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FOREWORD (AND ABSTRACT)

Thig cover contains a selection of disgrams and
'memorandnm'u from the reports that have been written
about the Whirlwind I electronic computer. This material
has be;n aseembled for general reference use by people
interested in applications of the computer.

Volume 1 contains reproductions of a series of
posters that present ab simplified elementary picture of
the computer, ite operation, and some of ite sprlications;
'tvo 'memorandual that list ProJocf; reports on mathematics
and on 'applications: and three memorandums on the 1nsert:lon‘
of information into the computer, the use of eubroutines,
and & description of one dieplay programe. e

Volume 2 contains a short guide to coding, a longer

memorandum on coding, and a supplement to the latter.
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WHIRLWIND 1

v~ 1S a high-speed electronuc
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INFORMATION-PROCESSING SYSTEMS
usinq

DIGITAL COMPUTERS

will have many

APPLICATIONS
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mathematics

industrial process
control

insurance
handling

simulation

? i : : ‘ll
. >

scientific and
engineering
computations




BASIC COMPUTER ELEMENTS

comparison between manual computation

OPERATOR ””f DESK

NOTEBOOK 25O~ —#°|] CALCULATING

MACHINE

incoming outgoing
problem results

and
WHIRLWIND I computation

ARITHMETIC
STORAGE g———— CONTROL ———4 ELEMENT

INPUT | OUTPUT
DEVICES DEVICES

problems . FeSLts 1
o be donie desifed form




basic computer elements

CONTROL

Just as in manual computation
the operator controls the
steps to be performed. so in
WHIRLWIND I computation

control

CONTROL

takes next instruction in sequence from

storage - examines it and sends pulses
#” at the proper times to the various parts <

of the computer to perform the necessary

e

instructs STORAGE to

SELECT A STORAGE REGISTER
AND READ IN OR READ 0OUT
EITHER NUMBERS OR INSTRUCTIONS

£/

instructs INPUT to
SELECT EXTERNAL DEVICE

START — READ —

STOP

§7 - PROCESSES
instructs >4
ARITHMETIC ELEMENT to
CLEAR REGISTERS -
ADD - SUBTRACT - MULTIPLY
DIVIDE - COMPARE '

2

instructs QUTPUT to

SELECT EXTERNAL DEVICE

START — RECORD — STOP




basic computer elements

STORAGE

the memory for initial
data, instructions, and
intermediate results

NOTEBOOK STORAGE
in
manual computation

storage

control

ELECTROSTATIC STORAGE
in _
WHIRLWIND I computation

BINARY DIGITS ARE WRITTEN
ON STORAGE SURFACES
AS . CHARGED SPOTS




basic computer elements

ARITHMETIC ELEMENT

of WHIRLWIND I compared
with a desk calculator

arithmetic
element

Receives number from the main bus-
Holds addend, s.btrahend, multipiicand
or divisor

The adding unit-Holds the result of an
addition, multiplication or subtraction
and the dividend in division

DESK CALCULATOR

Auxiliary register-Holds the multiplier
or quotient

ARITHMETIC ELEMENT

PERFORMS ACTUAL ARITHMETIC OPERATIONS
SUCH MG

add - subtract - multiply - divide
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INPUT AND OUTPUT | =g gEms=

alternative ways of getting information

into and out of WHIRLWIND 1

SELECTION OF DEVICE USED 1S DONE By CONTROL

I N ouT =
= - PRGN
typewriter : printer
/:\,l g COMPUTER

L . PROPER L 5
tape punch T2 \ 7 s tape punch

Eastman Film : ; Eastman Film
reader- recorder : Wal reader-recorder
L [ A ‘»

input output

mognehc tape unit magnetic tape unit

analog information source analog display

analog to & digital to 'Q'
digital ' analog ‘
converter converter

drte y
LA Z AN
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WHIRLWIND 1

IS A PARALLEL COMPUTER

parallel storaqe

rallel

transmission

ARITHMETIC
- ELEMENT

serial storage

ey w
! \0\0 o
(,; Qig_q 1o 90% s

serial
transmission

.':) \ (

ARITHMETIC
ELEMENT

In a PARALLEL computer,
Bk the aigits  of o aumber

are stored, selected, and
operated on SIMULTANEOUSLY

In a SER/AL computer,
the 'digits of “a oumber

are stored, selected, and
operated on SEQUENTIALLY




WHIRLWIND 1
uses BINARY ARITHMETIC

12345 789, \
is the common IS more convenient
digital base oFF

in electronic work

FOR EXAMPLE, IN COUNTING —

apples
decimal

binary




WHIRLWIND 1
wo R DS are held in storage registers

gngd. recgresent - gither

NUMBERS or [INSTRUCT/IONS

o[1]o [o[1]oJoJo] 110

W_IL
SIGN
+

instruction

O] I [O]O|O[I]1]O]1]0]0|0} 1|0

(e ~— : e IS ~
OPERATION CODE : STORAGE ADDRESS
TRANSFER TO STORAGE REGISTER NO. 1675

CONTROL DETERMINES WHETHER A GIVEN WORD REPRESENTS A NUMBER OR INSTRUCTION
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Nemorandwn M~-941

Project Whirlwind
Servomechanisms Laboratory
Massachusetts Institute of Technology

Cambridge, Massachusetts '

SUBJECT: PROJLCT REPORTS OF CURRENT INTEREST: VI, MATIEMATICS

Date:

No,

December 1, 1949

Title

Ao

R-114

*E=162

*M-.176

GENERAL OBJECTIVES

Discussion of Numerical Methods
Mathematical Work of Project Whirlwind

NUMERICAL METHCDS
1, Solution of Algebraic Equations -

The Solution of Systems of Linear Algebraic Equations
by Successive Approximation

Numerical Solution of Systems of Simultansous Lineer |
© Algebraic Equations by Elimination Methods

2. Solution of Differential Equations

A Numerical Integration Method
Extension of Runge~Kutta Method to Differential Equa-
tions of Order N, Where N is Greater than Four

Methods of Numerical Integration of Ordinary Differ=-
ential Equations Most Suitable for Use by WWI and
WWII » : ;

* Of besic importance, -

5=17-47
11-12-47

9~290-48

1-8-48

2=24=47

11-15-48

12=9-47
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Ko, of
Papes - Date

5-3-48

5548

5-10-48
5=12-48
5=17-48
5-19-48
5-24-48
5-26-48

Runge-Kutta Method of Numerical Integration
(Project Whirlwind Seminer Series)

NG =1 1A D

The Runge-Kutta Method for Solving Ordinary Differe-
ential Equations and its Variations
Runge-Kutte Method Applied to a Simplified Problem

O=T=48
3-6-49

[or B <)

3, Solution of Integralvﬁquations

Numerical Solution of Linear Integral Equations 9=16~48

GLNERAL AND THEORKTICAL
1, Errors
*l=147 The Error in the Runge-Kutta Method

*M=239 Crder of Combination of Arithmetical Operatlons for
Minimum Round~Off Error

2. General Computation

Simulétidh of Empirdsal Functions by Polynomials 12~3-48
Vertical Parabola through N Points Z=1449
Location of Target from Combined Observations 10-21~-47

3. Review of the Theoretical Work of Others

Discussion of Determinants of Large Order S=lewd?
Solution of Equations with Minimum Error 6=2 =47
Report on Wiener's Ideas ' 8ellad?
Application of Newton's Method to Functional BEqua- ;
tions T=T=d8
Review of VWork of Kantorovich and Krylov: "Approxi-
mate Solution of Partial Differential Equaticns" 10-7-48

* Of basic importance,




6345
Memorandum M=941

4, Thesis Work

Convergence of the Gauss-Seidel Iterative Method 21 4-15-49

BINARY NUMBERS

The Bimary System of Numbers | Hod 1-15-46
Suggestions for Mental or Manual Bineary Conversion 3 Twlwd
Tables of Binary and Decimal Numbers MG 2=235~49
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Project Whirlwind
3 Servomechanisms Laboratory :
Masgachusetts Institute of Technology
Cambridge, Massachuseits

SUBJECT: PROJECT REPORTS OF CURRENT INTEREST: VII. PROGRAMMING AND
~ APPLICATION STUDIES

Date: December 1, 1949

Yo.

