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This report 1s based ou a group of twelve lectures deliverved
by W. . Welchman in the spring of 1949 as a part ofgoowrygs in Machdoe
Computation at the Massachusetts Instituts of Technolegy. Thess lectures
wors given with the purpose of indicating the geveral veture cf the sequen.au
of operations used by high-spsed digitel computers io carrying out parti-
{ tular processes.

The sccent in this report 1s ovn slwplicity rather thap on pro-
fundity: the object is tu snable the resder te attain familiarity with the
uwss of the various computer orders, thi: teing done by the conelderation
of a nueber of simple todes rather than by a diseussion of general thesriss
51 goding. Mathematical conslderations of srrorg are not included aud
theare 18 lLittle attempt to discuss the relative merite of different methods
of attack on a problem. The particular codes that are presented serve
gimply as illustrative sxamples avd 1t ig not sugrested that thess codes
represant the Lest methods of handling the problems concerned.

in ordsr t¢ disouss coding 1% ie necessary %o specify ths bs-
bavior of ithe computer for which the codes are to be written, This rsporu
ie cuncerued with coding for Whirlwind I, a computsr whose coding charsc-
teristice include the uge of the binary oumber system, a fixed binary point,
and & sivgle address code. It is felt, however, that this report wiil '
provide a useful introduction to coding for computers with different charac-
teristics.

“miriwind I uses parallel operation {u which all the digits of
sunbter are handled simultanseously rather than in sequence, It snsens reascu-
sble %o assume that au averase speed af about 20 microseconds per operation
will be aciieved by thie CompLRer With serisl operation, a machine with
einilar characteriatics could Le expectad to achieve arn average speed of
Ltetwean 200 and D00 microseconds per speration.
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In ite present stage of devslopment Whirlwind I is designed to
handle binary numbers of a 15 diglt length. This report will not% consider
the use of doudble-length (30 digit) numbers to increase the accuracy or the
ugs of scale factors to increase the range of the machime. These matlsrs,
together with the control of imput and output and certain special arrange-
ments to facilitate the use of subprograms, will be dizcussed in & later
report,

A computer program is defined as the sequencs 0f operstions by
wnleh a computer carries out a particular preocess. A computer code ie
the set of instructions which must be supplied the computer to enable it
to execute a prescribed program. Broadly speaking, the instructions fall
into two parts: the orders that tell the computer what operations %o carry
out, and the data upon which the computer is to perform these operations.

The principal internal elements of Whirlwind I with which we
shall be concerned are the storege, the arithmetic, aod the control ele-
wante., These three slemepts are connected by a commurication system called
the "bus". The storage slement is uged to bold both orders and numerical
data, the arithmetic element carries out mataematical operations,and the
control element insures that the correci osperations are carried out accord-
ing %o the orders that are obtained in proper sequence frow the storage.

Section I of tvhie repurt contalne s statement of the vperational
stiecte of the computer orders. The reader need not look at this section
until 1% 18 referred to in the text but ehould proceed to Section II. The
codes that will be described in the text are bound in a separate volums
%0 Lhat the reader may refer simultaveously to a particular code and to the
degeriptione of the orders uged in that cods.
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Section 1. Description of Ordersg

The operations which are described in this ssction are only those
taslc operations that are needed for this report. The description o the
2f{fecte of these operations is incomplete; containing only what s neaded
for the present purposes. '

For each order the following information is glven:

(1) Descriptive name for the order
(2) Biunary code for the order

(2) The operation to be pertormed
{4) The effect of the speration

{£) OComments, where necessary

Irgugfer sperations
ea X {1) Clear and add
{2) 10000

{3) Clear AC and add %he contente of register x into it,
{4) AC - contents of resister x.
BE ~ gleared.

ce % {1, Clear aud subtract
{2) 10001
{3) Clear AC and subtract the contents of register xz from it,
(4) AC - complement 3f the contents of register x.
BR - cleared, :
om X {1y Clear and add magnituds
{2) 101000 '
(2) Clear AL and adad the absolute mnagnitude of the contents of
registar x into 1t ,
(4) AC - positive absclute magnizude 9% the contents of register x,
BR . cleared,
ts % (1) Transfer to storage
(2) 01000
(3) Transfer ths contents of A0 to register x .
(4) Reglster x contains the contents of AC, the previcus contents
of reglster x baving been cleared (lost).
iox (1) Transfer address digits

(2} 01001

{3) Tranefer ths right-hand 11 dizite in AU to the address section
of the order in rezister x

{4) 7nhe right-hand 11 digits in rezieter X are the same as the
right-hand 11 digite in AJ, tus ramaining digits of register x
paing undieturbed ’
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8u X

nr x

mh X

dv x

&

Arithmetic operations

(1)
(2)
(3)
(4)

(5)

(1)
(2)
(3)
{(4)
(5)
(1)
(2)
(3)

(4)

(1)
(2)
(3)

@

(5)

(1)
(2)
{(3)
(4)

Add

10010

Add the contents of register x to whatever im in AU,

AC - the arithmetic sum of the previous contents of AC
and the contents of register x,

An alarm signal will be given and the computer will be
stopped if the magnitude of the sum (whether positive or
negative) is greater thapn or squal to one,

Subtract
10011

Subbtract the coutents of register x from whatever is already in AC,

AC - the arithwetic sum of the previous contents of AC and
the negative of the contents of register x,
The same provision for alarm and stop as in ad.

Mulziply and round off

11000

Multiply the contents of register x by whatever is in AU and
round off the result %0 one register lsngih,

AC - the left-band 15 digits of the product of the oviginal
contente of AC with the contenis of register x, round-off
having been psriormed {one being added to the right-most
d4git of AC if the sixteentb digit of the product was a ons),
BH -- gleared,

Multiply apd nmold full product

11001

Multiply the contents of register x by whatever is in AC but
do not round off,

AC - the left-most 15 digite of the 20 digit produst; not
rounded-off, with the preper sign associated.

BR - the positive absclute walue 5f the righi-moet 15 digits
of the 30 digit produet, followed by a zerc in BR1S.

After the left-hand section bas been stored, an sl 18& order
can bring the right-hand section from BH into AC with the
proper sign associated with 1t. The gl 15 muet be performed
before AC is clearsad, otherwise the sign will be lost.

Mvide

11010

Mvide the contents of AC by whatever is in register x .

AC - +0 or -0 depending oun whether the sign of the quotieni
ig *+ or -

HR - the positive absoluts value of the quotient correct tw
16 figures (1.e., there is no sign digit and all 16 digite
are significant to allow ecorract round-off %o 15digits by
the subsequent sl order),

After the dv cpératiou the order sl 195, which must Ls ULhe
next order, bringe the quotiect into AC with the proper sigo
associated with it (see sl)

if the dividend is greater than the divigor; &6 tiat the quotient
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dv x

8l b

(5)

-continued-

exceeds one; an alarm is given and the computer stopped, If
the quotient equals one, the error will be detscted 1 the
subsequent sl order, for round off in the sl will cause an
overflow. This ie because the 16 diglt quotient in ER will
consist entirely of ones if and only if the divisor and the
dividend are exactly equal.

Shitt operations

(1) Shift left

(2) 11011

{2) Shift the contents of AC end BK n places %o the left,

(4} AC - the siga digit remaine unchanged. All cther digits in
AC and BN are shifted n places to the left and the result is
roundad-off, Digite shifted left out of AC 1 are lost,

ER ~ eleared.

'H) As in sr the elgn is sensed and remsmbered s that the shift
and round-off can be performed using positive numbters. Digits
that are shifted left out of AC ) are lost and no alarm is
given; but sn overflow caused by the round-oif pesrformed after
shifting is completed will give an alarm and etop the computer,
The order sl O will be correctly interpreted; ite only affect
being a round-off

{1} sShift right

(23 11100

3) Shift the contents of AC and EF n places %o the right,

a4) AT ~ the formar contents of AC shifted n places to the right
and roundsd-oti |
BR - cleared.

(9, The 'sign 18 assused and remsmbered and ths oumber in AC ie

complemented if pegative so that the esbhift asd round off
can be periformsd using poasitive numbere. The vacancies on
the letft-band snd are fijled with zercs., After the ghift
and round-off the coptents of AC are azain complemsnied 1f
the number was negative, The order sr O will be correctly
interpreted; its only effect being a round-off. When and
only when the digits in AC 1 to AC 15 and 4in BR O are all
ounes prior te the shift and round-off of an 8P O order, the
reund-off will cause ao overflow whicb will eive an al afm
and stop the computer,

Sgale Iscior gperation

ocals factor

11101

Shift the contents of AC aurl B8 to the left uatil the first
non-zere digit ie iz AC 1, end store the pumber of ahifte in
replater x
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Scegle factor operation

(4)

{(8)

AC - the previous content of AC and BR so sceled %ol i%s
magnitude is > 1/2 and<1,

BR - the remeining digits of the previous contents of BR
after the shif¢,

The address section of register x contains the number of
shifts made (the scale fsctor). If the magnitude of the
number in AC was already1l/2 and <1, no shift is made

and zero is stored in register x. (If the number in AC and
BR was identically zero, it remailns zerc and some indication
will be given, perhaps by storing the scale factor 33)

The sign is sensed and remembered and the number in AC ig
complemented if negative. After the scaling is completed,
AC 18 again complemented if the number was negative. Consis-
tent with other operations, the quantity in B3R is always the
positive magnitudse.

The number stored in the address section of register x is

a positive integer, as in the address gection of an order,
The left-hand five digite of regisier x are undisturved, as
in a td order,

Shangs of program

vl'(_z x

cpl-ix

(1)
{2)
{3)
(4)
(8)

(L)
(2)
(3)

(4)

Subpragram

01111

Transf'sr the regleter address x to the program counter,

Program countar contains x,

This operation does noi involve the arithmetic elemsnt. The
program countar determines the address of the suorage register
from which the next crder is tc be taken. After esach opsra-
tion the contents of the program counter are ordinarily
increased by one. & subprogram order clears the program
counter and substitutes the storage regilster address prescribaed
in the subprogram order itself. The next order is consequenily
taken from ithis new register address.

Condi tional progrem

01110

Transfer the register address x to the proeram counter if the
number in AC ies & nepotive sigr digit.

Progranm ecunter contaluoe x {1 the oumper in AC is negative
Nothing bappens 1f the number in AC is positive.

The minus sign is shown in brackete after the abb eviation

cp to aveid possible confusion. It would be equally poesible
to nave s similar order which would change the content of

the program counter 1f the number in AU is positive, and this
atsrnative order woruld be written cp(+),
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Sectlon 1I. Fundamental Concepts

&, Binary and Decimal Number Systems

1. A number in the decimal system is represented by a set of
digite and a decimal point. The selection of these digits is restricted
to the values 0, 1, 2, 3, 4, 5, 6, 7, 8, and 9. The value and the posi-
tion of each digit with respect to the decimal point specify a multiple
of a power of 10, the multiple being equal to the valve of the digit and
the power being determined by its position. For example:

‘ _ ;. 2 1 n
402H.BOY = 4 x 107 + 0 x 10 +2 x 10 + 5 x 10
il -2 -3

+8x10 +0x10 +9 x10

€. In a similar fashios a binary number is exproesssd by & set
of digite and a binary point; in this case the digits are restricted to
pueing elthar O's or 1's, The position of sach 1 witbh respsct to the
binary point epecifies a power of 2. For axarple:
2 1 0 -k

100,011 =1 zx2 + 0 x2 +1x2 +0x2 +(x2
- =3
T 1L xe 1 x2
3 L & -3
or g +2 ¥+ +2
in tne bipary esystem, then, the numbers are sade up of powsrs of 2; iu

the decimal system the numbsre ara mads up of multiplse of powars of 10,

bo The converslon ¢f & number from pinary form to decimal form
may be performed by the direct {decimal 4ystem3 addition of the epecified
powsars of £. Given the binary number 1010.011 the convareion procseds
ae followss

| 3.1, -2 .3
101001y = 2" + 2 + 2 + 2

4. The convereion of & numusr from decimal form to vinar; o
aay be accompllshed by succeseive extrastions of the yeoper (highsat )
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coners of 2 from the decimal form, Given the declmal number 10,375 1his
conversion proceeds as follows: '

The highest power of 2 in 10.375 is 23 or &;

10.375 - 8 = 2,375
1
The higheet power of 2 in 2,375 18 @ or 2:

| 2.375 - 2 = .37%

=

Ihs highest power of 2 in 375 i € or .25
375 - .25 = 125

=3
And .125 ie @

Hence 10,375 = 2° + 2> + 275 + 270 or 1010.11

H. A pertion of a table of binary-decimal eqguivalesnte is given
below.
( T
Decimal Binary Decimal - Binary

1 1 20 10100

2 10 j 30 11110

X.® 11 : 40 101000

L 100 50 110010

5 101 50 111100

& -110 70 1000110

{ 111 &80 1010000

E 1000 30 1011010

9 1001 100 1100100

10 1010 =00 ' 111110100

] 1000 1111101000

5. Two rather important facts sbould be noted with respect
ta the binary and decimal rspreeentationg of numbers:

{a) The representation of a number in the binary system will
require approximately 3 1/3 timese as many digit positione
a8 the repregentation of the numbsr in the decimal aystem.

(b} Multiplication of a binary number by a positive integral
powsr of 2, say an ig squivaleunt to shifting the binary
point of the auwnber k digits to the right; for multipli-

/ cation by negative integral powersu of 2, say 2 ® whers
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k is positive, the binary point is shifted k diglitse %o the
left. Similar remarks are applicable to fwitiplicaeticy
by integral powers of 10 in the decimal system.

(It should be obvious that in the above-described shifting
the significant result is the relative shift between the
digits end the binary (or decimal) point. This relative
shift may be achieved with the digite held fixed and the
binary point moved, or with the binary point fixed snd ihe
digits moved.)

/. ''ne binary aystam of representation ie particularly well suited
for & algital computer since the machine need only distinguish and store
two typee of digits, O's or 1's, instead of the ten differsnt digits of
the dacimal system. The development of computers along logical lines
gimilarly points to a "0 and 1% or "yes and no" syastem., Another desirable
feature of the binary system ie the relative ease encountered in performing
arithmetic operations upon dinary numders.

8. Whirlwind 1 bhaudlee oply iuformatior im binary form -- all
sumerice! data le espreseed ae binary pumbers, all computer orders ars
coded in the binary number syvelsm,

B. Heglsiers: 'lypes aud identification
L. The word regisier ie ueed to dsnote a paysical means of
stering & set of binary digite. ZFXach digit poeition within a regleter
le represented by a togele switch, relay, flip-flop, or spot pusition
in ap electrosiatic atorage tudes, etc. The particular digit (eithsr O or L)
stored alb any digit poeition 1e representsd by ths phyelcal condition of
the corrssponding switch, relay, flip-flop, or apot.

2. The wei of digits etored in a register le known as a word.
The numbar of digites in & word ie determined by the nuwher of digit posi-
tione 1o & register or the register length. The register length of Whirl
wind I ie 1o, hence all words are composed of 16 binary digits.

3. The words which way be etored in the rezisters of the computer
are of two typess

(e} Numbers to be used by the arithmetic el ewent .
{v) Ordere to be uesd by the contrel alement.

he representationg of ordars and rumbars in the computar are ddscussed ig
parte C and [ of this section.
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4., The registere within the computer are of two types: the
=clal-purpose registers and the storage reglsters. The special- purpose
xwgz,tera have been named in accordance with their operational usaus wod
aere referred to by those names or abbreviations thereof; the term register
has been reverved, generally speaking, for use in referring to one of the
gtorage registers of the computer.

