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ABSTRACT |
The thirlwind I computer, WNY, at MIT is a high-speed elec~

tronic digitel computere It will be used in a wide variety of applications
involving computetions for mathematical and engineering probleme, accounting,
statietical anslyris, and simulation and control proceeses. The prepara~
tion of such problems for WRI is essentially a matter of expressing the pro-
cesses to be performed in terme of a liet of the computer’s basic operations.
Such a 1ist is called a program, and there are a meximum of 32 besic opera-
tions, each of which WNI performs automatically upon receiving a single in-

struction from a programe WWI aleo sutomaticslly sequerces the operations
lieted in a program 20 that they are performed one after the other.

" The terminology and concepts of programming for WNI and of WWI
iteelf, essential to an understanding of programming for the computer, are
presented bere in the section on Essentials of Progremming and in the Ap-
pendixe A progressively developed set of examples of programe is included
. to indicate how p are developed, to 1llustrate the nature of various
ways of handling ferent processes, and to suggest the flexibility of pro-
greamming techniques. Use is made of flow diagrame and of subroutine tech-
niques, both in the analyeis of problems and in the preparation of programs.

Once the programmer understands the basic WNI operations and
how programs are developed from them, the progremming of a problea reduces
to an analysis of the original probleme. This analyeis is the same, of
eours:i as if the actual computations were to be made by less automatic
operationse.
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FOREWORD

This report is an introduction to programming for the Whirl-
wind Computer, WWI, at MIT. '

It beg'ns with a general statement of what WWI is and what WWI
can doo This statement is intended to suggest both the poesidble Qme of
application and the limitations of a high~speed digital computer such as
WRI. |

Part 1 preionta veaseuthls of WWI programmingo

Part II presents examples of WRI programsc The examples ave
chosen to illustre* . how programs are developed and to suggest various
programming techniqueso ' ‘

Part IXI ie an appendix which includes a dism:ion of mum-
bere in WWI and the WKI operation code.
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INTRODUCT ION

WHAT WWI IS

* WHAT WNI DOES
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HEAT WO IS

WWI 4s a high-speed electronic digitul computere It is a rapid
and versatile tool for processing information. Built into it are electromie
¢ircuite for automatically sequencing and performing several basic opera-
tionss Complicated processss may be develored from sequences of these ba-
eic operations. Appropriate imstructiones for the performance of theee oper-
ations are prepared in the form of programe. Programe are read into and
stored in WWI internal storage: WWI then carries out these instructions.

The high speed of operation of WNI is made possible by the use
of electronic circuits instead of moving parts used in slower devices. Op-~
eration time is measured in millionths of a second. An aversge of ten thou-
sand operations such as addition, miltiplication, and division are performed
in one second. At this rate, in 15 minutes WI performs error-free calcula-
tions which would require 15 years of contimuous &md caloulation.

All W¥I's circuite work on the basis of their ability to perform
the simple t.qak of distinguishing betwsen the presence and sbsence of current
flowe The digite 1 and O are asesigned to the two states: current on and
current off. The computer does all its caloulating by counting with these
two digits alone, in the binsry eystem, just as we are accustomed to calcu-
‘lating with ten dfgits in the decimal systers

Since W¥I goupte with discrete digite, it is called a digital
computer. This distinguishes it from gmalog devices which gessure continu-

~ously changing quantities and give anaJ.ogoua pbysical, rather than numerical,
,mdiclt,iqm of magnitude.
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WHAT WN] DOES

Upon receiving sppropriate instructions from & previously pre-
pared program WiT sutomstically performs sequencee of its besic operations
very rapidly, =0 that: .

1) It can save many hours of lebor on routine computational
tagke.

2) It makez practical the performance of many mathematical and
statistice) manipulatione which would be otherwise too -
costly or time coneuming.

3) It makes poseible the automatic ocontrol of many processee.

The following drawing suggeste a few of the poseible applications
of high-speed digital computers.
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As with all tools, the effective usage of WKI requires a full ap-
preciation of what it 1s designed to do. Basiocslly it ocan in eingle opera-
tions:
1) Store and transfer inforsation within itself.
2) Perform the arithmetic operations of additioh. subtraction,
mltiplication, and divisione | .

3) Distinguish between roeitive and negative numbers and take
one of two alternate courses in a progrui on the besis of
the distinotion. |

4) Send electrical pulses to various external devicee and ocon-

trol their action accordingly.

‘It can automatically perform theee single operations in sequence:
Sequences of thesze simple operationes may be combined by the progremmer
into very lengthy and ocomplicated processes. ’

Becsuse there it a coneidersble similarity between operations in
such machines as WET and those in a simple nervous syetem, and because
these operations are performed so rapidly, it has become popular to think
of such machines a2 giant breains- Thies analogy is not very helpful to one
who 18 preparing a progran for the computer! His job iz to specify every
operation in the process which the computer is to carry out. This means
that he must first completely analyse the process, using general terms in-
stead of specific valuees Then he must prepare a program in coded form
(which. describes the procedure step by step), to which the computer ies duilt
to responde When the computer is given this program it proceeds to um
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4t out with epecific numerical values, also supplied either by the pro-
grammer or by externsl deviceso

Thie relationehip of progremmer to WKI deserves graphic il-
lustration. While etudying the following drawing, imagine the operator
of the desk calculator as the programmer for Whirlwind I+ Imegine him to
tho. lefu of the heavy arrow labelled "problem to be done™s In preparing
"the progrue of the problem, he must go through the very sume analysis which
be goes through for the same problem when using the desk caloulatore.

A1l caleulaticns hendled by VKI can also be handled on a desk
caloulatore WNI's usefulness liee in ite speed in carrying out processes
involving. computation. Thie mskes the performsnce of many procasses econ=
omfically juati!’hbh for the first tiu; further it makes pouibh suto-
matic control of certain proceeses which, because of the speed required,
could be handled in no other way- |

Of course progream preparstion time must be included in sny esti-
mate of GWI®. cost in solving e particular problemec For this reacon many
problese which can be solved manually in s reasonable time, and which need
not be solved often, may not be euitable for solution on & large computero
n the other hn;:d, many very simple routine taske can be sconomically
handled by "%.I because they cen be programmed once and for all, ' .ein
eliminating the need for eeparate analysie each time the task {s perforred.
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EARL1

ESSENTIALS OF PROGRAMMING
FOR WRI
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NHAT A PROGRAM IS

4 progrem i a sequence of inetructions and mumerical values,
in coded forme It instructe the computer to perform a particular procese,
one operation at a time.

Before a progrenm is performed, it is stored, in appropriate
form, in the gtorage unite It is then executed by the combined opirdtiqn
of the control and grithpetic units.

WI can distinguish between and perfors 32 bsic kinds of op-

‘erationss These cperations are described in "The Order Code® which 1s in-

ocluded in the Appendix (D).
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ELENERTS OF PROGRAMG
| The lastructions and guabere in a progras are both celled
wordse JNords are stored in separste registers of the storsge unit.
Each register is mmbered, and the muber designating a register is
called its pddresse | . .
A programmed gusber epecifies the sign and u@iﬁudo’ of the
numbere |
| in {nstruction 18 a combination of one of the 32 operations
plus the addrees of the storage register vhichpontainl the wo_rd to be op-
erated one _ | / ‘
_As an example of tlb exact meaning ot—nn inetruction, suppose .
that at some time in a program it is necessary to subtract + 1/2. The
programmer would include two worde in the program for thie purpose. One
would be the mumber + 1/2. The other would be the instruction to subtract
the contents of the register which contains the word + 1/2. Thus, if
+ 1/2 were stored in the register vhose addrees is 24 (or alnpl& register
# 2,9, the progremmed instruction would be gy 249, where gu 1s the coded
form of gubtrsct.

Specifically the instruction gu 249 wene, subtract the contents
W- ‘Ilma instructions may be likened to algobuic notation

where the contente of a register may be changed just u may the values ae-
signed to algebraic ay-boho

People have a natursl btut incorrect tendency when firet bogin-
ning to program to write an instruction as an order plus tho'yord to be
operated on rather than as an order plus the addrcn of this word; e-g.,
the correct form of the mtmctlon above e ,m_g(.‘ not m...l[Z
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Programe are originally written in standard form, that is, with

the slpbabetical abbreviations of the order code and ordinary decimal num-

bers, as in the preceding exarple.

Before WWI can respond to the program, the ctandaid form must
somehow be converted to binary forme The task of conversion is aesigned
t;o the computer, instruoted by a cottveredon program which has been written
once and for all.

The programmer normally does dl programeing in standard form,
and need not oonconi himeelf with the details of conversion. However, he
®i1l more fully understand programming if he is familiar with the form in
which numbers and instructions are represented in WWI.

A WWI storage register coneists of 16 binary digit positione:
each digit poeitior may contain a 1 or a O; see the drawing at the end of
thie section. When a word within a register represents an fnstruction,

the first 5 digit positions are taken up by the'bina’ry coded representa-

tion of the operation and the last 11 by the address of the word to be
operated on.

