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Toreword

Syamary Report No. 2

Volumes 1 and 2 of this report review
project status, objectives, technical develop-
ment, applications, and facilities. Volume 2
and Volumes 5 through 22 correspond to techni-

cal appendices.

The material, in ite presentetion, pre-
sumss a general understanding of digital com-
puters. A glossary is included in this volume.
The reader who is unfamiliar with computers
may find the intruductory material of Volume 4
helpful.

A brief summary of the project is given
in Section 1.0, a discussion of the Whirlwind
program in 2.0, apd a doscription of the

Whirlwind I computer in 3.0.
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Jloseary
Zora Moaninz
Access time The time required to tranefer numbers
to or from the storage.
Accurmlator The adding unii of the arithmetic slement.
Analogue computer A computer in which pumbers are repressnted

bty physical megniiudes such as rotation of
a shaft or quantity of charge in a
condenser.

Arithmetic element The part of ths computer that perforzme
the sctual arithmetic operations.

A-Register The register in the aritimetic elemert
used to bold mumbers coming into the
arithmetic elenent from the bue.

Binary digit A digit of a binary mumber. The binary
system usee oily the digite O and 1.
Einary numbere ocontain an aversge of
2-1/3 times as maay digite as corresponding
dscimal numbe:s.

Binary mumber systea A syetem in which the digits of a number
ere tho coefficieats of powers of the
tase 2; Just as ia the decimal system,
the digits are cosfficients of powere of
the base 10,

Block diagram A functional scheaatioc; a drawing or
ttudy which is coacerned only with the
functions of ite slements and rot with
their physical detaile.

B-Register The regleter in the arithmetic slecment usged
for holding the maltiplier, etc., during
srithmetic operations.

Bus A group of conductore used for trane-
ritting 2 coxplets mumber or order.
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Carry

Check regleter

Control

Digital computer

Hoctrostatic storage
tube

Flip-flop

Gate tube

High-speed carry

Input

Master clock

Matrix ewitch

Gloesary, Continned

Moaning

A possible overilow in a single digit
column following an addition. The carry
purt be added from one digit columm tc
the next.

The special register provided for the
trensfer check,

Thst part of the cowputer which controls
the operation of ths storsge and the
erithmetic element.

A computer in whici quantities are
repregented numerically.

A special cathode ray tube in which dinary
dlgits are stored as positive or negative
chsrges on a dielectric plate.

A two-tube electronic device of which
eithar one tube or the other is corducting
but not both., Aocording to whioh of

the tubes is conducting, the flip-flop is
eald to be storing a 0 or a 1.

A sultigrid tube which will conduct only
if positive woltages are supplied to nll
grids. Only two-grid tubes are considered
in this report.

A tystem in whbich gll carries in all digit
columns are executed simultaneously,

The equipment used for supplying
information to the computer.

The primary source of the puleos which are
used to operate the computer.

A wvitch for decoding binary numberg
vhich operates by mixing, in a sst of
dicdes or resistors, the outputs of flip-
flepe holding the binary numder,
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Glossary, Continued

Multiple-length number A numbar that ocouples more than one
register, used for higher accuracy or
for plphabetic information.

Multiple-address code Orders in general consist of an
instructional operation code plus the
nositions or addiresses of one or more
of toe words in the storage. Orders
are called single or multiple-address
orders dependinz on whether there are
ons or more references to storage for
sach operation.

Operation control The part of the complete control which
directs the ariilmetic part of each
operation.

Operaticn matrix The array of connectlons which gates

the control gata tubes according to the
salected position of the operation
control switch.

Operation timing The array of coansotions which supplics
matrix the selegted coantrol gate tubes with

ths proper time puless.

Order A coded instruction inserted by the
operator and ussd by the machine in
cerrying out its arithmetic opsratione.

Cutput The equipment used for extraoting
information from the computer,

Farallel transmiesion Tho ayetem of data transmiesion in which
the digite of 2 number are tranemitted
siaultaneously over geparate lines, se
contrasted to sorial tranemisslion.

Prograa control The part of the control which sets wp
sech operation orior to ife arithmetic
execution.
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Gloasery, Continued

Iexa lanping

Program counter Tho part of the computer that solects
the next order to be performed.

FProgram reglster The part of the computer used for
holding orders after they are extracted
from storage btvt befors they are
carried out.

Pulse repetition Fambar of pulses generated per second.
frequency

Reglater A group of elements used in the machine
to store a single number or order

Scale factor The multiplior ansocisted with each
number in the machine used to force thase
pusbars to ocoupy the limited range of a
machine reglster.