5. Three of the special-purpcose registers have particular
importance in the arithmetic elsment of the machine. These are:

{a) the "A" register (abbreviation: AR)
{h) the "B register {abbrevistion: BR)
{e) the Accumulator (abbreviamtion: AC)
The 16 digit positions in the 4F starting at the ileft are denoted as ARO,
ARL, ARZ - AKLIS., A similar notatlon ie ussd for designating digit
positione in the AC and the BR. Thie le shown below for the AC.
vt e 10 D1t ROglet er LeDEtD i s gme

—[ac13 [acil [acis |

The Digit Positions of the Accumulator

b, The BH 18 most conveniently thought of as the extensiun of
the AC. 1n this capacity 1t 1s used to hold the second bhalf of a product
of two pumbers or ths quotient of a division. {ln general ths multipli-
cation of an mw digit ounber by anothsr m digit pumber producss s number
wvith 2m digite.) The sffecte of the warious orders upon the AC and Br
are described in Section I. For the present gurposes it will not be neces-
sary to conslider the uses of the AR,

[. The storage registers of the compuler ace cowmposed of spol
pusitions in electirostatic storage tubss. Each register (storage register)
ie ldentified by an address in the form ¢f a4 binary number. HEleveu digit

binary numbers are used for these sdiressss, permitting the idenhi’icstion
of & or 2048 distinct reglsters, the addresses running from O to 2047,
These 2048 registers compriee the Intermnal electrostatic storage or memory
of the computer, '

&, The computer identifies 4 regisier only by its address,
hence in any diecussion of coding it shiould be underanood that the uss
of the word repglster implies an address.
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7. Representation of Numbers

1. When registers are used to hold numerical quantities for
use in calculation the content of the firast (left hend) digit position
indicates the sign of the number. A O indicates the storage of a
positive number, a 1 the storage of a negative number. In writing out
the contents of & register used to hold a number it is convenlent to use
an oblique stroke (/) to separate this sign digit from the remalning
15 numerical digits. .

2, The representation of positive numbers is direct. If s
regigter. containe the digits

0/101100101000100
the number repressnted 1g the positive binary aumber
+ ,10110010100010C

whers, since the sign digit is O, the 1Y numarical digits are obtained
directly from the right hand 15 digits in the regleter. The binary poiat
ie placed al the left hand end. With thie representation all positive
multiples of 2710 fron

+ 2715 2 4 600000000000001

e
-
N
i

+ .111111111111111

5. The representstion of negative numbers is not direct. 1f

AR St S

4 regigtesr contains the dipgits
1/100101000110110
the number repnrepented is the nsgative binary number
= .011010111001001
where, since the slpn dipit is 1, the 1* nuwerical digits are obtvained

Ly complementing {interchanczing O's and 1'e) sach of the right hand 15
digits in the register. The binary point is agalu placed at the left end.

altod =S
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-4, Thus when the sign digit ie 1 the numerical digits of &
viater must not be interpreted directly -- thelir complgments witi. @ o
hxnary point at the left hand end and preceded by a negative sign fowe
the desired (nefative) number. With thie representation all negatlive
multiples of 2° 2 from

~15

- 2 = 1/111111111111110

to - (1- 2719 = 1/ 000000000000000
cau be stored in & singls reglgter,
o  LaTo NAK Lwo fepresantaxianaw aemely:
0/06U00000000000G  * (this is called positive zero)
and 1/1111313111311302  (thie is8 called negative zerc)

H. lThe avove dissuesion anould reveal that bscause of the cholce
of the poultlon of the binary point ve are jimited in storage tu numerical
quantities whlch are multiples of 2 15 1ying tetwesn -=(1 . 2° 19) and
+ (1. 15,

f. & further discussion of che use of binary numbers in the
computer ie includad in Sectlon IV, %s nay remark here that 1t le pussible
to use two regleters to represssnt a 30 digit comber {twoe sign digite are ‘
uvasd), aund it le posaible to deal with nupbare ouisids the rapge - (1 - 2‘15)
to + {1 ~ Z“Ih) by the uae of scale factors., The description of these
techniques Y8 left to a later report.

D.  hepreseniation of Orders

L. An order covelety of twe purts, of walch the firest specifies
the gneration to be performed and ths eecond the addregs of the regiastay
with which the operation ig concerned. (Thare is an exception in ths case
of the shift ordere where the second pavt of the order does not speclfy
an addrees Dut rather ths extent of the enift. This maetter is further
diecuesed in Section 1IV.)

£, The firat five {left nani) digits of an order debermine
the gperation to be performed in accoriance with the five-digit binary
codee given in Seaction 1., With fivae digits, 25 or %2 dletinct opscvatblons
can be specified. The remsining 11 digits of an order ars regardad as
forming & positive n*nary vamber with the binsry point at the right hand
and, Thie nsumber thus specifies one of tha 20 storags reglelers.
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3. In the representation of an order, an oblique stroke ig
aped Lo separate the operation and address sections. An'example o7 au
arder would then be

5 o |
10010/00011010001

Since 10010 is the code for the ad operation and CO0L10L000L is the
binary form of 209, the order 1s ad 20Y.

E. Orders and Fumbers

L. The previous discuseion of the use of registers for orders
and numbers does not imply any permanent division of registers into ths
two types. A reglgter which iz used fow an order in ons program may be
used for a sumber in another program.

2. Yhe two possibie uses of s register may te shown pletorially:

v
’
h(!RDb
e .
. (CEmES] " WimES |
L. |

| 0P KRAT 10N abcwxongxrﬁuhss SECT 108 g téIGN/MAuNITUU&j

e e — ‘ L=

| z

|

i

3. It should be noted that we shall be talking of two kinds of
numbers, The eaddresses of registers are posltive integers and are repra-
sented by 11 digit binary vumbers with the Hinary point on the right,
thase numbere occupying only tha 11 right bhund digit poaitions of a register.

On tbhr~ other hand the numbers wgg ch are usen in computation are sultiples
of i-reswesn 27153 and 1 - . The representation of these pumbers
asse all 16 (igit poeitions af o register, the left hand digit position:
belnz used to indicate the sign. In soms cases it will be convenieant to
deal with sn address as & nuwerical quantity and perform arithmetic opera
“dons on 1t.  Due to the fact that addrseses ave positiva integsrs, when
an aldrese 0 is Delng haodied do ths srithastic slement or heing stored iu

! . . . N 215K
Borazlater, it should be referred wo a% uw 4 2  “.
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F. Ceneral Operating Procedure

0

l. Ve are now ir a position to discuss the general operatlicg
procedure of the computer. The control element contains a special cleven
digit counter known as the program counter. This program counter holds
the addreegs of the register from which the next order is to be taken.

The control element then proceeds to carry out the order whose address
is in the program counter by performing the specified operatiom upon the
quant ity at ths specified address section of the order.

2. For szample, sesume that reglster 973 contains the order
{in binary code) ca Sﬁﬁ and that register 854 comtains the quantity
.H34L (aiso tu bluary form)., Heference to the description of the opera-
tion "ca” 4o Section 1 shows that when the address 973 is placed in the
program counter, thes contrel carries out the order stored in register
973 and procesds to place the guantity .5394 inte the AC.

5. Yollowing the completion of this order the number in the
progran counter ls changed, thus btringing into effect a new address and
a new order. In nommal operation the number in the program counter is
increased Ly one after each cpevation, with the result that the orders
vesd are withdrawn from storapge consscutively. Methods of changiog the
asguencs of orders are described in Section IXI,

G. Wrilien ¥orm of s Code

Lo The written form of a code requires the use uf two columns,
the firast of which indicates the addreas of sach register, and ths seccnd
which Aindicates the content of that register. When the content ig an
ardsr the sscond column splits ipte two parts, the firsi part containing
‘e operation and the second the address; when the content of the reglater
18 & number, the second solumn eplita into the #ign and the numerical
guaut ity (with the convention of representation of paragraphs 8 D2 and D‘
of this section).

~

©. Thue the entries in the code will be ¢f the following two

bpqrani\m /. Addresas
I e e
{

Lypee:
- e e e e e
§ Gage | Column One | Column Two
| ’ ’A(arass) | {Content) ‘
1;:,. f:* e e e
{ & Addresa ?
: ‘ i
|

g L Address ' Hlgo  /  Humsrical
! i C Quantlity
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3. &n example of (a) would be (all quantities in decimsl vncoded
furs for convenience): '

1019 ca 346

which indicates that register 1019 contains the order "clear and add cone-
tents of register (address) 346",

4. An example of (b) would be:
1076 + 13149

wnicn indicates that register 1076 contains the quantity + 13149,



“
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Section 111, Some Elementary Codes

We are now prepared to examine g few simple codes. K
tne case of Code I the actual codes themselves appeser in Pert 1!
report. In accordance with & procedure to be dercpstrated velow the
reader should follow the order-to-order progress of the codes, referring
when necessary to the descriptions of the orders presented in Section I.
The reader should attempt to dstermine the effect of sach order of the
codes, checking such a determination against the stated effects printed
with the codes in Part 1I.

For convenience the codes of this sectiorn deal with 1ltergl
rather thap bipnary numerical quantities, it being understood that these
quantities lie within the capacity of a register.

A.__Code L: Sample Analysis of a Cods

1 Code 1: il ca 14
2 mr 14
& mor 11
4 te 15
5 ca 14
(3 nr 12
7 ad 13
8 ad 15
9 ts 16
10 end of gode
5 4 a )
12 b
13 @
14 x
18 <= {blank registar)

2. The reader migt sssume,; unless otherwiege instructed, that the pro-
gram counter initially contalns the first address listed in the left or
address column of a code. In this case the Iirst sddress is 1.

It should be noted that we are in no way restricted to beginning codes
at address 1; however, we must use a group of conmsecutive registers for
our orders. We may store ordsre in any group of consecutive registers
provided that we make the appropriate changes in the address sections
of these orders. Hence we could just as well have used registers 256
through 271 for Code I, wiih worresponding changes in all the addresses,

Jo diwe e lect ol carrying out the order in reglster 1 1s 1o put the u
tent of reelster 14, x, in the AC, Ths program tounter theu increases

to read 2 and the order at that address is carried out. This order has
the effect of mgltiplying the x in tha AC by the content of register 14,

(9T X, leaving x” in the AC. The next order, 3, multiplies the content

of the AC, x“, by the content of register 11 ur a, leaving a;? in the AC,
The next order (that at sddress 4) tranefers ths g;i to register 15.
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4, The results thus far cen be written as follows:

Address Q?dgrg Effects of the ovders

ca 14 x in the AC

mr 14 12 in the AC

mr 1l axz 1n the AC

te 15 é’axz in the AC

gxz also in register 15

S N

5, Before continuiung several points must be stressed.

of the order at addrass 4 agbove.

batwean the operations ca and ad.
6., The remaindar of Code I can be written out as below:

Address urders Bifects of the Urders
5 ca 14 X in the AC
£ ar iz bx in the AC
ad 13 (rx *+ <) in the AC

8 ad 15 (axa + bx + ¢) 4n the AC

a) Transterriug from one register to another {(thess may either
be special-purpose or storage registers) does not alter the
content of the register from which the trengfer was made.

In this copnsction special note should bs made of the effect

Lj 1u transterring a word into a register the transferrad word
ig not affected by the original content of that register.
{Hence the ariginal content of register 185 is of no conse-
quenge.) In the same regard one must note the difference

9 te 15 \(ax“ + bx + ¢) in register 1F

s
an + bx + ) 1n the AC

10 the computer 1g ready for another cods.

"

7. The actlon of the code bas been, then, to form fevaluate) the expression

ax“ ¥ bx * ¢, where a, b, and ¢ are generally fixed congtants and x is

altered by changing the content »f register i4.

B, Code 1]1. BEveluating Folypomjials

Lo A simllar order-by-ordsr snalysis say now be carried out !

opr Coda 11

in Part 11 The effeact of the code is @se8u to be the same ag that of

L, however Code 1] e more econcmical of orders (storage space) and
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hence takes less time for completion.
2. The method used for forming the expression in Code Il is quits spplic-

sble to general polynomiagl forming. Thus to form ax? + be® + ox? + x + 8,
the following order of processes should be used:

a= (a) add
(a) °» x = (ax) multiply
(ax) + b = (ax + b) add
{ax + D) - x= (axg + bx) maltiply
(ax2 + bx) + ¢ = (ax2 + bx *+ g) etc.
(axz + bx + o)x = (axs + bxz + ¢x) ¥

(ax3 + bxz + ¢x) + d = (ax3 + bx2 + ¢x + d) 3
(axJ'* vx° + ox + d) - x= (ax4 + xS+ ex® + dx) :

ax4 + bxs + cxa + dx + a

€ax4 + bx8 + cxz + dx) + 8

G.  bodes]il and IV: PFeriorming Djvigion

1. 1t was previously mentioned (paragraph DL of Section II) that the
right hand aleven digits 3f an order are used %0 gpscify an address with
ane important exception. This occure in the use of the shift orders

{8r -~ or 8l -~} where the address section specifies only the mumber of
nlacee the digits are %o be shifted %o the right or left. In this respect
one must differentiate betwsen the meaving of the 19 in the order vg 10
and the order gl 15. ca 1b orders the clearing of the AC and the additiocn
of the contents of register 15 into 1%; 8l 15 orders the shifting left
by 15 places of the digits in the AC and the ER,

2. ''he BR ig actually ap extension of the AC, and the quotient is lelt
there after a divieion has besn performed. In a situation in which it
ig then desirsd to place the quotient of a division into the AC the dv
order must be followed by an sl _15 order,

3. With the above remarke Codes II1 and IV ghould be exemined. 1t will
ha cobgerved fTrom an exaninatiocon of these codes that when a divisicn =
to be carried out the divigor should be formed first and gtored., I1f the
dividend is then formed in the AC, the division can immediately he per-
formed by the dv order.

U, Godes V & VI, CLowditicnal and Sub-Progrgm Urders

Lo Up to this polnt we bave assumad ithal atter the completion of each
srder the program counter is incressed by 1, that ia - control receivaes
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it%s next order from the next (storage) register. This is not completely
accurate, and when an order ls completed one of three thingse may heppen:

a) If the order was neither a sub-program order (ep) .. .
conditional sub-program order ep(-) , the content of the
program counter is increased by 1 so that the next ordsr
will be taken from the next sddress in storage. After iLhe
address 2047, the program counter reverts to addresc O and
is ready to continuse operation from there.

b) If the order was sp x, the address contained in the program
counter is changed to read x so that the next order will
be teken from register x.

1% whould be seen from this remark that after the completion of a wode

the next order should be sp X whem x is the address of register con-
taining the firet order of the wmext code. (This will be superflucus if
the two codes follow consecutively in the storage register). Codes I, 11,
i11, and 1V should be ended with sp orders.

¢) -If the order was @p(n)x the content of the program cypunier
is changed to x 1f and only 1f the number in the AC ig
aapative, that l1g=1f the slgn digit position of the AC
containg a 1 If the sign digit in the AC ie a O then
the program contiouss %o the naxt order.