¥hen a word reprefents 8 m, the first digit position, cal-
led the sign digit, indicates whether the wﬁﬁort is positive (+) or nega-

tive (-)e The last.15 indicete ite magnitude. For s + number the eign

digit 1e 0. For a - number the eign digit is 1, and the - number's mag-
nitude i represented by chenging all 0's end 1's ?f'the poeitive magni-
tude of that number to 1's and O's respectively-
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Thus, +_3_ 12 represented in a register as:
g

[cTolIc c.0l0.0[6lcl0[clolC[C]
sign magnitude
" and the negative number ,-_38_ ass

T ARAAREA[2[2]2)y

This representation fe more fully explained in Appendix Ao
The negative form of the number is called the complement of

the po‘eitivo!vom, and vice versa.

Thue at any one time a register conteine a vord -hiéh may be -
1nte1j:reted both a#& a binary number and as a coded instruction. VWhenever
& word ig eent to the control element, it becomes an inetruction, wrile
-whenever it i sent to the arithmetic element it is treeted at a nurber.
Thie will become clearer when examplec are coneidered later on. The fzct
thet eny register mey contein either ¢n inetruction or a number interchenge~

ably mekes for a more flexible machine.

KWY ie so designed that arithmetic operations are normally handled
’u if the binary point of a number (corresponding to the decimal point in
the Aacimel number system) is considered to be fixed at the left of the 15
digite which repreesent ite magnitude: Thus only numbers of magnitude less
than 1 are cerried in & register. In other words, a register carrieé num-

bers in the range between ~1 and +l.
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0f course WEI muet be sble to handle problems involving num-
bere greater than 1. A number equal to or greater than 1 in magnitude ie
pre~zultiplied by eome other number, normally called a ecale factor, (ueually
a power of 2) so chosen that the result ie lees than 1. Both the scale-
factored munber and the scale factor itself are then needed to represent
the originel number- | The scale factor may be assigned permanently and re-
membered by the programmer, or it may be stored in a separste regiator(u
the exponent of the power of 2). The program may be written to deal properly
with the scale factor whenever it deale with the scale-factored number.

Effective scale-factoring of numbers in the original program
and of the musbers arising during ite execution is one of the programmer’s
more tedioue taske- If the magnitude of a number resulting from one of |
the arithmetic operstions equales or exceeds 1 (called overflow), the computer
automatically stope, gives an alarm, and indicstes the point in the program
where the overflow occurred.

The binary numbere representing addresses in inatructiones are
coneidered to be positive integers with the binary point at the right-hand
end of the word.

When numbere are represented in digital form, their accuracy
ie 1limited by the number of digite used in the representation. The accuracy
of 15 binary digits (ome part in 21° or 32, 762) 1e equivalent to that of
about 405 decimal §i¢1tee Greater sccurzcy than this msy be obtained by

using more than one register to contain a number.

An-explanaticn of binsry mumbers sufficient for general program-
ming purposee ie included in the Appendix.
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D.  BASIC CONPUTER. ELEMENTS

tion linke.

The four buié elewente of the Thirlwind computer are:
1. Igputegutrut, to introduce programs and date into the
computer proper and to extract results of cslculations.

2. Storage-
composed of 304 registers; this mumber is being increased

for a program and data. (Storage is now primarily

})

~ to a few thousand in the neer future.)

3. Arithmetic elemegt, which adde, subtrscte, multiplies, di-
vides uhoh 2o instructed. | ‘

4+ Control, which coordinates the overeall performance of WWI.

These elements are inter-connected by a main bus or comrunica-

The tue provides for the interchange of information neceszary

for WWl'e automatic operation.

Fhenever Wil is operating, the control element is generating

a continuous and rapid successicn of electrical pulseso Theee pulses are

fed to the input of an electronic dietribution system through which they

‘are sent to the circuite required to carry out each operation as called

. for by the pm.

‘elements.

The next four drawings are illustrations of the baeic computer
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Eo RHAT Wwl W P S

AW normally has an input program stored in ite first 32 re~
gisterse This input prog.;«m reads the program to be performed into any
other desired registers of the storege unit. At the present time, progrems
are read into ¥WI from punched paper tape. In addition, magnetic tape input
and photographic file input are being developed.

After the program haes been read into and stored in Wil storage,
it is ready to be performede Upon a start signal, the various instructions
in the progrem are performed in the sequence in which the program lists thesw.

Externsl data needed during performance of & program can be
fed to storage from varioue types of equipment such ae radar sete, tele-
type lines, pressure guagee, etce

The results of a program can be read out of VRNl in various
forme. At present they can be typed, punched on peper tape, and displayed
on oscilloscopese.

The Order Code in Appendix E gives the functions of the warious
orders. The orders in the firet group send controlling pulses to inpiit-
output equipmente Thoee in the second group provide for the transfer of
information within the computere The two orders inm the third group modify
the sequentiasl operetion of ocontrol to permit tremsfer of operatiofis from
one ,pom in & progrem to0 any other pointe All the orders in the last two
groups are known as the arithmetic ordere.

The following abbreviaticne for three special-purroee arithmetic
registere are used in the explanatione given with the order codec Each of these
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three registers has a 16 digit word capecity, juet ac do those in etorage-

AC = accumulator. The adding and shifting register in which
sume ;0d products are accumulated end retained.

BR = B-register. The ehifting Aregiater extending to the right
of the scocumulatur, used in the formetion of producte and
quotients.

AR = A-register. Primarily s buffer storage for worde to be
added or subtracted into AC. There is only one order,
ia, with which it is neceerary to consider the contente
of the A-register.

W.I was originally designed as en experimental model: A4s it
has been developing, more permanent plans have been made for it. Neverthe-
lese, it ie# still in an experimentai stage- This is particularly true of the
input-output equirment and techniquee for ite useo For this reason the vem-
porary ordere listed in Appendix E, are being ueed at present, instead of
the first block of imput-output orders listed in the Short Guide to Coding.
The programs for particular problems will not be changed substantislly, if
at all, by theese temporary conditions.



Report k=196 Page 18

Fo SUBROUTINES

Every time a particular job is programmed for VWI the program
becomes available to future programmers, thereby eliminating much repe-
tition of effort.

For instance, routine progrsms called subroutines, have been
written for ocomputing polynomials, for computing moet of the oommon trig-
onometric functions, for computing the square root of a mumber, for arran-
ging a set of numbers in ascending order of msgnitude, for interpolating
in a table of walues, and for other taeks.

If a programmer wants to have one of these taskes performed as
a part of a longer program, he need merely copy the subroutine program al-
ready available for the desired task, make appropriate changes of addrees,
and include it in the longer programe

An even more efficient way of handling li;broutims is buing
developed for WNI. It ie planned to compile a library of subroutines to
be stored in a form acce2sible vo WNI. Any prograr requiring the performance
of one of these subroutines will include one instruction directing it to
the desired subroutines The subroutine will then be performed with the
velues supplied to it by the main programe Upon completion of the subrou-
tine, control will automaticelly be returned to the point at which it left
the main program.

Each subroutine available to WWI in this form can be considered’
an exteneion 6! Wil‘s basic order ocode, sinoce the performeance of the sub-

routine requirec vt one instruction in the main programe
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Ge FLOW DIAGRAS

The structure of a prograz may be clearly charted on a flow
diagrame A flow diagram consiste of a series of statemente about what the
progran doess The statements are snclosed in boxes which are connectéd by
arrows which indicate the course of the programe The statementes included
in the boxes of a flow diagram may represent one, a few, or many instruc-
tione, depending on the purpose at hand.

Flow disgrams are used primarily for clarification purposes.
Vhereae programs are written in the langusge of the computer, flow dug;ut
need not bes They are helpful to the programmer in analysing s problem
end planning & programe They are helpful to anyone interested in what a
program does.
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PART 11

DEVELOPMENT OF PROGRAME FOR W¥I

The following examples have been selected to illustrate how
programe are develored for WWY and to euggest other applications and
techniquee.

For convenience of illuetration, instructiones for progreme will
be numbered as though they were to be stored consecutively in registere,
starting with the addrees 1. Stored numbers will begin at the address
200 (an arbitrary designation). Numbers and instructione can be assigned
interchangeably to any addreee. However, instructions must alwaye follow
each other consecutively in the order in which they are to be performed,
except when & epecial instruction within the program itself orders a de-
viation from thie rule. ”

%hen an order apresre for the first time in the following ex-
amples the reader eshould refer to the Order Code in Appendix E for its ex-
act deecrption.
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LIST OF EXAMPLES
: PAGE
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The first group of examples will illustrate the programming of
arithmetic procedures.

Aelole W UT C B

A program to add three mumbers together is given herec. This
progrem adde the numbere a, b, and ¢, and stores the result in & register.
It then sende control to the first imstruction of the next job. It azsumes
that each of the munbers ie less than 1 in magnitude, and elso that at no
tiwe in the procees will a number arise of value grester than 1 (i.e., that
no overflow will occur).