A. Basic Description
*E-235 Description of Whirlwind I Codes

*(0=93 Notations for Coding
A Short Guide To Coding

B, Examples

1. Example of céding Procedure ;
s0-04 : _ ' ‘ “ ‘ 2<1h=49
/ 2. Solution of Simltaneous Equations by Iterstion

C=78 , ' , 12;(.1;8
C-8 - 2-1l4l9

3, Sorting Problems

c-68 : P M g PR
C-T1 ' 11-19-4&
' 11..22.48

* Of basic importance
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Vo,
4, Ship Control Problem

C-75
C-79
C-80
C-82
c-84
c-85
C=86
C-87
C-88
c-89
c-90

5. Ballistic Problem

C-91
0=92
C-95
Cc-98
C=103

C. Packaged Programs

B-181 Code for the Solution of Simultaneous Equations by
- Elimination
E=170 Codes for the Evaluation of e ~ and ln x

C=70 Codes for Sine and Cosine
C-Th Code for the Square Root
C=T7 Codes for the Square Root II

D. Specialized Procedures
1. Double-Length Operations

- M=328 Double-Length Operations in WWI

M=549 Comment on the Two-Rogister Method

M=659 The Problem of Scele Factor as Applied to Non-
o Simulator Probleme

3

EFROUVIN R LN

12-2-48
12-7-48
12-10-48
12-15-4&
12-23-48
12-29-48
1=6=49
1-12-49
1-19-49
1=P1-49
1-28=49

1-31=49
2-2-&39
2=11
2-18-19
ho12l9

- 11-HhE

1-1849
11-22-48

12-3-48
12-6-48

3-31-48
T=22-48

10-20-48
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¥e. Title~

- 2. Binaryato-nDscimal Conversion
M=3Y45 Binary to Binaryanecimal conversion
c-J.Ol | Bina.ry to Decimal conversion
3. bsciml-toaninary conversion

M=533 Decimal to Binary Conversion.for WWI Input
M-80T7 Decimal to Binary Conversion Program

C=102 Decimal to Binary Conversion
C-104 Meeting of April 5, 1949

4, Utiligation of Input-Output Equipment
2-234 Programming Matrix Multiplication with Insufficient
Electrostatic Storage 13
E-245 Optimum Programming of Square Matrix Multiplication
with Insufficient’ Electrostatic Storage : 4
B-246 Calculation of Correlation Functions by WWI 8
5. Utilization of Test Storage Only

Demonstration Problems for Whirlwind I with
Test Storage 16

6, 'Miscellaneons
E-267 Time Saved by Simultanecus Operation of AE and
ES
B. Programs

R=156 Intact Sta.bility Study Progranmed for a Digital
Computer 113

'~ B=169  The Solution of Power-Network Problems on

lLarge Scale Digitel Computers b 5.

F. Test and Display Programs

E=29% Test Program No. 13 Computer complsmsnting
E-296 Test Program No. 2: Operation Matrix Check
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- Memorsndum MeSU2

o, Title

F. Test and Display Programs (continued)

E=297 Test Program No. gs Counting in A=C
E=298 Test Program FNo. 4: Shifting In A=C

E=300 Display Program No. 13 Family of Parabolas
] and Powers of X ,,
B304 Display Program No. 23 Second Order Differential
Equations :

G. Application Studies

B=170  Analysis and Design of Sampled-Data Control

Systems AN 154
R=172 The Study of Non<Linear Servomechaniams With the

Ald of an Automatic Digitel Computer 163

¥=T768 ¥avy Logisticss - Note for Members of the ONR
Committee Studying the Application of
Computers ' ;

10-13-49
10-13-49

10-17=49
10-25=49
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! Air Traffic Control Projvct
: Servomechanisms Laboratory
Massachusstts Institute of Technology
Cambridge, Massachusetts

EQUIPMENT AND TECHNIQUES FOR INSERTING INFORMATION INTO WWI

To: . Mathematics, Block Diagrams, and Input-Output Grﬁnps
From: C. W. Adams
Date: July 12, 1950

Abstract: The terminal equipment to handle the insertion of
numerical data into Whirlwind I will consist of Eastman
Kodak reader-recorder film units and Flexowriter type-
writers, printers, tape readers and tepe punches. In-
formation will be tyved in duplicate in a stendard form
using Flexowriter equipment. The computer will
asutomatically convert Flexowriter-coded information into
1ts proper form. It will also automatically select any
desired routines or subroutines from a film library and
put these routines into any desired storage location.
Brief descriptions of the terminal equipment and a
general outline of the techniques proposed for using
the equipment are given in this note.

Table of Contents:

A) Introduction 806k oL R L i

B) Brief Description of the Pronosed Terminal
Equipment. . . . . L )

C) Brief Description of the Pronosed lerary lem X

D) Procedure by which a Coded Program can be Pre-
PORRR Tor WWEL U s .

E) Procedure by which “WWI can be Prenared to Perform
& New Coded Program. . . . . i ... .

b o T T T N o

) 5 . * o

° \ SR e L SR
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A, Introduction

Although several notes have been written in the past “ew
years describing the Whirlwind order code and methods using that
code, and although a number of coded programs have already been
written, no specific techniques have heretofore been described for
actually setting the computer up to perform a computation. Now thab
the computer has become & physical reallty and the necessary terminal
equipment has been obtained, however, it becomes necessary to describe
the techniques and the equipment which are to be employed in pre-
paring programs in a form usable by the computer.

B. Brief Description of the Proposed Terminal Ecquipment

According to the present plans, input-output equipment will
consist of (a) six Eastman Kodak resder-recorder units; (b) three
complete Flexowriter units 'each conslisting of a typewriter, a
printer, a tape punch which can be actuated by the typewriter, and
a tape reader which can control the priater; and (c) three cathode-
ray display tubes, one of which is primarily intended for photographic
recording of plotted results, The manner in which these units will
be uged is described below and is illustrated in the attached pictorial
schematic (E-3571k4). .

The Bastman Xodsk reader-recorders are capable of reading
or recording binary digital information on film at a rate of 2000
words per second. Xach word can be 25 binary digits long. For check-
ing purposes, the complement of each word is recorded or read ccn-
currently with the recording or reading of the word (no extra time
igs required for handling and checking the complements). Only 16-
digit words will be used in Whirlwind I, so that 9 digit spaces will
be unused on the film. It should be emphasized that the reader-
‘recorders can do only one job at a time -~ i.e., that each particular
unit is at any given time elther a reader or a recorder but not hoth.
" Furthermore, a recorder works with unexposed and undeveloped film, a
reader with exposed and developed film. The film produced by =&
recorder must be developed in an external unit at a rate of about
6 inches per minute (10 words ver second). The movement of film from
a recorder to the developer and thence to a reader 1s manual. Develop-
ing cannot begin until recording is oomplete, reating cannot begin
until developing is complete.

The Flexowriter equipment punches or reads tape at a rate
of about & lines per second. Xach line of tape contains a feed hole
and room for 7 punched holes; and each typewriter key corresponis
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uniquely to & single b-binary-digit (hole or no hole) character, the
seventh space being left blank. The tape can be read as soon as il
comes out of the punch. Two 6-digit characters are then put int
e 16-digit coded word in Whirlwind I or on film, the remaining 4

digits of the word being always zero, in the following fashlon:

0 . \ 549

Ne——vr——
blank = blank

(i.e. zero) (i.e. zero)

Extra equipment will be provided so that each character typed on
tape will be followed automatically by its complement for checking
vurposes. Punching or reading the complement on tape is, unlike in
the film equipment, a separate operation. Two characters and their
complements, and therefore 4 lines of tape, are required to make -
up one word., Furthermore, the coded information punched on tape
must be converted eventually to pure binary form and each pure binary
word will generally be made up from % typed characters (see page 5).
Therefore, each binary word will require 8 characters and their com-
plements, 16 characters in ell, and will therefore be handled at a
rate of about 1/2 word per second. Samples of a first tave (no
complements), & second tape (with complements), and a film recorded
from the second tape are shown in the attached photograph (A-750681).

The cathode-ray display tubes will have their deflecticn
plates connected to decoders which will provide horizontal and
verticel deflections proportional t6 the size of the binary mumbers
read into the decoders by the computer, Thus points can easily be
plotted on the tube faces in Cartesian coordinates. Alternatively,
horizontal or rotating time-base sweeps may be provided to permit
Cartesian or polar plots in which a single computed coordinate is
plotted sgainst time (this relies on & constant time interval occur-
ring between successive points) The decoders, and consequently the
display tubes, will very likely be able to handle binary words
faster than the computer can provide them. 1In fact, the present
temporary display system, working with the computer using 32 regsisters
of very-rapid-access test storage, displays up to 50,000 words ner
gsecond..

C. Brief Description of the Provosed Library Film

In addition to the equiément-dust described, there will be
a library film on which are stored in pure binary form an initia]
program and &' get, or library, of standard routines and subroutines.
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The initial pfogram is the vrogram, written once anc far
all, which is to be read into the comnutpz initislly in order tc
direct the computer:

(1) % read«in the desired main program word by word
- from film or from tape;

“To convert the words from Flexowriter-coded form to
pure binary;

To store each converted word in its assigned location;

To determine, from specific information given with
the main program, the subroutines which are needed
and the storage locations 1n which each is to be
located; .

To select the proper subroutines from the lidbrafy film
and store each in its assigned storage location;

To adapt each subroutine to its assigned storage
location; (i.e. eech subroutine must originally have
been written assuming that it is to be stored start-
ing at some definite storage address, whereas in
each application it will be actually stored starting
at some other regsister and must therefore be EE;REEE)

(7) To start execution of main progrem.

