'ov.l atHd~r.l tl'.: r 
f { x.) wH l Oet [(OJ .. If this i e 'tnt;< .... ·a a, and 1.t itO) i~ ~t':.rti L till 

t egl.stel" \-,hosc num ber 19 k. . t illin f(a.) .... U1 be ir l;b<'l rl"~t2 t~r ,ru e l t !l'll\.U, 

a i k: -;- il ' whpthef' a i s P'H~l i"A~:r.ll ~a.tlv ,'171:1.0 tt ttt t4 Taogll:! (.lit 

tatlula t.:\.oD aoe !lOti includ z~ro ( al:J wo uld. haT'P<1l1 if both ~ a na. 'l \ ",r~ ,, 'C 
we can as s ign a number k WblOh \>If.uld !;Itt the !1U.tIl tl tH of tt)a regls t t:'lr LJ

,.( n t f.i'lll 'I' 

f { ) i the :r'anga of l.a bula. t.ioll. weX'e 6lCt"nded t o InchLde l.tlr'o .> alt hl.l..g,' 1(, 
tb.: s case ttl egia t a :r iiH.Oa number 1 k woulQ not e..::tuaLly be U" .. ,~ te' ,.:-,,1 '\: J 

e tabular entry Wi th 1;hi& a&l.nllnptton 'We can Bt rEi 

2 
- 15 HIA f (O) iu B 1 ~d ,,,)bt 111 

R.C f( a ) by the eq ati o'O. 

RC ' f(a) RC (o ) -!! '- 'h 

i natea.c I)f 

RC f( a} - RC f(x
l

) ; ~ , 
T~ .. s sa.ves order's A. 1 0 3 a.nd A 2 ,3 8.8 'Wt:ll a~ 13 4~ 8.8 1 t i s no l<lng~'!" nee· 
~s~ary 0 et-.)rf;l 
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20 " Return f or a moment to oonsider the round~-off TElfar""ea to 
! T: -paragra.ph 8 0 As bas jus t b en em d the ra.r~e Qf t a.bulation '~". ' 1 "1~ar J.,r 
~ .. aye be such that f a some integral value of ).. 

.x 
.This means t hat ~l S 

i n Ii 418 the exact va.1~:! o-f t hi s quanti t y o If a. 1s not a tabular ya.ru~ 

·tilts l\umbtf l ' ~ is not aD. integor and the o.rder A 1 ·2 pr.Jdllc 8e a. :rr ... lI!lQ. ,.).1"1' ,~~ 

-15 . 
2 ( !iss. t'e t l 11t ~\ , er to ~) 

h "hi - ~H '" thl:'lref 6:r~, tht! '..lTd r il )...3 < n. 1 -4 d.J 19ad t o the rl>l~16t t:l r 
co nt,s.l nill th~ value ,~ i f(~) foX' the t eh'Ular valu neaTest tc.J it\ , a(.~ev (~ 

~15 
2 x"y 

1: hl. 113 J1 .,;) t a,lJ tin; -, .. l~ th~ cQmbtna.tl ou )1 ttl*, l" r)uud~,,}· ft 1.11 - - ~r~"--' .and 

~ ).. :.i 

-h~ ! a:J 1 ?irt to t.h~ "''C'.JDr vai\le 'i t ' 
h 

b 

Bu pJ OI>! P 1.8 t h 8 Uit. '~Q IItJe n ttlat i-(p~l)< f,\. 2-(P-~J 
to co~p~ ter ca1culat~ 

H~~ 2 
t. h "1, 

-... - L~ 
L. 

":-? r 1\1 ~ 
tort n~ d. ----b b 

~ !.itl i. . a 

~ 

I f·I~J l ~ 
t 

V - " J -- !>'- -- auf . 
h 
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Xl 
above ~ ~ will nearly always be an integer so that t his coruplication will 
be unnecessary. 

21 0 It would be possible to save the order A 1~6 by alteTing 
stabe four so t hat the order ad fiC f(atmh) has its digits :increased before 
it is used, going t hroueh the cycle once more to add f(b), and correcting 

11 ' 
this by calculating "2 f(a) - '2 feb) in stage three. This , however, whole 
saving one order, would involve t he additi onal operations of the extra 
passage tl~ough the cycle, whi ch in almost all cases would more than counterc 
balance the savi ng o 

22 Q A very desirable place to effect a saving of orders is 
wi thin a frequently r epeated cycle o The saving of a single order in tbe 
construction of a cycl e actually r esults i n a multiple saving of operations 
due t o the repeated use of the cycle . Alt hough the saving of one order 
in a cycle which is traversed n times appears first as a saving of one 
stor age register, it manifests itself as a saving of n operations with the 
corresponding economy in time . Exanlining the end of stage four we notice 
that the sp order is the one which is used to produce a r epetition of the 
cycle whereas the cp( - ) order comes into use only when the cycle is t o be 
discontinued. Vie can eliminate the sp order by changi ng A 4.7 to read cs A .302 9 
A 4 .. 8 to read ad A 4.2, and A 4 09 to r ead ' cp(-) A 401 0 The effect of t hese 
changes would be to produce the necessary negative quantity in the A6 to 
cause recycli ng by t he cp(-) ordef Q Act ually, however, the negative 
quant ity produced i s -b + a ~ (m + l )h which wi ll produce recycling until 
f(b ) itself he.s been added o Before further consideration of this difficult y 
(see paragraph 21) l et us notice that or der A 4 0 8 can also be deleted i f 
we now change A 407 to read su A3e2 . 

23 0 In paragraph 22 we have described t he changes necessary to 
proQ~oe a saving of two orders in the cycle ~ yet this savine also produces 
the superfluous calculation of f(b) c We can eliminate the difficulty by 
changing A 4 . 7 to read su ~C f(b- h) . The determination of RC f(b-h) can 
be made by the addition of the following t wo orders to st age two : 

1. 2. 6 su hC 2-15 
A 2.7 td td DB 

Note that B 8 was available for use (see paragraph 17) 0 Thus although 
t wo orders have been added to stage two ~ we have eliminated t wo orders 
in st&Ge four and thus have made a saving in any repeated use of the cycle o 

240 Making use of all these improvements the code is written 
out again in standard form~ The B-class registers have been renumbered o 

The use of the he symbol in the program orders has been dropped, but the 
expl anatory notes have been retainedo The code is written in serial 
notation on page 57 0 
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(J. '" • 

1'"e ina1 COY'1n ~ thA .~I..d~ \J ~ ''1 35+tl tot"t:l(;u !'(~glsl,(:;rr. r>.nJ 1 i ' ..... _.1-

b-~fl 
.:> p i1't'atL,n~ B s8vinr, 01 'I r ! ,: Lu t e.rs and 2+"h opO~6.t1 'it 

"6 

'. . ~ U~ it,., .. ' t 

, ,uT k; 

~ .. , . . III 
, ,· ).1 

( .. 1 \ . 

0{ t ~~ ~ . I " ," ; .. <' . t~\, ( t' ) 

I. I'l r I .1 '" II '" llaH . 

- t "'+ '-' ., 1\ " !\.t 
,- , 

' + !ll . \ 

A.I . 

I" 1. '\' . 
I" • I ~), 
'-. If 

.' -I l-q • I, 

.l. ' 1 ·.. ... }I t 1 ' I 

- ,\II.: 1::'-4-<.' rI t: i ,'-I \ I ! i I. ft
t 

. t J '.k' ~ 

"OJ f , 
H' >i"1 ; :> ~ \ b- ~ . 