Ipstruction Effect
1. ca 200 Cleers AC; lesves a in AC
2. ad 20 | " (gtd) *
3. ad 202 " (atbro)"
4o ts 203 " (atbtc)® " and in Register #203
5. sp (address of register holding Send control to proper addrese
' the first instruction of
: the next job to be done)
Dats
200. e
201 b
202+ ¢
203¢ =<= Contains (etbtc) after instruc-

tion in Register #4 is executed.
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As2s W SC. CTORT.

Usuelly, the exact values of a, b, and ¢ to be used with a program
such ¢ this are not known, but their probable renge usually is known for
most practicsl aprlications. Such & situation could be handled by scale
factoring to accommodate the meximum possible veluee that could arise during
the program. Scele factoring is done by multiplying a number by 1/2 enough
timee that the resultent (scsle-factored) value is lese then 1 in magnitude.

For example, if it were known that a, b, and c each lie wikhin
the renge -5 to +5, eince 5 x 23 a 5/8, they could be stored in the form
of a x 2°>, But the maximum poseible value of the sum of & + b + ¢ 1s 156
The largeet scale-factored form of 15 which is lees than 1 1e 15 x 2°%.
Therefore, the appropriate adaptation of the progrem to handle values in

this renge would be: : *
le?- (Tnastructions would be unaltered.)

20C. ax 27

201. bx 2%

202. e x 2.1‘ v

203: —o- (Conteins (a*b*e) x 274 after instruction

in register #4 is executed.)

Corfeepondingly, 1f the maximum velue that could ariee in thie
program were 20CC, an eppropriste scale factor would be 2°11

~-11 _ 2CCC v
2000 x 2 = 2048 is less than 1..
Whenever ecale factoring is resorted to, the scale factors must
be remembered either by the programmer or in the progrem itself, so that
final results can be reconverted to their actual values.

s beceuse

A simple program like the above may be encountered as ; .«
pert of a larger program, where different sections of the whole, o
program calculate and store a, b, and c, before execution of the in
tione which perform the addition. '
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Bo EVALUATION OF A POLYNOMIAL
Belo WITHOUT SCALE FACTORING

The svaluaticn of the polynomial ax® + bx + ¢ for a particular
value of x may be programmed as follows:

Inetruetion Effect
1. ca 202 Cleers AC, & in AC
2o mr 201 ) ax in AC
3. ad 203 o ax + b 1n AC
4e mr 201 ax® + byin AC
5. ad 204 &x° + bx + ¢ 1n-AC
6o ts 205 | Transfer ex? + bx + ¢ to register #205

7. sp (addrees of next joﬁ)

201 x
202 a
203+ b.‘
204 ¢
 205s ===  Receives ax* + bx + ¢

This evaluation could have been accomplished by a different se-
quence of operations; for example, by first computing and storing ax2, then
forming bx + ¢, and finally edding together these two values. However,
thie procedure requires seversl additional instructions and storage registeras.



Report E=196 Page 26

Be2s WITH SCALE FACTORING

With the method just described for evaluating a polymomial, en
» appropriately scsle=factored form of the first few terme of the Maclaurin
seriee for sin © , can be used to compute sin ©. The firet three terms are:

5
9.,.9_3_4..-6'—_2:’8”!9’
34 58

~where the angle © is expressed in radians. & is considered to lie in the
range 0 to =3~ radiane (0 to 90°), btut I~ 15 equel to 1.57. & ie scale-
factored to §/2, whoee velue is always lese than 1 in the renge coneidered.
Fewriting the polynomial in © as one in S72, there results:
3 5
33 54
~ For the limiting cese of &= ~I= the value of #in S is equal to

2
1« Therefore, £in& xuet be scale-factored to 3

2
ing polynomial ies

3 XU \
(8/2) - -ﬂgﬁl-h;lﬂﬁfﬂ—z 1/2 10 &
”

einG, and the final result-

' : 3 ' 5
or - (8/2) .20, 2. 1/2 ein &
3 5 ‘

|
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The corresponding program to evaluate 1/2 sin © is:

Instuctions

1o
2.
3.
4o
&o
6.
7
&
e
10

L]
]

Dats
200-
201.

202

ca 2C0
my 200
mr 202
su 201
mr 200
mr 200
mr 2C0
ad 200
ts 203

sp next job

e x 2t

2/3
2/15

203. ' ome

Effest,

6/2

(&/2)*

Fo2)’

-2+ 5 ©)°

- 272 + F9f2)

- 4(6/2)% + f5(e/2)*

- 2% + o2

(©/2) - 36720 + $6/2)° = 1/2 o106

Recedves 1/2 ein G

The m_aitimum accurscy lost by neglecting the fourth and higher
terms of the sin O seriee ie about -005 at 90° For angles lems ther:
43° the acouracy lost is lese than .000C3 (or 2”15), less than canm bz die-

cerned in a 15-digit binary number.

The inclusion of the fourth term of

the serfee would decresse the error of this sin @ aprroximation to lese

than 272> for a1l anglee up to 75%

Any desired degree of additional accuracy could be obtained
by ueing more terms of the series (making the equation inherently more
accurate), and more than one register to contain each number (making it
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vogeible to represent this grester accuracy in WeI)o

The range of velues computed by thie (program could be extended
beyond S0° by the addition of a few orders to sense what quadrant the
engle wee in and accordingly to adjust the sign of the reeult.

There are several other ways of finding polynomiele to approxi=
mate a function over a particular range (such zs the least squarees method
or Lagrange's method). The perticular method selected usually depends
on the amount of storage required for the desired accuracy in the approxi-
mationo ,

Another way of finding values of functions iz to have the program
look up the desired value in a stored table of values, but this normally
requires considerably more storage space than does direct computation.

The techniques for the use of stored tables is given 1n section Ho

USE_OF SUBROUTINES
Cele TO FIND TAN &

: If subroutines for finding 1/2 ein O and 1/2 cos © were already
available to a main program, tan & could be found easily by using the re-
lationship tan © « einG/coe & o

The program given here 1s vslid for angles up to but not including
459; for, without additionsl scale factoring, overflow would occure A
method for testing whether the angle & ie ectually less than 456 and for

gs%ng the program given here only if & is lese than 45° ie given in sections

, Only the main rrogram thould be reed at firete It indicates the
overtll procedure, with the sp orders directing the computer to proceed
to tiLe two subroutinee and heving the effect of leaving 1/2 coe € and

1/2 sin © in the accumulator: The mechanics of the subroutine procedure
ie indicated following the program. :
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JAN O FROGRAM' SFFECT
E 1. ca 200 9/2
E 2, sp 150 To 1/2 cos O eubroutine, 9/2 still in AC.
E 3. +ts 201 Transfers 1/2 cos O to 201.
E 4. oca 200 0/2
‘Nain ( 5. sp loo To 1/2 ein O subroutine, 9/2 still in AC.
P —— , ,
Togran E 6. ov 201 by = tan 8 in B-register,
( ‘
2 7. 115 ~ %an © 4n AC,
E 8. ts 201 Transfers value of tan & to 201,
( 9. sp next job
]
]
‘ .
2 100, ta 110 Putes return addrese of main program inm 110,
é 101, +s 111 Trensfers §/2 (still in AC) %o 1l1.
( 102, =mr 111 )
( )
( )
1/2 sin 8 ( )
b cweeeet 110, Sp___ ) This much of the subroutine is identical
subroutine ( ‘ Jee-= with previously developed program for
’ (( 11ls === g 1/2 sin O,
é 112, 2/3 )
g 113, 2/15 §
'
. ]
1/2 o8 @ (150, ta 260 )
( ! )=--instructions )
subroutine ( ! ) .
( 160, sp === )ee=== Same procedure as in 1/2 sin
( ') ) subroutine.
( ! )e--- data ) '
( t ) )

§torage for 2 200. &/2

main program( 201, ===  storage for values of 1/2 cos ® and tan 0.
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The dv and g} ordere are introduced in the main program. When-

- ever the gv (divide) order ie uesed, the quotient of the operation is left.
in the B-register. gy is usually followed by gl 15 (ehift everything in
the B-register and in the AC? 15 digit poeitions to the left), which placee
the quotient in the AC. :

‘The gp 150 in register #2 interrupts the sequential perforiance
of instructions in the main progrem, sending control to 150« During the
performance of the gp 150 in register #2, the next address 3, following
the gp order in the main progrem, 12 placed in the A-register. The ta 160
order in 150 (next to be performed) takes thie sddress 3 from the A-register
and places it in the addrese eection of the instruction 160, making it sp 3.
Thue, upon completion of the 1/2 coes & subroutine, control ie returned to
3 ip the main program with the value of 1/2 coe®> in the AC.

“Similarly gp 100 4n 5 sends control to the 1/2 sin% subroutine;
and the combined action of in 100 and gp_ __in 110 returne control
to 6, with the value of 1/2 8in'® in the AC.