Serial programming Execution of complete arithmetic
operations one at a time, OCoding is
gimpler and easier to organize wvhere
simultaneous arithmetio operationa are
evolded. Seriel programming is poseible
with either parallel or serial diglt
trensmdssion. Tha alternats or multiple
programuing is sometimes used to increase
coxputer speed.

Serial transmission The aystem of data tronsmission in which
ths digits of a mmber are tranmitted
in sequance over s single line ns con-
trasted to parnllel digit transniesion.

Shift Movement of a mmber in a reglster one or
zore places to right or left; equivalent
to sl tiplying or dividing the number by
& power of 2.

Sign digit A single digit of a macline mumber uged
to designate algebraic sign.
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Simnlation

Single~address code

Step counter

Storage

Sabprogran

Three-address code
Time pulse distributor;
Time pulse
Toggle-switch atorage
Tranafer

Trigger

Word

Glogsary, Continued

¥oaning

The representation of physical gyetema
by a computer. For further information
ese Section 1.1.

Orders in general coneist of an in-
gtructionsl operation code plus the
positions or addresses of one or more

of the worde in the storage. Orders are
called ningle- or multiple-~address

orders depending on vhether there are

one or nmore refarences to storage for easch
operation.

The binary counter used in the arithmetic
element to count the steps in multiplication,
division, and ehift oporations.

That part of the compufter that holds the
pabers and ordars used by the computer,
It 1p made up of a number of storage
roglstere.

A subsidiary seguence of orders which may
b2 inserted in the main sequence of orders
whanever desired.

See multiple-addregs code.

A dovice for distrituting clock pulses on
to a set of lines in some fixed sequsnce;
the resulting pulses.

The 37 toggle-swiich reglaters making up
part of the tert storage.

The transmiesion of a number from ons
regleter to another.

A sharp pulee used for initiating a
svitching operation.

The sevorel digits making up a mumber or
order.
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Section 1.0

1.0 Summery

Project Whirlwind at the Massachusetts Institmte of Techmology
Servomechanigmes Laboratory is sponsored by the Special Devices
Centar of the Office of Naval Research. The FProject is engaged in
the study and design of simulation and control systems involving
bigh-speed electronic digital computers. The greater part of the
Project effort is at present directed toward the design of suoh
computere.

The original objective of the Project when started in’ ver

1944 was the construction of a simmlator to predict the flight
characteristics of large alrpcraft. Eleotriocal analogue computing
equipment similar to that used in some fire-control computers wae
firet propoesd but was discarded as unsuited to a problem as com-

. plicated as the airoraft simmlator. It was realized that the re-
quired capacity and sensitivity could only be obtained by the use
of numerical computation methods. Emmipment ani techniques origi-
nally developed for radar made possible the necessary high com-
pating speads.

The elsctronic digital computers under investigation are so
universal end flexible in their applications that the scope of the
Froject has been extended to the study of other problems. These
other applications inolude air traffic control, Army and Havy War
College oombat slmulators, guided misslle data reduction, Census
Burean problems, and logistios computations. These new problems
require digitel computers and assoclated data conversion equipment
which are no different from the equipment being developed for the
aircraft sisulator. The computers will also be entirely sultable
for solentific and enginsering calculations including statistical
research.
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The most important element of these simulation and control
systems 18 r properly designed electronic computer. Dssigns con-
u!platod. include provision of storage cepacities of as much as
16,000, 10-digit decimal numbers and computing rates as high as
25,000 maltiplications per second. Design and construction 1s
now proceeding on a prototype computer called Whirlwind I. This
computer will have a storage capaclity of 2,000, 5-digit decimal
numbers and a ecomputing rate of 20,000 mltiplications per second.
All computers contemplated can be set up for new problems in a
matter of minutes, using previously prepared photographie input
films.

Technleally Whirlwind I is of the parallel-diglt-transmission
type, uses electrostatic storage tubes for etoring numbers and
. orders, and operates in the binary instead of tha deoimal numbsr
system. Automatic conversion equipment is being provided at
film preparation unite so that the human operator need handle
only decimal numbers.

An aircraft coékplt and control equipment is being built to
study the airoraft control problem. Full scale solution of air-
oraft stability must ewailt a larger computer than Whirlwind I.

It 1s planned that Whirlwind I and at least part of the associated
slmlation equipment will be operating by Jamuary 1949.