The standard routines are programs which are used frequently
enough to warrant their being stored on the library film for easy
reference when needed, thus sliminating the need for any hand opera-
tion in preparing the computer for a routine program. For instance,
an accounting or inventory problem may be done once each week with
new data, or en oil well or ballistic problem may be performed each
time & néw situation has given rise to new data. Such programs will
be put on the library film in pure binary form and will then be avail-
able once and for all.

The standard subroutines are orograms written to perform
-frequently-used computations, such as the evaluation of sin x or log x.
Subroutines, unlike routines, do not stand by themselves but are
intended to be components of a larger program (cf, E-329: Techniques
for Using Standerd Automatic Subroutines). These routines and subroutines
are to be stored in pure binary form in numerical order on a roll of
film, the nupber of each of the routines and subroutines being assigned
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in the order in which 1t is written. The distinction between a
standard routine and a standard subroutine is logically- important,
but in practice the two can be handled in identical fashion so that -
the distinction is of no proctical importance.

D. Procedure by which a Coded Program cah be Prepared for WWI.

In order to actually prepare the computer to solve a
problem, a coded program for the particular problem must be written
out .u full, leaving enough space for the standard subroutines desired.
The sddress of the storage register in which each word (order or
number) to be stored must be clearly indicated according to the
convention that the words are stored consecutively unless othgrwiae
indicated. Thus the first word is to be stored in some explicitly

“indicated storage register; and the succeeding words are to be stored
consecutively(excegt that, at any time, a new address given eéxplicitdy
will indicate that the next word is to be stored at the new address
and succeeding words consecutively from there)l If a standard
routine or subroutine has been used in the program and is to be taken
automatically from film, its library number is simply indicated =ant
the place in the program at which it is to be stored., If more than
one subroutine is desired; the library numbers of each are given.
These subroutines will then be automatically selected from the library
film by the computer (under the direction of the initial program) and
will be stored in consecutive storage registers, starting at the
indicated place in the program.

‘Bach item in the pregram -- each order, number, stora e
address, and subroutine number -~ is typed out as a single line in
a columnar form on & Flexowriter typewriter. The following conven-
tions must be observed: ; :

(1) Anorder is written as a conventional pair of emall
letters, a single space, and four decimal digzits
(e.g. ca 1274 or gl 0015).

(2)° A number is written as either a * or a -, a single
svace, a decimal point, and four decimal digits .
(e.g. * 1234 ior - .9870).

(3) A new storase address is written as a cepital letier
A followed by four decimal digits (e.g. A0793).

A desired subroutine oumber is written as a capital
letter S followed by four cdecimal digits (e.g. S0093).
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(5) Each item is written in a single, separate line, ttus
requiring a carriage return at the end of each i%zm.

- (6) These four different items can be intermixed at will
except that all orders are to be given before any
subroutine number is given.

(7) The end of the program is indicated by typing a line
of 7 virgules (i.e. ///////).

(8) No other symbol or machine function is to be usel ex-
cept those permitted above and the exact form ziven
mest be adhered to, including spaces, decimal pginte,
zeros, and plus signs.

For checking purposes, the manuscript form of the program
is copied twice on two different Flexowriter typewriters by two
different typists. The first typing is performed in a straight-
forward way, with the standard Flexowriter procedure for nullifying
typographical errors being followed where necessary., The tape pre-
pared by the firet typing is put in a tape reader and each character
on the first tape is automatically compared with the character
typed by the second typist. As long as the first typing and the check
typing agree (overlooking eutomatically any errors that were correctly
mullified in the first typing), the desired character is punched
on a second tape (or in special cases it can be recorded on film or
read directly into WWI), while if the two fail to agree, an alarm is
gsounded and nothing is recorded. In the event of an alarm, the
typist must determine the source of error, correct it, and proceed.
Thus, in the second typing, the procedure for mullifying typographical
errors is unnecessary and is replaced by the new procedure of simply
retyping if the second typing caused the error or of overriding the
first tape if the error was in that tape. On the second tave, each
character is followed automaticelly by ite complement. This complament
is used for checking the actual punching and subsequent reading of ;
the tape. The checked tape can then be recorded on film (or in
special cases read directly into the comvuter).

Briefly then, the transfer from the typewriter to the com-
puter is usually accomplished by first punching duplicate tapes and
then preparing a film, although in special cases the transfer can be
performed directly, or via film or via tape alone. The inter-
mediate processes are intended to serve as buffers of 1ncreasing speed
between the low typing speed and the high computer gpeed. Generally,
the computer's time will be too valuable to permit it to take much
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information directly from a typewriter becaunse the efficiency wounld
be much less than 1%. By the same token, reading s self-checking
punched tape 1s nearly as slow as good typing and so the tape-to-—
computer link is also usually inefficient. The advantage of the
intermediate use of tape is that it is cheap, fairly reliable, sturdy,
easily handled and easily read, so that ic is ideal for use in =
manual process which may require correction of many errors. Then

the routine, automatic transfer from tape to film can be accomvlished
at the convenience of the faster, more expensive recorder with no
unnecessary delays for a typist to correct her mistakes. A filn can
be prepared from the tape whenever a recorder is aveilable, and the
recorded film can then be read into the computer at the proper time,
reliably and rapidly.

'E. Procedure by which WWI can be Prepared for a New Program

The computer can be actually started up by the following
.steps. A film kept in one reader, the library reader, is so arranged
that when the reader 1s started, the first recorded wordes encountered
“on the film by the reader will be the start of the initial progrem,
recorded in pure binary form. The computer is cleared by means of
a pushbutton, and toggle switches are set to select the library
reader and to indicate the address of the storage register in which
the first word taken from the library film is to be stored. Then
the comouter and the reader are started simultaneously by a push-
‘button. Since the control switch of the computer is initially clear
and since the cleared position (00000) designates the overation ri,
the computer performs operation ri which reads in the pure binary
words of the initial program one at a time as they come from the
library film and transfers them into consecutive storage registers,
starting at the register indicated by the toggle switches and con-
tinuing until storage is full -- i.e. until a word has been put in
register 255,511,1023 or 2047 devending on the storage capacity avail-
able in the computer. The storage register into which the first
word is vut ie so selected that the last word of the initial pro.rem
falls into the last available storage register (255,511 1023 or 2047).
When that last word has been read in, the comnmu‘er automatically
stops the library reader and starts to perform the initial program
which has just been read in,

In addition to the library reader there is a second, or.
input, reader in which is the film, prepared from the Flexowriter
tape, containing the coded characters corresnonding to the typewritten
form of the desired program. The film is divided into blocks of four
words corresponding to one line of typewritten covy, with enough
space betweep blocks to allow the film to be stopped between blocks
without coasting into the next block. Directed by the initial pro-
gram, the computer starts the input reader, takes in one bjock of
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coded characters, stops the input reader, translates the block Just
read in, and then continues to take in one block at a time, starting
and stopping the input reader once for each block. If the informe~
tion in the block turms out to be an address, this new address iz
translated and 1s stored in the register which is assigned to koep
track of the address at which the next word is to be stored. If
the block turns out to be an order or a number, it is properly
translated into pure binary and is stored in the register designsted
by the address indication. Then the address indication is increased
by one in preparation for the next word. -

! The first block that turns out to be a request for a sub-
routine initiates a small program that starts the library reader
and reads in a subroutine-selection routine, storing it in registers
formerly used by the initial program for translating orders. This
selection routine then allows the library reader to run and counts,
checks and discards the words read in by that reader until the
desired subroutine is reached. After the desired subroutine has
been read into the computer, the library reader is stopped. The
eddress section of each order in the subroutine is examined and is
changed if necessary to adapt the subroutine to the storage loca-
tion now assigned to it,

To facilitate the performance of the procedure just described,
one prepares the library film according to the following conventions.
The standard subroutines are all numbered and stored consecutively
on the library film in pure binary form in blocks -~ one block for
each routine, so that these blocks are of varying length rather than
being always just four words long. The first word of each block isg
the block number and hence the subroutine number. The second word
in each block gives the total number of words (orders and numbers)
~ in that subroutine and the third word gives the numbér of orders in
that subroutine. Each and every subroutine is written orizinally
(vefore adaptation by the computer) as if it is to be stored beginning
in storage register 1024. The address sections of orders referring .
to other registers within the subroutine are then no less than 1024,
while the address sections .f orders like 81, sr, rf and rs are always
kept less than 1024. The orders are all at the beginning, the numbers
all at the end of each subroutine. Knowing how many orders there are,
and that the orders come first, the computer can tell whether it is
dealing with an order or a number. By examining the address section
of each order and changing only those that are not less than 102L,
the computer can properly adapt the subroutine to its assigned loca-
tion in storage. It can then store the adapted subroutine (both
orders and numbers) in the proper registers, start the input resder
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égain, and contimue with the next block of Flexowriter characters.
More requests for subroutines can be handled in the same way, ub
no more orders can be translated because the order»translating"
portion of the initial program has been replaced by the subroutine
Aselection routine. The purpose of replacing the one by the-o?hgr
is simply to reduce the emount of storage required by the initial

program at any one time.