When appropriate subroutines sre svallable, as wae supposed ia
thie example, the programmeris job is greatly simplifieds His attention
is confined primarily to the mein program in which he determines the proper
use of the subroutines. ’ '

A given subroutine may be used as many times ae needed in a wain
programe Each time, an gp instruction in the main program to the t& in-
struction beginning the subroutine is ell that 4s required.
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CONDITIONAL PROGRAMFING, FLOW DIAGRANS

The subprogramming order gp makes rossible versatility in program-
ming by interrupting the sequential performence of instructione. The
conditional program order gp provides additional versatility by letting
the computer decide whether or not to interrupt the sequential performance
of instructions. .

If the nugber in the AC when a gp inetruction is being performed
is negative, the gp operates exactly as an gpe If the number in the AC
ie poeitive, the gp i® ignored and the sequential performance of inetruc-
tions is continued.

Thue, “%I chootee between two courses in a program each time a
Sp instruction is givene It 4s in this sente, and only in thie gence,
that WWI makes decieions. ‘
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Del. USE OF CP ORCER FOR DETERMINING IF ©7s < 4s°

At a typicel example of the use of the gp, contider the preceding
prograr which computes ten © for values of O less than w/4 radiems (45°).
Assume that values of S greater than 45° are elso ‘sometimes available in
register 200 (in the scale-factored form &/2)before the operation of the

. progreme The following three instructions inserted shead of the main pro-
gram would have the following effecto For & less than 3/4 the program
would continue with the evaluation of ten &. For values of G equal to or
greater than 3/4, control would be sent to some other progrem. '

1o ca KO (w/4) x 1/2 w/fh x 1/2
2. su 200 1/2 (v/4 - O) ,
3 (addrees of next job)  Goes to next job only if (w/4 «C)
Pewa- ies negstive, otherwise continues with
tan © program. ‘

* The abbreviation RC should be read "Addrees of Fegister Contalaing®

Ds2s FLOW DIAGRAM FOR TAN © PROGRAM

With this addition, the ten O progranm could be represented on a
flow diagrem as: :

fs © < 4553 l
yeo | o ,to next job

Comrute “and Store
1/2 coe ©

[Conrite 1/Z 8180

jCompute; and Store |
' 8
i1/2 cos © = tmel

to next Job

Each time arrows marked ™yes" and "no" leave a box of a flow dia~
gram, the use of a ¢cp in the program is indicated.
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The gp order used alors chooses between two alternative courses
on the basie of the sign of the mumber in the acoumulatore The previous
example used the gp to make thie choios on the basis of the sign of the
difference between two numberse Thus, the gp,used with other orders,made -
the choice on the basis of which of two numbers was largere With other

roosdures using the gp it is possible to meke various selections such as
largest of a set of numberse With the op order checking the contents
of a ocunter it is possible to program the cyclical repetition of a set
of orders a predetermined number of times.

The following examples cemonstrate such techniques.

The gp order may be used in a variatv or other ways to distinguish
between different situations or things which have numerical values assigned
to theme . Such thinge as problems of logic and various economic gaves may
be developed by having the gp' distinguish between the signs weesociated with
true and false stetements and different conditions.
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SELECTION OF THE LARGEST OF A SET OF NUMBERS - DIRECT FETROD

Thie

and storee it in rcgiotor 203

Inatruction

1.
2e
3.
he
56

6.

7
8.
s
1C.
1.

13,
e

20C.
201.
202¢
- 203.

=

ca 200 e .
su 201 (a=b) (e-b)
cp 7 pos. neg:
ca 200 a f
ts 203
ep 9

ca 201

o B

te 203

[ SR ]

su 202 (a=c) (b-c)

cp 12 pos.
next job

ca 202

poe-

te 203

ep Dexb_Job

£

poss or
nege

(a=c)

~ or(b-c)

nege

Effeot if the largest number is:

progran finds the largest of threo numbere, a, b, and ¢

Elow diagram

1=2

1-3

4-6

7€

Cel0

11
12413

iIs a > b2 1

yes

ftore g in
203

—

Store b
in 203

S|

| Te CR¥ 203 ~

> 92|

no

o an}

yes

[ To next job |

Store ¢ in

203 _“_J‘“

To next job

*The abbreviation CR
eshould be read "con-
tente of regleter _ _ _.

Containe &, b, or c after instruction 14
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This program oould be extended to find the largest of any number
of values by the addition of a series of ocomparison orders for each addi-
tional veluee The necessary repetition of identicsl orders (with different
address gections) in such a progrem is avoided in programs ueing countere--
to be described in sections Debe=7.

DeSe $ 0 AND - O AND EFFECT O CP OPERATIONS

The numper O ie represented in FWI as either + O or a2 - 0.
Normally & O in a program refers to + C. However, when O ie the result
of an addition or a subtraction order, the result is left in the accumu-
lator in the form - O The ¢p order iz actusted by =~ O as by any other
negative number. This point must be coneidered whenever the gp order is
used in checking relative magnitudes of numbers, as in the preceding ex-
imple, and in counters, used in examplee to follow.

The exceptions to this rule are that (+ 0) plus (+ 0) leav--
(+ 0) in the acousulator, and (+ 0) minus (= C) aleo leaves (+ 0) in
the accumulator.

In tne preceding example, 1f § and ) were equal ir value and !
larger than g, the path followed in the program would be the one indicated
for b This ie becaute a ~ b would equal ~ O, which would actuate the gp
instruction in register #3. ‘
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Doéo

VY] can be prograunid to count up to a given number pe These tvo

| programe are called oounterse It e neceseary to etore (n-1) in register
#201 to make the cycle be performed  timez, because of =(.

0 %o p _cougter 10 AC on k'th gyale START |
1. ce 200 ¢ 1-2 [resel ob%nter to 0 1
2. te 202 - >
3. 8o 202 K 3 | |add one (1 x 2°1°) to k|
4Le 8u 201 k = (n-1)
50 cp 3 . 4=5 Te k ae lerge ae n; |
fee., 12 k > (n=1)2
6 ep next job
L | noY yee
200. ¢ to next’ job
201 (n=1)(x 271%)
k(271%), counter :
202 _ _ _ ! k = number of times the cycle has been

repeated

Esgentielly thie program counte from O to no The following progrem

counte from -n to O.
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=p to O oounter 4p_4C on k'th cycle ELAEi
1. o8 200 -(n=1) 1-2 t counter to -p|
2 ts 201 . ———i
3¢ 80201 -(n-1) + k 3 one to (k=n) |
4o cp 3 nege until k = n

2 the counter

5o op next Job 4 | lresched 07 __]
: , no lyu

200, (n-1)(271%) to next job

201, ~(@1) + k (21%), counter

The second of theee two oounters requires two fewer registers
than the first. Therefore it would be used in preference to the first ex-
cept when it mey be deeirable to keep track of the value of k specifically.

Theee programe cen be adapted to repest a certein proceese p timee
by having the counter cycle include the desired process-
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Do7o” -CYCLICAL P FINDIN EST OF A SET F’NUMB§§§;

CHANG N CTICNS ING OPERATION OF CAL PROGRAM

Thie program uses a counter in find‘ng the largest of p numbere
stored in WKI and ehows how WRI can change ite own instructione. The
counter provides for the repetition of a series of comparison orders until
all p numbers have been checkede The ~~meral form of the program may be
planned on a flow disgrame

Start

{Reset_counter!

[Prepare to comwpare the lst two numbers |

First time thru cycle,
compare the let two
numbere end store the
largers On successive
trials, compare the
largeet number yet
encounterad with the
next unchecked number,
and store ths largero |
j

i m
{Add 1 to counter- [

that all n numbera

| Does counter indicate
have been comparad?

no yoe

to>n2§t.job

Thie procedure suggeets iteelf becsuse it ie similar to that fol-
lowed by a perzon selecting the largeet of s series of mumberso

The td order is introduced here. Both the td order and the ag
order are used to change the addrees section of an instruction eo that the
same order may be used to operate on the contente of different registers
on different runs through the cycle-

The popeibility of progremmin: #%I to change ita own instrmetions
ig,ae i2 the use of the gp, one of ite wust importent fezfunras,
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Cyclical Program For -
Finding Lorgest of p Numbers.

Josiructions Elfect
*1. o8 200 Reset ocunter
*2. ts 201
3. ca 204 Xy
4e te 202 - Store x, as the largeet nurber yet founde
50 ca 203 Mddrese of x, |
6. td 8 . Tranefer addrese of x, into the ca order in reg. 8
7. td 1 " » L) T T R » n 1
8 ca - - - \ ' v
Ge eu 202 Comparieson orders
10 cp 13
N ca__. Store newly found maxisum
12. te 202
13- 20 8 } Prepare to compare next number
Yo a0 ll ' ' :
*15. a0 201 Increase counter by 1
*¥16e cp B Have @1l p numbers been checked
*17. ep Eeft_job.
{ ]
1
]
Data
#2000 (n-2) x 277
x2c1, Sounter |
202, X maxe Storage for largest number yet encountered
203 ri 205 Address of x,. The binary coded form of the order
‘o ri is 0OCOO0. S
¢O‘o‘ x1 1
20?o x, | ‘0 nusbers, x, through x
' \
: . :
203 + no x )

*Registere used for the ocounter in thie programe

Inetructione 1, 2, 15, 16, and 17 are the eame as the inetrﬁcuone
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of the =n to O ocounter program given earlier. The counver reset inztructions
muet be performed outeide the main cyocle, while the so, cp, and ep instructions
must be performed within the main cycle if they are to control the number of
times the main cycle is performed.