Sections of a Whirlwind type computing element have been
tnilt and are eatisfactorily passing tests. The electrostatic
storags tube, which ie being devuloped at M.I.T., i1s progressing
on the desired time schedule. Its etatus is now between the re-
soarch and development phases. Small tubes have been built and
have proved succeesful. Work is proceeding on larger tubes with
faster operation. Special electronic circuits have besn developsd

] and are operating satiefactorily.
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Mutomatio checking of computer operation, and inspection
methods for detecting marginal operaticn are belng inoorporated.

Mathematical research into problems of most urgent interest
is part of the Projeot work. Training in digital computers and
their applications is included in the Project end the M.I.T.
academio activities.

1«1l The Simmulation Problem

The primary objeotive of Projeot Whirlwind is to develop
similation and control systems based on digital computers.
The lmmedlate objective is to provide a computer for almu-
lating in detail the flight of aircraft on a reel time scale.

Ag the term 1s used here, simulation 1s ths substitution
‘ of a computational process for some real physioal process.
In flight simulation, & computational procees that solves
equations desoribing the flight of an airplane is subetituted
for the real .light of the sirplane.

Simlation congtitutes a means for setting up in the
laboratory & working model of a complex process. This working
model is a means for studying the behavior of the procese,
developing equipment for controlling the process, and training
Imman operators to control the process.

Two phases exist in nearly all simulation problems ~~ the
study of human reactions, and the representation of a physical
system. In alrcraft gimulation for exsemple, primary stress
i on the physical aireraft representation but evaluation 13
based on the humsn pilot reactions. In simulators used for
personnel training, on the other band, primary stress 1ps on
the human element although here again the propesr physical

' environment is provided by the simmlator.
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Drawing A-31203 shows the elements of any simlator
system. Captions illustrate the aircraft control and
stability simulator. A flexible computer with complete
generality of internal organigzation is progremmed to exscute
the control and computation operations required for the prob-
lem. Input mechanisms recelve the data and control code to
describe the problsm. In operatiomn, inpute are contimcusly
received through physical-to-mumerical converters from the
specialized simmlation setup. These inpute provide the
buman variable of the problem. Outputs are eent to display
unite for the human operators and are also recorded for
study end reference.

The computer with its input, output, and conversion
equipment is the heart of the simmlation system. It is non-
speolialized and cen serve without alteration in many different
slmlation systems. The display and aotuation equipment is
designed for tho particular simulation problem. See Seotiom 6.0.

The computer part of the simmlator is 1dentical with that
required in control systems.

The Control Problem

Control corresponds in many ways to simalation. The oom-
puter oen be identical and other physical equipment may be
similar. In comtrol, the computer is not substituting for a
miseing part of the gystem tut is an active and nscessary
part of the system operation. The digital computer as & con-
trol devioce will correlate avallable information on the pro-
cess belng controlled, will prediot aocording to prescribed
rules, and will actuate the desired controls and displays.

See Section 3.0 and 6.0 for disoussion of control and 1its
application to air traffic, industrial processes, power plants,
and acoounting.
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The great computing capacity of an eleotronic digital
machine can be utilized to control processes whose compli-
cation is beyond the scope of present day analogue comtrollers.
These processes include those where the amount of caleulation
required for the correlation of information 1es large or where
the sensitivity of control mmet be very great. A digital
computer is also capable of providing accurate compensation
for non-linear closed loop systems and can execute any
loglcal operations which are specified.

VWhere the mumbar of controlled quantities 1s large a
digital computer will be less expensive, smaller, and lighter
in weight, than equivalent analogue controllers, even when
thess laiter can do the work. The generality and flexibility

i of the digital computer permits ready change from job to job
as circumstances require. The obsolescence rate on digital
computers for control should be low since the basic computer
is lndependent of obsolescence of the processes and equipment
controlled.
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2.0 The Whirlwind Program

Fresent project work is devoted to design and construction of
the Whirlwind I computer, ite associated sgquipment, and its appli-
cation to problems of principal interest. The Whirlwind I equip-
ment 1s being designed as a prototype of the syetem selected for
use in pimmlation and control. However it will have capacity for
meny actual problems of interest and for preliminary study of more
complex problems. Partiocular attention 1s given to engineering
deslgn, packaging, servicing eass, checking, and troubdls location.
New designs following Whirlwind I will inorease machine capacity and
reduce physical sige.

The most lmportant mathematical problems are being formmlated
and coded. Block diagrame of the Whirlwind I computer are nearly
| completed. Electrostetic storage tubes will be constructed at the
Servomschenlsme Laboratory. An airoraft cockplt complete with
indicating instruments and control force loading servos is being
designed.

Sylvania Eleotric Produ>tse, Inc., is desligning parts of
Whirlwind I end will construct most of the aystem.