E Conclﬁsion

Much of the equioment described in thie note is still
being developed and tested, so that the system illustrated in the
attached pictorial schematic will not come completely into being for
at least a year. In the meantine, & direct tape-to-comvuter reader
with checking, shifting and control performed by the computer, will
be used as a primary source of inout. As soon as film equipment
passes the testing stage, film will dbe prepared from tape,again making
use of the computer for checking, shifting and control. This interim
system, which will be described in a forthcoming note, will require
new programs for handling the direct type read-in, but the technigues
described in section D will be essentially no different in the interim
than in the final system. :

Techniques for manual control (i.e. stopoing the commuter at
& designed vplace, examining contents of specified electrostatic storage
registers, and inserting new orders or parameters) will be necessary
to give the programmer control over the comuter after it has been
started on a program. These techniques will probably involve the use
of the togsle-switches and flip-flops comprieing test storage, and
they will be described in a note as soon as they are worked out in full.

The techniques described in this note are to be considered
&8s proposale subject to considerable modification. '

Signed : ' _ K/ //m«/

C. W. Adams

i

Approved: :
7 R. R. Everett

CWA :bm

hAttached: A-35681
E-3571h
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TECENIQUES FOR USING STANDARD AUTOMATIC SUBROUTINES
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Standard automatic subroutinss are programs tor the evaluation
of frequently needed functions or for the performance of routine
computativnal chores. Such subroutines, which are intended
primarily for use as a part of a larger main program, will be
kept on permanent file in the slow-speed memory of a computer
and will be inserted into high-speed memory along with any
program of which they are to be a part. A subroutine, 1if it

is to be referred to from several different parts of g main -
program, must be prepared for sach use by the insertiun of

new pddregses into some if its orders.

In the present note, various preparation techniques are dis-
cugssed. Most promising is a deferred preparation; in which the
only preparatory order needed in the main program is & transfer
of control order, all of the necessary changes in the subroutine
being performed by orders in the subroutine,

In the Whirlwind computer the address of the register next after
the register containing a transfer of control is stored automa-
tically in the A register by the transfer of control (sp) order.
This register, next afcer the one containing the gp order, is

a prearranged location characteristic of one and only one gp order,
and as such this register and the onmes following it can be used
to store any addresses which must be available to the subroutine
in making the necessary preparations. That is, the correct
return address and the addressses of registers which are to con-
tein gll necessary extra sddresses can all be deduced within the
subroutine with no assistance from the main program.

an

The simplest computer imaginable would need to bave ounly a few

basic abilities -~ in fact, the ability to (1) sense and (2) complement
. a selected binary digit would be sufficient. Unfortunately, many repeated
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apylications of these basic operations would be required to p r

/ single complete addition since the addition of each:pair of diglis en
esch carry would have to be ordered separately; so the program for
sizable problem would be unwieldy at best. In designing a computer,
itherefore, one builds a control and an arithmetic elemenit of at least
enough complexity to be sble to perform many of the elementary arithmetic
operations in response to single orders in the program. The numbser of
elementary operations so built in may influence the speed, effective
nemory capacity and convenlence in use of the computer, but it la no way
limits the capability of the machine. For just as addition can de pro-
grammed using only a single-digit sense-and-complement order, any of the
more complicated numerical operations can be praogrammed using the slmpler
built-in operations.

The Whirlwind computer has built inte it the gbllities to
add, subtract, maltiply, divide, find megnitude, and point off (find
the characteristic of the log.x for any given x), using numbers within
the prescribgd range. Qther gperations, such as the evaluation of
v¥x, log x, @, sin x, etc,, are not built in. The line between included
and excluded operations is drawn, as it is in all such cases, by a
compromise based on such considerations as the flexibility, convenience,
speed, economy of comstruction, simplicity, and ease of maintenance
desired; these congiderations hinge in turn on the intended purpose of
the machine. The decision is made less difficult by the comparative
ease with which the non-automatized operations can be synthesized from
~the elementary ones and made to ssem almost automatic.

Purpose

The intention of this report is to combine and bring up to date
under one cover the pertinent information on the means of accomplishing
programmed automatization of the non-elementary but nonetheless common
numericsl operations. In the present report, a working knowledge of
coding for the Whirlwind computer is presupposed. The Appendix contailns
a suzmary guide to coding and a brief but exact description of the Whirl-
- wind order code as of January 1980.

Standard Automgtic Subroutines

Programg that are commonly used as part of a larger prograu are
called subroutines. Because the subroutines described in this report
will be so arrangsd that they seem to be built in, these subroutines are
called automatic. Only one or at most a few of the many possible variants
of the subroutines for each function will be kept permanently availabls
(in the case of sin x, for example, different routines woculd be provided
at least for (1) x in revolutions, (2) x in radians, (3) x in radians
times some scale factor.) Such subroutines will then be celled standard.
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automatic subroutines for the evaluation of the given fanctions. In this
note, techniques for preparing to use the subroutines are digcussed at
length.

Standard antomatic subroutines will be kept on permasnent file
on the slow-speed film storage of the Whirlwind computer and each will be
ingerted into high-speed storage along with any program in which the parti-
cular subroutine is needed. Some indication of the necessary subrouiines
and of the addresses of the storage registers to be occupied by each sub-
routine will be given as part of each mein program. That ie, in writing
each program, the programmer will be able to select for use in his program
any of the standard automatic subroutines snd he will be able to designate
the storage registers in which each of the selected subroutines is to be
stored, subject only to the condition that his sssignments are compatible
with the length of each subrontine so that there are enough consecutive
storaze registers aveilable for each of the subroutines.

According to the present plane for Whirlwind I, all of the stan-
dard automatic subroutines will bhave been written, converted to binary
form, and stored in some order on one (or more if necessary) roll of film
called a library film, Xach subroutine will have been written under the
assumption that it is to be siored beginning at register #1024. All the
necessary constants, except possibly some universal constants like 1/2,
will be included ae'a vart of the subroutine, stored in reglsters immediately
following the last order of the subroutine. The purpose of writing each
subroutine starting at register 1024 is to permit easy discrimination by
the computer between those orders whose ‘address sections refer to other
parts of the subroutine and those orders whose addresses are irrelevant
or refer to something else (such as & number of shifts, an address of an
external device, or an address of some universal constant gll of which
would normally be less than 1024).

The actual insertion of a program into the comnuter will probably
be done with the aid of three preliminary routines, all of which will
presumably be stored at the begzinning of the library film and will be put
‘into the high-speed storage of the computer by means of the ri operation.
The main program to be vwerformed will have been typed out in some normal
fashion on an automatic typewriter which at the same time prenares a
perforated tape. (Flexowriter equipment will be used for thig purpose. )
Each character (i.e., each of the 50 keye and controls on the typewriter)

- has & slx-digit binary representation on the tape and this binary-coded
information can be translated in the computer to the proper binary form

and stored in the proper registers by means of a suitable conversion

program. The typewritten form of each new program will also have, probabdly
at the end, some indication of the subroutines nzeded and the addresses
asgigned to each. 'The conversion routine, the first of the three preliminary
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routines, will then turn this information, properly translated, over to

the second preliminary routine, a library selection routine, which will
select the desired subroutizmes from the library film, The third suitroutine
(the adaptation routine) will take each subroutine and change the addresses
n8 necessary to adept the subroutine to its assigned place in storage.
Theee preliminary routines will be discussed in a subsequent note.

A library of subroutines is actually being built up, starting
with the common function evaluations, most of which have already besen
prepared in preliminary form and published (cf. E-170, C-70, C-77 for

o" and log x, sin x and cos x, and JX respectively). A note which will
contain re¥ised and "final" forms of these and other gubroutines is elso
fortheoming.

Clagsification of Subroutines

Standard automatic subroutines can be classified according to
the amount of information which must be exchanged between the subroutine
and the main program each time the subroutine is used. Obviously, every
subroutine must be supplied with the proper return address —- the storage
address of the next order in the main program to which control is to be
returned at the completion of the subroutine. Aside from the return
address, many subroutines such as those for the evaluation of x, log x,

' 9;,.sin x, etc., need only to be given the value of x and need only to

supply the value of the desired function. Since the quantity x and the
resulting function of x will in most cases occupy only a single register
each, the simplest procedure, apparently, is for the main program to put

the quantity x into the Accumulator (AC) just before transferring control

to the subroutine and for the subroutine to put the resulting function of

x into AC just before returning control to the main program. Thus in thie
case no storage address, other than the return address, needs to be exchanged.
Subroutines of this type; requiring the exchange of no addresses, will be
said to be zero-address subroutines.