.,;, ;. 
',..l, 

(' ~/\hgit8 f 'nm :, ~ r. l ~ A,11 .. t' b I 

,}i--, (t! (,j 1. ; (I'OIl. '~ , :~ ) 

, ! ft C~ .:b.. l' ... ) .... ' ~ - Do .... rIO ) 
? 

'} t..9 '11 B7 ~ f. 

A 1 .\..( :;\ lW ?I t, a1't '..I f cycld, .: I" -.) 1" A4,~Ll 

A,C . ~ 1 (8. 1 ~ ~ I'( b I + ~ .;- 1,._ !ll- \, 

;tigi i s fr'vll.l Al oU t'.tl'.4 A4ot) 

~r 1, 1 a r -t-!' ifb) '''''' 
2 ?, L 

.!$If . 
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"~!lG ·lr.e '::r'E: JJ').r..e E~· ... ~)~)C 

11- " '* 
:' 
3 

f' 

8 

A 5 1 

R 1 

~ 

" " 

4-

'" 

.. a. ~l: ') 
<. P,G ~' a<J • FC f( a ""a.u:,) 

J.'.d B4 Ar.", A.~. 'tC f ( 8:H rrr-l-l 'J h : 
td A4 

r, 
-.' A4 ~ 1\ II :1 

au :sa I.e , ~(15@:/~.+(mt-l )h 
(~Jj.-) A4 ·1 L 

( t~:n)f 

<..)8 B? 

? l! 
R~: 

g~~lb 
l. 

t. 

? 
H .: 

Et 

AC " 

'S? 

~'( () :1 

l f(a) + 1 f(l)) 
2 2 

b
f f(x)ru: , 

e 
b 
J t'(.".) dx 
a 

), , ~ It gl " e l' 1 I r' '. C1 ~ ~ 1{ ';; tt 11 • 
A 4 • ~ II ~ • Jot f' .l ! ;. 11' t.i) l-) I ~ f ( h i 

i \ 1,1 

f « ? I 

" 

t < Xl ,b 
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• .l 

A ;;. 

i 
" ! 

, ' - ,.)'. . ~~ .. ,. ' 

~ 1 .1.. • 
\ ( j~, t.tI i. n ",' t I d. ,1 -11- " ! ( b ) ,'" : 
I <: -' .t.'.= TI} 

t, r (), ::- 1 . ? 

' wh n. r "" f\lffi!-J-.\)I- t / a" ;,!r. , .J 'J/-
I 

~ It., 't' 11ll~ 

'/ '/or. _. tl~ I!J !t~ 

1 , 
,1 11 " L)' ~..: 

I 

t . ~ 

/.I. ,~ I Mult. l P i..]' ! I' it) ..lit , -, 

'" 
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( 
~ Peg:!; 5 ~~ 

28 . ~.EI1~jlQ:£~TI q~ 

" 

1 ~a 33 12 td 18 21 nu .. /. ... 
... ),G 

2 mr 30 13 oa 22 td 18 
3 ad 29 1 4. ad 23 au 14 
4 t d 14 15 B~ 1 :'4 ,~p 1? 
5 ad 32 16 ts 3f) :25 us. ~'\b 

6 td 18 17 ca 3fj 26 IDf' 31 
7 eEL 34 18 ad 27 t s 35 
8 tnr 30 19 ts 3b 28 (sp) 
~ a d 29 20 ca 1 

10 t d 13 
11 au 

!1 

1" 29 ::,.~ RG f (O) :~ ; ( E1 ?? f( J\. t) 

-10 
·!/..l 2 

, ~4 b 
h 

, ~6~ n f( :J..o i 

;n l'i 
.. . 

. ) . . ,:)- 1 -
c . ~f. 
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1_4_ ...l-. Find RC f (a) , R~_~d_o_btain ; f (,,) +; f :~)--I 

, 
I 
• 

,f\ , 
• , 
I , 
I 
r 
I 

L 

15~ . ?? 

l~e .iotainad fiU 8 ) vaJU t:; I 
c. 

.... _J a· h. '" bTlJln~ __ . _ .... _;_ 

~ n~). I '. "'ll 
1.-____ • _ - - .. _ ... - ... - - _ ... .J, i " 

')' ,~ ,. L.:. ___ .. _ 

l .upu t A. j 

b 

I 

• 1 -- - --

t. 
,. t ClI j I.!x eA,el ti to> ;r ' 1!o u~ ,j ", 

,a ' 

• ~h I ~'P to , J <:S.X Ju b , 
1 " ... _, .L _.. - ... .... .J 

Uu 'tput : t (.lI ) dJt i n r(o;~l 'aT :~ " 
8.,) 

J 

.. -I 
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§ectloD, VII . Iterat ive Pro,oesses 

Ii .. , ]teratlon in the Compute.!: 

Pagu 55 

,I. The ma.th mati _al process of iteration 1a aVail11ble ';(, ,k~ 
computer by the use of cycl c programB. In the general apylicatioJn cf 
cyc11c programo the dec isi on to end the repetition of the cycle 1~ ~B'la 
as the result of the compar son of a fixed qUBlltity and a. quantity- de:rhed 
duri ng the course of the pr gram; in iterative schemes the end of the cycle 
mrq elt h(:lr be determined 1n such a faeth10n or~ when necessary, by a corn
parison of t wo quant 1t i e s derived by the program. The fOl"ll1er. case 16 
ill ustrat ed 1n Code X111e t h e latter i n Codes XlV and XV • 

.8. ~_ XI II ~ Summation of a SeriAl! 

I. Consider t h e e~le8 

ana. Il.ssumt3 that 

lao <. 10 ~1~ ~ ~ 1 f or. ro = 1 9 2 0 3 ~ ~ 0" a 
m-l 

Le 
am m 

and L=c -to c
1 

+ 02 oi- o. 0 -} - := r ax = c 
a JD m m m 0 
m-.l . I 1 uppose t hat p 18 t he f irst integer for which lap ~ 2~ 0 The obJect of 

the progr8\II 10 to -o'bta,1n t h e IiWll8 '" p L 9 '" 8 0 a 0 ~ 8ucce8s1vely~ ~l 2 L 3 '- n 

stopp1ng he BUII1II1ation process as 800n as the magn1tu di8 f the last. tt.lrDl 

added, I an":'" = I en I- 10 leee than or equal to 2-
14

. The ..... 2:",. eo 

obt.a1ned 18 the required 8pJ)ro:dmatioll to th6 8U1l1 of ~he esrioB o 

~ p ~ ~14 
2. S1nce x <: a - 29th summation procest; is buund. 

P p 

c 
III 

to stop when n ~ p , We ther ef ore need oDl,. store th x-at10 r 9 r e 1" ou o 1° Q 

1 2 5 p 

The central section of t he program 1e A4 in which e 1M 
m. 

o btained from c by t he e'luat ion 
m-l 

c = r e x 
m III m-l 



( 

6677. 
Eng1neeriJlg Note E-2000 

w.d adds c: to r- 1 to { Olm r 0 Both c and>-: are stored :;;'Ol' :~Vf"~her 
III JD... ll\ m It 

t~\'\e o Sec1; ion A3 arranges that another tem of the series ' f111 bs _ i I • 

and sect ion A5 t est s whet her th magnit ude of the last te""Zll added 18 1 (,8 8 

tr..an or equal t o 2-14
0 The De three sect ions A3 • .14, and A5 fOl'Jn ' a o;ycl.s. 

The first two sect l ona Al and A2. make preparat l ons fo r the firat rllv...nd of 
t hE! cycle " 

Co Qgde XIV: Linear Simultaneous Eguati'!!!,! 

L AD iteration scheme ean be appl ied t o t he sol ution of linear 
simultaneous equatlons c In Code XIV this scheme is i llustr ated i n the 
solut i on ot two linear equat :lona i n two unk:nown8 ~ 

1.'01" ' 1 1lI . 