Fhotographic input and output equipment will come from the
Eastman Kodak Company.

Over 40 staff members are engaged 1n Projeot Whirlwind work
at M.I.T. To house this activity, M.I.T. bhas recently purchased
the Barta Building on Massachusette Avenme to permit expansion of
the Servomechanisms Laboratory facilities. Sectlon 10.0 treats
persomnel and facilitiee in detall.

Training of new persomnel in the design and use of computers
is an essential part of the program. Tralning and academic work
I_ are discuseed in Section 8.0
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A long-range viewpoint has been adopted, and stress has
been laid on obtalning the proper components for a computing
mechine of high performance and maxisum rellability. A parallel-
digit tranemigsion system rather than a seriasl system bas been
adopted as most satisfactory for the Whirlwind requiremente.
Likewlise, the system 1a being designed arcund electrostatic storage
tubes of now design rather than the less suitable storage ocon-
ponents already in existence.

Magnetic intermediate storage as an erasable mediua may be
required in certain future applications of the Whirlwind syotem.
Magnetic studies are being conduoted as part of the program, and
equipment developed at other computer research centers can be
utiliged in future applioations.

¥ The Whirlvind I computer will be followed by Whirlwvind II,
plans for which are not fully established. The Whirlwind II com-
puter has been tentatively referred to as having = register length
of 40 binary digits and a storage capacity of 640,000 binary digits.
These tentetive specifioations will be revieed to fit the problems
of greatest interest before final design 1s underteken. The more
preseing probleme in simulation and control indiocate a machime with
a shorter register length than originally planned. The next design
following Whirlwind I is expected to have a register length lomger
than 16 digits of Whirlwind I, and equivalent or higher computing
speed. In physical form it will be mach more compact and may be
semi-mobile.

2.1 Reviev of Preliminary Inveastigations

The evolution of the Whirlwind Program is illupstrated in
Drawing A-31192. The contract was undertaken in December 1944
for the develcpment of an aireraft stability and control anmlyzer
based on analogue computing equipment. This work is reviewed in
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Voluse 3, Summary Report No. 1. Approximately nine months of
study demonstrated that analogue computation was unsulted to
the aircraft simulation nrodlem. Suffiolent analogne computing
' equipment for solution of the airoraft equations could not be
assenbled into one working unit. The required non-linear
functions of several variables proved especlally difficult to
organize on an analogue computing basis.

In the fall of 1945 digital computation was recognized as

the only probable sclution to large-scale esimulation probleme.
Discussion with Dr. H. H. Goldstine, then with Army Ordnance,
and with Dr. John von Neumann of the Institute for Advanced
Study were especially helpful at this period of Project Whirlwind
development. By April 1846 1t was concluded that the aircraft

¥ stadility and control amalyzer could be handled by digital com-
putation.

During the course of the digital computer studies the air-
eraft simulation problem was investigated Ly membors of the
Servomechanisms Laboratory, the Asronautical Engineering Depart-
ment, and the Mathematiocs Department of M.I.T.

The mumerical ranges of variasbles in the alrcraft problem
were investigated and are reported im Volume 14, E-49. The re-
sultey of this work formed the basis of a scale factor study in
reducing the aircraft simulation to digital computing machine
terms. An actual airplane model was tested in the Wright
Brothers Wind Tunnel to obtain the date necessary for ccmplete
alrcraft simulation. The wind tunnel data required is much mors
extepsive than normally taken in englneering studles of ailrcraft
models. The results of these wind tunnel studies for the particu-
lar wodel under test are given in Volume 14, R-98. The equationg
of motion selected to represent an airplane are given ia the
eppendix %o Volums 3 and in Volume 1l4. The equations include
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many funotions of several variables to be moasured by wind
tunnel testas.

The complete set of flight equations for aircraft simu-
lation were coded in the terms required for a serial type digltal
computer. This coding is summarized in Volume 14, C-15, and
formed the basis for establishing required atorage cspecity and
computing speed in a digital machine. It was found that a
multiplication time of 50 microseconds or less, inocluding
tranefers, would be required. To permit sufficiently rapid
acoesss to stored data, the function tables for pressnting
_the aireraft smst be stored in the high-speed internsl memory.
A storage capacity of at least 10,000 mumbers of about 30
binary digits each is required to contein both the initial
data and the controlling program.

o

A serial type digital computer was firet considered and
was discarded in favor of a parallsl machine. A comparison
of parallel and serisl machines will be found in the following
section.