2. 1o particular regard tc {(c) above it must be msntioped that the sub-
tractivn of two equal numbsre gives rise tuo the negative zero, that la,

a zars with a negative sign digit. The nathematical aspects of this are
itscusesd in parazraph Bl of Section 1V, but for the present it is impartant
to realize that the negative zero is sufficient ¢ cause the change in

the program counter dasecribed in {¢).

&, Witk the above discussion Codee ¥V and VI can be inspscted. Thees are
codes wolch arrange onumbers in a certain order. For convenience in under-
atanding these codes one sbould initially assume @& relationship awvong the
numbers. That is, for Code V analyse the progress for a> b, a = b, and

A b, A similar analyeils should be carried out for the possible relaticn-
sbdps of a, b, and ¢ of Coda VI,

4. The analysis of Code V will reveal that the maximun 31 g and b is

placed {n register 10, the minimum in regieter 1l. If g = b the quantities
are kept as originally stored.

The analyels of Code VI sghould indicate that a, b, and g ars arrasged
in oegcending order in registers 26, 27, and 28,
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Section 1V. PBlnary Avithmetic gnd the Computer

A more detalled investigation wlll now be made of the ns

n which aritimetic opsrations using binary numbers are psrformbﬂ
computer. For convenienca in representation we shall assume in &this
section that the svallabls register lsngth is only 8, with a slgn digit
and seven numerical digits. The binary point is assumad to YWe immediately
to the left of the seven numariual digite,7permitting the repreazenbation
of numbers in the range ~(1-2-7) to +(1-2~ For the purposes of dis-
cussion we shall use two positive binary numbersa

+.,011010C
+.0011011

b}

x

#

apd y

In accordance with the remarks in Section 11 concerning the represeniation
of pumerical gquentities within registars; we pee that the regleter repre-
sentatione of x and y are;

x
¥

0/0L10110
0/0011011

F

wisre, ae was previously noted, %#he cblique siroke ip uewed o separate
the sign digit from the numarical digitvs,

AL Adaition
1, Addition in the binary system g performed with the uge of ihe

tguiliar principle of the carry. We note thaé yp the Dlnary sysiem 1
added to 1 gives U with a carry of 1, O sdded to 1 or 1 added to O gives }
with oo carry, avd 0 added to 0 gives 0 with no carry In figursa:

X b 1 i
b R 1 *0 +Q
0 1 1 0

(sarey) i

g The additiop of x and vy 12 as follows, two carry shagess Lulog
nesoeeary .

x = .0110100 = 0/0110100
y = ,C0L1011 = 0/001101)
/0101111

b —

2/0001111

i S—

Xy o l)flfi)llll
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3. The simultanecus addition of more than two rumbers need no#
bo considered since the computer adde only in pairs.

4. With a register length of 8 the computer is not equipped *o hendls
numbers greater in magnituds then 1~2‘7, hence arrangements maat be wade
to stop the process of addition i at eny stage the computer findé itaelfl
trylng to add two positive numbers whose sum is greater than 1-27", Thie
gtate of affairs would be indicated by a carry from the left bhand numerical
digit to the sign digit position. For an example, an attempt to form
2x + 2y would be as follows:

2x = 0/1101000
+2y = 0/0L10110
0/1011110

N ——
0/0111110 ) _
1 a carry into the sign digit position

This occurrence is called an overflow since the sum has over-
flowaed and requires another pumericel digit position. An alarm is
sounded by the computer when such an overflow occurs.

8. Subtrgetion and End-Arcund-Carry

1. 1In accordance with the previous discussion of Section II the
representations of =x and -y in the computer are

i

-X
where +x

1/1001011 , =y = 171100100
0/0110100 , +y = (/0011011

[t might be noted here thet the nsgetive of a anumber is representad
in the computer by the complete complement of all digits;, including ihs
pign digit

2. Subtraction of & oumber ie psriormed by adding the negative of
the pumber. Thus the operation &b is replaced by a + (-b)., The sdditicn
9% two numbers of which either cr both are negative ie performed by &
process xnown ar gnd-ground-carry. The faet that thie process gives the
correct result will first ba illustrated by esamples and then proved.

3. in the end-around-carry processs the sign digite are treated
sxnctly as if they were additional numerical digite, a carry from the left-
band numerical digit place veing added in the sign diglt place, but a carry
from the sign digit place is taken around and added in at the ather end
in the right-hand numericsl digit place.

¢, Exsuples of end-eround Garry:
Taing the numbers x, y (x> y, the verious csses that may arise
in the sdditicr of twe nuwbera are exsmplified ae follows:
iag Sotn sumbers positive: x + y
(b} Coe oumber negative, sum positive:s x-y = x + (-y,

%eg Une number vsgative, sum negative: - (x - y) =y + (=x)
d) Both numbers negative: - (x + y) = (-x) *+ (-y)
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The possibility of overflow im the addition of negative numbers,
which does not occur in these examples, end the possibility of a
z6r0 sum will be considered later.

The computer's procedure in these four cages ia &8s follivs,
whers an end-around-varry is indicated by (1),
Case (a) x = 0/0110100
y = 0/0011011
0/0101111
. —
0/0001111

S7LGOTITT

il

£ty

nse (b

x o= 0f0LIGL0G
(=3 1/1100100
1/1010000

— ek

1/0011000

o
DCOLLO00

it

%y = DJoOLi00L

y = 0/0011011

= L/AOOLOLL
1/1010007
T S
1/1000110
o —
1/1100110

g
B
i

it

y=2

Gase {(di

-x = 1/1001011
-y = L/1100L00
0/0101111

65 | N—
1/010111"

e
1/0101100
. b -
1/01CL000
-
-(xty) = 1/0110000
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It is easily verified tbat the value obtained for x - y 1s correct,
and the values of -(x - y) and =(x + y) are tha compleman*'s of thma
already found for x = y and x + y.

5. To prove the validity of the end-around-carry procedure lei z be any positivs
vomber 1ess then 1 which is represented by seven binary digits

immediately following the binary point. Denote by % the complemen-

tary positive number formed by complementing each of the seven

digits of z. Then

0.1111111
1.0000000 = G.00000L

z+¥

[T

i

1 s PR

Tide equation may be written in the {orm
' ' =7
z + (1‘ ‘+ Z) = 2 -2 2 M T T G A . Rl ST AVY B AL R e e e “"’A

The number 1 + Z, being grsater than cne, cannot be represented in
the computer, tut its digite are precisely those used in the computer
te repregent the negative aumber -z, 1f the aigu Aigit ig included.

= Let x and y be twoe values of 2, and take x2y20, Assulie

alec that (x + $<1 to avoid cverflow, The cases b, ¢, 4 of para-
sreph 4 will be considered iu turn.

vese (b

The couputer's procedure in forming x + (=y) witlh end-
sround-carry is equivalent to three successive opsraticus

(a; ndding the mmber 1 + ¥ to x
(b} aubtracting 10.0000000 = 2
"‘)’7

L

(¢; eading 0.0000001

the last two operations belng equivalent to the snd-around-carry.
But from equation A for ¢ =y

o,
sy = (1L +y) -2 *%2
L)
L 5 P £ & = o =t ¥
80U Xey B X+ (L +F) = 2+ 2 comcmnamencnmn vanaaB

This proves that the computer process produces the correct result
for x ~ y provided that end-around-carry occurs. This must be s>
because Trom B

= ¢

Xi?%(xay)*luztzlllf‘)yg
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0
(¢2]

from which it follows that the addition of x and §j must produce a
1 in the sign diglt place, which with the sign dlgit corresponding
o ~y must produce an end-arcund-carry.,

Case (¢)

Similarly the validity of the procedure for obtaining the
negative sum y + (=x) = - (x - y) is proved as follows. Equation A
applied to the positive number x - y gives

l1*¥x-y=w(x-y)+2 = 2.7
=y ext 2 - 2‘7
SRR PRSI

The digits of tae poeltive number 1 + X = y are precisely the digits
that the computer ought to obtain in order to represent the negative
number =(x « y) and the digits of y + (1 + X) are those that the
computer actually does obtain, provided that thers is pno end arousd
carry. In this case end-around-carry cannot occur becgusge from

-

equation C
y+tX=X=-3¢€1.

wage L4}

Congidsr finally the uegative zuw 01 two negative pumbers
{=x) * (ay) =«a(x*y). If x+ ys51 we have an cverflow condition,
which will be discussed in section C below. If(x + y)<1 equation A
gives '

. z : =7
l1+xFTy=a(xty) t+2-2
‘ 7. £ 4
) =2+ 2

= (-x+2-2 )b(ayt2-2
= (L+X)+(1+F) =2+2

Thie shows that the computer will obtain the correct representation
of the negstive number -(x + y) because an sad-around-carry is
produced by the two negative sign digits of «x and =y.

C. Qverilow.

1. It has already besn explaloed tnat, 1f ths compuler 1
trylng to add two poeitive pumbers x, y whose sum (x + 321, it
pust detect the overflow and stop the computation. In formiug the
sung x + (-y) and y + (=x) thsre is no danger of obtaining a sum
whoge nagnitude is 21, mt the computer, when trying to add twe uega-
tive nunberg (-x) and (=y), must guard against ths pos:ibility that
the negative sum =(x + y) nay bed =1. When (+x) and (~y) are leiog
added, with the end-arcund-carry, the sign digite are both 1; and
their addition will leave » O in the eign digit place. There musi
therefore be » carry from the left-hand numerica)l digite to glve the
1 in the sign digit place that will indicate thai the sum i negativs,
The sbesence of this carry digit will indicate an overflow.
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2. To prove this we notice that when the computer sdds (-x)
and (~y) an end-around-carry is immediately produced by the addition
of the sign digits. The sum formed by adding the numerical digits
is therefore .

? 7

R+F+2 =12 cx)+ (-2 g2

=] = O (x+y)
<1 if(x+ 331

3. The overflow control that the computer must provide when
it 1¢ adding two numbers is therefore as follows:

Both numbere positive; - Overflow signalled 1f carry
occurs into the sign digit plsace.

Une nomber negative : = No action.

Both numbers uegative: - Oveffluw signalled if no carry

occurs into the sign digit placs,
Do Suiitise and Koupdoff :

1. Multiplication and division will both be accomplished by
a combination of additions, shifts end complementing operations,
It will not be necessaty to specify the methods used in detail, but
it i¢ 1mportant to stipulate that the actual operations of multipli-
cation and division will be carried cut with positive numbers, any
necessary complementing being done at the beginning and end of the
process . '

o Shift operatione anlsc will be performed on positive numbers.
lhus if a negative pumber is to bLe shifted it is first complemented,
then the complement is shifted and finelly the result is complementied.

. 3. The operations of multiplication ano shift right produce
digits in the 3B register and the content of ths accuma-
lator wmay be rounded off by adding in a one in the right-hand placs
of the accumulator 1if the left-hand digit in the 2 Trs-
gister 1e g one, (This round off is optional in multiplication tut
will always be carried out in shifting right.)

4, The oparations are s0 arranged that round-off is only
carrisad out on positive numbers. For example, in forming the roundsd
ff product x ¢ (=y) the machine calculates the full product sy of
the positive numbers x and y and rounds off tbis positive product
haefore complementing to obtain the rounded off wvalue of -xy.

5. In a shdft right of a positive number the vacated digit
places at the left of the sccumulator ere filled with zervs and,
after the round-off has taken place, the 3 resister ia
cisared. (Clearing means making all digite zero.) Thus, if
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x = 0/0110100, the process of shifting right three places is as
follows, the £ 1indicates the beginning of the BR:

Initial value of x 0/01101.00
First stage of shift 0/0000110[100
Round-off effect S A
Result 0/0000111

If ~x = 1/1001011 is tc be rhifted right three places, the first

step 18 to complement, giving x. The above procedure ie then carried
out, giving 0/0000111;, which is complemented to give the result 1/1111000.
Thue

-X 1/1001011
Compl ement 0/0110100
Shift right three places 0/0000110/100
Round@=off effect 1
Shifted complumant 0/0000111
Complement batk 1/1111000

6, Agx an exsguple of a case in which round=-off doee not producs
the addition of a one n the right-band place of the accumulator, con-
sider the procese of salfting x four placee te the right, widich ig as
followe, :

Inttial value of x “1/01101(:“
Shift right four places /a¥Uﬁ011101u
Hound=-off slfect 9]
Regul % ; ; t‘_);(){;t}_;l,){)ll

For the negative num er =x the procedure would be

X 1/1001011
Complemsnt 0/0110100
Sbift right four places 0/0000011 /010¢
found -off effect 2
Gomplemunt back 1/1111100

1, In the alove discuesion wa have as:nu‘mi O<xel, OCy<l
(x = 9,0, Ws now coneider what happens when x - y = 0, vhmx y=0
and whep x = y = 0.

»

\

2. In the computer ths number zerd has twu representatiovs

(a)  0/0000200
md (b)) 1/1111111
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“he sets of diglts (a), (b) heve the same meaning. However,
as they look Aiffeorent on the somputer it is resscnable %o reofer %o
them se positive zero and negative zero.

3. It will often be convenient in a computation to use the
slgu digit of some intermediate result to determine which of {wo
alternative ccurses the computer shall follow. We must therefore
consider zarefully whether a zero occurring during the course of s
computation will apvear as a positive or a negative zerc,

4, It bas beon remarked that subtractions ars replaced by
additione of complements, and that multiplicatione and divieions =zre
performed by a series of additions, complementings and shifts. Now
the sum of a number and ite complement, i.e., x + {(-x), appears on
the computer as the negative zero. For example

x = 0f0L10100
=x =
0= xex = 1/1111111

(Note that iu the diecussiuu of case (b) 1o section B equation B
glves X + X =1 =« 27/ 4f y = x, showing that the addition of x and ¥
gives no carry intoe the sign diglt place, 80 that o end-around-
carry takes place.) In particular the result of adding a poseitive
zero o a aegative zerc is a negative zero.

2., The only other way in whick zerc can arise Uy addition is
when twoe positive zeros or twe negative oner are sdded together,
Thess can glvs

0 0 /G00000C

9 = 0/000000C
= 0/0000000

0 = 0W)
aad
0= 1/1111111
0= 11111
0/00000N0
MMM snd-around- CArry
0 =0+ = 1/1111111 y

[t appears therefore that & subtraction can only give rige %0 a
poeltive zero when both nunlers involved are zerv. In fact, provided
x # 0 we can be sure that the result of the subtraction x - x will

be a negative zero,
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The occurence of positive and negative zeros in multiplice-
tlon and divieion is 1ot &0 lmportant and will et
be discussed. It is perhsps worth remarking thet a.shift rigcit " caves
a negative zero unchanged, because complementing occurs befors and
after the actual shift. ‘

We have now examined what bapoens in tls four cases of
edaition when x - y = 0 and when x =y = 1), Consider now
Xx#0and y = 0. It follows from the investigatiins of cases (a)
and (¢) that, if y is represented by the positive zero, the addition
of y t0 a non zero number has no effect on that muaber. Also, 17
in the investigaticne of cases (b) and (d) in sect on » we write

§ = 0000000
¥ = ,1111111

- e
yt(lL+§ =2-2

it iollowes that the addition of negative zere %o a non zer number
does net change that pamber,
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Saction V.  Codes of a More Complex Nature
Ao Codes VII apd VIII: Further Illustratiops of Shifting

1.

paragraph D of Section IV,

demenstrated.