Some subroutines require the exchange of some number other than
the quantity x and the result. For example, the gquantity x or its result
may be double-length -- i.e.; require two registers to accommodate it
because of its magnitude or its precision or both. (Frequently, however,

~a two-register result such as a number and a scale factor will be obtained
from a zero-address subroutine since the result can easily be stored with
the number in AC and the scale factor in some predetermined register, chosen
once and for all.) Or, as another example, a subroutine intended to shift
the contents of AC and BR left without roundoff must be supplied with the
number of shifts to be performeds In such cases it is necessary for the
main program to supply an address, over and above the return address, to
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the subroutine -- that address being either the address at which some
necessary quantity will be found or at which some result is to be stored,
Subroutines of this type, rsquiring that one address be exchangsd, will be
called one-address subroutines.

Similarly, other subroutines require the exchange of two, three
or more orders. Thus, finding 2 quotient plus a remainder requires two
addresses, one at which the divisor is stored and one at which the remain-
der is to be stored, with the dividend being put into AC and the quotient
appearing in AC. The double-length arithmetic operations (addition, sub-
traction, multiplication, division) generally require three addresses, one
for each of two operands and one for the result, since the three quantities
involved are each double-length and cannot be stored in AC. In the case
of double-lensth numbers, threg¢ pairs of addresses, six in all, are actually
required, but it is assumed that the two halves of a double length number
are stored in consecutive registers so that the second address of a pair
can always be deduced from the first address and is not therefore a separate
piece of information. As before, the number of addresses, exclusive of the
return addrees, characterize the subroutine so that the quotient-and-remain-
der program is two-address while the double length operations are three-
address subroutines. : '

Automatization of Zero-Address Subroutines

Fundamentally a subroutine is a set of ordere which is used in
several different parts of a main program but which is only to be out in
one place in storage. The problem of automatizing the subroutine is just
the problem of how to permit the subroutine to be effectively inserted
into the main program by unconditional transfers of control from the main
program to the subroutine and back again. By definition, the gzero-address
subroutines require the exchange of no address except the return address.

Suppose; for example, that the programmer has requested that a
subroutine for the calculation of the square root of a number be stored
starting in register 938. Suppose further that, at the completion of the
main program order stored in register 619, the quantity x is in AC and that
the square root of x is wanted. Then the order stored in register 620 '
might be sp 938 which would trensfer control to the start of the square root
subroutine. At the end of the sguare root subroutine is another gp order,
which in this case should be gp 621, to return control to the proper point
in the main program. This address 621, the return address, must be supplied
from somewhere. It obviously cannot be simply written in once and for all,
for the subroutine will probably be referred to from several different
places in the main program and the return address will differ in each cage.
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One way to supply th> return address would be to store the
return address, which is known in each case, in some predetermined register,
Then in the main program, before the ‘e;g 938 order, one could clear and
add that address and transfer it, using the ta operation, to the reglster
. containing the sp order at the end of the subroutine,, This procedurs
requires at least two extra orders and one extra register of constant storage
for each place ir which the subroutine is to be inserted in%o the program.
In addition it presupposes anticipation by the programmer who must be sure
that the ca and td sequence is inserted in the main program before the
quantity x is formed in AC, it being assumed that x is to be in AC when
control is transferred to the subroutine,

Reg. Contemt

P
s

| 606) ca 833] enticipated
main 607) td 96L ' preparation
program < e

620) 8P 938} transfer of control

congtante ﬁ ri 621 stored constant
(operation ri is used because its
coded representation is 00000)

e
~

desired
subroutine

938) sf 965 ’L
subroutines ( ’

964) . return of control
965) '

ot

ANTICIPATED PREPARATION FOR
A ZERO-ADDRESS SUBROUTINE
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Thig anticipated preparation of the return address is possible
in almost any computer. But in Whirlwind I, the addition of one simple
feature to the sp operation and the addition of one new operation, ta,
hos removed the need for the clumsy procedure just described. The Function
of these two orders is as follows:

sp X ~ Transfer control unconditionally to register x. Assuming
that the sp x order is stored in register y, store the
quantity y+1 (which is obtained from the program counter
before control is transferred) in the last 11 digit posi-
tions of AR.

Transfer the last 11 digits from AR to the last 1l digit
positions of rezister x, leaving the first 5 digits
unchanged .

~ Thus in the example of the previous paragraph, the return address 621 would
be stored in AR, without affecting the contents of AC, by the 8p 938 order
which was stored in register 620. Then the first order in the subroutine
would be a ta order which would transfer the return address to the last
order, the gp order, at the end of the subroutine. The intervening orders
of the subroutine would determine the square root of the number in AC and
leave the result in AC, In this way the red tape involved in using the
gero-address subroutines is reduced to practically nothing. The square
root of the number is found by simply inserting the order sp 938 into the
program whenever the square root of the contente of AC is wanted. Using
the zerc-address subroutines requires no more thought or effort than

using a single operation built into the computer.

Reg. Content
. & no anticipation necessary

main » :
program. : 620) sp 933} transfer of control

constants {
"\

938) ta 922 deferred prevaration
939) sf 9 L

o

o
<
v
”
o

< bo constant needed

desired
subroutines < i) subroutine

965) sp --7,  return of control
966)  ---

<

e
"

-3

DEFERRKD PREPARATION FOR
A ZERO-ADDRYSS SUBROUTINE
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Automatization of One-Addregs Subroutines

‘ A one-address subroutine can be automatized in much the same
way as a zero-address subroutine. The only difference is, of course,
that some storage address in addition to the return address must be made
available to the subroutine from the main program. Consgider, for example,
the subroutine for shifting left without rounding off. It is assumed that
the number to be shifted is in AC end BR when control is transferred to the
subroutine and that the shifted result is to be left in AC and BR at the
end of the subroutine. ' - ;

The subroutine itself could pe
Reg. Content

718) ts 751 store content of AC
719) sl 15
720) ts 752
721) ca 751
722) sl n

723) ts 751
;gg% :ﬁ ;g;n} shift content of BR
726) ad 751 iadd in shifted content of AC

store content of BR

shift and stofe the
original content of AC.

727) s8p -~ return of control
T51)  —e

152)  ~--
753) 2715

n-1%

753*n32

767) 27t

EXAMPLE: A SUB-BOUTINE TO SHIFT
LEFT WITHOUT ROUNDOFF

Actually, such a subroutine would be valid only for n in the
range 0 £ n € 14 and consequently the standard sutomatic subroutine might
well be slightly more complicated and more general. The subroutine just
given 1s, however, satisfactory as an example of various preparation
techniques.
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The most obvious technique is anticioated preparation of the
extra address, using deferred prenaration of the return address. In the
erxample given, the number of shifts, n, must be inserted in the glwg
crder in register 722 and the asddress 75%tn must be inserted in the
mk 753tn order in register 725. Note that although two different addresses
are needed, one may readily be deduced from the other and consequently the
- subroutine is classed as a one-address subroutine, The return address

must be inserted in register 727, but this can be handled as in the zero-

address technique. The result is

-

Regz. Content

223) ca 690 :
main e2y) td 722 anticipated orevaration
program 225)  ad 728 of the extra address (es)

: ; 226) td 72?]

°

240) ep ?li} trangfer of control

2

il
constants < 690) n :} stored congtant address

—
.

Ti7) . ta ?2?1} deferred prevaration of return address
718) ts 751 ;
719) 8l 15
720) ts 752
’ 721) ca 751
.subroutines ﬁ 722; g8l -~
CaEERR 88 THA
724) ca 792
725) mh --
726) ad 751 ‘
727) ep -~ * - return of control
728) ri 753 constant address needed to prepare
address for the mh order

desired ghift-lefi subroutine

o
)

s

ANTICIPATED PREPARATION OF
A ONE-ADDR)SS SUBROUTINE




6345
Engineering Note E-329

A gecond technique is the use of & deferred preparaiion of the
extra address as well as of the return address. This cen be accomnlished
hy sioripg the extra address in some prearranged location go that ihe
preparation orders can be put into the subroutine, thereby obviating the
duplication of the preparation orders in the main progrem. It is ot
satisfactory to simply decide that the address should Ve stored in some
one register, such as in 690 as it was in the exampble; for since the
address will presumably be different each time the subroutine iz used,
the main program would still be required to transfer the address to some
given location such as 690. (Although in the case at hand, in which the
quantity n is needed in two different orders, some ecoromy of orders could
indeed be made by letting the maln program put only the first addrzss into
the subroutine and letting orders in the subroutine form the second sddress
frem the first.)