Selection of digital computation for the alroraft simm-
lation problem opensd up vast new fields of application for
the equipment under development. These might be Aivided inta;

A. Simmlation
B. Control
0. Cealoulation

The applications to simulation and to control are of
principal interest to Project Whirlwind. However, a natural
by-product ¢f the equipment necessary in these two fields is
the computing equipment required for calculation in engineering,
sclence, and economics.
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Simlation ie Alstinguighed from other applications of
computers primarily by the presence of haman beinge in the
proce es being studied, and by the necessity for a real-time
scale of the solution. These two overlaoping aspects of
simlation can be divided into (1) human response studies
and (2) studles on physical systems. Simlation embodies both
the buman and phyeical elements in varyliag degreee. A mill-
tary teoctical or combat slmmlator might be primarily con-
cerned with command functions and the training and evaluation
of persons responsible for deoclsions. Tae original probdlem
of aircraft simulation must on the other hand stress the be-
bavicr and reality of the alrcraft as physical equipment.

The field of control is a broad ome, including suck di-
verese applications ae air traffic, chemioal processes, mili-
tary equipment, power stations, and fiscal control or accounting.
As ipdigated in the figure, moet practical problems involve e
combination of several of these divisions-

The greatest long-range contribution of computing equip-
ment may be in the fisld of calculation relating to engineering
and to the physiocal and social sciences. The greatest smount
of equipment will, however, find its way into the simulation
and control functions.

A prototype 1e conpldered necessary for initial design and
applization studies of a parallel type computer. As with moet
digital computers, a small machine ie impractical to build.
Once 2 satisfectory control system haes boen establiehed, at
least half of the equipment necessary fo:' a useful computer ig
in existence. The Whirlwind 1 system hai been designed as &
compromlege between a small computer for study purposee and a
large machine for handling problems of limeciate interest. A
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snall machine of the parallel type means & short number regis-
ter length. The register length of Whirlwind I wae selected

to give a satiefactory order length for controlling the desirsd
amount of storage and for providing a satisfactory number of
control operations. The number or word length is 16 binary
digite, making possible the comtrol of 2,048 storage registers
of 16 binary digits each snd making available 32 control orders.
Whirlwind I will inocorporate more internal storage than any
existing computer. Iis storage capacity and speed are satie-
faotory for initial studies in moet simmlation end control
problems. For the use of Whirlwind I in the study of aircraft
sisulation see Volume 14, M-148 and M-65. For the relationship
of WVhirlwind I to air traffic control, see Secticm 6.1 im this
volume. Studies to date indiocate that a high-speed computer

of the Whirlwind type with somewhat greater storage capacity
and roglster length than Whirlwind I will probably be beast
saited to most simmlation and control problems. Because thess
machiaes can be operated with multiple~length numbere for higha
precision, they will likewise meet most computation requiremente.

2.2 Parallel versus Serial Computer

An extensive study of serial computing systems was made
befors selecting & parallel system for Frojeot Whirlwind. Some
of the results of this serial study are outlined in Volume 7,
i-24. The serial machine considered used a three-address ocds
in order to obtain higher operating speed. Multiple-address
codes are lese inefficient than a single address code and are
considersd vndesirable. To obtaln the required computing
speeda for the Whirlwind problems, the machine on a serial baais
becamo mich too complicated.
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A heavy computing load exists in nearly all simulation
and control problems being considered. Where a computing load
suffioient to ococcupy the time of & high-speed parallel machine
exlsts, 1t can be shown that the parallel computer uses its
circuilt components more effiociently than the serial sysiem.

Ir any practical machins, the parallel computer 1s
larger in physical size than the serial. However, as shown
below, the computing capacity per unit of ciroult components
ie muck highsr in the parallel tham in the serial machine.
Although larger, the parallel mechins is actually mo more
complex in organization and arrangement then the serial
machine, since both must have a control capable of ocarrying
cut the same types of operations. The eerial machine tends
%o be composed of many different types of electronlo circults
whereas the additional size of the parallel machine requiree
only duplicating oircuits, especlelly in the arithmetic element.