% +&:.t =b 
1 1 r.. 1 

ax + x = t 
:2 1 ~ ~ 

20 Jj we denote t l ~ re o X"d r " t ha ,ppl."oxlmat1oJ'J by !Npet'~~r1pt 8 0 

o 

t 

wher ~( l the m t I t ap pr oximation to x 
1 

o ~ ~ ~ b
1 

1 

and 0 ~ a "b ~ 1 
2 2 

!: 
em 

- 1 Xl 

o~ 
(III ) 

x 
:2 

t'ox1ma'tloA to % 9 

1 
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40 Tb" code "hl ah 1s preeentfld is ax'ranged to end the !!' ~- . 1 ... 

!Jl£'.ti!lg p~ocasa when both ~m+l) ~~) &nd i;H) ~ ~;) are e~UBl~'Q 
. -10 

or leoe than 2 0 

5" The coef'flc19nt S 8. g a ~ bub should be r egardod alB 1l'l.p'1.11. 
1 2 1 &,: 

data o which wi ll be different for each appllcation of the progJ'aID but tn'.lst 
always eatiafy- t.be inequ.alit ies given above. Unfortunately t his problem 
10 somewhat lUlreallstic g because simultaneouB linear e quations in two 
varia.ble would tlot 'be dealt with by tM,s mothode while l et s of linear 
equatloDts i n many variables 1nvo ve Beale factor probleme which do not arhe 
i n t h s exaJllpl e 0 

• An 1.1. r ation act1atr\4Cl 'r/'. tl.lfl(.; ~11~ab16 ' u aol.utlo.o. ~ uf rOlltlS 

of I::quat :\ons aeiog Newton~e M8tho<1. 'l' htl 'pm 1. . n NMonis ;\fet~~\Jd ( Of' 

nncUng a rQ t of equation f'(x) : 0 111 
rLol ) 

',( := l. ~ -_.2.~ 
n+l ~ r1 (1 ' ) 

.Q 

2 
'J: :r: "" a d. t s 1'..H1uuld. or ' 1.lCoeseh-fj 

r'Clot t t he ' equation x'2 - t1J ~ () 1~ 

) 0 
In a tual 
bta ning t e 

S6Ct OD. 1110 

J.( 

D! to; t p lJtt sH,l' O VEI , l owe t 1('1 ~h)lf t

quare roo t ing progl'aIIl 0 T It:> Uti..; r 
equ.ara rQ,O If of a, nurn ber 1" d ftl 
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§~.~o~. L near I nteryo1atlon and Finding t he f!.qusre , Root 

A. .Q2~ XV~ Linear Int o}'Po1at 1<m 

=6 
1. Let us as sume that values of f( x ) o for x = k 0 2 ~ vheT~ 

k = 0 0 1 t 20 3. ~--- 26
0 are st ored i n 65 consecutive r egisters. The 

addresses of the e 65 r egist ers are given by t he expression K + ~o in 
wh1ch K is t he addres s of t he reg:!.Bter containing f( e L The 1ntElrvsl. 

, ~.6 
bet ween the t abulat ed values of .1:0 which shall be designated as.tiD h;; 0 

It is assumed t hat I f(hk~ <:.. 1 for all t he k and f urth er that if k2 = '::1 + 1 r 

then I f(hk2 ) - f(~) I ~, 10 

20 The problem 1s t o obt a i n f(x} for any value of x in the 
r ange 0 ~ x , 1 . The value of x 18 or iginally stored in B1 and f(X) is 
to b e put in :82 . 

3u It. i s first necess ary to find t wo c onsecutive valuos ~ and 

k 2. auch that 

k = k + 1 
2 1. 

'l'hen if x - hkl ~ mb ve shall have 0 ~ m ~l and the r equired value of' 

rex) 1& g iven ~ 

re x ) := f (hk ) + m { r( hk: ) = :r(bk: ) l 
1 l 2 1 ~ 

4. If the poe1t ive number x were br ought into the A.C by t he 
or der os. B111 the sign digit would be 0 0 t he :nan e1x digits would determinre 
",0 and the remaining ni ne digit is would det ermine mo 1'0 be more precise o 

t he number obtained from x by replacing ell t e right hand nine di git s 
by zero s woul d be hk10 while t h e number obtained from x by replaci ng th.e 

f irst 81x d1gi ts aft er t he sign digit 'by zer os would e mh o 

50 For exampl eo the posit'ive llum'ber 0001101101100000 "8 
r epresent ed i n the computer by 0/0011011011000000 Since x lies between 
0001101 and .001110 we have 

hkl = 0001101 
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-~~(:. en = x = hk = .000000101100000. r?hese tWIl numbers 3.:re reprt'wr .. :':. 
1 

iIl. the AC by 

0/001101000000000 

and 0/000000101100000 

It fo llovs the r efor e t.hat. t.he orde r £!. ROx followed by .!.L~ would put 
the interpolat i on r at i o m in the AC . 

In Cod XV I)'l is f irst abUt-ed into the BR oy the order 

mh He , -9 and s bro~h~ i nto ~h AC a t a later stage by t he order 81 12. 
-9 

It. shuul d be DIl t1ced that the order !!!!!.~ 2 _D which has t h e effect of 
h ft l ng t.he content of AC nine ~&Ces t o the right » camlot be rep laced 

);) the order.!!:...2.~ s ince t h is lat.tsr order would give a l:"ound-off and 
cl 801" til .DR 80 t hat tht! interpol at ion r atio JJ'I would be . oat 0 

10 The a.rlt iii ti c. () eratlonu of 8.1] ltlono flJ.bt ract l on p d1v1e1on~ 
d. (nul t ip1 1catlon are 'Wi r ed b ltu th comput e and are e~ecuted by single 

1" r a; hovev er. th l' at H~mat leal orocf'SS-" which ms,y e u.sed frequent ly 
l.n 8 : rtlcular computer app ica:tion 1u·e ava. l abl ~ only 1 t e form of 
<:l odes . It a"p~lle'ars likely h e;t the dete'l'1l1inat . l)r~ of s q "e roo t s ie B 

pro cess vh eh vill be - eeded quite of t an . w1d it 1s r at h r p robs. la tbat 
,aome t t orage reg i 8 !1"8 of a computer W'o lud pSl"DIan ntly contai n. t,he 
orders f · r a eq'lare roo t code . Th econo!ll,Y of orders an sav ing i!l. 
oper a t, ine time anume p a rticular i mportance 11¥Hler such condi t ions . Although 
t he square roo can be d~term lned using Newt on 9 8 Formula as g i v en 1n D of 
Section VIlo a sl ir,ht va r i ation of the fo nnul gives Po shorter codeD this 
bein~ Code XVI . The square root 1 determlD~d u8in~ a 8ar1~B sxpan81o~ 
i n Code XVIl la 

2 . The object of Code V 1 ~<1 XV Ul 1. f a. o f i nd ~- vb i 
2 

e find --A- r a ther har \}8: 1 order t c :void t hu WJ,ger 
2 

o f overflow when..!. 18 ne 11 equal to o 1. . :)U~ of the God 8 empl oy t.h~ 
scal e fact or operation t o f i nd the nwnl)er of p acee . n o hleb a must be 
ab1fted to the left 1n the AC 80 t at the fi rst non- .ero digit-of A is 
put in AC1 . This amount e 0 e e~81ng ~ i n ~he form 