In the deferred presparation technique to be describted, the extra
address is stored in a location so chosen that each reference to the sub-
routine from the main program desgignates uniquely 1ts own prearranged
location. Thus far in this discussion, the return address has been the
address of the register next after the register which contains the trans-
fer of control {the ep order). However, this register, next after the
one containing the gp order, is a prearranged location characieristic of
one and only one %transfer of control point, and as such this register could
be uged to store the necessary extra address. The correct return address
would then be the address of the register second after the transfer of
control point.

Reg. Conbent
| ‘g mo antlicipation necessary

mein © 240) -sp 717 "L transfer of control

progran 241) ri n = the necessary address, stored in

: : =g a dummy order

congtants {:j i po constants peeded; except those directly
% associated with the gubroutine

—
"

71?) ta 723 L preparation for deferred preparation
of extra addresses

718) ta ??5:}_ nartial deferred prenaration of the

‘ return addreses

719) ts 751 |

720) - gl 15 L storing the contents of AC and BR

gubroutines < 72l) te 752 | (start of the ghift-left subroutine)

: 722) a0 733':} completion of deferred preparation

i of the return address

?2}) Cg =

724) td 728 deferred prevaration of the extra

729) ad 734 address (es)

726) td 73

(continued on next page)
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ca 751
gl == ' ‘ "
vs 751 completion of the desired ghift-
subroutines ca 752 left subroutine
(continued) mh ==

: ad 751 |
sp -- return of control
rl 753 constant address needed to prepare

address for the mh order :

DEFIRRED PRVPARATION OF
A ONE-ADDRKSS SUBROUTINE

Automatization of Several-Address Subroutines

The generalization to several addresses of the prevaratory tech-
nigues just described for one-address subroutines is almost triviel and
ilittle need be sald. The anticipated prenaration works in exactly the
same ‘fashion except that more Lthan one address must be stored in constant
storage and must then be transferred by orders in the main program to the
subroutine. ‘The deferred preparation is likewise almost unchanged; the
several addresses are simply sftored as dummy orders in consecutive regis-
ters immediately following the 8p order in the main program, and the
return address is simply the address of the register next after all of
the geveral dummy orders. ; :

History of the Discontinued "Automatic Subprogrem® Operations

Une of the most important set of three-address subroutines for
& computer with comparatively short register length is the double-length
operation subroutines. Some time ago (cf. M-1ll, pps. 8-10, dated
Uctober 6, 1947) it was proposed that a set of five special operations be

"incorporated into the design of the Whirlwind comnuter primarily to facili-

tate work with double-length numbers. The first of these operations,
designated by as, would (1) transfer the contents of AC bodily into BR and
(2) transfer the as order itself into AC. Three of the operations were
logically identical; these operations, deaignated by ax, » &z, would

(1) transfer the ax (or ay or az) order itself into AR, (2) tranafer the
return address from the program counter to register 2047, and (3) transfer
control unconditionally to some preselected -- i.e., wired in -- storage
address, three different addresses being selected, one by ax, one by ay,
one by az. A fifth operation, logically almost equivalent to the present
ta operation but designated by ro, vermitted the contents of AR to be read
into AC.
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The intended function of these operations is best illustrated
by an example. Supoese a doublse-length addition subroutine is to in
used and that the augend is stored in registers 618 and 619, the addend
in registers 712 and 713, and ‘the sum is to be stored in registers u52
and 833. Then the preparatory o:ders would be

as 618
as 71z
ax 832

The first order would put the address 618 into AC; the second order would
shift the address 618 into BR and put the address 712 into AC; the third
order would put the address 832 into AR, would transfer control %o a
preselected position (x), and would store the return address in register
2047. Then the subroutine for double-lensth addition, stored beginning
in register x; would proceed to unstack the various addresses stored in
AC, AR and BR and supoly, them where needad in the subroutine, would deduce
from the glven addresses the second address of each pair (e.g., 613 = 618 + 1),
would transfer the return address from register 2047 to the return of
control (sp order) at the end of the subroutine, and would then perform
the double-length addition. , j

The so-called "automatic subprogram" operations were eliminated
from the Whirlwind I order code (cf. E-235, May 6, 1949). The resson
for mentionin,; them here is threefold. First, these operations were
referred to in a number of notes on programming techniques written in
1948 and 1% seems advisable to take cognizance of them for the benefit
of anyone who hag alresdy or may yet encounter references toc them in
the literature of Yroject Whirlwind. Second, these operations point out
at least one way in which special operations can be built into the machine
to facilitate particular apnlications. Third, the method used is funda-
mentally a good one and provides a standard for comparison with other
techniques. The reason that the automatic subprogram operations were
dropped was simply that their wvalue did not justify their existence when
compared to the possible value of other snecial built-in operations.
It should be noticed that there would be almost no gain, in fact less
than none in some cases; in using the automatic subprogram operations
in preparing for gzero- or one-addrees subroutines because (1) only three
locations (x, y and 2) and consequently only three different subroutines
can be used and (2) the use of the arithmetic element in storing addresses
is obviated by the fact that in many cases the numbers themselves can
be stored in AC even more effectively than their addresses.
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Evaluntion of the Preparation

Technigques

There are several criteria by =
ahould be evaluated.
up in the form of four questions.

which a Urop?amm}nﬂ
The most imvortant of these criteria can be s

technlique
nmmed

(1) Is the technigue easy to learn and to use?

(2) Does the technigue reduce coding and manual preparetion time?

(3) Does the technigue reduce the storage capacity needed %o
solve the problem?

(4) Does the technique reduce the comnuting time needed to
solve the problem?

In evaluating the three methods discussed in this renort, one might pre-
pare a table of comments on their relative merits.
of epecial orders is not a technique of any practical importance in the

Whirlwind or any other computer at present, since the orders do not exist;

but it is well to keep the possibility in mind.

Of courss, the use

It should also be noted

that deferred preparation of & return address is only possible in a com~
puter such as Whirlwind having the appropriate orders (gp and ta) in its

code.

But deferred preparation of extra addresses is possible in

digital computer, even if the order code requires use of anticipated

preparation of the return address, for once the return address is avall-
able to the subroutine, the addresses of registers containing the extra
addresses ars also available.

EVALUATION OF PREPAL..TON TECHNIQUXS

criterion

anticipated
preparation

deferred
preparation

uge of special "automatic
subprogram" orders

ease in learn-
ing and apply-
ing g

quite easy to

learn since no

special tech-
nique of coding
is neseded; cum-
bersome in use

requiree special
knowledge, but
once learned is
easy to use

requires some special

knowledge, but once learned

is probably the easiest to

use. Lacks generality since

it cannot be applied to
subroutines.

reduction in
coding and man-
ual preparation
time

reduction in
required stor-

age capacity

wasteful and
cumbersome

quite efficient
gince only the
essential
addresges need
be lnserted
(including the
address of the
desired sub-
routine)

most efficient for double-
length numbers, since the
address of commonly used sub-
routines does not need to be
specified by the main program.
but has no advantage over
deferred preparation in many
apnlications

reduction in

the required
computing time
(actually, use
of subroutines
necegsarily
increases com-
puting time
compared to
not using sub-

routines at éll)

uses two orders
to prepare the
return address,
which is poar;
uges two orders
to prepare each
digtinct extra
address, which

is good.

uses one order
to prepare the
return address,
which 1s good;
uses four orders
to prepare each
digtinct extra
addrees, which

is poor.

uses two orders to prepare
the return address, which is
poor; uses two, plus (to get
an address out of BR), orders
to prepare each distinct extra
addrees, which 1s fair.
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Conclusions

The deferred preparation technique will be used in comnsction
with all standard automatic subroutines for Whirlwind I. By this method,
only one order is needed to bring about the evaluation of a common func-
tion, and only one exira register is needed for each extra address which
is to be supplied.

Use of the various preparation techniques is shown in the
following example, where the program is not an examvle of efficient
coding but merely illustrates the thoughtless, brute force way in which
resulte can be obtained.

J

Required to a2valuate (e¥sin y - ¢'sin 1)28

where it 1e known that 0> x> -1

0>y> -1

2'8;> e*sin y - e'sin x> e

Suppose the following subroutines are available:

Evaluaetion of e for -1< x % 0, first order stored in register A

Evaluation of ein x for ~1<€ x €1, first order atored in registar-B'

Double-length subtraction, firet order stored in register C
A gubroutine to take a double-length pumber, shift it left n times

and put it back in the same pair of registers, first order stored
in register D

Other regietart are assigned as follows:
register X containg x
register Y contains y

registers Tl, T2, stc, are cansecutive registers available for
temporary storage

The program then is: (asterisks indicate use of a standard subroutine)

ca X ¢
*ep A find and store e
ts TL '

ca Y :
* gp B :} find sin y
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mh
ts
8l
ts

i

T

15
T2

ca Y

8p
ts

ce
8p
nh

ts

8l
ts
Bp
ri
ri
ri
sp
ri
ri

A

T1
T3
T1
D
g
T

form and store *0-digit product s gin v

find and store ey

find 8in x

form and store 30-digit product ¢ sin x

subtract the gecond product from the first
address of minuend

‘address of subtranend

address of difference

shift the result left 8 times

number of shifts required

address of operand

Thus 1t is seen that such operations as the evaluation of e~
or sln x and subtracting or shifting double-length numbers can be pro-
srammed almost as easily as i1f they were btuilt in to the computer, using
deferred preparation of standard automatic subroutines. .