Assume the original contents of the AC were:

0/000000000100000

with the BR cleared (filled with zeros).

al changes to:

0/000200000000000

Page 31

The round=off effects of the sr order were 1llustrated in
A particular use of the 81 order will now be
(Refer to qualitative discussion of the order in Section I.)

If the first order is gl 10 the

wiiete we Dave lost a 1 aince any digite shifted out of ACL are lost.

(Note: because th

AC15,)

I7 is important to note that a $p U or sl Q order on the original contente
! AC would post oroduce this result, but rather
) YO0N0100000
$ %6

i e VI, 1t wilil be noted, counts from ) to 31 2 2*:' in

=LY sameh count avvearine in resister 15, After 31 x 2 0 is

it i nt Desir rrin at O ‘

code V111 aise performs 2his cle count it does 8o using
ewer orders and storase repisters Mis code emvloys the shifting scheme
hown in (1) above so that when the count reaches 32 x ?‘15 (D7 000000000101

the g1 10 and gr 10 ordere clear the AC,

an
- 8

1 I'o §
L0 mMAKE

erformsd un
hecause of the fact
chavacteristice (1€
(Orders and numbers
35ligue gtr

ecirahle

0¢

Us ¢
oraers

4

2>y -~
N T

ke used

1
2. Mudiricavion of Order

acilitate
of seaveral

., These unerations
the
dirit binary numbers) as

vr different when written on naper due

in

nara

the coding

of ore o0
sperations and
and
machine

the

two carts af sach

te tne

¢ BH was originally cleared we have nce round-off at
If we now follow with a 8l 10 order we are left in the AC with.

mnlex f‘r'uhlw":s it becomen
rodifications that may

modifications
orders have the
the numerical

vogsihle
same vnysical
Juantities.

to the

2% o'

7

-

< 1
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. 2. Suppose that the order under consideration is ce 183. Thie
iv represented in a register as A

10000/00010110111

where 10000 is the binary coded form of ca and 00010110111 is the binary

squivalent of 183, The result of adding + 2‘15. represented by 0/000Q0C000000001,

to ca 183 gives (neglecting the ocblique strokes) -
(60.133) e 1000000010110111
+ {+ 2‘15) = DO0Q0000N0000001

S L AT A S 7 A

1000000010111000
= 10000/00010111000 or ca 184

@ "-
Thus the addition of 2 15 has increased the sddress section of tha order
by 1 withoul affecting the operation. The podipg of this modification
of the address gectisn would be as follows, if it is assumed that reglater

20% contained the order ca 184 and register 9% contained + 2’157

ca 2085
ad 95%
te -~ (to where the wmodifisd order ie desirsd)

{1t ia masily seen that an axtgnslon of tLhe above method will permit the
agdification of addrese ssctions of ordere by othar values than 1.

5. As an clher sxasple of operations with ordars conalder ths
aftect of the followlng sequencs of ordare:

ca 350
sa 194

wnsre registsr 350 contalne the order ca 184 (1.0000/00010111000) and register
194 contalns ca 183 (10000/00010110311): :

ca 350 puts into the AC 100000001011 1000

e 194 adde —(ca 183; or 0111111101001000

amrnnea o

T1111111111110000

ua)“!’y - po— -»‘-lr-—- s irro , '-'1"”‘

T 0000000000000001  or + 27
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4, In general the subtraction of two orders contelning the same
operebion sections results only in the difference of the addrees zecciicns
of those orders multiplied by 2-15. 1In view of the remarks in E of Scc-
tion IV, if both orders are equal the result of the above operation is a
negative zero.

5. The above mentioned cperatione and modifications of orders
are used extensively in coding and will be illustrated in the codes which
follow.

C. Codes IX and X: Cyeclic Programs

L. One of the desirable aspecte of Whirlwind [ ise the feature of
modifications and operations which the computer can perform upon its crders.
When this feature is coupled with the use of the cp (-) order the mschine
is able to perform cyclic programs in which the same orders or slight modi-
fications thereof are used over and over.

2. The use of cyclic programs permits a good deal cf saving in
computer storage space, this being illustrated in a comparison of Codes IX
end X. In theee codes due to the large number of storage registers involved
literal coefficients along with numbers are used for address designations.
An A is uesed to refer to the registers containing orders whereas B is used
for numerical dats registers.

3. Code 1X evaluates a polynomial in a Linear faehion using
the process indicated in Section 11l paragraph B2, Ths code uses 2n * 3
orders. Code X aleo evaluates a polynomial using a cycle to repsat the
sinilar sequence of orders. This necessary sequence in Code X, orders
A3 through A6, have their addrees sections changed to permit handling
the various a cosfficients. The subtraction of two orders ie used to give
the necessary + or - quantity to permit regeneration of the cycle. Cods X
uses 15 orders and thus if n £ 6 Code IX would be used, for m=+6 Code X
would be more economical.

4, It should be acted that a cyclic code always requires a longer
operating time (more orders are carried out) than a linsar cods due to
the modificat ion of ordere during the cycle; in sither type of code, however,
the amocunt of useful arithmetic operation carried out is the aame.

5. A particular advantage of tha cyclic code in such a problem
as polynomial evaluation ie what might be termed the elteraticn possibility.
By thie term we refer to the sase by which a code ig altered to extend its
range 0of operation, whether it be the change of the degree of ths polynomial
formed or the extent of an iteration. 1o cur sxample Lf the dsgrase of the
pelynomial were increased from the value n, Code IX would requirs culy
the change in the address esction of order Al; im both codes ths same nupber
of additional constants musi be added.
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6. A primary requirement of a cyclic code ig that it be self-
regsetting. By thie one means that if the address sectlons of orders
are modified in the progress of a program these addresces must be restored
to their initilal values before the program is used agaln. This resetting
can be done either as the program begine or as the program is completed.
Code X 1s reset at the beginning of the program with orders Al and A2.

D. Code XI: Scale Factoring and Overflow

L. Because of the restricted range of numericel quantities with

which the computer can work Ef (1 - 2715) to + (1 - 2’1551 we are faced
with two requirements:

{a) Moast pumsrical quantities before they can be introduced
into the computer will have tc be gcale-factored, that is,
muitiplied by an sppropriate number to bring them into the
computer ranga,

(v) rarticular care wust ve taken in a comput er prograu to ageure
that no overflow occure a« the result of arithmetic opsrations.

2. GCode XI i1llustrates a simple exsuple of addition in which
Lthe neceeesary scale factoring has beep dome before the quantitise are
lnserted iuto the computer gtorape and in which the progrem is designed
to prevent overflow., Ths problem ie to add ths n angles elw 920 63 R @n ”
where sach avgle 1s sapreesed ip radian weasure and each has a value such
thet = 2n 42)91 < 2N fori=1l, 2 3 ~e== N.

8
3. e to the stated rangs of 919 we are assured that -
Yy
(for 1 = 1, 2 weee n) 1lies within the accepted computer range and it is
these values which are storsd in registers 16 through 15 + n. Despits
the initial scale factoring of thess angles wa forsee thet tihe tutgl sum of

) , : Cl
these scale factored angles may excesd the computer range unless ws add the ey ‘s

and cast out all muliiples of 1/2, these corrssponding to multiples of Zn
in the &%s,

4. The procedure used in this code ie to cast out -a Lf2 each
tike it appears in the summation by the uee of & 8l 1 order followed by a
8r 1 order. Thess sl and sr ordere keep the summation below 1/2 at all
times, and since all the remaining angular quantities to be addad are less
t nan 1/2 as a result of the scale factoring, we will not eget an overflow.
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5. The repeated summations and use of the gl 1 and sr 1 orders
suzgested the use of a cyelic code. The determinstion of the end of the
ewmation is made by e subtraction of orders, the cycle ending when the
diflerence of the two orders produces + 2-15, The final result of the
summation gppears in register 17 + n.

6. The reset of the addrese sections is carried out by ordsrs
1, 2, 3, l"’u and 5.

7. It ie important to remark upon the previously mentioned
peint that shifting digits 1s similar to multiplication by powers of 2.
Rerference to the description of the orders in Section I should indicabte
an important difference between the shifting and multiplication orders
as regards round-off considerations.

E, Code L1I: Finding the Greatest of A Set of Numbers

1. Code X1l provides another illustration of the manner by which
the computer can change ite own control instructicns during the course of
a program.

<. The oumbers ., <5, we== x ., all of which ars poseitive and

Ises than 1, are storsd in consecutive repglstsre Cl, (2, «-w= Cn., The codse
finds the greatest of these numbers, say, y» end stores it in BY, 17

twoe ur more squal numiers ars greater than all the otber musbers of the set,
the prograss stores the first of these in Bl.

3. - The prdgram depends ov changlug the address sectiona of
the orders A2.1 and A2.2 in such a manner that for the successive values
2 3o B aeea a of m, the pumber . ie compared with the number vhat hae

already bsan found to be Lhe greatast of - P ++ Thie number

1° e m= 1
will be cailed the temporary maximum. .

4. The praocedure of the computer i similar to that of a man
running his eye down a set of numbers. The wau would yemember the firat
nunber until bhe reaches a greater number, which he would theu remsmbar
until he reaches & atill greater nurher, and 8¢ or. In fact ths man cone
pares each nuober in turn with the greatest of the numbers that hs has
previously examined. In Code XII the computer does the same thing except
that it resembars the addrees at which s nunber is stored rathar than the
nunber iteelf.

‘ 5. The central part of the code is contained in Sectious AZ, A3,
and A4, The first s=ction, Al, rueseta the orders which may bave been altered
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during a previous application of the program. Section AH determines i7
ell the numbers have been dealt with. If not the computer returns to AZ;
if all numbers have been dealt with, section AG puts the maximum number
into BY4.

6. The eight operations of sections Al and A6 are used only once
in a program; the eight operations of A2, Al, and A5 are used only once
for each of the numbers X5 x3 i, R The 2 operations of AJ only cccur

when the number being examined is greater than all numbers previously
examined. The total number of operations lies between &n and 10n - 2,
Assuming an average speed of 20 microseconds per operation and taking
n = 1000, the time required toc find the greatest set of 1000 numbers by
thie method is between 160 and 200 milliseconds.
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Section VI, Coding Notation and Procedure
4. Notetion for Coding

1. A program is a sequence of operation by which the compuier

carries out a particular process. Ths code for a program is the set of
instructions that must be put into the computer's storage to enable it %o
carry out the program., Thus a code is essentially a statement of the initisl
content of the registers that are tc be involved in the program, tbat is; the
content immediately before the program starts. These registers are of two
kinds:

(a) Action registers, from which the computer control obtaius its
instructions.

{(b) Data_registers, which are used to store other information
that may be needed during ths program.

{Thie distinction applies only to the way in which registers are gelected
for uee in & particular program. Any register in the computer's storage can
be assigned for use either as an action register or as a data register.)

2. 'The countent of registers of both kinds may be changed during
the program. For example, 2 particular data register may contain an order
which may be transferred to an action registier as the result of a comparison
operation. The coder who ig drawing up a code will have %o keep track of
the content of all the registers at all stages of the program, but ths com-
puter must be given the initial content, so the code must show the ipltial
content only. (A distipction is drawn here between the code itself and any
explanatory notes that may accompany a write up of the code.) In many cases
part or all of the initial content of a register may be immaterisl becsuse
the content is going to be supplied during the course of the program befors
that register is used. In writing out a code a dash is used to indicate
this stats of affairs, (Note the distipction between "ca--" and "ca zero®.)

3. In Section I1 it was explained that in discuseing coding the
uge of the word regigter implied an gddresgs. When we refer to the register
containing a particular number or order we are usually, if not alwaye,
thicking of the address of the register though for the sake ¢f brevity of
language we do not mention the word gddregg. Jsimilarly when we talk about
the content of a register, we are thinking of the register as identified by
an address. This is reflected in the following obbreviations which are
commoply used: :

RC~-~ = (addrese of) Register Containing--—--

CR--~ = Content of Reglster (whose address is ~-)
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4. The addressee that will actually be used when & code ig put
into the computer are not usually known when the code is being drawo up,
#0 symbols are used to denote the actual addresses. To obtaln a convice,
vritten record of a code it is best to rapresent the addresses of Thea zction
end data registers by a set of consecutive serial numbers. Thisg will be

called the gerisl notation.

5. It would be natural to start these serial numbers at i, and
for the present this should be done. However, it may be decided to gilot
some of the registers of the computer to the storage of certain universal
constents, and in particular registers with addresses 1 %o 15 may bs allotted
to powers of 2, sc that forn =1, 2, ... 15

CR n = p~(16-0)

If this 1s done the serial pumbers will nave to be chosen so that they do
not contain numhers that are addresses cof registers allotted to sepecial
purposes. At the end of the action registers of a code a serial number
should be reserved for an sp order that will awiteh the computer to its next
Jjob.

G, Iu what follows s standard notation is deseribed wbich makes
1% esasler to follow the execution of the program. This stendard notation
is also more convenient than the gserial motation for use when s coda is
veing prepared.

7. A flow dlakras is a seriee of statemants of what the computer
has o do at various stages in the program. These statemenis are written
in boxeg aod the boxes are joined by limes of flow which sbow how “he com-
puter passes from one stageé of the program tc another. When the procefurs
of the computer after a particular stage depends on a cp(-) order, ths state-
ment in the corrssponding box is s¢ worded that the linee of flow smerging
from the box can be labelled "yes"” and "no". When a code bas been cumpletely
worked out the main object of the flow diagram is %o make the main structure
of the program clear., During the process of working out a code the flow
diagram; by separating the program into stages, makes it easy tc introduce
altergtions as coding proceeds.

8. In the process of solving a problem the first tsntative step

is to divide the program into a few malu stages and to draw a flow diagram
whoss Doxesn will contain broad statsments of what the computer must do. Thease
nuin steges are denoted by Al, A2, A3, ... Kach of these stages lg then
further analysed and, it necessary, is divided iptc substages, repressoted
by boxes in a more detailed flow diagram., The substages into which Al ia
sutdivided are denoted by Al.1, AlL.2, Al.3, ..., and similarly for AZ, A3, ...
If nescessary, scme of these substages are further subdivided inte AL 1 1, AL Lols

, AZ. 1.1, A2 1.2, ..., etc. Only experience will show how much subdivision
te desirable, but it should bYe remembered that the two main objectives ars
to make the structure of the program clear and %0 make it easy to introduce
aliprations as couding procesds.
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9. It ie often desirable to introduce more subdivisions in the
working stage than will Dbe used in the fipel write up of the soluticn. When
a problem has been completely coded and the code ie written cut in zevial
form the serial numbers representing the action registers which correspond
%0 the various boxes of the ficw diagram sbould be written in the boxes.

10. An axception to the notation indicated above may be made in
the case of guxiliary subprograms that are no®% to be written out in the
solution. These subprograms can be denoted by Aa, Ab, ..., and thelr stages
and substages by symbols such as Aa 5.2.

11. The action registers contain the program orders. In the standard
notation they are grouped into blocks corresponding to the stages into which
the progrem is divided in the flow diagram. The addressss of the registers
that contain the suvcessive program orders that are required for stage A3.2
will be denoted by A3.2.1, A3.2.2, A3.2.3, ...., wbich will be called indse~
numbers. Aes was oxplained we shall refer to "the register A3.2.2%, although
strictly speaking the index number A3.2.2 represents the address of a regls-
“ter. No confusion will be caused if we refer %o the ordsr in register A3.2.7
simply ae "the order A3.2.2".