- 11 = .2 • ~ re 1/2 ~ b 1 

",hie. gives 
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30 The scale factori ng process shOTt,ens the prq~ram b;V Irl[·h ~lng 
t he number of approxi mat iona that are requ1re t o obtai n t 1;'18 deB~:' "'... ~~u.
IS,CY p but i t a lso i ntroduces the difficulty of dealing with the 1;.,c; ... , 'Jes 
which arise when n is odd or even . The diffioulty is han&le d as follo"dS; 

Let ~:: m + k 

where .!l.. is an i ntege r and k =: 0 or 1/2" Then 

ra 2- m 2-k Vb -r= x x~ . 

where t he f a ctor 2-
k 

1s 1 or The codas wil l actually calculat8 

8 where q ~ ~ in code XV! 
'{2 

The valu" 

wil l thersfore be caleula ~ froID ~ha ~oduct 

rder 
. - k 

1:1 obtain thl6 required fact or 2 tty which t akes thd 'IIalU.8S q doUO 

for = 0 lQ = 1/2 0 w ~valuate th~ ~xpre8s10n 

1ch 1 equ to q when k :: 0 &,n.j equal t \ 'f2 when k:; 1/2 0 

ode ~VI IUles t. b.6 N~ .. t on m" nod of uwO::8ssiv 8 Appro:x.1matiJ,on £ 
to ~he po altlv r oot of th~ qu. tioD 

f (x -
2 

~ = a 
g 

",, 1 
2 
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=15 1 
P';). " error in X3 is l ess t h an 2 in the 'Worflt case when ~ ::;: '2 
cocle uses thr ee 1terat i ons g given by t h'a f or ulae 

'l'h val ue 

x =);. (% +.JL) = Vi + V222 (~) 
1 2 0 3% g ~ 

2%2 = x.. + -2... 1 8,., 
1 

o 

2x obt a ined from the third st ep is th~ requ1 6d app:roximat i on 

to fi D 'When 
2q 

q + O. r V2} kq vi 
tor the f nal 8 1. 

Be or he px-ogram o1;a1'1; t! va. U" of a i B put in Bl o H t. e 

nd of t b p 0, am t he vallle of y._~ 1,. 1: )~ 
2 

It lll it-llt app a1" mlr natural l; , !.uso the appl"o:dmat lon tormul 
~ b 2 b 

fo r t.he po Bitiv root of the equa.t.1 rl:1 :' ij :: 0 0 Th e eq tion x _ ''is === 0 

18 used to avoi <1 a ,,\anger of' over! ow dl1r1n t h e a.r1thllllltic Ope at "otu~ 
nvolved in th . successive apnroximat OlB o 

60 de XVI I Uti 'S a ~er1&~ ~pan8ion in po'W~rs r Y9 ~ber 

L~z 
1 - y 
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T:c:'.0 object of introducing y is to obta.in a. sel'iee 1nvolTlng only ov..a::. 
p.;Ju~l" a. We h ave 

l..!."z == ( 1 
1 = Y 

2 
= (1 + y ) {l + ~ 

2 

6 
+~ 

6 

or ! {f b .c'.. 1. 'We have = O.1715 ~ y ~ Oo l 'll , 80 for t h<e extreme values of 
2 . , 

[. b ~ 5 
y t h val e of + h abou't. (2 :l: 10 0 We t he1"efo'f'e tl1k8 

y)( 'f1. + i,.;YI + .ll;[i 
2 ~ '1 

=== (l + y ) f l y2 ) 

(~d X I I dati ermines ~'b 
2ti 

-i 
OI l" t !u it eJ. alt. 8 \f~ s t ore q ;;: 2 8./l ·1 

:at.'! or ~ t s pr-ogr (Startl the Vall.1.<S of J9. 

pro~am, ~! h in B4 D 

In ord er t 

.-1 

O. ~ V -2)q { -2 ;: 2 '4 C1 ~ V-"2L 
18 pu.t in Blo -At t n ' ' nd ot t ~·u; 

Q. Gada X:VJ. U8es 3~ ato ra.,ge Z"sght {;l't. nd 2'j fJparatiOtlSo Jl<lt 

count.1ng the final ap order 0 'i'huB at .20 ril1t: ll seconda per oper.at io;r., the 
<evaluat. i on of the squar e root would talc ,gO mioroseconds . Code .x,VU US«:Iiil 

6 atorage regl~ters au 28 operati ons 9 ~equ. ' r1ng 560 miCr~9aGonda ~ 
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A. Code XVIII e Rearranttement of A Set of NumberL i n AfW.§n.qVL.,(n".£.HI 

10 As i n Code XII the nunibers '1.' x2 e " 00 ~ are sto rerJ. ~ n 

consecutive r egisters C1, C2 ~ • n o" C c T e problem is t o rearrange the 
X U s in ascending order . I n the final arrnngement equal numbers nppfJar 
together~hut not necessa r ily in thei r ortgi nal Qrde 0 

2 . The p rogram takes ' each regh,ter Ok i n 'turn~ starting ~'1 th 
lc = 1 ~ finds the least number in the regi tel'S C} to C ~ and int-e .. (.b.angeH 

I: n 
this least number with t he numbel" in C

k
" To simplify th explanatol'Y 

uotea i t is a.ssumed t hat after each :interchange the num ars are ref;.e.med ~ 
8.) t hat at every s tage of the prograu the number i n em i called oX • 

m 

3 ~ Th greater part 01 Code XI] i s used in section A2 of th..h 
cod i;\' wi th th"" modi fications need d ttl fi n d. t he 1 a s t number lPT. ar t ha 
t b grea t e! ond . In the expl ana to ry not s th~ .number m refers to the 
cycle t hat 1& p r f o:rmed insid'" section A2" , Tbis uycl i s not SOOWl'l on 
the flow diagram ," 

: I t 1 - suppoP:lodd 'that B · ~h :. f t l'UmU 1'9 ~ Xl j Y1 9 z, , L. 
( X2 ~ y ... ~ Z2 "a o) , 00 00 (x ~ y ~ Z 0"0'1 are sto :redin t hemaDhipB a,pd th.u.t 

G v n n ~ 

i!J. p rogram B required that win I:'<ni!J.bl e t h computer t o deal with the '38 

· ute iII. the· rdEl r' of as cend1~ xi ~ r*lar'rar,ging tru. s s ociated Yi9 zi~ 

et c,~ in .a ·cordance with 'tr~a f inal r der 0. 1' th" Xi." 

2 . ~ f.; method of CIJda XVIl l cO\.l.l 0 extended to p rovid.e fo!' th.; 
rear r angem nt o.r the numbera Y1 t 2i' etc 0 ~ i li a.cco r danoe "r1 t h the ! 'earr anged 

i ' but t ha process of i n terchanging the ositiollS of the seta 01. num
bars in storage would p l engt hy , r t seems preferable t.o avoi d t he 
actual. interchange of the numoers by dealing wi t h t hl.'! addr68Be~ a.t whl.:.:h 
t he number CM e :found 

As in Cod 1\ .x'll 0 XVln 'VI sba 1 e. sum t hat the num 8r'S 

Xl ~ x2 ' 0 0 ' 0 1(n are eto ed in regi s ters .1 , C2 !, ,.< . Gn ~ however jll 1;hifi 

co d~ there will be nJ need t o as sume that thes regist ere are Qonsecutiv8 , 
W'e assume t hat Y1 1S s tored ill th flgiater wb;)se addrt;aa s U .}- l\ I> 
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~;, 1a st ored in the regi ster v + C1, etc •• 'Wnere u, v, "., " 0 beva t.ill' hrune 

value fo r all 1 . Th e 'comnut er, having found the address 'Of the 1 C:Cis",Jr 
containing allY Xi" can ea~ilY find the r egi ters · ccnta1n~.ng the nSlloc::,! tf!d 

Y1, zi ' by adding the number s u , v. o • • 0 

40 Th e code usee a set of c n Becu:~ 1 ve regiat e 8 C( c + 1 ). 
C{c +- 2) . 00'. C( e + n) t o contain the addr 88ea CI D C20 0<.' Cn . Tbe 
a ddre 8 c ant 1ned in rer,i st er CCe + t ) w~ll be denoted b Cp D ruld the 

t 
by x\ t ) e ',t'o b~ mure 

e qlJ 

5· 

~t thl ~ ado e~ B wil U~ de otad 

t. H in C( c t t J itt 2~l)x(..p " 
t 

II" en 'h , pl'O ,l"a ID fll rot > t, e L~ 8 e rft I..!~~ 1 ) 0 C\ : + ') ) " . ... ' c ~ .... 