Whenever a counter is used it is important to consider the exact
mmber of timee the controlled cycle is to be performed. To compare g numbers
ae in thie program, the comparison muet be performed (p-1) times. This requires
that the counter here be reset to -(p~2). If the counter instructions within
the main cycle had preceded, instead of followed, the comparison instructions,
the counter have been reset to ~(g-1) for (g-1) performences of the ocom-
parieon instructions. -
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' De8 . FIO®_DIAGR;M FOR ARRANGING A SET OF NUMEERS IN ORDER OF MAGNITUDE

The preceding progream may be extended to rearrange a set o: p
numbers in descending order. One wey of doing thie is to find the largest
punber in the set and erchenge it with the first mumber in the set. WNext find
the largest of the set of n-1 remaining numbers and exchange it with the
first number in the new set. Continue the procees until all numbers have
been arranged.

A program following such a procedure would coneist of two main
cycles, one within another. The inner cycle would be the same as the main
cycle of the previous progrsm for finding the largest number in a set. The
outer cycle would in addition arrange for the interchange of numbers and the
elimination of nurbere already arranged in order of magnitude from the next
set to be checked.

A flow diagrem for thie procce? may look ae follows:

STAI}T
Prepertion for progrer for .
finding largest of & set of numbers. :

A
; Progrem for finding largest

: i Have all rumbere in set been checked? |
| oo i yee

Interchange the largeet number with

the firet number in the set-

‘heduce set by 1 number bty eliminating
the previously found largest namber.

! Have all numbere been srranged in order of
| megnitude, i-e., have n-1 sets been checked

- re
to next job
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The interchanging procees requires cg and td and tg orders.
The ¢g takes the instruction which containe the addrese of tlLe register of
the largest number, the transfers thies addrese to a t& _ _ _ inetruction.
This tg follows a C th ) Thue the first number in
the set ie transferred to the regieter that originally contained the largest
number in the seto Ctimilarly the largest number is trensferred to the register
which originally conteined the first number.

The following eete of instructions added to the previous pro-
gram would provide for this interchange:

Firest number to original Largest number to original
register of largeet pumber - register of firet pumber
ne ca RC address of largést n'. ca3
number o
n+tle tdn+3 n' +1. tdn' +3
n+ 2. cr 204 n' + 2. ca 202
nt3e te_ _ __ at + 3. te_ _ _ _

To eliminat e the firet number from euccecsive sete after the in-
terchange, it it necessery to give «n go order to :nstruction 3, and to 203, which
tet ur the firet regieter of the new set to be chackaed.

The addition of one extre counter will check to see if all n < 1
sete have been checkedo
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JIERATIVE TEQGRANS

It 1e frequently necessary or convenient to solve numerical
problems by iterative methods--that is, by methods which make succeseive
trisl attempts at a solution until a satisfactory solution is reached.
WEI'a rapid operstion makes such methods practical.

FIND \ X E}

A simple iterative progream for finding the aquare root of a posi-
tive number x less than 1 is given heres Because a3 wr !%%x u thie pro-
cedure requires several thoueand triale to find the scuare root which can
be evaluated readily in other ways, it ie of little practicel importancs,
but serves ae an illustration of what can be_done by iterative methode.

Let /%" indicate successive trial valuee of Vxe

Instructions Effect
1o ocs 202
2o te 200
3. a0 200 Zd
4 mr 200 x!
5. su 2C1 x' = x negative until x' becomes
: larger than x
6. cp 3

7 &p next job

200. | %" initially O, finslly VX to within 2°3°

<0)e x
202. O
‘ Vel by =15
The go 200 increagee ¥x' by 2 on each successive cycle until -
X' just exceede xo The firet value of Vx' tried is 2'1.5, and x* here {e

2"3c, which would appesr as + O in ti.z accurulator. In fact, x* would
appesr ae + O in the accumulator until ¥ = 2°7°° wae tried, giving
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xt! = 2735, Thus, 1f the ebove program were ured, 2773 insteed of 0,
would be stored in register $202 in order to conserve computer time.

1nie program msy be used for values of x grester than 1 by scale
factoraing x by 2°R. This would leave x(2)™%/< in register #200.

1f 2715 were emaller then the acouracy required for s particular
problem, the go 200 could be replaced by the three orders g 20C, gd RC-
@esired scouracy), end t8 200«  Alternativeiy, an 8L.n and a 18 200
following the go 200 would give a' difference of 2 x 2

values of YxV.

between successive

With iterative programe it ie important to consider thé amount
of computer operating time required to execute the programe An average

opdrating time of 1C™4 seconds should be ellowed for the execution of each
inetruction. This is equivalent to the performance of 10,000 instructions
per second.

The VX progrem given here would require up to about 12 seconds

for valuee of x near 1. This estimate is made on the basie of about 21°
or about 32,000 iterationes of the 4 instructione # 3-6. If between suc-

ceseive triale stepe larger then 2'15 were used, this time would be cut down
proportionally, et the expense of accuracy. :

The next progrem for finding the |/X by Newton's iterative method
converges on the zolution very repidlye On the other hend it requires
sbout twice as much storage space. In many rroblemes where alternative
methods of esolution are available the choice will depend largely on opera~
ting time versue storage space- :

These programe of iterstive proceeser are given.as examples of the
general procedure used with such processes. T e addition of (n=2) inetruc-

n
tions of the form gr RC_ VX' to the progres just given would give a program
to find the nth root of xo Similerly, New’on's method, used to find a square

root in the following program, may be developed to find & root of any nth
degree f(x).
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Eo2e Yx BY NEWION'S METHOD

Newton's method for finding & roct of an equation f(x) = O usee
the formules:
f(xn)

bl Xy 7TV =)

where x ie the ath spproximation to the root, and f'(xn) ie the elope of
the curve at x 2 Succeesive values of x, are found at the intersection of
the slope f° (xn) with the x exiso

)

The eketch indicates that successive approximations converge
repidly on the value of the root. Therefore a high degree of acouracy can
be obteined with a few iteratione.

To find the square root'a number g let f£(x) = x° - a = 0c The
formula for succeesive aprroximatione to the positive root of -thie equation
becomes:

X4y = Xt 1/2 (%n - xn)o

This program assumes that 2°u‘< all -~ 2, Starting with an
initial x = l1- 2“15, it finde successive values of x a until | %y ~ "n+1§ ‘;22“11‘9
Theulaet value found for x will be an approximation to ya, accurete to within
27

Thus the program must have stored initially three values--the
nunber §, the firet approximation x=1l- 2'15, and the desired accuracy
2714, There should be reserved a register to contain %+ Another register

ie neceesary to contain the partial reault,l/2(§ = Xy,
n
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1.

2010
2020
203,
204

ca 201
tes 203
ca 200
dv 203
sl 15

su 203
er l

te 204
ad 203
ts 203
om 204
su 202

cp next job

sp 3

xla].-

2-15

Page 47

a
a/xn' in B-register
a/x, in AC

e/x, = x,
1/2(u/xn - xn) =X %

Tt

.xn - xn*l‘

Return for calculation of next X,

Used for x , finally /a

Used for 1/2(:n -x)
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Fo GENERAL NATURE OF PROGRAMS FOR SOLVING SIMULATANEQUS
EQUATIONS AND FOR_INTEGRATION AND DIFFE

Foele S U BRAIC_E S

Simultaneous algebraic equations may be solved on WWI by a variety
of methodsc The investigation of such methods is & problem in numericel
analysis, and no attempt will be made here to consider them eince they
represent eseentially a mathematical analysis problem rather than a program-
ping probleme Once an sppropriate method is selected for a problem, the
programming coneiste of socale factoring to avoid overflow and expreesing
the procees by & eequence of instructions. However, the choice of method
must take into coneider:tion such thinge se whether the method will always
converge on the golution, the accumulation of round-off error, required
atorage space, and operating time.

Simply to suggest the nﬁture of the problem, consider the set
of simultensous linear equations:

a;x + bly =0

ax + bzy = ¢,
Several methode of e-lution suggest themeelves. A direct sub-

stitution method would be to zolve the first equation for y = f(x, 8y, bl’ °1)°

~ Subetitute thie expression for y in the second equation and solve it for
x = f(a19 byy €55 85 by, €,)e Find a similar expression for y. Then

the program would coneiet simply of the direct evalustion of these expres-
eione for x and y in terme of a, b, c- This method resolves iteelf into
the same procese ae the evaluation of x and y by the method o/ determinants
or even by more general matrix manipulation methodss In some problems thess
latter methods may be aprropriate for WWlI.