12. A system of index numbers ie also needed for data registers,
tut coding problems differ sc much in thelr nature aud complexity that 1t
ssene undesirable to lay down rigorous rules for the representaticn of the
addregesss of data registers. [t seems reasonable to sugeest that culy the
letters B and C ghould be uged; and that any further subdivislions into blocke
of regigters of different types that may be necessary should be achieved by
# notation similar $0 that used for action registere. In simple problens
it may be desirable, at any rate at ths working stage, to introduce ve sub.
divisicns but merely to allot temporary index numbsre, Bl, B2, B3, ... %o
sach data register as the need for it arises. We asball refer to registers
grouped under the letters B and C as B-clase and U-clase registers. Action
regieters may be called A-cless registers., In subprograms dsnoted by Ag,
AD, o.., the data regieters stould be denoted by Ba, Bb, ..., and Ca; Cb,

13. One subdivigion that will often be dmeirable is as followa:

B-clags registers

Data that will differ in diiferent mpplications of the
program, possibly further suddivided into

Bl. loput and cutput data.
B2. Data derived for uee during the prograw,

L-Glase reglaters

Fixed data used for all applications of the program,
poesibly further suvdivided into

€l. Universal constante storsd in fixed registers.,
C2. OQOther congtantis.
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1l4. Other subdivisions that may sometimes be desirable are
(a) The distinction betwsen

(1) Data or registers used in some other program that is
on the computer at the seme time.

and
(2) Data ar registers that are used only in this particular

program.
(b) The distinction betweeu

(1) Dats repisters whose addresses oceur in the address
sections of action registers in their initial state
at the beginuing of the program.

and

(2) Those whose addresses are derived during the progran
(as bappene iu the case 0f registers containing tabu- -
lated values ot s function)

15, The form ftur writing sut a code bas bsen described. In the

standard notation the addresses will bs indicated by the index numbers o3

the action and data registers. For action registers the explanatory notes,

which are to be given in g separate column on the right, contain statensnts
of the following types:

{a) The content ot AG, BK or soms storage recister resulting
from the order in question. ¥or a cycle the explanatdry
notes should refer to what happsns when the cycle is
being performed for the mth time. For s subeycle in a
¢ycle the explanatory notes should refer to waat happene
when the subcycle is being performed for the k-th itime
as part of the m-th performance of the cycle.

{(b) References to the origin of
(1) the address section of an order
(11)  the operation section of an order
(111) the pumerical quantity contained in & data regiaster

when any cne 0f these is changed during the program.

{c) References to sp or ¢p(-) ordere that causs the control
of the computer to jump to the arder in question.
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16, In the tabulation of the initial content of data registers .
sxplanatory notee should be added on the right in the case of any register
whose content is changed during the program showing the'various guccsssive
contents of the register and the orders from which they are derived.

17. The write-up of a program should include arders to cover any
restoration that may be necessary to ensure that at the end of a particuler
application all registers are correctly set up for another application.
(The need for such restoration orders at the end of a program will usually
be avoided either by the ingertion of suitable orders at the beginning or
by including in the input data that is supposed to be supplied before the
program starts the content of the registers that have to be dealt with.)

18. The write-up of a code should includs statements of:

(a) The position in storage of input and output data.
(t) The total number of registers used.
(c) The total number of operations to be performed.

{(Note that in calculating the total number of operations to be performed
allowance must be made for the pumber of times that the computer has to gu
through auy cyele that may occur in the program. In many cases it will not

te poassible to state a definite number, but only maximum and minimum pumbers.)

19. The general form of the tabulatioo of a code and the inder
nuubers used tQ represent the addressaes of action and data regiasters havse
been discussed, In the standard notation, when an entry in the tabulation
of the code represents an order, the second part of the second column
containa the index number of the registsr tc which that order applies.
During the early stages of work on a problem, or for explanation of a code
on a blackboard, it may often be more convenient tc indicate in this place
the content of the register referred to, rather than the index of that
raf%ster“ For this purpose the symbol RC, will e used., Thus if Bl7 contains
27 we mey write

ad RC 271°

instead of ad B17.

20, In the standard notation the code {itself 1s distinguishad
from the explanatory notes, The code shows only the inital content of the
action and dats registers, any indication of ghanges in content during the
course ol the program being confined to the explanatory notes. In the working
notation the symbol RC; when it is used in the addrese section of a program
order, indicates the (address of the ) reglster whose content at that par-
ticular stage of the program is a certain quantity, slthough the initial
content of that register may have been something else. In fact, this working
notation allows explanatory matter to get into the columne which in the
stundard notation are strictly reserved for thes code itsell.
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B. ZExgmple of Coding Procedure

1, This section gtarts with a provisional analyeis of = problenm
leading to a first attempt to write out a code. This first attempt 1z then
criticized and a number of improvements are made before the code is written
out in a finished form.

2- We are given a set of n tabulated values of f{x) for the values
X Xy avie xn of the variable x. The differences between successive tabular

values of x are all equal %o a positive constant h, 80

x, = xl + {i-1) h,

=] € s
3 x1<xn<1

3. It is suppoesd that during the course of computation two aumbers
& and U are derived by the computer, and a subprogram ie wanted to find

Further

b s
(; {x) dx, using the trapezoidal ruls which gives the formula

A i

b s -4
(f (x) dx = U’ é f (a) + £(arn) + t{a*2h) + ... + £(b=n) +7 {6}
8’ s I
3. We can presune that g and U are known to be within the racge
convered by the tabular values X, , X,, -.. X and further that (b-a) 2h, su
that there is at least one tarm ITnsidea the b%ackeﬁ of the formula ip addition
to g fia) and % 1(b). We are alsc told that 'f(xi)i‘{'s t for all X, 5 80 there
iw a0 danger of overflow if we simply add the terme 5 fla), f(a*h), ..o ,
% f(b), since the total number of terms to be added together ie less than n,
D. We sball actually caloulate the intspral from the tabular valus
nearest to g toc the tabular value nearest to b, neglecting the errora
thereuy introduced at tne ends of the range of integsration, We sball not
distirguish bstween these valuep and the exact values of a and b as derived
by the computsr.

5. We will first lay down a stralghtforward method of dealing with
the prodblem, representing the method by a flow diagrsm and allocating blockas
of A-class regiasters t¢ the successive stages of the flow dlegram. We shall
then write down a code stage by stage, allocating B.class registers as the
need for them arises. In this problem it is not necessary to subdivide the
B-class reglesters into groups and there is no need to introduce a C-claps,
We shall need n consecutive B-.class registers for f(x. ), fix ) ... , fix ),
but we can add them at the end of the list of B-class registgru roquired"fur
other purposes. The allocatian of B-claes registers, which ie duilt up
during the process of coding, ies shown in paragraph 15.
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7.
A1 Find RC f(a)
A2 Eind RC £(D)
a3 Btain% f(a) + 3 i\'b)-}
. Ee
A4 ; fUbtain o flazh) f(as2h) = ... = t(azmb)
l [ Torm = 1, 2, 8, s .
I Hava we obtainsd th: finel valuve / &iven ;
' > n b & [
L g R ittt
E e Pl , . ——
b 204 yes .
= iy e
a5 P Ubtain p '},"; f{a) + pee f(n)
{Multiply oy h. f
|
{
o -1(.‘ LDl e A e i
A D t?reparu Tor next applicution uof prograw |
. P & =2
H. Stggs Une. Suppose we have o RC fix,) stored in b 1,

{Tnis ounber may not be fixed until the program is &%tuallyﬂput on the
machine.) Then since the successive tabulatad waluves of £(x) are stors«d in
consecutive ragisters we have the equation

h

where the right-hand side must he rounded off to the nearest intsger, This
gives

a
B £(a) - RC £(x)) = i

: «15
=15 = =15 . Y 2 :
2 RC £(a) = 2~ s Lo X d
) RC i(xl) bk i (a xl).
.3."--.
We shall have to make sure that the computer in calrulating ;g““ (acxl)

produces the corrsct round off, but we shall leave :his point for the
prasent. It will be diascussed in paragraphe 19 an! 20. We store a,

=15 =15
B and % in B2, B3 and B4 and procesd as folluws,
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Al.l ca RCa AC: a
=15 =15
2 nr ch-h-- Aceg*"ira‘
2«45 21215
3 su ERC = e (anxl)
. 5
4 ad B 1 AC: 2 RG f(a)
8 td4 A 3.1 A Z.l:ca RC f(a)
6 ad RC zﬂlb The need for these twu orders
ariges in stags four
7 td A 4.2 ‘A 4.2:at RC f(a + h)
9. Stage Two.
A 2.1 ca RC'H AC: b
~156 =15,
v & & Rt
2 nr hcﬂﬁ"* al: b
n=15_ -15
3 su RC 2__,__‘1 AC:-Z';*"’ (b=x.)
el ) K
h
4 ad B1 a0:271° Re £(b)
5 td A 3.2 A 3.2:al RC £(b)
10. Stage Three.
A 3.1 ca RC flal 1ritially ca--
Digits from A 1.5
AG:T(a)
2 ad RC t(b) Initially ad--
: Mgite from A 2.5
A(sf(a) + £(b)
3 sr 1 AO:% f(a) + % £(b)

4 vs R 7
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11, Stage Four. In the cyc'li\c"; process we want to add f{ata),
f{at2h) ... successively, sc we need an order ca RC f(a + mh), or alterna-
tively ad RC f(a + mh), whose digits will be tucreased. one in sach cycle,
Ve want to end the cyclic process after f(b-h) has Leen added, when we shall
have obtajned the required sum

}':-. fla+h) + fla+2n) + ...+ (b« h)
This suggests that we should do the increassing after the addition enld usge

ad RC f(b), which 1e iv A 3.2, for the comparison which will epd the cycles.
Consequently we use ad RC f(a + mh) in preference to ca RC f{a + mh) as
the order whose digits are tu be increassd. At the beginning of the firsgt
-~~%a this order must be ad RC f(a + h), and the orders A1.6 and A 1.7

have been introducea for 'nis purposs. The successive partial sums ;: i and

the final eumz' are put 1. B 8, whose initial content must be zero. In the
following code the descriptions refer to what happens during cycle m, the
cycle during which f{a + wh) ig added to the partial sum to gAve l

{(In the first cycle ) ‘e the initial econtent of B B, wvhi®h s zern., "

-1
1o, Srtagg Your
A4.1 ca L8 ‘ ) aey 1
m~1

2 ad RC f{a + oh) initially ad --

Firet digite from A 1.7, «iviag
ad RC f{a + bhj
Mgits changed by A 4.0
al: §
i
X ts bo# , B oasy
Lo

4 ca A 4.2 A ad RCQ&'(&" m‘n)&

. rm { ‘ I

5 ad RC 27" AC:ad HC f|a+ (m+1)n|

6 td A 4,2 A4.2:a¢ RC fla+ (@+ 1)x

7 ca A 3.2 ACsad RC f(B)

5 oosu A 4.2 Content of A 4.2 wads changsd by 5 _4.b,
and 1iﬁm’3w ad RC f_1 a+ (m+ 1)3!,
AC: 27" f_.b-a-r (m+l)hf
Jontent of AC> (G until last cycle
when a +. (o + 1)h = b and -zarc appears
in AG,

9 ep A .1 Anothar cycle unt,.il} 1g chiained.

10 sp A 4.
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13. Stage Five.

Bk &8 BT AC:E £(a) + 1 £(b)
A O, ca g £ - -
. N
e a8 5o ac: fle) + 1 £(b) +)
) 2 L
b
4 mr RO h AC: g’f(x)dx
a
b
¢ ta B9 89, (f(x)ix
i

14. Staegg SLx. ror this final stags we lovk througo the ts aod the d
orders and find that the content of registers A 3.1, # 3.2, 8 4.2, B 7,
B8, Y nave been altered during the program. Of thase the only -ue toat
neads to be rsset i B 8, which must be reset to zero. For thi«

A 6,1 va HC zero AC: zare
? t; B R B B.zare

15. Allogcation of B-clasgs Reglstersy.
15

B1 - HC f(xl)
2 a
~15
g L
2"' 5
. n
5 ?-15
o b

2 % fla) + -;- 1(b)

8 Initially zerm
e - 5
Than ) 1,} py ooc %o final »

b
g ff(x)d.x
A
210 h
b 1p 2 Z6TC .

B1? tc B 11+, £(x,) to £z )
- i : 1
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16, We first look at the P-class registers for chances of combins

t4ons and see that we can put B 7 = B 9, asaving = register (Aluorroiivas
©? this type will involve renumbering the data registsre bafore .1 {xua.l
write up.) ;

17, Secondly, it appears that after obtaining L f(a) + i {b) in
- AC by order A 3.3 we could use A 3.4 to transfer to B 8 iristead of v B 7

This would mean that during the cyclic stage the content °f B 8 would be
Yo+ & [f(a) : & f(bi] ingtead 01‘2? . The initial content of B 8 nead no
m 2 m

longer be zerc, sc stage s8ix can be droppsed, and one crder gan be saved tu
stage five. B 7 is nc longer needed, but we were already proposing ¢
combine this register with B 9, However, thare is no loager any cbjectiocn
to combiniog P 8 with B 9., Formerly the restoration of B 8 %o zero ir A 3.2
preventsd this combination.

18, 1t is worth pointing cut that iu general it will be bveiter
te do any restoration work at the deginning ¢f a subprogram rathor than
at the and, because ihis allows the B-class registers which bhave to be
restored in & particular subprogram to be used for other purposes 1n other
parts of the whole progranm,

19. Anothar saving can be made by ilmproving ithe techad que 1.1
finding t(a), flath), ete., in the tabulaticn of f{x) It will near)y
always be the cumse that when a function t(x) is tabulated for sguidietan’
values of x over a range including x = 0, une of the igbulated values .1
f{x) will be £f(0). If this ie the case, and if £(0) ie stored 1o tog
register whoge number s k, than f{a) will be in the register whuge rumbeas

is k + % , whether a ig positive Or negative. FRven 1f The raoge of

tabulation dees not include zeru (as would nappsn if both and x were 20
we can assign a number k which would be the number of the regiaﬁaruuunﬁa‘ni“ﬁ
£{0) i1f the range of tabulation wers extended tc include zero, althoug in
this case the register whoges nmumber is k would not actumlly be used to conial
a tabular entry. With this assunption we can stare

2~ o £(0) in B 1 and obtain
ke fla) by the aquatiocn

RC f(a) ~ RC £(0) =§

instead of
8- 7
RC f{a) = RC f(xl) = MEEL o

Thie saves orders A 1.3 and A 2.3 as well an B 4, as it 18 no longer nec-
aanary to store
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20. Return for g moment tc consider the round-off refarred to
iv paragraph 8. As has Just baen sald the rangs of tabulation will nsarly
=lways be such that for some integral value of A :

+Ah=0
E 5=18
x

SR
This means that Elia en integer so that the value of “’;;‘"l that iz stored
in B 4 1 the exact value of this guantity. If a ig not g tabular value

the number ; ig oot av integer and the order A 1.2 produces a rouwnds-oft oo

2&')’5 (nsarest integer to %)

In this case therefdre the urdsrs A 1.3, A 1.4 do 1lsad to the register
containing the value of f(x) for the tabular value usarest ©w a. However,

=15
x ) :
if KL is not an integsr, the combinaticn oif the round-ofi in ,Mﬂ...-.l and
" -1b, N
-5 P4 (nul)' X
*-'—-}-‘-—*'ﬂ may lsad to the wrong value of -« . For example, 1Y - b= g
h 15 . r:
a=x 2 (a“’x 15
% *=.14.4, *XTJ‘ = 2.8, thy correct round-off tor “‘“‘“‘.1‘."""""‘1’"‘ would te (;’4}2’,‘]",

. o= 5 ’
tut the computer would obtam@}z : » This arror ig caused by scaling down

B Lo

9 n bat'ore tne subtracticn. .'I‘ha srrsr could be minimized as £l lows

~{p~1 ), -(p-2)

Supposs p 1s the integer such that 2
the computer calculats

ns 2 We could then nake

" P 2“"?’
e B 3

R A

without danger o1 overflow, and could then wtdft right 15=p places 5 obiatp

=15 P 2P
;j““ (awﬁ);, <ile would involve storing = and "n”" Tnstead oI
! " 2 3

1F
K4 57
-
r.
o
27

k|
~% ==  apd sould add one arder toc the progrem.  Huwever, as nae besn said
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-
0
m -
(¢
3

X
above, El will nearly always be an integer so that this cowplication will
" be unnecessary.