:( '.i 
, 

~on t, ai r! t.he a.ddr e s ,. f 1 " C2 D i n or d 'J'hfl effect. U J .) ". \. I,;n ... r o ., t ~"}~) ') ": '"d,I'I), t a.nge t con1.~nt (' J t haa ~gl t~ra at) that r,he 
n\. b\· f a 

1, 
I~ ot aJ n d ':: C(OH 8 i l~ f \J ;1\ ~' .1r ' t1el& ~( a + 1)0 c (, (~ + ZL " , 

'i'D I "I e 1.t1 a~e' Tl(11r f ' (,)l"C1m 0 r. h 11' • J '1f~ t" n~d :), :1e411111"' ln tu.rn 
'I,IH 1,' S .<:l. t< (~( C'" .. ) f o I.::: ~~ J , ~" 11 " "1' ach t th l! conte t 

f ... , f'<8f,1 a I e r ,,, ( c i t" \. ",1\ (' ''' ;: 1 . 29 3 9 a..t"c e:xamluf'd in 
' •• 0 "rl" ~I v d to C~ c l- • _ m ...\. 11 n " ", Ii p,\ s t,sr :f. 8 .t"aactJ.e'i 'Whl~b can , 

t.d tl ap tvi ll1"etiti g, l v f'. 1'U t l e<t \ki" ttt , r "'l,' l,£U t o the:; 1 t.iI.tto' 

", ,it 

h i 
"1' ~ t 0» 

t.ln , 
... , ',th 

nt!' t h o <>0 rf> 

tax. " '" mem t, ~ addr J 
l d,. r t:I t s l,e~ ff ,(. ~ • 

t-ft.. i n ;\ I:' oj. .). " 'r' , ... idr u" '!; bal• 'WH.~ ", h't-14 

.n ,- 1 ae I; '.If ",to" r~~1:~1 at l"d }l .oelflC/usl ,-!:;;;£IlU tned. 
.O\J'W·' I,) I,',.. le,~.: t harl t.he lt1, ' 8 

of tl ., t"bt, gt 

"f '.. r r-g ~1n 0 ' '\ 

t ) 

_l~~llg ,· ,I !:I,cr" e ~aJ. 

JO ~ t:ll I ' tfli 
t. 

t;t,· .3~(~~ . at 'fl . ttl, , 1) 1:,; 
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.Sl.g!. .1geIlng ::Ili \,~ E- 2,)00 

.M r Tra;:f, c G():ntrol .?ro,ie!,;t · 
SI:;rvomecr",,'W:1 illU 1 L8:0C r 1J.tory 

MaSS8,c.;iltlSB ctB JUf.'t:l ... ute of '.~Ew.'1nclo&y 
Cambddge , Ht.ESa.d J.set~i3 

li'r'f') lll ~ Davtd h. , 1srael 

Code I Cede 

~£.<f~tl! 

H ":' ';1 ~ 

1 ~ 
-':' 

A.~~ ~ x'-' .' .n'f 11 

~~ Ill!' 11 a (1 ~:J 

,t 1, 8 H · .~~ ml' 11 

.. ee 14-;) 
" lid 10 

I; lUI: 1" I'.. ~k'J 12 

7 a<1 l~ ftC:, ox -+ C .. a1l d. o~ C.}C!~ 

a ACI l~ p,r; ; 0:;;2. ""- b ). .. '" fJ. 

~j tt\ I t. .1 !: 

La 'om.' ,,1 I." ... de ~'- ~. 

, \ 
Ii ~ .. 11 

12- b 12 

'1 ~\ <, 

14 ';( 

1. ;; 

H 

Ej~ ~f!'~!dLE t _ Qrg~ l'~ 
AG B 

I ' 
\ 1 ; A.~ 

AG e...t <1-1 
? 

At:: ~K + b<l. 

AC 
2 .yo al· + {IX '. 
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'" do III 

Q!·6~~£~. 

1 

2 

;3 

4-

5 

0 

? 

';) 

lC 

l. 

1? 

15 

f., 

...:a 

mr 

ad 

ts 

\!8. 

orr' 

ad 

(ll 

Jtl1 

d~ 

al 

tr 

17 .), 

18 ~l 

19 ) 

19 

la 

20 

14 

9 

It 

19 

.l..€ 

20 

Ib 

8( 

Efte~<::£lL.Q.c QrdJ'~.fl. 

AC" d 

AC . oJC 
AC; c· .j.. e 

r egis ter 20 . dx + 

ACl a. 

AC ~ e.:x 

AC 5 x "'" l> 

A'" ,,: ax at b:.( 
" 

AC~ 
c.. 

~ bx ax 0 .,. 

BRl ~~.::. ~~.~_'~ 
dx + e 
(-' 

_~?t_~_f;.. • ..? t::,. t 
" .--- ~ -~\;, ax a 

- -to 
r ee;iEl ter ,'0·: ~. •.. 

d;x 

I2Lds.!:·'. 

J. Ct.. l{. 

? mr 14 

3 t;s 16 

I~ 4 ca 15 

:5 ID. 15. 

a. . 16 

7 h 16 

~a. 14. 

:I Ill! 1, 

1() dv 10 

II .. 1 lb 
bx + ,,.:; 
~ ft 

U? '(.8 1 

J :~ f;!j{. -:. )1 

14 

1"; .' 
Jf. 

.. 1-"1 v,''' 

r t~' tu: 

A';. :y 
AC. 

? 
:f 

AC 
2 

·t '( 

reg1 nt( .. 

AC ;;: 

AC X.y 

H. ~y-2 
'Ie .~ 

AG. .1I.,Y 
2 

~ 

Y 
? 

') 
~, 

y 

• !;Y.~_._ 
". 2 Z 

X l' Y 
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Codl;) V 

... ; J ~r~ greets of Ordel:ub ';J0.. 

1 ~a 11 AC: b 

2 ,. 13 1 2 fJ.Cg b 
1reg1ster 12 ~ b 

3 au 1 0 }_C~ b-e. (po sitive) 

4 np(- )9 go t o order a t 5 

5 iJa 10 AC ~ s. 

6 11 8 11 . r egister ll ~ a 

7 (.\8, 12 AC ; b 

8 dJ 10 l' gister 10 ~ b 

f( 9 sp J ext Job Is in ,agiste:r 10, 
~ 
( s is in registe r' 11) 

0 i:l 

11 b 

2 

~ .. ----- -~-..... - .... ---...-~ ... 