CWA/1lfu/aec

Sigx;ed | f / %/M/

Approved

e SO i

Rg‘R, Everett

Attached: A Short Guide to Coding




6345 ; ' ; .
Engineering Note E-320 Page 1 of 11

Project Whirlwind
Servomechanismg Laboratory
Maassachugetts Institute of Terhnology
Cembridge, Massachugatts

SUBJECT; DISPLAY PROGRAM NUMBER IV; NON-HOMOGENEOUS SECOND ORDER
DIFFERENTI AL EQUATION

Tos N, BE. Taylor, G, €. Sumner, H. L, Ziegler, G. Cooper
Froms C. W. Adams ' :

Date: January 30, 1950
: s :
2

d ¥ 7
Abstract: A program is prasented which solves the equation 9—-—% v 27w E:_ +w e = E(Y

for B(t) a square wave or sawtooth wave, Method uged is a linear
extrapolation-integration procedure. The program is teilored to
the 32 registsrs of test storage available in Whirlwind I.-

The Problem

Display Program Number IV is a modification of Display Pro-
‘gram Number II using a less refined spproximation in the numerical
solution in order to permit a driving function to be generated and
introduced while still keeping the program within the limits of the
32 registerg of test storage.* .

: The squation solved (approximately) in Display Program Number v
is the non~homogsneocus differentigl equation:
G ;
ST 4220 B+ WPy =u® r(e)
dtz » 4t

 This equation describes (among other things) tbe response of
a series RLC circuit to a driving voltage Ei{t).

C. 3= ‘1&) Ln volls

i
Pl

* See the description of Displgy and Sturage at the end of this ncte -
Appendix I :
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The constants zeta (3 ) and omega {W) are respectively the damme;
ratio and the ratural frequency of the RLC circult, ‘

~RIC i
;“BJL. . it T

A numerical formula (i.e. a set of differenve equations) 1o
approximate the diffsrential equation is abtained in a manner snalogous
to that desvribed in E-304. Dieplay Progrem Number II, using ons less

. step than is taken there. :

Derivation of the Formulg

The equation to be solved is

2 5

SX ol gAY 8
= . PER y

1= 230

' ay
We let : dt=wv

. 2
8o that g—%nw%ﬂwaﬁt-z;mzv-wzy
- e

and letting B - 2;&7 -y = P for convenience
N dv
we gel e ¥ B

Thus the original secund srder equaticn reduces tc the system

Now let Yu = y(nh) be the value of y vhen t = nh, where h iz g -
small increment of time, and | ‘
sil.milarl'y let v = vinh); Ln = E(nh); S 'En - 2; e &

: : %448 41) - )
First approximetion:- Y vx};)ynﬂ gl B = En;
i1
and so Pnﬂ, = Pn




6245
Epgineering Note E-320

: (2)
Second spproximation: v . °

(integration)

{2)
yn*l o

(2)

' En+l i Ii:n

i2) (2) {2}
et TR - %Y

o ea
Final epproximetion: v ., =7 % W _____,__QA h
(integration)

e
v Y 4

: ot MmN
TR Rl B e

- Making the necessary substitutions from the second and first apprixima-

tions into the final approximation, aone obtains the difference equa-
tions ;

v

v, *uh (Pn - @;Pn -5 wh .vn)

B+l

; 1 :
= o= +
yn 41 il uah(vn v

2 n'*l)

It is important to notice that w and h alvays appear as the

combingtion wh, never separately. Since w is thse natural frequency af

oscillation of the circuit, in radians per secvond, and h is the incre-
ment in time between two nuoceuive points, in seconds per point, the
product wh is expressed in radisns per point. :

- 2n

wp 18 then the number of points per period. By increasing th_é value

of wh one obtains fewer points in each pericd. This may be thought
of as keeping the increment fixed and increasing the frequency or as
keeping the frequency fixed and increasing the increment; both have
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the same effect and cannot be separatod, -

Qutline of the Prggrgg'

The program consists of two separate parts, (1) the sctual
numerical solution of the differential egquation for t = b, 2h, Fh, ..,,Nh,
and (2) the generation of the function E(%t) for t.= h, 2h, Zh,... Nh,
where N is the total number of points to be displayed. It is imprae-
tical to store the N separate values of E(t), so these values mual be
generated: furthermore, since the numerical eolution requires most of
the 32 registers of test storage, only a few orders may be used in
generating the funvtion., Among the funotions whioh may be generated
easily are square waves and sawtooth waves. These possibllities are
disoussed in detail later. ; !

Firgt, let us simply assume that the value of E(t) is generated
by some short program, so that on the nth cycle through the program the
value of E{nh) is calculated by this short program when it is nesded,
Assume further that at the end of the nth cycle the new value vn 41 18

left in AC and that the program starts by storing this value in a FF
register, Just before the start of each new oycle, the FF registers
{except ‘the one which contalne y_ and one which is used by the function-
generating program) are reset by the program rcounter end carry {overflow)
to some quantity specified by manually-operated reset switches. The '
first six registers are sssigned as follows:

Reg. #

. 0 (¥F) ‘contains the damping ratio ¥ which is changed only by changing
the reset switches of thig register. The only reason for
using a FF register is to permit changing # from the tast
control center rather than at toggle-switch storage.

{FF) buontains the quantity y_: reset to y. (initiel velue datermined
by reset switches) at the beginning 9t each sweep .

Lot

toggle switc

h)} reserved for use by the funotion-génerating program.

(FF) reset at the beginning of each eycle to the first order of
: the cycle (tg_4); used during the program to store the quantity v

reset. at the beginning of each cycle to the second ordar of
the cycle (mr Q); used during tha program to store various
quantities temporarily.
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Register 4 contains the first order of each ¢ycle and Lhat
order transfere the contents of AC, namely v_, into the same registsr,
The purpose of this is to save ane storage régister by meking the FF
reglster serve double duty. At the end of each cycle the old value
of b has been added to the increment to obtaln the new valuo 487
and, w}iile v 1s in AC, register 4 is not being used for anything else
and henoe call be reset and used for en order. Once the order has been
taken from storage, register 4 is egain free and can again be used
to store the quantity v_. A similar use is made of register 5. The
initial value of v (!tae:..1 the value assigned to v at the beginning of
pach sweep) is always zero, since at the start v is assumed to be in
AC end AC is cleared {along with most of the rest of the computer) at
the etart of epch sweep. The trick of using the FF registers twioce
is only possibls because of the reset controls peculiar to the ¥T
reglsters and is then only pussible when the contents of the register
is immaterial et the beginning of esch cycle.

In order to simplify the program, wh is chosen to be 8

Since 3“5 is the number of points per period, choosing wh = 27% sorres-
ponds to choosing to plot 16m=50 points for each period of the natural
frequenoy of the solution, Actually, minor changes in the program can
be made to make wh = 27® for geveral different values of n, but wh can-
not easily be given values other than a single power of 2. This dif-
ficulty in varying wh {apd v ) is the relatively small price that is
pald in addition to the sligﬂtly reduced accuracy to gain enough storage
to permit introduction of a driving function. '

: The quantity 7 is stored with a scalesfaotor of 2“3 g0 that Z
can be given any value less in magnitude then 2% = 8, No scale factor
" 1s associated with y, v or the function E(%). ; '
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(‘oded Progrgg for thg Num rizal Solution, in detgll
Order # Register

1 {ts 4) stores the new value of L in reg. 4 (a2t the

start of each new sweep Jf the scops, the
program starts here with zero in AC).,

2 (mr Q) " multiplies v, by Fx s

; -3 -4 A
= D
3 {te 5) . stores 7v x 2 zfvn x 2 in Teg.
4

these registers reserved for function-generating
program which leaves E in AC.

gubtracts y from E

multiplies by 2 © leaving (E e o )2‘4 in AC
gubtracts B;Vn x 2 fmm ;E iin ) 2 o
stores '(En -2zv - yn) 2 = P x 8"
porarily in reg. 5.3 } i

multiplies P x 2 by ; x 2‘3, leaving
;’P x 2 X 2 wh}P x 2

eubtracts P x 27% fromuwhzP x 270

: : ~4°
stores - (P - whZP ) g = wh(P - mh;P Jge
. temporarily in reg. O
puts -v_ into AC
o -8 -8 1 2 =3
multiplies by 2 ~, leaving - v, X 2 = - {wh) v x 2
in AC. ' |
: subtracts .uah(P - wh}P )2 fmm b -(wh) v, X 2"’1

stores mh(Pn - whiPn v hv ) 2 in reg. 5.