21, It would be possible to save the order A 1.6 by eltering
stege four so thet the order ad KC f(atmh) has its digits increased before
it is used, going through the_cycle once more to add f(b), and correcting

this by calculeting % fla) = % f(b) in stege three. This, however, whole

saving one order, would involve the additional operations of the extra
passage through the cycle, which in elmost all cases would more than counter=-
balance the saving.

22, A very desirable place to effect a saving of orders is

within a frequently repeated cycle. The saving of a single order in the
construction of a cycle actually results in a multiple saving of operations
due to the repeated use of the cycle. Although the saving of one order

in a cycle which is traversed n times appears first as a saving of one
storage register, it manifests itself as & saving of n operations with the
corresponding economy in time. Examining the end of stage four we notice
that the sp order is the one which is used to precduce a repetition of the
cycle whereas the cp(-) order comes into use only when the cycle is to be
discontinued, Ve can eliminete the sp order by changing 4 4.7 to read cs A 3.2,
A 4.8 to read ad A 4.2, and A 4,9 to read cp(=) A 4.1. The effect of these
changes would be to produce the necessary negative quantity in the A6 to
cause recycling by the cp(~) order. ‘ctually, however, the negative

vantity produced is «b 4 a 4+ (m 4 1)h which will produce recycling until
%(b) itself has been added. Before further consideration of this difficulty
(see paragraph 21) let us notice that order A 4.8 can also be deleted if
we now change A 4.7 to read su A3.2.

23. In paragraph 22 we have described the changes necessary to
produce a saving of two orders in the cycle, yet this saving also produces
the superfluous calculation of f(b). We can eliminate the difficulty by
changing A 4.7 to read su KC f(b=h)., The determination of RC f(b~h) can
be made by the addition of the following two orders to stage two:

A 2.6 su iC 2=15
A 2.7 td td B8

Note that B & was available for use (see paragraph 17). Thus slthough
two orders have been added to stage two, we have eliminated two orders
in stege four and thus have mede & saving in any repeated use of the cycle,

24 MNaking use of all these improvements the code is written
out again in standard form, The Beclass registers have been renumbered,
The use of the kG symbol in the program orders has been dropped, but the
explanatory notes have been retained, The code is written in serial
notation on page 57.
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25. Orlginally we used 1l B-clasy registere end &1 A~

This gives s total of 42%n storsge registers and 10+ Qig;&)

Tha final form of the ocde ugze 35+ storage registers and 11+

oparations, s saving of 7 ruzistersg and 2+,§§g gperati ng.

76 SLANDARD 14 ATIUN

A 1.1 ca BS ACs &
w b
=
¢ wr B2 A ...-.i’;.a.
; ' . NS 1 L R
L‘ an Hl Aty :\ RC f‘&_f
Tata AR A%.2:@d  HC f£{a)
H ad M AG:  af Mo fiath)
& to ng- A4.2. a! a0 ’{ i)
& h 'l i 14t Av ¥
RS <!
e AG: Sl
n
&
o A My AL ¢ £
q wd " .2, l &t 1 Vil 1 {} j
& MU B4 : ﬁ‘(‘:; Ui firg I’,.f. n,
- S SR
& td W BR: D 1 40 £{b-h)
A G.h £n--(digits from 42,4) st £{u)
Dd-={dlgits from Al .4) AC:  fla) * £0b)
¢ ol ac; & (a) + t(b}

2
‘4 te NB7 B7: # #

A 4.1 va BY start of cyele. fepl-) {0 A4.8)

. Y A )
aC: 5 t(a) * ” f{bi +va"

& Afew digite from Al.b and A4.o
X o p .
AT % ey é fib) + z

¢ tg B? Br. " ¢ v

o dperatl

fw
1L h._.;

)
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A44 ca A2 ' AG: ad RC fla‘mb)
5 =4 B4 G: ad RC fla+(utljh
6 td A4.2 AG.Dy %0
7 su B ac, 27 1%

A Bl ca B?

2 or

KR A

B 1l

A%

X

in

g )

8 +n

B3

AZ 7 glveg ad RO f(b-hn)

ot (mt1)h - (b-h)
g i I i
AG:y 5 f{a) + 5 f(b) - 2_

b
AC: f f(x)dx

5
+

.
b
B7 B7. j £(x)dx
a
w 1.5 .
o3 pe e(o)
-
1
Y
e
515
£
}“ '
A 4 glves 1/2 fla) +1/2 £(b)
A4 3 gtves 1/2 f£la) + 1/2 £(h)
LI
A 0.3& plves f i{x) @x
a

Pege Bl
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0
3

FLOW DIAGHAM (STANDARD WOTATION}

8 i P P 607 e S

lFlDd RC i(a)]

S— h-‘....._i.._"....,.

Esgna RC £{b)

s _.W.AL_ 1. S S LR e

A X g(n’:tain L fla) +

o

P

>
ay

P —

%
ymuain = fla) *

’fﬂ

A4

A3l 36“'"' -‘

=
(b} + ).m torm =1, 2, 3,

wheraﬂ = t{ath) + figrdh) + . * £{h-n)

Have we nbiginesd bhe final valuse \ o §

T T U —
i

t‘y a"‘h = bhe-mht
e

”wgnr |yas

:
|
A |
i
1
|8

po—— -

i‘c;u—A -——

¥ % },-' i - ~ '
. i i
) iMultipu by b oty give )5 iz} dx
‘ :
i



6673

Engineering Nota E-2000..)

w8
mr
ad
td
ad
td
cea
mr
ad
td
8u

5719

28.

33

29
14

18

29
13
3z

RC £(0}

SERLAL, NOTATION

12
13
14
15
16
17
18
19

20

54

35

A€

td
ca
ad
29
e
ca
ad
te
ca

21
22
23
24
26
26
27
28

L

gu 32
Hd 18
su 14
ep 17
38 30
nr &l
te 3B
(sp)
f(xls

3640 fix )
ol

Pags B3
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29, ¥FLOV_DIAGRAM (SERIAL NOTATION)

)

3

Ll - )4 Mnd RC f(a), RC f(b) and obtain%; f(a) + = J

SRS S ....-_L,_....,._...__....‘L_.m.__... S o S e

15-. 22 Obtain % fla) + é fin) + o’ form=1; 2, ;.-
where E - f(ath) + f(a+*2h) + ... + f(b-h).

Hdave we sbtained final value }w of me given hy

A | a*b = bemni
' e e e

)
L J‘no | Yoo
i suiis e e e | ———— 1 0 i s 00 VO ;

AR S e e

| H b !

: 1 ‘ .
23- 29 Muftiply by h tu give { tix) dx aund gtore tnp 2%

]

L e . L

- Y

i : i
(26 | ap to nsxt Job |
SRR S SRS LT

Number of uperatiops 11 + EL%;&L
Tuput A, b in registers 3% and 34

Output f{x) dx in regieter 35.

a

| ST -
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Section VIl, Iterative Processes

A, Iteration ir the Computer

1. The mathematical process of iteration 1ls available %o tha
computer by the use of cyclic programe. In the general application cf
cyclic programs the decision to end the repetition of the cycle iz mads
a8 the result of the comparison of a fixed quentity and a quantiiy derived
during the course of the program; in iterative schemes the end of the cycle
may either be determined in such & faehion or, when necessary, by & cCOf-
parison of two quantities derived by the program. The former cass is
illustrated in Code XIII, the latter in Codes XIV and XV.

B, Code XIII: Summation of a Series

1. Consider the series
e ‘ m
+ p 1“ + L - + + c o0
‘o alx 321 a.mx

anc assuvme that

a |l<1l, L1, Lélformﬁl,, 2y By nen
0 &
m-1
L 2 ar L a=c e Zi_ =g +6 +o, ¥ oot
‘m-»l m m ™ m o ) 2 m

, =14
Suppose that p ie the first integer for which £ 277, The odject of

the program is to-obtain the sums Zln Z:?, 253

stopping the summation process as socon es the magnituds of the last term

added, 'a znl = lc |, is less than or equal to 2'.1&: The sum Z 80
n n n

obtained is the required approximation to the sum of the series.
a

2. Since Fxp <<
P P

to stop when n € p:- We therefore need only stors the ratioe rlg rea r asa 'l m
P

o
p

Z successively,
n

=14
€ 27, the summation process is bound

3. The central ssction of the program is Al in which e is

obtained from cm_1 by the equatlon

¢ =rec x
m m m-1
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Qe

and adde ¢ to Z_ to form Z - Both ¢ and.z are stored Tor furiher
n m-1 - m m o .

vee. Section A3 arranges that another term of the series will be aillod
and section A5 tests whether the megnitude of the last temnm added 1z lcss
than or equal to =14, Thege three sections A3, AM, and a5 form-a cycls.
The first two sections Al and A2 make preparations for the first round of
the cycle.

C. Code XIV: Linear Simultaneous Equations

1. An iteration scheme can be applied to the solutiorn of linear
simultaneous equations. In Code XIV this echeme is illustrated in the
sclution of two linear equations in twoe unknowns:

x *ax =0b
b 12 1

Ax +x =t
21 e ;

4 <

2, If we denote the order of the approximation by superscripts,

{ntl) ‘
where T is tbe (n + 1)e* approximation to x
h |

(m)

and xl ig the m!'-ﬂ approximation to x ,
1 9

thep the iteration tormulas ara pgiven by

{m+1) {m)
2D = @

. 1~ %%

x(m"'l) - x(w\""ll..)

2 2 T %N

5. To avold overfliow we shall assums that
o0& & p
"L ‘n1 1

and 0 € g b £ 1
e 2
) (1) (1)
frow which it follows by induction that etarting with 11 = x

=2 ’
~
“

we whall have m)
0e xi ¢ < 1

0 € x;m <. 1

for all s o
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%Y. The code which is preasnted is arrenged tc¢ end the wor~

ximﬂ') = é’“) snd é:ﬂ)-a &Z) ml‘a equal Lo

nehing process when both 1

or leseg than 2’105

5. The coefficients 850 8 'bl, b_ should be regarded as inpub
&

data, which will be different for each epplication of the program buf wust
always satisfy the inequalities given above. Unfortunately this problem

is somewhat unrealistic, because simultaneous linear equations in two
variablee would not be dealt with by this method, while sets of lLinear
squations in many variables involve scale factor probleme which do not arise
in this example.

D, loote of Equations by Newtun'e Method

i, An iteration schame ie alsc spplicable co solutioas of roots
of equations ueing Newtonise Method. The formula in Newton's 'ethod for
finding & root of ar equation fi(x) = 0 is :

fixn}
X X o« e
ntl 0 "
f (x )
n
th ' afix )
whe e xr e the n  approximation, and ' indicetes ~—E~Rh
. x

€. For exampis to find %he square root of a number a we ssb
e g ; .
flx) = 3 - & aod the formula for successive approximat ioos to the positive

root of tLhe equation :ta - = 0 i

X

T ¥ - A o )
ntl ! f ix ~

1
n

3o e %o pogslble overflow, the above 2cuation s mot used
in an actual square rooting program, The uss of Newton's methed ix
oMtalning the square root of e number is dealtl with in mores detall in
Section V1II,
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Sceeion VIII Linear Interpolation and Finding the Square Roob

4o Code XV: Linear Interpolation

-0
1. Let ue sssume that values of f(x), for x =k - 2 , where

k=0,1, 2, 3, oeew 2 , are stored in 65 consecutive registers. The
addresses of these 65 registers are given by the expression X + k, in
which K is the address of the register containing f(0). The imtervsl

between the tabulated values of x, which shall be deasignated as L, i'a ?r'
It ie assumed that |f(m<)| «. 1 for all the k and further that if ky =k + 1,

then |f(hk ) - f(hkl) 1411

2. The problem is to obtain f(x) for any value of x in the
range 0 £ x £1. The value of x ie originally stored in Bl and f(x) is
tc be put in B2.

3, It is first nécessary to find two consecutive values 'ﬁ and

nk £ +
1 xéhk kzﬁ 1

Then if x - hk:l = mh we shall bave 0 € m €1 aod the required value of
f(x) ie given by

b
f(x) = f(hk )+ m \ f(hk:e) - f(hk1)§

L, If the positive number x were brought into the AC hy the
order ca Bl, the elgn digit would be O, the next six digite would determine
klp and the remaining nine digits would determine m. To be more preciss,

the number cobtained from x by replacing all the right hand nine digite
by zercs would ba hkl" while the number obtained from x by replacing tha

firgt six digits after the sign digit by zeros would be mh,

5. For example, the positive number .001101101100000 is
represented in the computer by 0/001101101100000, Since x lies between
-001101 and .001110 we have

hkl = ,001101



6673

Engineering Note E-2000 - Page DY

EnG ok ¥ X e hk1 = ,000000101100000. These two numbers are repreccii

e

in the AC by
0/001101000000000
and 0/000000101100000

It follows therefore that the order ca RCx followed by gL 6 would put
the interpolation ratio m in the AC.

b, In Code XV m is first shifted into the BR by the order

mh_HC 2'“9 and 1s brought into the AC at =« leter stage by the order sl 15.

It sbould ve noticed that the order qugg_gzgo which nas the effect of

shifting the content of AC nine spaces tc the right, cannot be replaced
by the order sr 9, since this latter order would give a round-off and
clear the FR so that the interpolation ratic m would bs lost.