Efficiency in the serial mechine is low because circuit
components can be used only a small fraction of the time.
During mmch of the operating time, oircuit components in a
serinl machine using delay type storage are inactive while
walting for stored guantities to become available at the out-
put of the delay units. Effioclency 1s further reduced in the
serial machine becaunse the rather complex control equipment
ocapable of carrying out high-speed operations is inhersntly
limited in its spocd by the associated storage and arithmetio
unita. 2

The following tabulation 1s set up for a computer typlesl
of those which may follow Whirlwind I for many simulation and
control problsms. Two thousand storage registers of 20 binary
dlgits each have been gelected for dlscuseion. Estimates for
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tubes in the parallel system are obtained from the figures in
Volume 16, M-132. Twenty-five percent has been added to thowse
tube used in parts of the system which would be increased
from 16 to 20 units. The vacuum-tube flip-flop and toggle-
svitch storage inserted in Whirlwlnd I for test purposes

have been omitted. Nelther the parallel nor serial estimate
includes input and output equipment, since type and number
might be speciel to the particular application and would be
usel. at comparable efficiencies in the twc machines. In

eome¢ classes of probleme, the parallel computer cem control
and effectively use a larger number of input and output unite
thar oan the serial computer. Estimates for the serial gystem
are based on the best available information, and are approxi-
mately correct.

1

Parallel Seriel
(Estimates)
Tubes in Control inoluding
Storage Switching 1100 500
Tubee in Arithmetic Element 1200 300
Tubes in Storsge System 500 400
Total Tubes not including
Input ard Cutput 2800 1200
Maltiplicationa per second 20,000 1200
Maltiplication per second
per Tube 6.9 1.0

Efficlency Ratlc « iarallsl . 6.9
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It will be seen from these figures that shere a suffl-
elent computing load sxiets, the parallel aystem shows
approximately a 7 to 1 advantage over a serial system in
capacity per vacuum tube. Since the typess of circults ere
eimilar in either case, the number of tubes can be taken as
e reasonable basis for comparing total cost.

Other secondary advanteges accrus to the parallel machins.
The design oan be readily extended to more digite per word
Yecause timing and control does not depend on word length as
in supersonioc and megnetic drum storage of the delay type.
The reglster length can be inoreased by simply adding equip-
ment for the extra digit columns. High speod 1s obtained
while still maintaining the serial or step-bLy-step programming
sequence. This, along with the single-address cods, simplifiss
problem setup and coding. The simultaneous aveilabllity cf the
setup and coding. The slmnltansous availability of the sign
digit and the emtire nmumerical value of a number 1s advantageous
in reduoing computing time for certsin operations. For trouble-
location purposes, the parallel computer can be more readily
operated on a pulse~by-pulse basis from a push button control.
Operation of the computer below & oertain maximum gpeed 1s
independent of repetition rate, and close temperature oontrol
is not necessary as with mercury delay lines.
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3.0 Whirlwind I

Whirlvind I 1s a prototype computer being congtructed to test
the engineering principles of the Whirlwind System and for research
into computer applications. In Whirlwind I will be tested the re-
sults of the research and engineering design reported in Volunmes 3
through 19. A general description of Whirlwind I follows in the
next section. DPlock diagreme for the arithmetic and control units
are complefte in Volumes 6 and 6. Detalled block dlagrams on inmput
and output and on storage are not included in Volumes 5 and 6 but
are outlined in Volume 7.

Fonctions in Whirlwind I have been so divided that research
and development of the arithmetic and control unite can be entirely
independent of the high-speed storage. More rapld progress is
posesible where the groups working on these two divisions can operate
without continuous and deteiled coordination.

Sylvaula Electric Producte, Inc., in Boston is contridbuting to -
the final engineering and the conetruction of Whirlwind I to the
maximum of ite abllity. The Esstman Eodak Company ie developing
the photographic imput and output devices which will be used.

Drawing B-3202 1s an approximate time schedule for ths Whirl-
wind I system. It does not include general activities such as mathe-
matical and coding studies, or research which is not a necessary part
of Whirlwind I. ZElectronic aseemblies aro expected by the summer of
1948, storage tubes ani circults by fall, and complete aystem oper-
ation by about Janmary 1949. See Section 4.1 for experience %o date
with a 5-digit arithmetic element.

3.1 Description of Whirlwind I

¥hirlwind I is an electronic computer using parallel binary
diglt transmission. To malke prodblem coding easy, operations are
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performed one at a time in serial order. Yor eimplicity and
storege economy, a slngle-address code is used. In general
the code describes in 1ts two sections the storage regleter
location and the control operation to be performed. An
exception is made in shifting, where the register section of
the order indicates the number of positions to be shifted.

A register length 1s 16 binary digits, and the computer
will have a storage capaclty of 2,048 reglsters.

Operating time for the different control orders does not
vary greatly. It is primarily set by the storage axtraction
time, the necessary transfers, and the transfer check sequence.
A complete multiplication including all tranefers will require
about 50 microseconds. Fature decigns should require less time
even though register lengths will be longer. \Vhirlwind I doees
not compute while electrestatic storage is being set up; this
overlapping may be incorporated in futurs desigaes.