(Analysed only f t;, r c ~ b '? a ) 

QxcLn lilffectL9! Order1l 

1 ca 27 AC; b 

2 te 29 (AC : b 
h·eg:1.ater 29 ~ b 

3 au 26 AC ~ b-a (posit1 va) 

4 cp(- )9 (Jf) to order at 5 

5 ca 26 AC ~ a 

6 ts 27 reg1 s te t' 27 ~ a 

7 ca 29 AC ~ b 

8 ts 26 rag~. star 26 . b 

9 'R 28 AC ~ ~ 

10 i8 29 (AG! c 
l reg! star 29 g e 

11 su 26 AC ~ u-b(positiv ) 

:2 cp(·.)17 go to order at l~ 

'% ("8, 26 I\.C ~ b ... 

14- t 28 r gi star' 28 ~ b 

15 c..e. 29 AC"; G 

I. 
I 

Code V.1 

9~.~!. 

16 ts 26 

17 ca 28 

-:.8 t a ~9 

19 au 27 

~ O ;p(- }25 

?l tl 27 

~'2 t. s 28 

" 1 ca 29 

;!4 tI'.I 27 

25 sp next 
~)6 8. 

.)"' b 

~8 c 

:~9 

ACt 1) 

LtC ~ b 
i :regi st~r 12~ b 

AC :. ~n ( eg::1t.he) 

go to (Jrrio a.t 9 

\(a 1 IIJ regi ster HI " 

1 b i j 11 -reF: s t e !" 11) 

.101> 

Eff~~t8 of 01'dera 

register 26. ,.; 

AC ~ b 

rAC~ b 
ireg1ster ~9 ; b 

AC ~ b-a (positive) 

t o ordar at 21 

ACx 8. 

regi s ter 28 ; 8. 

AC ~ b 

regi s tar 27: b 
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2~:t:~_ 

1 !~a i -, - , 

,. 
G d 1 '3 

"' .. .au 14 

4 Gp(~ )6 

f. P 9 

b ad ) 4 

') i;~ 10 , 

t.l €I}) ~ 

'9 '"Ja 1.2 

10 te- 10 

U a'-.t' c, 

J <, 
. iG h) 

13 2'~1 ~, 

14, 3t 
~lb 

11: 2 

tF. 

9Lderfi 

1 ':;e, 7 

2 ad 8 

3 sl 10 

4.: er 10 

5 ts 9 

6 sp 

F, +G1 , 

8 2 
"1.l,tJ 

,'. ;, 

Effects of Ordara 
~!!L~g!g)~ 

AIJ~ 0 

AC " 
,?- l5 
"" 

AC t= W x 2-15 

go t ::> order a)~ 6 

AC -, ,:)-1.5 
/c. 

{AC, t 2-
15 

regis toll l' 15~ 2«:1-6 , 
/ 

g::.. to or'dat' at 2 I 

Effects)f Or del & 
. __ .. _ ~l s ~_.E~~le} 

A.C · 0 
hG; It' -'. S 

go t ,) order 

/ 
/ 

/ 
I 

! 
I 

Coda lin 

Effec: ts of Orders 
~..1gJ1d-vxclIiL~. 

AC F ,)=15 
.' g iG :x <, 

AC-.-<t; 9 x 2 /
'~ < ,. , ,-15 

/ go to order at 6 
I 

I 

.., - 15 ! 
'" I 

pO to order at 2 

C.) d~ IJ1 II 

~ffe ~t s ~f O%dar~ 

.. =.j?d1L~xcl~,L __ 

___ .4 

/ 

I 

/ 

?ag.e 68 

go tc} ~rd~ j.· a.t 9 

AC_. a 

rAe" 0 
) rt:!l:':l ate ;, lb ; Q , -

f~"j t 'J .) ! d~ 1" Cit r 
I' 

{begi!! r!l.t.;s,\ rJ) 

gtf~0tR 01 0rd~r~ 

~_._l..;~~l.l~"L"£:L~l!d. ~ 

AC; () 

{
AC t 0 
.ragl ate:r 9 ~ (1 

go to lrd er a t ~ 

(ba&';jn A.gei n) 
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Q1: d!~ 

Al Ca B n't':3 

2 mr B 1 

:3 ad B (n 1)+3 

4 ruT' .B 1 

5 ad. B (a--.2 ) ot ~ 

6 ml" B 1 

2nt1 d '4 .I 

?ll~2 h a .. 
'(.!l t-~ sp nex t,. J 0 

-. --.- - -.,..._. ---

Or.Q.\'!1 

A 1 '· /J .J t\ ' b 

2 ts P 

3 f:. a :!-

4 mr Jj 2 

:;, Rd. 0+4 

6 B 

7 a A 

8 Kh B 1 

9 t A 5 

10 'lj 

P L (. ) 1\ 3 . 
~ iST i\ ;( 
13 La 
14 a· :l , 

I,. 

1. 0 td \ 
16 sp H!J.\; .1:) tJ 

Code IX 

~fects of O rder~ 

AC 7 an 

AC t a x n 
AC ; 8. x ... 8.r'_ l 

n 2 • 
AC ~ a x ~ 

n 2 
A(';~ · a x 0+ 

Xl ~ 

" ACi, a x 
n 

,: ~ .0. 

"*' 
/.1- 1 

'\J, JC e. 1>. 
n-

BZ ~ 
n n- l 

8. X '+ :tin~ .l'X U. 

}:f l e ~tb :I t U r !.'Ir s 

.tat c....Y.d ~.L_ . . 

C: ' , an 

13' ' .. an 

AP' .... , an 
At!" an J'i 

AG. 8. n 
J'i + e. n- 1 

B~ ' a
Jl 

l: .... 
Ap_l. 

AG~ a 1) n"' ~ / 

f'Ae < a .B A'" / 
t AO~ ad .B n"t~/ 

I C; n . 4 

;' 

/ 
I 

.;-

+ 

/ 
I 

I 

+ 
O 

o c: c 0 j') 

,.. 
iiI) 

£ f f ec t a r.,f 0 "d r 
_~ _ L~~11 ~s:l~_ 

At.:~ an x .. 4
0

_
1 

l A.G. 
. .,.. a :J:. 8.

n
_

1 I Il. ? / A. an x + a ,..-+ I -. !4- L 
1'\ 

B~ ~ x G + + t:l.ll~ l 

I\C. d. }J n 3 

AC : ad B 0-*'2 

e-I;~ ·1 .f:j n+2 
A5 ~ d .8 n+2 

AC ~ u+2- / 

:s 1 

4 

n-t~ ~l 

2.~ .~ 

}l 1 <' 
- '.l5 

:? ~ 

~~ 

4 >; 4 
a
n

_
2 t l a,) 

a n··2 
0 81 
7 <1\ ... 
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9.r 4!?-~"~ 

1 c M :~' rn 

2 td 6 

3 ell 1.6'+n 

4 ts 1.7otn 

5 ca l?+n 

b 6 '-~ ( 6ee 2 a.nd 1?') 

7 1 1 
8 U " 1 

10 \·a b 

11 8.1 18<h l 

H' td , 

l~ \I ll ~.;) 't1l 

14 ...:p ,-)b 

I t- lOP n xt 

.t,b °1/ 411 

1 'I '02 / 4 11 

It. i 11 9n / 41 i 

lb'~ l1 ·to 
1 ?t u 

l tl ~ n 
,7- 15 

19';,0 All 1. 

J :.>tl 

20t ~ ;911 Itr"n 

-

AC , ad 16 

r egist e r 6 ~ ad 16 

AC: 'to 

r egister 17~a~ +0 

m. l 
AC ~ "\~ . / 411 1If"2, 3v . ,. 

i.=t- 1 

m 
AC . 110 

0 ) ' 41, 

A.e · ~ Qi!4T1 9 

1 
L m'~("' 

2 
1=0 

m\ Q /411 L_1 
1. ;;() 

'---- --- --- .--

~ 
r egis t.er 17+!l ; 14; Ql/411 p mod 1 

[: -...... . - .--- -J 
C 8i1 1 ... + (m- l ' 

A ..... a. 15"'"ru 

"AC a j 15'+ti.1 
I 1 r tl F,ister 6 dol 1." I-Jjl 

C m- f1 

If 1n !. .tJ~ ~.J !J aCM, t , ::. 