B. Codes AV1 and XVI1; Finding the Square Root

1. The arithmetic operatione of sddition, subiraction, divieion,
and multiplication are wired intc the computer and are executed by single
orders; however, other mathematical orocesees which may be used frequently
in & narticular computer application are available only iu the form of
codes. 1t apvpears likely that the determination of square roots is a
process which will be needed quite often, and it is rather probable that
some of the storage regisiere of a computer would permanontly contain the
orders for a equare root code. The sconomy of orders and saving in
operating time assume particular importance under such conditions. Although
the square root can be determined using Newton'’s Formula as given in D of
Section VI1, a slignt variation of the formula givee & shorter code, this

being Code XVI. The squars reot is determinsd using a seriee sxpansion
in Code XVIII,

2. The object of Codes XVI ana XVIIL 1e to find JL_, when
0L aLl. We find ..'L%. rather than Ya in order to aveid btw danger

of overflow when a is nearly equal to 1. Both of the codes ewploy the
scale factor operation to find the number of places, n, which a must be
shifted to the left in the AC so that the first non-gerc digit “of alis
put in ACl. This emounts to expressing a in the form

A = 2...n o b where 1/2 & b £ 1
which gives

e
~5 =27 -
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3. The scale factoring procees shortens the program by reducing
the number of approximations that are required to obtain the desi:ec ocus

racy, but it also introduces the difficulty of dealing with the tvc coses
which arlse when n is odd or even. The difficulty is hancled as follows:

Let -g=m+k

where m is an integer and k = 0 or 1/2. Then

Ve -m ok b
Tﬂa X2 x-—-és-

& o k ‘
where the factor 2 is )1 or « The codss will actuslly calculate

2.
\ 1

s where q =

i .
22 in code XVI1 and g = 25/ in code XVII, The value

JC%? will therafore be calculatsd tfrem ths product

, s :
in order to obtain the required factor 2 g, which takes ths values q aund

7:§m for k = 0 and k = 1/2, we svaluate the sxpression
V2

a+(1- V2) kq\a,
which 18 equal to q when k = O and equal to =% when k = 1/2,
V2
4, Code XVI uses the Newton mathod of successive approximatiope
to the positive root of the aquation

flx) =x . b=
2

starting with x = V % = unﬁn ag the firsi approximation. The formula
for successive approximations ie
f‘(xif

. 1 Lo
ey = %1 - £i(x) =3 \x Y
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i

=1
The error in x3 is legs than 2 2 in the woret case when b = = , so ibs

code uses three iterations, given by the formulae

w1 by=V2 . V2 (b
xl E(x°+gx) = + 5 (ﬁ)

£e)
2"2""‘1*5;,;

2x = X 1-_3.;.
3 > 8x

-~

£

The value of E'zt“s obtained from the third step is the required approximation

when g = . o
o ﬁ

to

2

5. In ofder to obtain the sexpiression
q+ (1L - V2)kqg V2

for the final step we ators g x\Fé; and {1 . ‘J'é)clvﬂﬁ 21. Va,
. &

Befors the program starte the valus of a ie put in Bl. at ths
end of ths program the valus of y§g ie 12 BYH,

it mignt appear more natural to ase the approximation formulas
2 2
for the positive root of the equation x - % = 0, The sguation x . %'s Q
is used to avoid a danger of overflow during the arithmetic operations
inveolved in the successive approximations.

b. Code XVII uses & series expansion in powere of y, where

V2

b - Ll |

Y E e B 1ty v\
Y b+ L2 = l-y 0V .
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b 2
i
Uy
o

The object of intreducing y is to cbtain a geries involving only even
pousrs. We have ,

. 1
vV 2= %‘,:.,,}.‘5 =1+ -5)2

2 4 6 |
Vo =Ge+pa+i + L.+ f% t o)

1
g

For :,'-2., € v <1 we have - 0.1715% y £ 0.171%5 8o for the extreme values of

. o) ﬁ_5
¥ the valus of :?%« ie about 2 x 10 . Wa therefore taks

- § . ;
= o 2 ——
B , Y : V2
27 Vo =@ +y) ?2 ¢ Ly 2 4 mfg‘“é

1

= (1 +y) 25"
fo UGode XV1I determipes !E% 0 whars q=2e . dn order to

abbtaln the exprassion

qa+ -V 2\ 2

- =1

. - - in -
for the final step we store q =2 ~ and (1 - 2)61( 2=2 (1-Y 2).
Before the prograr starte the value of a is put in Bl. At the end of the

Va

program ==  1s in Bl

8, Code XVI uses 38 storage registere and 24 operations, not
countling the final sp order. Thus at 20 wicroseconds per operatiou the
svaluation of the square root would taks 580 microseconds. Code XVII uses
3b storage regleters avd 2% operations, requiring 560 microssconds.

‘
o3
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decidon IX, Codeg for Sorting :
A. Code XVIII: Resrrangement of g 3et of Numbers in Ascending Urder
1. As in Code XII the numbers Xy Xgy coe Xy 8TO stored in

consecutive registere Ci, C2, .... Cn. The problsm is to rearrange ths
x's in ascending order. In the final arrsngement equal numbers appear
together, but not necessarily in their original corder.

2, The program takes each regieter C. in wurn, sterting with

k =1, finds the lesst number in the registers Gk to Cu, and interchanges

this least number with the number in Ckv To simplify the explanatory

notes it is assumed that after each interchange the numbers sre reremed,
80 that at every stage of the progran the number in Cm is called X

3. The greater part of Code XI] is used in section A2 of this
code with the modifications nseded to find the least number :ataer than
the greatest cne. In the explanatory notes the number m refers teo the
cycle that is performed insid=s section A2. This cycle ie not shown op
the flow diagram.

B. Gode XIX; Sorting Sets of Naunbers
L. It 1s suppossd that n sets of oumbers (x,, ¥, 2, - s
(ng st zP»ca), > 5T5in (xng In? znrfa! are atored in tha mabhina and that

& program ie required that will enable the computer to deal with these
sets in the order of ascending Xy rearrarging the associated v, 24

etc,., ir accordance with the final order of the X, o
2. The metbod of Code XVII1l could be extended to provide for the

rearrangement of the numbers yi, 2., 8tc., in accordance with the rearranged

X, ; but the process of 1nterchangihg the positions ot the sets of num-

b%rs in storege would be lengthy. [4 seems preferable to avoid the

actual interchange of the numbere by dealing with the addresees at which

the numbera can be founa
" 3. As ip Codes XII or XVIIl we shall segume that the numbers
X1 s Kpp ceoe X 8TO stored in regieters Cl;, C2, .... Un, however in thieg

code there will be no peed tc assume that these registers are consecutive.
We assume that yi ie stored in the ragister whose address is u + Cjk
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%, 18 stored in the register v + Ci' etc., where u, v, ..,, bave the same

velue for all i. The compuxer,.having found the address bf the reglstor

conteining any xi,_can easlly find the regieters containing the associated

Y., 2 by adding the numbers v, v, ...

i 1. ¢ ono

4, The code uses a set of consecutive registers Clc *+ 1),
¢le +2), .... Clec + n) to contain the addresses C1, C2, .... Cn. The
address contalned in register Cl{c *+ t) will be denoted by Cp » and the

: t
number X stored at thie addiress will be denoted by x{t)z To bhe mure
. =1¢
exact, the gquantity ip C{c + &) is E'l)xcp =
t
, 5. nhep the program srarte the registers Cle = 1), Cle *+ 2), ...,
Cle + u) contain the addreesse U1, C2, .... Cn in soms order. The effect
of the progran iz to rearrangs the contant of thess registers 80 that the
munhers x, obtalned successivaly from the acdresses C{g + 1), Cle + &),

Gle + n) will be in amcendirg order. This i¢ achieved by dealing in turn
witr the reglsters Glc + &) for t = 2, 3 . a. For each t the content
of the regleters Clc + t - m), where m =1, 2, 3, .., . are examined in
turn and noved to Cle + ¢ = m + 1) nntil a register is reached which con-

taine an addrees giving an X, that i iess than or squal to the X that

wad civen Ly the pddresas that waw In Ol » ), The address that was thea
iv Cle %) 1¢ then put Into the lasr of the registers previously =2xamined.
To stop the nrocess a gquantity 9, kpown to bs lear than all the Xy 18

put in C(0), and e'lﬁxSiO) 1e put in Cic + 0),

©. The content of ths reglster Cle + &) may bs changed several
times during the course of g program. In the sxplanatory notes J} is
t
taxen Lo mean the addrsse contained in Cle + t) at the stegs at which “hs
arders teke affect.
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SUBJECT; INTRODUCTION TO CODING, PART II

Toy 6673 Projeut

From: David k., larael

Date, Septembey 29, 1944

Code I sode 11
Effects uf Yrders - Urdersg
“a 14 AC: x . l [y =
b
mr 14 ACy x° s omr 11
. . ® s
mr 11 AU: ax 4 ad 9
e

ts 1& rogister 15 ex 4 mr 11
ca 14 ACy =z 5 ad 10
mr 1z 2 bx : G ts 12
ad 13 ACy hx + ¢ 7 end of cods
ad 15 AC: ax” 4 bx 4+ o A
te 15 regiatar 15: ax” + bx *v o |
and ul cude 10 ©
8 UL
b 12 -
S

Effects of Orders

SRS N S

#

B

ax+h

axP + bx

2
ax + hx ¥ ©

: ]
regiater 12: ex +b:
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f Code ITI Code IV
Qrdsxe Effects of Orders Ordsrs Bffecig of Crisrg
1 cal AC: d | ce 14 AG, =
2 mr 19 AC; dx 2 mr l4 AC, :'.2
3 ad 18 AC; dx + e 3 ta 16 regl ater 15 xp’
4 ts 20 register 20. dx + o 4 ca 18 AC: y
5 oa 14 AC: & 5 or 15 A ¥
& mpr 19 CAGy ex 6 ad 16 AC: ;12 + oy
7 ad 15 AC: ax + b 7 ts 16  reglster 16: & ¥ ¥y
8 ar 19 'AC: ax2 + bx boca 14 AC: x ‘
9  ad 16 AC: ax? + bx + ¢ ? wmr 1o AC. xy
10 dv 20 iy AR LESE. | WogeRn o
. "?vb + 0 x. vy
11 sl 15 45 Me—JBLR ‘ -
- 11 sl 15 | Ry Bl
12 ts 20 register 20: M2 i = Ty
( snd ot cods L2 ts 16 regigtar 1o
14 & 12 end of code
- o 14 x
16 { 15
17 d 6 o
18 e
19 ~x
20 -

> S

2 )
X +y
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Qrdars
1 ¢all
2 %8 12
g su l0
4 op(-)9
5 ¢al0
ts 11
wa l 2
8 te 10

9 8p next Jjob

Codn

Bffects of Orders (b a)

AC: B

(AC: b
{register 12: B

£C: bep (positive)
g0 to order at 5

AC: a

register 11: a

AC: D

register 10: b

g(b is in regleter 10,
( a is in regieter 11)

v

| Effects of Urigre (o% aj

-

{ AC: b

" (AC: D

register 12: b
AC: b-p (negative)

g0 to arder at 9

x{a ie in register 10,

I b ig in register 11)

10 =&
13 b
- (-,
{Analysed only far ¢ »>b >a) Code VI
Qrders Rffects of Orders Orders Effects of Orders
1 ca 27 AC: b 16 ts 26 register 26. ¢
2 ts 29 {AC: b 17 ca 98 AC: ©
regiater 29: b
SR 18 te 29 AC: ®
3 gu 26 AC; b-a (positive) register 29 b
4 ¢p(-)9 go %o arder at 5 19 su 27 AC: b-a (positive)
5 ca 26 AC: a 70 op(~)25 go to order at 21
6 ts 27 register 27. a 21 ea 27 AC: a
7 ca 29 AC: b 29 Lg 28 register 28: a
8 ts 26 register 26, b 73 ca 29 : AC: Db
ta 28 AC: ¢ 24 te 27 register 27: b
10 ts 29 (AC: ¢ 28 sp next jJob
lregister 29: ,
26 a
11 eu 26 AC: o-b(positive) o
12 ep(-)1? go to order at 13 ;
28 ©
2 ca 26 AC: b -
i4 ts 28 rogister 28: b
15 cva 29 AC; w©
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Qrdars Effects of Orders

(lst cvecle)

l eca 12 AC: Q
2 ad 13 ac; 27%°
\ 15
& su 14 AC:=30 x 2
4 op(-)6 go ta order ab 6
5 ep 9
6 ad 14 acy gmif
7 %s 15 {AC? g 15
register 15: 27
& 8p 2 gr to ordsr gt 2
9 ca 12 ’
1¢  ta 15
11l #p =
iz
~L5
13 2
14 2 x 2t
156 ==
Urders . Effacts of Orders
. .{lst cycle)
1 i 74 A.C (0]
.56
2 ad 8 ACy 2 7
3 sl 10 Ay o
~15
4 8r 10 AC: 2
5 te 9 ihcg g 5
ragisgter 2: 2
6 sp e g0 to crder at 27
7
=19
8 2
- S

Code VII

7
/

Effacts of Orders

—..{2nd cyele) .

=19
18

AC; € x 2
ACs-29 x 27

Pags 68

Liffacis of Orders

s AT
-~.-i ’..";T‘.-.,\‘_l A

> - S iP i R

15
.AC: B x z

y AC: 1 x 2“"}

4 ge ty order ait O
/

/
/

o0

g0 b ordey at 9

AC: O

fAC; 0
Jregister 15; O
go to arder at @
{begin again)

/ go to arder at 6
/
AG; 2 x 2718
fac. 2 x 2717 Ly
|register 15: 2 x 2 /
g0 to crder gt 2 v
Code VIII

7

/

{

Bffects of Orders
{2nd cycle).

x 516

i ot

AC: 2 x 270
AC: 2 x 2718
register 9: 2.x 2

‘
o

ALz
ACs

oo

g0 %y order at 2z 7

«157

Bffuets of Orders
e i Bend oycle) |

AC: 32 x 277
» "?)AC [
d AC: O

#
(AC: ©
freglatar 93 @
g> to arder at 2
(begin agsin)
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\

B (n-2) + &
E R

ad 8 2

te B 2

<,I)‘1':,1

e g e AR kR A A s T D

Uidgss

ts

(%]

™

CAa
or
ad

v

e 7]

te

~3

Ca

®ii

Qg @
>
@

10 su
b L“pi"
\ 8p
13 ¢a
14 au
19 tad
16 sp

sp next job

B n+&

nrg

=
¢

e
(&)

B 4
) A13.

t

@ P

:
i
]
b
A D

next fob

Code IX
Effects of Orders l§§0g@;a
AC: &
n i
El x
AC: a x
n - A
¢ X
AC an a1 .
AC: a x“ +a .x Y "o
53 n-1
z 2 4 o
AC: a X *+a .X*1g 1
11 -1 P D=2 5 a
G: x * x % X %
AC: a an*1 a o
-1 n+3
Ates X *a x + e Ty Bl
% n-1 U
n n~-1
52z azx *a x T cuean + g
n -1 0
Code X
Kftecteg of Orders Bffects of Orders
_.Alst cycle) ..{2nd cycle)
O H
A an
B3
&
Al: & ACs; a x * a .
n 9 - ~1
O (v & % '
A anx // A a.nx’) a p ¢
AC: a x *+ / AC: m x° + ¥ +
a'l’l anw 1 / &n 8 a'n,.‘-.2
/ ”
B3: x * / B3: x“ + x +
S 7 fnay & & %0-2
AC; ad B n+d AC, ad B n*3
AC: ad B p+a AC: gd B p+2
AC: ad B arg /[ (AC: ad B n+2
Abs ad B 0*3/’ i&s: ad B n+2
AG: n+3-=4 /' AC: n#+2-4 ,
/ ;
2o te AJ 29 to AZ

Faga 63
Storape
=15
Bl .2
o1 X
I
4 gq B4
5 a@
v a
1
7 aa
n+H
) AL
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Orde.