A less direct method of solution ie the iterative one using the

relastions;
e. - by
b |
C, = X
2 %
Y

wvhere the svbecript i refere to the ith succeseive trial for the solution
of x and yo Initial ¢trial values x and y, are aceigned to xivand Yye

from which are found x,, y,, xzooo X o J, succeseively. The iterative
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procedure is stopped when both of the differences ”‘1»1 - xil end
| 7443 = ¥4 | become lese then the meximum alloveble error, e- This may
be done by applying the cp to lxﬁl - xi‘ - e, and to ]yiu @ yil - @

ST

[Trensfer initisl trial values of
X ¥y to registers for Xgo Ty°

N N
A ?
¢ = by
Caleulatis "'ru = . "
Find and store *1*1 - xi- :

&
lSioro % Tor the next cycle. ]

¢ = 8Xeqn ]
2 2 i+

N

Find and store Yy = ¥g°

Calculate. Vya1 ®

[St;ore Yy4) for the next vcyqiee ]

LT "ﬂl > & 1
yos no
fo (344 =3, [> o7 3
=y
ep to Job
J

Iterative methods for solving simultaneous equations require
longer computer operating time, but mey be easier to set up and progras,

and in eome ceses provide the only practical meane for eolving large sy
teme without undue round-off error.
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Fo2. INTEGRATION \

Integration and differentiation mey both be aprroximated in WWI
by replacing thesze continuous processes by discrete discontinuous
oue numerical procedures--the only kind that purely digitel devices can
handle. .

Integration may be aprroximated in 'WI by varioue processee of
summation. For instance, the area of the figure below could be approximated
by the standard methods of summing narrow rectangular elemente of the area,
by the trapezoidal rule, or by Simpeon's parabolic rule. These methode °
for aprroximating integration involve a series of stepe, each of which may
be handled by VHI; i.ee, the evaluation of f(x), multiplication to find .
thetarea of a finite strip, and addition for the summation of theece ele-
mente.

1
c i {2- :‘ l D RS x

The diagram indicates the approximation made By summing narrow

rectangular strips: Here the ares between C and D i S5 f£(x) & x« The
D c

difference between thie and the actual ares f c f(x) dx is represented

by the area of the small segments between the top of the rectangles and the
curve of f(x)s This error, celled truncation error, ie inherent in all

" discrete methode for approximating continuous processee. The truncation
error may be reduced by reducing the discrete interval A x or by using
more accurate aprroximation formulas. The former usually increasee ocom-
puting time and round-off errore; the latter requires more storage and is
harder to program. '

Cyclical programe seem most natural for evaluating integrals
on Wl. The flow diagram chowe the general procedure for a program to
find the area under a curve f(x) between the limite x = C to L. Let the
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total accumulated aree be represented byZAAi, where A4, ie the incremental
elemente of area taken at the value of x equal to X,

Start

Set initial value of
Xy to ite lower limit of C

Prowes’

'SetZAAj to 0

Fvaluate £lx,) J ,

A
valuate Ai by an

ppropriate formula
eing x, and f(xi)o

[Add Al to 244,

l:ncreue Xy by Ax
or next cycle.

Fs x, >%T ' }

-no yes

sp Yo next job

The reeult% A Ai will be léfh. in the register used to contain
ZA4e

More complicated integrations will, call for programs of this
general form. .
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Fo3o DIFFERENTIATION

Differential equations, like integration, describe contimuous
processes which must be transformed to forms which can be treated by discrete
processes. Among these are difference equatione, extrapolation formlse,
and power seriees expansions. The selection of appropriate methode is more
a matter of mathematical analysis than of programming, and agein only a
‘relatively esimple but important example will be given in the next section.

Simultaneous differential equations are handled by first trans-
forming them to. simultaneous algebraic equationse

A program to solve a set of simulteneous differential ‘oquationa
by the use of linear extrapolation formulase is given in the next section.
In general, extrapolation formulae carry an epproximation to a curve along
short segments of lines parallel to the curve which is being approximated.

Consider that the firet derivative (~ii-) at a point on the

curve of a given function f(x)-- defined by differential equations=-
is the value of the slope of the tangent to the curve at that pointe The
slope at this point may also be expressed as the ratio of finite incre-

mente (ﬁf—) 4o These finite incremente are used to replace the differen-
tiale in the differential equations.

7 % ext rpulyt:d cvive

Vepy 2Ty * (JL) Ax; (‘gL) = glope found by evaluating
1 1 dx 4 8x 4 erivative of £(x)

X4 =x, + Ax , s QAx = conatgnt
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SIMULATION AND DISPLAY

Gele SOLUTION OF DIFFERENTIAL EQUATIONS DESCRIBING MOTION
0SCI COPE DISP OF THE PATH

Thie example of the handling of a set of differential equations
will aleo be used to illustrate simulation of a phyeical process by WvI.

Use of the output diesplay orders for controlling an oscilloecope will be
introduced.

The differentiel equationes of a projectile, or any moving body
in epace, acted on by the force of gravity only are:

~

<

-i—%— = - g (acceleration of gravity)
y

‘%{"‘ = v, (conetant horizontal velocity component

Linear extrapolation formulae used to find succeesive pointe
%4y J4) of the path of motion at times t, are:

Xigy = Xy + v‘x At = x position component
Yoy =g t (vy)iﬂ,@t = y position cowponent

(vy)iﬂ = (vy)i —»g&\t = yertical velocity component

The progrem solves these ecuatione for Xeay0 Y44y and displaye

the corresponding points on am oecilioecopeo It further dieplaye a hori-
zontal axie at y * 0 and arranges to have the path of motion represemt that
of a body bouncing on the horigontal axise The coefficient of restitution

(Vg ;
F i equal to - ?.,M (after bouoce;

vy)b (before bounce) The ¢p 1& used to deterwine wshen

the value. of /g becomer negativee Tnen the eorrerponding downvard walue
of (vy]b fe y2?¢4711e6 Dy & to get (vy}a which will be directer wouward
eince R ie negative. A sketch of the display followe the programe
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BOUNCING BALL DISPLAY

ls ca 207
2. ts 201 g
he te 202
5. ca 209 (v )1
6o ts 203 y
7. oa 201 x,
8. ad 210 X4 =% + v, PaN )
G. gqh 201 Set horizontal deflection of oscilloecope to X,,.,
tranefer x,,, to register #201.
10 =& «1Z : +0
11. qd 212 Set y deflection to + O, display point (x1+1, +0) to,
form = point on the horizontel axis.
120 ce 202 yi}'Determino if last point calculated lies above or
13. ep 17 below x axis and proceed accordingly
15 mr 204 R(v )b = (v.) = new (v )1 directed upward
16 ts 203 ve y
17. ca 203 (vy 3
18. su 205 (v )1{_1 Vop © gAt
1. te 203
20- mr 206 (v, ) s At
2le ad 202 yi+1 ¥y + (v )5+1£§t
22+ qd 202 Dieplay point of path at (xi*l’ yi41)
24 su 211 :xil = X
25. ecp 5 If lx'ii<:xUL, return to calculate next point or path
26 ep Return to repeat displav
'
! ‘
#
201. _ 4
202 _ Yi_
203 7vx)1 4ol
204 R - |8
(v,
205« gt ¥'b !
206, At
07 %y G
20% gy, } Initiel conditions
0% (Vy”'i)
2100 v At AW
211e XUL Upper Limit of Xy {greater than x, 1n magnitude)

212 + 0 ¥y vealue of horizontsl axie
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Of course actual numerical values for the stored constante muet
be used in the finel program given to FWI. These values would be scale-
factored and proportional to those of the simulated procees.

A program such as this could include formulas for modifying the
initia) conditions of poeition and velocity so as to control the actusl
path of motion during operation of the programe For instance & relationship
between the final conditions at XL and the initial conditions could be pro-

grammed, which would serve to adjust the initial conditione to meet certain
desired finel conditions at Xge Further, it would be poesible to have the

program provide for the variation of XL with externally introduced data-
In this way the program could be coneidered to both gimulate and control
a physical process.

At any rate, the parabolas dieplayed ae succeseive pointe on the
ogcllloscope screen represent solutions of the original differential equatione
for different cete of initial conditione.

e
IniTiae Conpirions 7 \\
X N 6//)1

YERVAWR
{ 4.1

XUL

Resulte of programs may be displayed in a variety of other ways.
At present resulte may be typed on a typewriter or punched on paper tape.
Theee latter two forms of output require especial conversion eubroutinee
which are available. '
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E OF STORED T.
Helo GENERAL PROCEDURE

The general procedure for looking up a value etored in tabular
form in LWI storage is given heres Consider that a stored table of valuee
consiste of g values which are functiones of x, x ranging from'l to n. The
program begine at a point where a value of x equal to x, is already in the
accumulatore The last o.uer ieavee the corresponding function, f(xi), in

the eccumulatore The values of x, ere ecale factored to x, x 2715,

Instructions Effect ' Data
| I ]
] 1
] ]
Yie _ __ x, in AC 215. ri 215

15. ad 215 xi + 215 216. f(xi’1)

16, td 17 217. f'(xi=2)

1?- ca f (21 ) in AC 218. :1133)
] ]
1 ]

]

215* ne f(xi=n)

Notice in addition to the table of values that it ie necessary
to store also an addrees to indicate the begimning of the table-

Normally it requires leses etorege space to evaluate an anslytic
function than it does to store a table of {te vclues unlese only a few
values are needede On the other hand, the use of tables may save coneider-
able operating time, which msy be needec¢ in certain control applicatione.