If 1Il ' [1 , have fln'lt<hed 

Io crEla.se m tl:v 1 ----- --, -----
I 

I 

-·-----1 

I 

1 
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Q.;_d.f:l!!... 

Al. , 'J a. :82 

::3 td A2.2 

3 ad B1 

4 td A2, ,, 1 

A2,1 

A.~r, .. 1. 1..8 A2 ,1 

2 td. 1\2 02 

( A,"lol ';8, ~';Ll 

2- d Bl 

t,(i A~Ll 

...; .l 1Jtl 1:1 

2 ,-p( .. )A.:.:L l 

A6<l ca. A2 . 2 

..., t d 0 . 3 I,~ 

3 os. 

4- ts 134 

..'.e!.. s~~~ for~:m 
~, 

1 2 
.~ 

, 
·.in Gl fo'J 

3 .: ~.;:: 

.. 11 (I:ct tot' '~ 

r.:.a COl 

ca Cm 

Os. \~ (m+l ) 

( ar+l.~n ) 
-·1 

x 2 

\JU eM 

~ ~Ele A..6 r 2 

'-, . 
} 

great· est 01 

'1, ~ x2 »· '\n~l'i' 

(Initi a.lly ru ,-;:. 2) 

r c~}:!:~ A2:2j 
to au Om .J 

[ c~~~;='Fl i 
_~~-..£I:\_ ~!.!ll;!L _ _ j 

I 

no 
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ALl 

A2 1 

2 

A,~ 

~. 

.~ 

A,. . 

~ , 

:..I I 

~ 

.\ 

.B'j 

.,-
tG 

B=~ 

J!, 

te 

!s 

L:a 

td 

..... i 

a1 

t. • 

\.:u 

'T1 .. 

": 

~ '1 

~)! 

I.t 

,;; •• 1 

'$ \ . 

C(C) 

B2 

}J~ 

AI .l 

A4 . 2 

44 .. 2 

i'.i' 

.2 

') 

,.\, 

l:\~ 

]1'1 ., 

f ~ 

In 

VA 

....... ' . ·)v , J .. tJ 

~ , A;~, 1 , 

)' 

. e( 1'.)1" (; ~. 

lI! ,. oe\ 
.) , 14. 
.t;, 

''> 
t> 

Codu XU! 

on C{O) 

<-'h- l 
0 ~> II l:. 

!D.-I til ·,1 
;'" 1~ , 1 2 ~ Ii4 . 4 

fl, 1 
;:\.t-et P.? A ..( 2 

al m. 
4_ '. h 'i. 

.In 111 

>.' ~ f'·1ll.1 ~ t 
:It Ll . 

t'O t.. H "l A4 ·C • • 

l' 

Ol 
,.,~14 c .. (' 

a', 

i< ~~ 
. 

r
F-;t~ ~;- 1;·i.h:~";-~~i-~ ~;;I 

th[..t n:"'~ tll n: -'.,air.1 I 
.-. I 

,: of' cl ol._..... I I ' )n ' it ____ J L_

y 
___ . ___ _ 

ill A4 2 

[ Put';. he a x'd.,." r:(;)--I 

I---"-'-~----1 
_.. - ---- -_.. - I 
>hange t he <.)'t CN' in . I 
A/~ , 2 .t r m m q I, -1 ) 

to me C\ m'j 

. ' ~ t o ~ t h... . \ 11 

I B~I a!Jtj ~~ 
- -I" 

'-- -r 

Il'.~ 

, -~ 

L Tr,, ___ ~~ ~_ ,'~ vj 

ceo I 

t 1 . ", v , 

>\. 
I 

~ . 
r' ; 

'1: 
t 

I 
I 

~-.,~ ! 
__ J ye~ 
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Code XI V 

.U 1 .. 1:) J.O o :i ~~ l •• __ ~._I 

C .. ; ~ 1 
:3 \iB :a 2 

./\2,1 ..la B 2 

2 !.Or B 5 

a.d B 7 

1- /(Ilt .H 

'" t p,. .~ " 

,,~3 "1 a(i b .1 

.., ta e 1 " 
4 < H :. 

? }. 

u. ; ;:-

t B ·1 

..iI.') a; '\ 
~. 

? t.. l:S t' 

.6< .. t..,.rr ... :'3 ;:~ 

u e ~j 

3 ~ .. - )A'7 ,1 
:t ~p A7 1 

.In B l\ 21~!1 
au B ~I 

c-p( -) A.8¢1 
is J\2 p l 

ntt t j..l , I$P -;I~t--j ~ t,·, 
_.- , ..... - - .-- -.- -

1 lI~ed Lit' 
(OJ ) 

1 
tired ~o ')(~ 

( 'll 

r '" - il1 
J 

t. 0 
~ 

lJ, d t .H' 
(a: l) 

1.1 ' 

",I ~ t .. oj tor (m""ll 
? 

B 4 

IS )1 
H . '$ ... 

,. I) 

'-

1 J .. )·10 

0\2.·. 

::B, I' 
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Ai .::a Hl 

') lJlh B5 

3 ao. D3 

4 td A<L4 

t,cl ~~L p 

C . ..B j 

~{ t. i'lL- ~ :1: 

, .... 1. 11 

, I' .1 

1..1:> 

• ~ ~ 

tOl' 

• f.t . 

)( .2 
'1 

" 'J 
'-

Code 1:'1 

=15 kl .t 2 (BR uont ains m) 

He r(~) 

Ie f hk .) 
'. 

~ L. , (' 
I I'd 

• 
-( 'JJ nt. J . ., ... o • . ' 2 

• « tk 2 
\ "')y~ ) 

...... ~.1 :-

Page. ..,. 

I . 

r ')btml.·:'~<·· - :;~J)n -1 

and p.e f. I L~d I 
traIls.;'er I.~ '1e tioJl 

I ratio,) In ;. fl l It! ---'-,- - -'--' 
! 

r 
---~ - '1 P'd: ) i 'i , I ... ';J.": f ! t 

I \ , 
f' r/.lJ I: -.'1 

j It "('.IT}.' r.t l 

. / 

~< 11111 .lJ. 't ..... 

.... te l . " I . 
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( 
CoJ.e XV! 

Al ,.l ca B_ a 

<Jf B2 AC contains b 

B2 It ··15 
n 3: 2 

:3 s r 2 AC I, :2 
4 

4 tEl B3 

A2 0 mr C2 (},) _\12 
4 2 

2 ad ~l = ..ff+ 2 lJ 
Jt.
1 

( .~ ) 
8 2 't 

3 te; 84 

A .1 t.l8. 6:~ .2 56 Al ., 4 
4 

2 r ' 1 .-
8 

r d.\> 134 v 

1 .1 1 . .!L Set:l A2 ,3 
8x1 5 11 Ii\. ~X2 I' 

6 t m:. 
'l 5f X. 

Co 

H t hq 

M , ea H .. ~ ~ ~~e n .4 
4: 

2 \I ];6 

.3 Hi 
lJ 

~. ~ A:~ .6 >!] 
8x

2 ;g o. D4 
\f"b Soe 4 2X;r< 0;:: ..---... 

2q 
[) t P5 

" -M'J .1 Jj " 
., 

Stte A1 ,~ ~H n ~ <. 

? ,un L.. A~ ~o u tB1Ut! ? 
:"5 

m ~ 
lllt It k' 

3 t.el i\.7 o l. 