The 16-digit length is satisfactory for many simulation
and control problems. Three special orders are provided for
convenience in the use of mltiple-length numbers. These
gpecial orders are described briefly in Volume 7, M-137. The
sequence of operatione to be executed Ly any one of thece
orders ie optional and cen be selected by the operator ior esech
individuel problem., They can for example be used for doubls
or triple length operations of sdditlon, subtraction, and
multiplication. On the other hand, they might be used for ex-
traction of roots, carrylng out interpolation sequencse,
integration, or performing matrix operations. They are
essentially special program orders requiring less than the
ugual number of steps by the operator.

Fumerical input and output will be from 35-mm photographic
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film, Graphical output plotted both ae functions againet reel
time and as one varisble plotted against amother will be pro-
vided. Families of curves can be traced and photographlically
recorded. Important in elmulation problemg 1s the ability to
accept inpute from physical measurements and to control special
output indiocstore and servomechanisme. Conversion equipment
will be provided for converting shaft positions and electrical
signals to binary numbers. On the output, binary quentities
will be converted to instrument indications, cathode ray tube
deflections, and control voltages.

Thirty-two control orders are available. Many of these
are discussed in detall in the Block Disgrams, Volumes 5 and
6. Additionsl ones are discussed in Volume 7, M=-177. The re-
maining orders are available for assignment in the future as
required. The system ie so designed that specisl orders can
bte reaiily added as needsd.

Design of the computing circuits stresses reliability
and the widest operating margine conslstent with the required
performance. Even though operation is posglble down to zero
pulse-repetition rate, directs-current coupling between vacuun
tube stazes has been virtually eliminated. Wider component
tolerances and better reliability result from the a~c coupled
gtages. This idea, roferred to as restorer-pules operation,
is 2 moat important sdvance in computing circult design. It
is discusesd in Section 4.34 and Volume 15,

Whirlwind I 1s being designed for maximum sccess %o
electronic circuits. As diecussed in Volume 13, M-147, com-
ponents are laid out and sssembled on flat panels. The pahele
are simllar to thome of the 5-digit multiplier, photogreph
FB-266, Section 4.0, Unite will be housed in ocsbinets as
shown in the illustration. Cabinete will be arranged as
shown in the Drawing B-31016, which ie further discussed
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in Volume 13, B-68., The computer is so arranged that all
circulte are available for testing while in operation. About
1,600 square feet of floor space will be cccupied by
“irlvind 1. The same components arranged into the desizn
being proposed for Whirlwind II would be lees accessible but
would occupy much lees space. Both areas are exclusive of
power supplies and cooling equipment.

About 3,500 vacuum tubes will be used in Whirlwind I,
Volunme 16, M-132, tabulates these by function. About 900
tubes are used in test storage to facilitate the design and
installation of Whirlwind I, Test storage would probably
not be used in future machines. The control desk for
Whirlwind 1 is 1llustrated in Drawing A-31083. Detalled de-
sign is not yet done. Moet of the switches and indicators are
for checldng and trouble location, which will be diecussed in
Section 5.0. A ten-key decimal-input keyboard is illustrated
as part of the operator's console, and a close-up is shown in
Drawing A-31188. Some applications may require a keyboard of
typewriter or teletype style through which coded alphabetical
information can be handled. Both numbers and orders will be
ingerted through the eame keyboard. An order button is used
to indicate that the succeeding decimal digite must be coded
into two groups, one ror the register location and one for
the operation order. Identification symbols for orders will
be changed from the present alphabetic notation to decimal
notation, or the alphabetic cods for orders will be selected
so tha% 1t can be put on the keyboard along with the decimal
digite.

3.2 Description of Arithmetic Element

Whirlwind I uses a high-speed parallel-digit pulse-type
arithmetic element. A complete diecussion of this arithmetic
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element can be found in the Block Diagram Hgport, B-137,
Volumes 5 and 6.

The arlthmetic element consists basically of an
sccumulator capable of adding binary numbers. Assoclated
with this accumulator are two additlonal regleters used for
the temporary storage and manipulation of numbers involved in
other arithmetic operations. A counter, control gate tubes,
and control flip-flops are also part of the arithmetic element.

Each atage of the accumulator consists of two flip-flops,
one acting as a binary counter for forming the addition end
the second acting as a temporary storage pooition for the
carry. The accumulator works in & step-by-step fashion. If e
binery number originelly resides in the accumulator and &
second number, held in one of the other registers of the
arithmetic element, is added into the accummlator, the sum will
be formed by the adder flip-flops. The carries, if any, will
be etored in the carry flip-flops. This sctlon is paralleled
in all digit columns and is accomplished by a single control
pulpe from the main control of the computsr. A second step ie
required to perform the carry before the final esum appears in
the accumulator. A hizh-speed carry ey -em 1g provided in the
accumulator for performing the entire carry in one step.