A method for interpolating between valuee in a stored table of amalytic
functione ie given in the next esection.

Tables muet be used for looking up non-analytic functions of x,
i.e., values or worde which are identified by the vaiue of x but which cannot

‘be evaluated from x in an equetion. For example, such tables are used for

convereion programe to get from one coding eystem to anothere It is with
the use of such a table that "WI converts decimal end binary characters to
binary when a program is read into storagee The same conversion tables
are used to convert reeulte back to decimal and alphabetical charactere
when results are being read out of the computero Such tables are also
needed in all aprlicatione involving accounting, estatistical analyeis,

correlation of data, etce
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He2¢ LINEAR INTERPOLATION

The formula for finding an unknown function of x, f(x), which
lies between two known functions of x, f(xi) and f(x1+1)’ by linear in-
terpolation 1s:

£(x) = £(x,) + m [?(xi+1) - f(xii]

X-Xi X'Xi

where m= = = is
Xg49 Xy Ixxi

the fraction of the interval /> x, that ie covered by the interval (x-xi)o

jﬁ(x )
L.
i o
.jl(;x’," -~-;F-“_%/ \\
"(“) /)‘»_ 7 ! ‘.\
§ / i , ! \___’
{ (o {
L iy A
):‘i Xin “ax, X
maxy "

Tn the program given here using this interpolation formula, values
of x, are considered to be positive integerse The value of x = x4 + mﬁ&xi
for which f(x) ie to be obtained by intervolation is represented in e reg-

ister ae x x t‘b' Up to 26 or 64 valuee of x, mey be handlec¢ 4in this manner.

For the perticular value of x three-quarters of the wey between
=3 x 2% and x

-6 oemme
! 1+, =4 x 2 , x would sprear in the A7 se:
WAC ‘ B-Register
BT PR piclelel  BRlE ol cieicielele el
o n L EEteeg  dduelddeddes
Xi B3 3 X ® ’mdxi = 0°7§ x 2-

wheresx, = 2'6~ kith thie rerresentstion of x in the AC, the inetruction

er*g (ehift everythin; in the AC enc B-Fegister § cigit rositions to
the right without roundoff) would leave x, X 271% 10 the AC, and

«]& . -
nx 1% 4n vhe B-hegieter. Tren x, x .2 1% msy be used to find f(x,) end
B _AC ‘ - S~Register =
EifTofceleferrTofo[c[cjoloIx 1[1]c]Jcfefelefe[o]ofc[o[efole o
x, x 2=15 max, x = L

i i
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£(x441)s 85 was done in zection Hels The gl 15 instruction (ehift every-
thing left 15 digit positions) would then put the fraction g in the AC.
Thue the tkree values f(xi),, f(xﬂl)’ and m, required to find £(x) from
the extrapolation formula, are all made available.
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Linear Interpolation in a Table of n Valuee (n64)

Ipptruction Effect
( 1e ca 200 x
2. sr%*g xi(x 2-15) in 4C, m x ’2-15 in B-Register
3. ad 203 addrees of t(xi)
Pr‘p‘” ‘. td 11
f(xi)' 60 ad 200
o 7. ¢4 10 address of f(xiﬂ)
£(x,.4), Be
1+1 g. 8115 m in AC
\9' te 202
Find £(x) 10. ea_ .. £(xy49)
1. su_ _ f(x“l) - f(xi)
by 1oterpo= J 1o, mr 202 n [£(x,,) - £(x,)]
lation 13. ad _ __ f(x) = £(x;) + » [f(’in) ¥ f("i)]
formula '
14 te 202

15« ep next job
[}

Lata
200 ri 1l ‘ _
201. x value of x for which f(x) is deeires
202. _ _ _ receives m, then f(x)
203 ri 204 - address of beginning of table

204+ f(xi(x 2.15) =

205. f(x1 = 1)

206. - t(xi = 2) tabulated functions
]

204+ne f(xi = p)
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BS:§1

Attached: A-36229
A=36230

A=+35676

" A=36237

A=36234

A=-36232

A=36233

A=36231

Short Guide to Coding

la
éa
8a
1l
15a
15b
15¢
154

Page 60

Sign.i érnnd Saxenian ’ ‘

Apprﬁmod_

Jeo We .

A viis

Revisfons in the “tirlwind I Order Code A ix
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AFPENDIX

Page
Ae BINARY NUMBERS IN WNT ccecoocevssccsenccccssccccnace A1

Be DECIMAL-TO-BINARY CONVERSION +occcveseccnsssennsece A 4y
C. SHIFTING BINARY NUMBERS IN WKT ¢vcocccesooocascecns & v
Do PROGRAMVIKG IN OCTAL (BASE 8) FORM cecocsvconcsccne A vii

Ee ORDER CODE eccceccccosccacsoscosnoossoscssnstcnssscsoce A viss
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BINALY. NUMBERS IN WRI
The decimel eystem of numbers is based on the use of 10 seps-
rate digite for countinge These are the integere O through 9« Corree-
pondingly, the binary system of mumbers ie based on the use of 2 digite,
0 and 1.
The number 509723 in the decimal system may be represented in
more explicit form, namely:
5(10°) + 0(10%) *+ 9(20h) + 7(20°) + 210™) + 3(20°%)
The two forms are identical except that each power of ten given in the latter
form iz implied in the first form by the number of places to the left or
right of the decimal point of ite coefficient. Use of the second form of
the pumber is hardly necessary in the decimal system, but it ie helpful in
explaining the binary system, or any other number system.
The foliowing is an example of a binary number:
1110101 ,
It also may be represented in a corresponding explicit form, using powers
of 2 instead of 10, and 2 poseible ocoefficients instead of 10, thus:
12%) + 12%) + 121 + 0(2%) + 2@ +0(27%) + 1272,
Thie ie equivalent to:
1(e) + 1(4) + 1(2) + 0(1) * 1(2/2) + 0(1/2) + 1(1/8).
Adding theze factors together gives 14.625 es the decimal representation
of the original binary number, 1110.101.
Binary numbere in WWI registers are either positive integers
in the case of addresses in instructions, or less than one in magnitude
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in the case of numericsl valuez to be used in calculationse Im other
words, the binary print ie conzidered to be at: (1) the extrsmc right
| of the 11 digit poeitione available for addressee; (2) the extreme left
of the 15 digits gvailable for magnitudee of words representing numberso

Thus, s# in the example of the more explicit form of represzent-
ing binary numbers, when the digit poeitione for an addrese contain a
1 they represe:t the valuves indicated:

_oxder g addrese

1 | | ROR BT #2842 2] 20

Rangs of addreeses held in one registér
0 %o 2047 in stepe of 1

Corruspondingly for words representing numbers:
elgn___ L ——
o3 0 =4 L) <3 o @’ <> mo‘ @ = - - (=} av
I T P P i o o o P s e e B

Rangs of positiva@igd negative numbers
0 to 1=274° in etepe of 2°15

Scale factoring permite the representation of & practically

unlimited ramge of mumbers.

Exazple of an address in a register follows:
The nddress 149 cen be represented ases

2+ 2+ 2P+ 20 =128+ 26+ 4 + 1= 149)
In blnary form this is 10010101

Ine regieﬁer the address 149 would be:

ololofLololoflo1]

27 2 20

1T T]
e~

4,
order secriron 2 2
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Exemple of aumber:
The number + 375 can be represented as:
272 4+ 272 (= 250 + .125 = .375)

This is reprecented in a register as:

The negative number - 375 is represented by changing all the

0% te i‘e and i'® 43 O's of ite poeitive representation:
Ela[ojoll 1znAEEAENDE(T

Bezause of thie conveniion, the number O san be represened as

4 O with 16 0'2 or as -0 with 16 1l's-
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-DEC Q_B] N

The preceeding examples of an address and e number in a register
indicate a method for decimal to binary conversiono The addrese 145
wae converted to binary form by first finding the largest power of 2 (2')
which would fit into 149; next wae found the largest power of.2 (24) which
would fit into 21, the difference between 149 and 2', etce It wae shown
that the sum of these powers of 2 equaled the original number to be con-
verted. Given these powers of 2, the binary number wae written out by
placing 1%e in the corresponding binary digit position to the left of the
binary point.

The number -375 wse converted by the same processs Since <375
is lees than 1, only negative powers of 2 fit into it, and these are rep-
resented to the right of the binary point.