: e o X
adds X to > wh{Pn wh Pn -3 whvn)

mul tiplies %(Vn + [vn * wﬁ(Pn = wh Pn - ‘-szmn]} =

"‘U*v )by23
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Order ¢ Register
3

. t A s W = wg-p» ;__-.;:_._.: :
24 (gd 1) 27 adds y_ o Z(Yn : vn’ﬂ} x 2 wh g

. ¢ L O ,
25 (qd 1) 28 dieplays and stores ¥ % Wwh _E_é..—aﬂ ot AV

in reg. 1.

, . ; i g 4 L 3 “l Y
26 (ca 5) : puts wh{Pn wh} Pn' 5 u)hvn) 2  in AC

- 27 (81 1»)' multiplies by 2.

1 y
28.(ad 4) adds v to wh (Pn - wh;?n -2 %vn)’" forming

Vsl

(the program counter end carry now ressts FF registers
4 and 5 and resets PC to 4, so that the next order is
taken from register 4 and the oycls is repeated)

tion-G ting Progr

In the Whirlwind I Display photographs {A-35128, attached),
are shown three different functions, a square wave, & sawtooth wave,
and a step function. ALl of these functions are easily generated
using the following schems.

~ Once each oycle; an adjustable constant (o), stored in register 3,
is added to the contents vf register 2. As a result the contents of
register 2 increasse as a straight line with s elope determined by the
adjustable constant. Then, by ehifting the contents left a few digits {k),
gsoms of the left end digits are discarded. This results in chopping
the straight line up into pieces and making it start over at zero with
each new pieve. Technically, the result after n cycles is the residue
no2¥ (med 1), In ghort, the result is a sawtooth wave such as is
shown in the photograph. '

By singling out the leftmost digit of the sawtdoth wave, one
can generate a square wave, for the lefimost digit teken alone gives O

for the first half of the sawtooth gnd 5 for the second balf. The left-

most digit can be singled cut by following the gl k order used for the
sawtooth by sr 15 and then gl }4. The gr 15 order shifts the nunber
into BR and rounds off, leaving 2-1° in AC if the leftmost digit was

1 and O in AC otherwise. The §l 14 order then shifts the gingled-cut
- . diglt back into the pruper place. '
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A step function can be made up by (1) generating a squars
wave of very long period and (2) shifting the time base to the left
until the step becomes near the origin. The time base can Dbe shifted
easlly by resetting FF register 2 to contain some positive number m.
This shifts the wave shape to the left because thse functlon-generating
progrem starts out, when actually t = 0, with m in register 2 and
therefore behsves at the beginning as if t =8 . Similarly, reselting
register 2 to contain a negative number shifts the wave shape Lo the
right. |

- Many variations' of these functions can easily be generated,
Only the square and saw tooth waves are given in the attathed program.
It is important to notice that the frequency of the waves is varied by
adjusting the constant which is added into register 2 on each cycle,
The amplitude can usually be varied only by factors of 2 by changing
the final shift order. The gd order which is used to actually display
‘the driving function is arranged to transfer into a toggle-switch rasgls-
ter, The reason for this is that (1) aetually the driving funcvtion
does not need to be stored and (2) there is no FF register availabls
in which to store it. Transferring into a toggle-switch register
generates a transfer check alarm. Thus an alarm.is normal for this
program and must be suppressed by turning the slarm switches off. By

changing the gd to gp, the alarm can be averted but the driving function

is no longer displayed.

slg;xsd C "’. Wd/m«/

C. ¥. Adams

approved ___ 5 ,/1
R. R, Everett

CWA/1fu

attached: Appendix I - Dieplay and Storage
Display Program Number IV '
A-35128 - Whirlwind I Display
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Appendix X

Digplay

The present temporary display system conslsts of a caticde-
ray oscilloscope connected to a decoder with a capecity of plght binary
digits. The decoder produces a voltage with an amplitude corresponding
%o the sign and magnitude of & binary number and the voltage is used
to provide a vertival deflection for the scope. The horizontal deflec~
tion is provided by the sawtooth sweep generator within the scope
itself. This horizontal sweep generaloX controls the computer so that
when the sweep starts the computer is started and when the sweep zlops
the computer is stopped, cleared, reset, and ready to be started sgain
by the next sweep. The FF storage registers mey be reset or nut depending
on the setting of some switches.

Once started, the computer proceeds on its own and whenever
g numbar in the accumulator is to be plotted, a special ingtruction
cerled gd - display - which is written into the progrem puts the new
value into the decadar (thus setting the vertical deflection) and
‘intensifies the scope besm momentarily, thus plotting a spot on the
scope faoce. Since the time required by the computer to obtain each new
value is about constant and gince the scope is approximately linsar, the
horizontsl distanoe between spots on the scope face is nearly vonsiant.
The fraquency af the horizontal sweep is adjusted so that the length
af each sweep vcorresponds to the time required by the computer fur the
golution of the problem at hand.

Storgge

The storage of the vomputer {i.e. the vapacity of the machine
to avcept and remember numbers and ingtructions) is at present rastricted
to the 32 test storage registers, each 16 binary digits long. OFf these
32 storage registers, 5 are composed of flip-flops and are therefors
erasable and may be used for storing new information obtained ty the
computer during automatic operation. The remaining 27 registers are
vomposed of toggle switches which muet be individually set by band
and cannot be erased or altered by the computer in gutomatic operation.
All pumbers and all instructiong are stored in these 32 storage registers.
New information is usually introduced by means of toggle ewitches
which control the resetting of the 5 flip~-flop registers. Thess switiches
do not reset the registers directly; they merely determine the numbers
to which the reglsters will be reset when a reset pulse occurs. A
reset pulse van be generated by an end carry (overflow) from the program
counter and/or by a pulse (called SD end carry) generated at the end of
each sweep of the display osecilloscape.
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- Meplay Program Numbex IV |

{FF) reset ua’;
FF) reset to Yo

{

{FF){reset shifts driving ¥ Driving Function #i.

® function right or laft 12 !

(FF) reset s Lp 4 : ! 2 (this register d2tarmines

{FF) reset lo nr 0 frequency of wave)

ca 2

ad 3

is 2

gl 6

sr 15

8l 14 (or sl 13 if reduced amplitude

: is desired)

qd 14 (or sp 14 if driving function

is not to be displayed)

m
=
o

gr 3 for «wh
gr 5 for wh.>

* Driving Function #2
te
mr 2 12

su
ts
08

(this register determines
frequency of wave)

\

&

sr 6 for Wh = P
sr !

8r 10 fur wh = .y
8l 6 (or gL 5 if reduced amplitude
_ ol %s desired)

, i ame ] qd 14 (or sp 14 if driving

{Ag_g a9 it ) function is not to be displayed)
|\8r_ a4 forwh =2 : :

gu
is
ad

5
S
0
5
&
4
8
&
5
4

8r 3
ad i
qd 1
oa §
sl 1
ad 4
Turn alarm switohes off
- PC reset to 4
PC must b§ reset by PC end carry (pulse stand 8~la set to give pos. pulse, max.
ampl
PC must b; reget by SD end carry (pulse stand. 8-1h set to give pus. pulse, max.s
ampl
FF registers O, 4, 5 must be reset by PU end varry {Coder 8-2;, rhannels 1,4,5 on,
positiva)
FF registars 1, 2 must nyt be reset by PC end carry (Coder. 8—2, channels 2,3 off)
FF registers 0,1,2,4,5 must be reset by SD end carry {Coder 83, all channels on,
pusitive) ;
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Note 335

Note 2:

Note 3:

Note 4:

Changing from #. to #2 requires changing only‘digit 12 of
registers 11 and 12. -

The qd order in register 13 w'ill give a transfer check alarm
in normal operation. -

Program as given ig for wh = 3‘3

If it is desired to vary the driving function frequency end not
the damping ratio ¥ , switch the FF-TS switches and cables '
to make reg. O togele switch and reg. 3 flip flop. ;




& a letters
o1 00001

to

oors ] [0 ] tape

AR e

00001 || OOOOOOOIll|
|

-H-(word)

(marker) === ey ol (complement)

TAPE and FILM for WHIRLWIND I INPUT

®
©
0
%
- ¢




Author Shelf th ne

C.W.ADAMS (E4. ) 11
Tltle ...... lo3ymIR.LWIND 7'3 |
Selected descrlptlve

UNCLASSIFIED

Date SIGN HERE Returned
Borrowed

(OVER)

one copy
unnumbered |

7 SERVOMECHANISMS
'LABORATORY LIBRARY
BUILDING 32, M. L. T.

SIGN THIS CARD AND LEAVE lT
upon the desk.
NO BOOK may be Nk from the room
until it has been REGISTERED
~ in this manner.
RETURN this book to the DESK
as soon as you have finished with it.
ANOTHER READER may need it.

. LC44-5M-4-50