1 caly
2 14 6

3. ca 16%n
4 {3 17
5 ca 17
& ad --(see 2 and 12)
7 @l 1

8 srl

9 ts 17
10 ¢a €
11 ad 18+n
12 ta 6

13 su 20
14 opl~)b
1% sp next joabu
16 91/4n
%? 92/4n
1541 9q/4n
164n 40
174a =
184n 2740
194n ad 16

2045

Code XI

Effectg of Orders

=5

AC: ad 16
rezlster 6: ad 16
AC: +0
register 17+a; +0
m-1
AC: ? e, /4n
N !

o
AC: 2% e, /an
1 N -

.. jiasd 1
AC: ig 91/41'!' mo 5
w

1
register 17m: ;E; Qi/4nﬁ med 7

§{=0
AC. ad 15 + (m-1)

AC; ad 15*m
(AC: ad 15%w

lresister 6: ad 15 “m

AC: m=n
If m$n, g bhack to O

If m »n, have finiwshed

m2, 3. ..

General Proc-dure
(Meset ordor: LBIGH]
may nave beon
changed in & pre-
vious usge i the
.uaden

f ;
{ Form, mod 1/2,:

m
/41
) o,

1=0

e A

Lincrease m by 1 J

‘{_ e ———— et e,

lls mg n?

l no

SR - AS——

[2p next jov]

T
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Code XIX

Qzrders Accumulator Contents ' Genersl Procelure
Al.. eoa B2 : Prepsrsz v 10 z.’parm;
2 t4 A2.2 xa with ;1{1 {
3 ad Bl
4 td  A2.1 r..w
_ ¥ . :
A2.X ca - Xy See Al .4, A4.2 Is X greatest mn
2  su - x - {max of X cou X o) B wew X owl
. B see a1.2,'a3.2 ™1 RN L
¢ cp(-jA4.l i (Initially m = 2)
yoq
A%l  eca A2l ca “m Chapge order A2.2
01 %, e o mbn ] |
A4.1  va  A2.1 sa Cm Changa order A2.1 |
]
2 ad Bl ca (m+l) to ca Gim+l) |
. 150 C8 SNETRL d
3 td  A2.1 { g
. ; t
. ; =15 i LR 1
A5.1  su B3 {(m*l-n) x 2 o |temtiyar |
.. L 1
2 ».p()wrl ‘ _ _ = 1
: no :vm@
A6 .1 ca  A2.2 8su CM Put im the greatest
2 td  A6.3 | ' of Xy Xpp ove X
4 ca o~ Xy See AS.2 inBe. - j
4 ts B4
Detg Storage for Cods
! w15 . '
Bi 2 ' I | xl
< ca 01 @ x,
& CH D
4 ~= Uged for N
gn x

o
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Al.l  ca C(0)
P e B2
ta B3
A2.1 ce Al.l
2 td A4 .2

2 al BE

A4 L ca w2

Ey S
3 (1Y 31
- tr’ T

e B B4
.3 cpl-)next Job
4 ‘.‘} AS :-1

Data Storage for Cods
B8 x

He -~ uaad tor wzm
B2 e ¥ LY
"1 4 deer [
He 2
=18
BS 2 1

=1
£

Enginesring Note E-2000 -

Code XIII1 .

ca C(0)

car C{m-1) See A2.2, A3 X

’

e, = e
M- 1 amml

See Al 2, A4.4
It~ .
a X Ses Pb?gp AS . 8

¢ = & X
m m

%

}-;m ”’Zunhl N cm
Sea AL.3, B4.€

~14

Fage 73

o s s L T T w—— @ 45

Fay, 30 in the reglaters

that ars o contaln
i

s
¢ and J_,
m n@’

o el b
L

§

Put the order mr C(0)
in A4.2 '

%lhar;ge the ordsr in
A%.2 from mr C(m-1) |
to mr Cimj.
frni?iailx,m = 3!

l-'vmj =)
P el ng o

tn B

wdd,

m-]

WA

lovtain «
Com

e i

!am.t store then in

.

53‘?2;. and 5%
1

RIS
e s Sp— [U——

3; no
v
i To next jou

C{(0) a
0§ T

A
c 2 P
L] p b3

'p

wawna

yes
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Al .l ., B 10
2 ts B1
S %8 B2
Azbl 28 B 2
2 mr B S
3 ad B 7
4 au B
& te B 3
A3.1 ad B 1
2 ts B1
A4.1L mr B E
2 ad B8
3 au B Z
teg B 4
AB 1 d B2
teg-B 2
AG.lL um B X
au B Y
3 cp(=)a7.l
4 sep A2.]
A7:1 om B 4
P én B9
3 C’P(")“ol
4 sp A2.1
48.. ep next jab
B 1 = Usod for x®0
B 2 «~ Uged for
3 =~ Uged for ximTl) -
B 4 .. Uged far x§m+1} %

()

X,
<

#

Code XIV

0
m

X See Al.3, AS.2

¥,

b - g xtBly o (mHl)
1 12 l
(m+1) (m)

e Il

x}(‘m*l)

(m+1)
ot 1) _  (m*1)

ba 4% e

xim*l) - x;m) Sae AL .

xim*l}

5 E r

!x{m*l) y xim”
(m+1) (m)

‘*1 o ‘

5 (m>l) _ (m)l

ot

2
¢
zémﬂ) (m;'

See A3.2, Al.2
x?‘“) See AS.2,AL.3

{m) o
T

AZ2.5

y D86 A4.4

L

B3

B 6

Blo

See Al.2,A3.2

‘S AS .

Page 72

F

Obtain and store

L) (m)
1
Store x(m*l)

the next Lyivle

ke

Obtain and siore
o
xém 1) x(m)

z
@
-

( m i) 7. : - Hi
)

Store x_ [ 53 o
b4

lthe next oycle.
e

-l

. e

] m‘a

ils lxl - xl ‘ -
! 1
|
|

CIRCRE

N1

o

R el
'Ia x;m*l)

{ ' ,.._..._._...r__..‘ v a———————t et
yes !nf
%—————~l i
H

o o

[sp next JJL.

L
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Code XV |
b

AL, a2 B X Obtain 7 ¢ ‘hk. )

E
2 wmh BS ; k, x27t° (BR contains m) and BC f{hix ) end

1
3 ad B3 RC f(hkl) transfer to section
4 td A2 .4 . A2,

42,6 | Retain interpolaticn

o114
o
[+ 1

& a3 B4 MG fink ) ratio m in 3R,

td  AZ2.R3 (BR atill contains m)

~3

i
!
!
i

BT

z Put m in AC and !
)
]

) Apply linaear

o
o
=]

AZ L i

@ te Be

‘ : ! . ) o i
3 L& - fiblc j  Sem AL.7 i

1

5
N
|
3

3

|

i

i |

{ Interpoiatl a2
% i
" ST T f(nk?, = i(nxl; Bes AL.4 g:mfmuka T
5] nr R m f(h&q} « fibk. ) | obtain f{x).
a2 i B o i J e
8 &d - f(x) see AL.B
v % ‘i&l’i Lig

Pata vtorage for Code

Bl x
2 - Ugad for m

Gapad for fix)

B

1 K 21
_~18

<

o=

A 2

e
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Al .1 ca B.
af B2
3 ar 2
s B3
AZ2.1 mr ¢e
ad Cl
3 te B4
A3.) ua B3
2 ar 3
3 dv B4
4 ilA 18
5 ad Ba
& te BE
7 1 i
] te 1551

Ad 1 ca B3

2 dv BS

3 81 15

4 " ad D4

5 te BS
AB.l  ca B2

2 wmh (3

b td A7 L
A6.1 8l 15

2 mr (4

3 ad 2

A7 .1 8r e

2 mny BS
3 ts B5

AB L Bp -

wala

Lorage on lollowing page.

Cuode XVI

a
AC containg b

nx?2

Sse Al .4

b .
—  See A3.6

8 b
2::‘3 = e Sag A3 B

29

Sasa Al 2.

AC containe m x 2 -

RR " k

"'1
nx

- V72) kqV2
2“kq

=M, <K “%

2 ? q g See A5.3

Paga 7E

bbtaln qnd su*zaq
. ? o1 ¥

Obtain and siore

i

Y

btain and store

Hz:iBs and ﬁa,

T S S —

-
aabtain apd store
o » 8

£y

B ——

S

j

i
e Wi e o)
Pat © {u address

gaction of ar order
A7 .2 and obtain
k in BR

e

Chtaln °*77'1n AC

R T VSR |

a
Gotain “g antd siore
’
-..-.w;_—-r-‘-.,- - — G O ¥ 41 wuramn ¥

]
i

2

e e
i To next Job F

e
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Bl. a
B2 ~- Used for n x 2~
b
_w an 2
Bsf‘ 4
I
B4, xl
"o,
B5 o - " " axr
: 0§
" Y B =
«w a2 °
)

Ccl

G2

Page 75

o

1o Vz = (1 -V2)q\2
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——
Al .1 ca Bl a Obtain and store u
2 sf B2 AC contains b : .
B2 conteins n x 210
A2.1 sr 1 12)' Obtain and store y
V.—-
' b 2
. + PRS-
2 ad (1 5 4
3 ts B3 —
4 su G2 b 2
2 4
S5 dv B3
6 sl 15 6 See A2.1
7 ts' Ba
k.
A3.) ar B4 y° Ses 82.7 ' Obtain and store y-
2 e B3 L
; 2 W et 3 e _:
A4.1 @mr (O3 ;31'15\[3 io‘utain and store t‘(yg) |
2 —— f
16 4 ,
4 2 §
3 mr 23 V2, V2 See A3.2 ?
16 4 f
2, i
4 ad C2 f{y") '
) e B3 2 .lL
A5.1 or B4 y £(y°) See A2.6 Obtain and stere
2 Ve . R o,
s' ’ _+ .- e f - ” ™
ad B3 (1 +y) r(y7) M See 4.5 2a = (L +3) 23y7)
ts B4 . | | S Ml e S e
) .18 T T
A6 .1 ca 82 . nx e Put m in address sectlm;b
-1&
2 mnh C4 AC containg m x 2 - . of a1 order A8 1 and
n H
= k obtair k in BR |
5 %4 A1 _1 e e
A7.1 sl . 15 k {obtatn z’kq.a
2 ar 08 (1 - V2) kg2 T
3 ad Cé 2™ 1 L NS S
AB .1 8r - 2"m2"kq =2 o q See A6.3 {()btain and aturs i—g
‘ & j‘." \rm‘ e s SSRGS, - S
y - \ !
2 ar B4 2% -—55’-:: -*5’ See A5.3 4
3 s B4 ' ‘
e o
A9 .1 §p == ' iTQ next chj
| G B TS

bata Storsge on tollowing page
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Deatp Storage for Code XVIT

B &a
B2 -~ Uged for n x g8
b 2
. s w2 Nz
B3 s * a4
2
(] . [ y
L] [} f(yz)

R t‘(y2>=y{§-

w v Na
2

CTJI'

c2

C3

(4

G5

6

Pegs 78

- :‘1
9

ol

VR o

3

-

241 -NB) =1 -{B)qV:

?4=q
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Al i) ca 22
2 ua BS
3 sp AS.2
AZ . C8 w=-
2 ad -
3 wpl(-)A2.6
4 ca A2.1
& t& A2.2
6 ca A2.1
7 ad Bl
8. td A2.1
9 su B3
10  eplk-)A2.1
A:S nl L8 A2 "
2 td A4.3
3 td A4.6
Aq >] ca SRS,
2 ts B4
3 ca -
4 tg -
5 ca B4
€ te -
AS5.1 ca. BS
2 td a2.2
3 td 24.1
4 td A4.4
& ad Bl
6 ts BS
7 td4 A2.1
8 su B3
9 cpl-)A2.1

Code XV
cs Cl
=X See AD.7,A2.8

m
(min X e xm.l) - X
See AH.2, A2.5

ce RC xm
cs RC xm See A2.3
g RC :c:m,,_1

15

(m*l-n) x 2~

ad RC (min ;k Broil xn)
xk See AD.3
min xk Blais xn See A3.<
See AD.4
See A3.3
u8 Ck See Al.2,A5.6

cs Clk+1)

(ktl) -~ n

he f::ﬂul'

Sat k =
m

el

RS ..  S—

Find which of the
reglisters Ck to Cn
containe the lsast ’
number . i
{
!

DRI T L.

(k tekes ths values
Y B sy B A

b

Prepare to transfer
the least nuuber

e Jl

Interchange the least
number with the
nupber in Ck

|

i
i

SUDE, [, < S—

Prepare to dﬂali
with the next |
value of k. |

D

DRI, SR
[if_k t12a8F |laB0

Y,
o
£

" PEREAE SR
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Data Storage for Code XVIiII

n 272
2 es8 Cl
3 c¢8 Cn

L <. Used for x,

o J “ ® ce Ck
Cl «x
1
e x
2
% {(The numbers in
‘ Cl to Cn are
5 renaned after

euch cycle)

Cn x

n

Lata Svorage for Code XiX
L 1¥ -

Bl  wa (2 15 2 Cpti
B w- x{t)

e
By 2 15
Bh ca Cle + 2)
B5 eca Clc + n)
cle) g (< all x)
clp ‘;29 N C-n xlu xz) 36y ID
cl{e *+ o) 2-15 g o(o)

. - \ “15 "

cle +1), Clec +2), cou, Cle + n). 2 x Op,

where CPb“ t=1, 2, .., B, 18 some arrangement of Cl, 02, ...,
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Al.l <o
2 en A10.1

A2.1 ca e~
2 %s Bl
3 td A2.4
4 ca o
5 ts B2
A3.1 eca A2.1
A4l td AB.Z
2 8u B3
3 td AS.1
4 td A6.}
AB.1 ca e
2 +td AS .3
2 ca =--
4 su B2
& cpl(-)a8.1
AB.1 ca e«
2 ta v
A7.1 ca 5.1
2 sp M1
AB.1 ca AG .2
2 td A8.4
3 ca Bl
4 t8 -
A9.1l ca A2,1
2 ad B
AlD,1 td A2.1
2 gu BS

3 l):p(")Aaol

Code XI1IX
ca G(o*2)
2”18 o Cp, See Al0.1
x(t) See A2.3

[l

ca C(o+t)

ca C{ett-ntl)
See A3.1, A4.2
ca C(e+t-m)

wlb S
h R ;
2 x (ptmm es Ad.3

X
=) See AD.2

~10) %) o
x(t B - x( "Sea Al .0

=15

2 x cptnm Ses A4 .4

See A4l

ta C(ctt-m)

ts C{ott-m¥l)

2"15 % (Zpt See AZ.2

Ses A8.2

ca Cl{o*t)
ca C{ott+l)

Seo Al.2,A9.2

(t+1-n) x 2-+5

FPage Bl

Prepare to set’ t = 2§

s

m

T
¢

Store addrsss Cpt
contained in C{c+t),

algo number x' )
contained in Cpt

Prepare to seft m = 1%

&__1

lSet to new m

Obtain %
at address in
C( Cf‘"’@—ﬂl) K

1s x(t‘m)> x(t>

5
AT

Transfer addreqs in
C(ectt-m) ta
Ce4t-mrtl)

(t-m)

?

Préiéra to add une 4
to m o ]

= - "
Put address Cp, in

G(c+tmm*l)

-

st it .

i
}
{
i
i
i

!Prepare to add one to t

i

e !
!

._.JL L
o

Set to new t

Lls new ¢ > n?

i 3.; .w.w..-.._,._
L T
END

no
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