A mechanized technique for handling this convereion for 1utegcf

numbere ies

14S = 1C010101.
a2 —_—
¥,

7

3

- O O + O = O

CrhrhFreBEBRER
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Coneidering the binery point to be above the first remainder, the result
ie 10010101 = 149 In this procese the operator divides 2 into 149, puts
~the integer reeult um, and the remainder as 1 to the right of 74.
Next he divides 2 into 74, pute the integer result below and since thai'e
1s no remainder pute() to the right of 37. The process is contimued until
the last quotient 1a a O

The same thing i; done with fractions, except that the decimal
number snd ite remeinder are divided by 1/2 (mltiplied by 2) each time,
and a 1 1s used to indicate that the result of a step has exceeded 1, a

0 to indicate the result of a step is less than 1.

°0110 = o375 (x2)
s '
i 0(+750) (x2)
1(-500) (x2)
o(.cco)
This i equal to <0110, again coneidering the binary point to
be above the first O or 1. |

To convert a binary to a decimal number, simply add the deciwal
values of the powere of 2 represented by each 1.in the binery number-
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C. SHIFTING BINARY NUMBERS IN WNJ

WHT hae orders which shift the position of a number either to
the left or to the right in a register. |

A eshift of one digit position to the left corresponds to multi-
plying the original number by 2. Shifting to the right corresponds to
division by 2. This is =0 because the shift ies made relative to a fixed
binary pointe Correspondingly, shifting digits in the decimal :;stem
relative to the decimeal point corresponds to multiplication or division
by 10. |
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Do PROGRAMFING IN OCTAL (BASE E) FORM
Binary-te-octal conversion is eimpler and more rapid than is
binary-to-decimal conversion. In the octal system of mumbering,the eight
digits O through 7 are unQdo Three binary digits are sufficient to represgent
any single octel digit.

Octal Blpary
0 000
1 001
2 010
3 o1l
4 100
5 101
6 110
7 11

The binary form of an octal mumber may be found directly from the above
table, which is short enough to be readily memorisede For example, the
octal number 316 ie 011 001 110 Any binary number may be converted to
octal by simply reading off from the left the octal digits (each consisting
of three binary digits).

Programs for WWI are often prepered in octel form rather than
in decimal form because of this greater esse of conversion.

The WWI control panel hae indicator lights which give the binary
contente of any desired register. The binary registsr contente may be
readily recorded in octal form or readily checked ageinst a program origin-
ally written in octel forme |

For progrems written in octsl form, registers are numbered
C, 1, 2, 3, 4, 5, 6, 7, 10, 11, 12, 13, 14, 15, 16, 17, 20, 21, eeeees
75, 76, 77, 100, 10l.e¢ Special progrem forme numbered octally are
evailable at Project Whirlwind.
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A SHORT GUIDE TO CODING
(using the Whirlwind I code of October 1949)

COMPUTER PROGRAMS
Program. A program is a sequence of actions by which a puter

REPRESENTATION OF NUMBERS
Single-word representations. When a word is used to represent a

handles a problem. The processof determining the sequence of actions
is known as programming.

Flow diagrams. A flowdiagram isaseriesof statements of what the
computer has to do at various stages in a program. Lines of flow indi-
cate how the computer passesfromone stage of the program to another.

Codedprogram. Programs andflow diagrams are largely independent
of computer characteristics, but instructions for a computer must be ex-
pressed in terms of acode. A setof instructionsthat will enable a com-
puter to execute a program is called a coded program, and the process
of preparing a coded program is known as coding.

Orders and operations. Individual coded instructions are known as
orders and call for specific operations such as multiply, add, shift, etc.

The computer code. The computer code described here is that of
Whirlwind I, an experimental computer using binary digits, single-
address order code, parallel operation, and electrostatic storage. It is ex-
pected that computers of this type will ultimately achieve an average
speed of 50,000 operations per second.

COMPUTER COMPONENTS

Registers and words. A register has 16 digit positions each able to
store a oneor azero. Awordisasetof 16 digits that may be stored in a
register. A word can represent an order or a number.

Arithmetic element. Arithmetic operations take place in the arith-
metic element, whose main components are three flip-flop registers, the
A-register, the accumulator, and the B-register (AR, AC, BR). The 16
digit positions of AR starting from the left are denoted by ARO, AR1, .. .,

AR 15. Similarly for AC, BR. Words enter AC through AR; BR is an.

extension of AC.

Storage. Theterm''register' by itself refers tothe main electrostatic
storage, which consists of 211 or 2048 registers, each of which is identi-
fied by an address. These addresses are 11-digit binary numbers from
0 to 2047. The computer identifies a register by its address.

Input-output. Allinformation enteringor leaving the computer istem-
porarily stored in the input-output register (IOR). The computer regu-
lates the flow of information between the internal storage and IOR, and
also calls for any necessary manipulation of external units. The descrip-
tive names of the input-output orderswere chosen for photographic film
reader-recorder units, but the orders are applicable to other types of ex-
ternal equipment.

Control element. The control element controls the sequence of com-
puter operations and their execution. Instructionsare obtained from stor-
age in the form of individual orders, each of which is represented by a
single word.

Inter-connections. The four main elements (storage, control, arith-
metic, and input-output) are connected by a parallel communications sys-
tem, known as the bus.

REPRESENTATION OF ORDERS

Operation section. When a word is used to represent anorder the first
(left-hand) 5 digits, or operation section, specify a narticular operation
in accordance with the order code.

Address section. The remaining 11 digits, or address section, are
interpreted as a number with the binary point at the right-hand end. In the
majority of orders this number isthe address of the register whose con-
tents will be used in the operation. Inorderssl, sr, the number specifies
the extent of a shift; inrf, rb, the number specifies an external unit; in ri,
rs, the address section 1s not used.

Example. Theorder cax hasthe effect of clearing AC (making all the
digits zero) and then putting into AC the word that is in the register whose
address isx. If qisaquantity in some register, the order needed to put q
in AC is not caq but cax, where x isthe address of the register that con-
tains q.

number-the first digit indicates the sign and the remaining 15 are numeri-
cal digits. Forapositive number the sign digit is zero, and the 15 numeri-
cal digits with a binary pointat their left specify the magnitude of the num-
ber. The negative -y of a positive number y is represented by comple-
menting all the digits, including the sign digit, that would representy. (The
complement is formed by replacing every zeroby a one and every one by
a zero.) In this way a word can represent any multiple of 2-15 from
2715 _ 1 to1 - 215, Neither +1 nor -1 can be represented by a single
word. Zero has two representations, either 16 zeros or 16 ones, which
are called +0 and -0 respectively.

Overflow — increase of range and accuracy. With single-word
representation the range is limited to numbers between 2-15 - 1 and
1 - 2-15, Programs must be so planned that arithmetic operations will not
cause anoverflow beyondthis range. The range may be extended by using
a scale factor, which must be separately stored. Accuracy can be in-
creased by using two words to represent a 30-digit number.

COMPUTER PROCEDURE

Sequence of operations. After the executionof an order the program
counter in the control element holds the address of the register from which
the next order istobetaken. Controlcallsfor this order and carries out
the specified operation. Ifthe order isnot sp or cp(-) the address in the
program counter then increases by one so that the next order is taken from
the next consecutive register. The sp and cp(-) orders permit a change
in this sequential procedure.

Transfers. Atransfer of adigitfrom one digit position to another af-
fects only the latter digit position, whose previous content is lost.

Negative zero. The subtraction of equal numbers produces a negative
zero in AC, except when AC contains +0, and -0 is subtracted from it.

Manipulation of orders, Words representing orders may be handled in
the arithmetic element as numbers.
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Procedure in the arithmetic The execution of an addition in-
cludes the process of adding in carries; this process treats all 16 digits
as if they were numerical digits, a carry from AC 0 being added into AC 15.
A subtractionis ted by adding the pl t. Multiplication, divi-
sion, shifting and round-off are all executed with positive numbers, com-
plementing being performed before and after the process when necessary.
For round-off the digit in BRO is added into AC 15.

NOTATION FOR CODING

Addresses. A coded program requirescertain registerstobe usedfor
specified purposes. The addresses of these registers mustbe chosen be-
fore the program can be put intoa computer, but for study purposes this
final choice isunnecessary, and the addresses can be indicated by a sys-
tem of symbols or index numbers.

Writing a coded program. Registersfrom which control obtains or-
ders may be calledaction registers, and shouldbe listed separately from
registers containing other information, which may be called dats regis-
ters. A coded program iswritten out in two columns; the first contains
the index number of each action or data register, and the second column
indicates the wordthat is initially stored in that register. In many cases
partor all of a word may be terial b the s of the regis-
ter in question will be changed during the course of the program. This
state of affairs is indicated by two dashes, for example, ca --.

The abbreviations RC, CR. Abbreviations used in referring to the
register that contains a certain wordor to the word in a certain register
are

RC . .. = (Address of) Register Containing . . .
CR ... = Contents of Register (whose address is) . . .

The symbol ri x. Whenan addressforms partof anorder it is repre-
sented by the last 11 digits of a word whose first5 digits specify an opera-
tion. An address x that isnot part of an order is repre:ented by the last
11 digits of a word whose first 5 digits are zero, which s -quivalent to
specifying the operation ri. Thus the word for an unaiiiched address.x
may be written ri x. It could also be written x x 2715,