A ' 1 15 

2 mr C (1 . V- 2) --kq ;> 

3 ad '.·2 
,k: 

2 il 

2~m? ~k 
?:l 

A" 1 r :: d 
- 2 

q • e~ JV" ., :~ n. q -- \[-- { -
2 air B" 2 2 . .R ; ' _. I!. tH" .\.4 . f~ 

2 2 
3 t ,s ~i 

!ltl , l 

.N.:. t e : Je ta !. r h,:e Q t. i o l l r.t \O/l tlg pRe~ . 
oJ 

Ob·Ca1;-.nd -S'}' r~~l 
-l:} "" ~ 

n : .2 aI. I 

- "-l-j ---~ 

~taiU _and ~:j 
_-.1_ .' __ .:] 
Ibtai~ and ",on 
2 e.nd 

~ 

I - ----

I 
I 

- -,~- - ---, 
t 1l': ttl tludcE!I 'l(> 

ac ti on of ~t vX I~r 

11.7. 2. and obtaiu 

k in BR 

' I 

F.~~:·n ~~ '~rt ~i ~;'el .. , ..... __ .. ... ... . , 

i 

P'; H~' A.:' JQ 
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B2 .. 

B3 . 

BS , 

-- Used for n x 2 -15 

II "B 
4 

II " 
II 1\ x. 

II 

" 

Cl 

V2 C2 ---:: q 
2 

C3 1 
2 

l.!4 1-. \12 :: (1 - \I2)q f2 
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Al.l 
'I .:. 

}.2 ,, 1 

A3· 

2 

3 

4 

:5 

'7 

2 

3 

ua :61 

sf B2 

sr 1 

a.d Cl 

au 

t s 

' [' 

mr 

B3 

C2 

B~ 

113 

4 ad e 

mr 

t & .M 

Ab.· l 

.. 'l 1 \~4 

to AS 

m 

ad 06 

8 

2 mT 

G,~de X.VII 

a 

AC con tains b 

132 contains n :x 2-.15 

~ 
2 
b + \f?: 
2 4 

9. 'IT 
2 4 

6 S e A2 ,l 

.., 
f(y") 

(1 .,. y) 

.fi 
4-

2V~ 
4. 

A con t al 8 !II 

BR 

iJata ~t .)X8g~ 011 t ,.)llowing pal?:e 

[();t~l~_ ~;l . t_' ~. _=:U 
I 

I 
1 1'0 H li t J" l' 
r~_. _ .. _ __ •• _ • • J 
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PAta .. ..§.t9J:.g,ge feu:.. C~m~ 

In OJ .. fi 
L . 4 

- 15 B2 -- Used f or n x 2 

B3 " " ~ +fl C2 '? 
2 4 2 

" " 
2 

7 
~V2 

" " f{ y2) G3 16 

" II Y ,;4 +. 
:2 1 

(1 + .1) f( y2) ~D. (;5 
- 4 

(1 - '("2) (1 ~ f'2)q I! to ;. ~. 

2 
:~ 

.• _.e, C6 
- 4 

" I( 2 =< C\ 2 



( 
0(,';' "' 

}~nf!. rd" r i N!~ liot. 3 E ·;;~OCO 

AJ. ,j ea 32 
2 ".; :85 
3 sp AS 2 

A2 nl ca 

? ad -
3 \''P( - ) A2 ., 0 
4 ea A2 ,1 

td A2 ? 
6 ea A2 ,1 

? ad Bl 

td A2 .1 
su B3 

10 c~ .. )A2 . 1 

A3 4 ';8, A2 . :?' 
? td A4 , :3 
:3 td. A4 . 6 

A.4 ,} 
2 
3 

4 

,Ab "l 
2 
:3 
4 
5 
6 
7 
8 
9 

ea 
ts ll4 
ea 

\..8 
ea 
ts 

ca . ll5 
to. ~ .2 

td A4 .1 
td A4 , 4 
ad 131 
ts D5 
td A2 ,1 
au B3 
t.Ji- ),A?, • 

L:R Cl 

- x m 
(min ~ 

See JI.5 .. 7,A2 .. 8 

x
m

_1 ) -. xm 

See A5 .2 , A2 ,5 

os He xm S~e A2 , 3 

c e RC xm>t-l 

min ~ 

c e Ck 

~ s , (k+l) 

( k+l) ~. u 

x See A3 . G 
n 

See A5 ,4 

See A3 , 3 

Sea Al ,. 2 ~ A5 ., b 

[~;t k-------: --.--
, c· ~le 

_._...1, - ... --
I 

___ .,, __ . ...-,. .... . ~ , ..... :a.: __ . .,._L..r 
Find which of the 
regi sters Ck t v Cn 
contains the least 
number . 
(k takes th~ 'aluee 
1 2 s ~ :._l~) ___ , 

r~t;;;;-~. th. l.aet 
number with the 
number in Gk 

- i -------, 

-[~ ......1 . ___ 
1 

P1"epa!'e to deaJ 
~r1 t h the Ila.x:t,· 
v-alue of k ! 
-~~--- .. ~-.-- ~ ....... I 

I 
. DO I p-
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:31 

2 

-15 2 

cs 01 

os On 3 

l. Used :for ~ 

5 II 

C ).1 

~ ... 
~.c ~( 

2 

4 (; C"{c 2) 

:B~ .c C(c "" n) 

,( 0 ) CL 

c C + 0 ) 

" os Ck 

('rhe nwnbaTs jr 
Cl til On arE:
l'~n8!Jle d. aft ar 
tuch cycle) 

l!.~:,-~~~~e;~- f2!'...~.rl~ 

(2- l~, x C'p ) 
t 

:r 
( t) 



( 

66'13 
~nginee:-1ng :biota E- 2000 < u 

Al 01 C I~. 

2 ""1 

A~Ll ca 
2 i.s 
3 td 
4 ca 
5 ts 

Bl 
A2 .4 

B2 

2 au 83 
:3 td A5 ,1 
4 t d A6 1 

Ab ,,1 t.o. 
2 td A5 _3 
~ ~a 

4 B 82 
b cp( - ) lIB 1 

At>' l co. 

2 ts 

A7,1 e li 

2 sp 

AB·,l .... 0. 

2 td 
3 ;:!a 

4 t s 

A5 .· 1 
A4 ·, 1 

A6 ,2 
A84 
Bl 

A9 ,1 c O. .0\2.1 
2 ad E:; 

Al'Jol td A201 
2 au Bfi 
:5 cp (- )A2.1 

Code X 1.)< 

co. C( ,)~~ ) 

2-15 x Cpt See AlO ,) 

co. C(o+t ) 

ea C(c'tt-m+l) 
See A3.1~ A4 0 2 
0 0. C(c+t~m ) 

·~lb 
2 x Gp t - 1l1 Sea A4 ;3 

See .Ab ,(:-

(t Lo. L J 
-. X .,~e ~" o 

- 15 2 x CPt ;ae A404 
~m 

ce C(v+t- m) 

t~ I.! {r.; t-m+l) 

.. 15 
2 x l::Pt 

0 8. C't:;-+t) 
co. ,~~ \ c+t+l) 

See A4 .. 1 

See A2 n2 
See .A13 ,. 2 

Sad Al ., 2 ~ A9 , 2 
(t+l~ n) .x 2~15 

Pa.ge 61 

[£~.epa~ t? ~ ~1t.~· ~...:-= ~ 
---, --<- ,._---, 

--~.- ---- ~ ! 
Store a ddri'S3 (;p 

t 
conta.ined tn C(c+t), 
also number xi.f.) 
contained 1 n Cpt 

5 
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