The accumlator is also used for performing the other
arithmetic operaticne. Subtraction is performsd by the use of
complements, multiplication by successive additions, and
divielon by euccessive subtractions. The multiplication oper-
ation oonsiste of the repetition of three successive steps.
The firet step adde the multiplicand to the partial product
aocording to the eelected digit of the mulsiplier. The seconé
step shifts the partial product in order to allgn it properly
with the multiplicand. The third step performs a carry on the
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partial product. To speed up the multiplication operation ih
Whirlwind I, these laet two steps are combined. A smell
matrix switch in each digit column performs both the ehift and
the carry in one step. Details of this method will be found
in Volume 5. Time is saved by omitting the sddition operation

) if the multiplier digit is zero. A further speed increase is
obtained by supplying the arithmetic element with clock pulses
at a higher repetition rate than to the remainder of the
computer. The use of high-speed carry in addition, and the
use of higher repetition frequencies and combined oparations
in multiplication, result in arithmetic element operation
times which are comparsble to accese times of the electrostatic
storage belng developed for Whirlwind I. -

The charascteristics of the arithmetic element may be
summarized as follows:
1. parallel-digit type
2. pulse-type accumulator
3. high-speed uarry
4. ocombined shift and carry for multiplication
5. higher repetition frequency for the
multiplication operation

The step-by-step or pulse-type accumlator has been
selected rather than the balancing or current-adding type of
accumilator., The pulse type is considered more reliable, fastr,
and more amenable to trouble location becsuse operations occur
one at a time in responee %o controllable impunlses.

3.3 Description of Storage

Hlectrostatic tubes have been chosen for the Whirlwind
computer high-speed internal atorage. They will give immedint
access to stored numbers, are suitable for a parallel type
computer, and can be devsloped on & time schedule abreast of
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the other computer components.

Tubes are the deflection type uslng the high~velocity
beam of a single cathode ray gun for reading and writing.
Both plus and minus eignals are read out of the tube,
corresponding to the diglts O and 1. Better reliability ls
thus obtained than from a storage system using the presence
and absence of gignals as an indicator.

A brief explanation of the tube is reproduced here from
Volume 9, M-130. An elementary elecirode arrengement with-
out holding gun is illustrated in Drawing A-30892. TFor
simplioity the explanation i made in terms of input ewitching
on the signal grid. Actually, changing the potential of this
grid will affeoct the deflection sensitivity of the tube and i
practice the grid in front of the surface 1s grounded and
switching as well as output eignals are taken through the
signal plate. Deflection plates position the electron bean,
prior to its being turned on, to the point on the dislectric
gsurface at which writing or reading is to teke place.

The digits 1 and 0 are written as positively and nega-
tively charged areas on the dieleotric surface at the point o:
bean impact. The dlelectric surface muest have a secondary
emigsion ratio greater than unity. (A ratic of two or more i
deeired.) To write the digit 1, the signal grid is made
positive to collect secondary eleotrons from the dlelectric,
resulting in a positive surface. This poeltive charging is
accomplished by collecting the excess secondary electrona
above the number in the high-velocity beam. To write the digit
0, the signal grid 1s made negative, no electrons are collectcd,
and the surface charges negatively at the rate permitted by
ourrent flow in the primary beam. Secondary emisslon 1s not
necessary factor in negative charging.
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Reading of signale is accompllished by positioning the
signal grid voltage midvay between the two writing voltages
and discharging the dielectric poeitively or negatively
toward this voltage. The output signal sppears at the signal
plate by capacitive coupling through the dielectric.

Rewriting will probably be incorporated as part of the readins
operation, to re-establigh the stored signal at full magnituda.

Permanence of the stored signal is insured by the re-
generative action of a flood of low-energy eleotrons operating
on a principle which was used in the R.C.A. Selectron tube,
some Oerman tubes, and the N.R.L. radar storage tube.

Drawing A-30885 showe how the self-sustaining effect 1s obtalned
from the holding gun. A positive area and a negative area ars
shown on the dielectric. The holding gun is at about the sams
potential ae the negative areas and the signal grid is at about
the potential of the positive areas. Consider the positive
area: secondary electrons are emitted and a number just equal
to those in the primary beam are collected by the signal grid,
The other secondary electrone return to the dielectric surfacs.
If the surface should tend to become more positive, additionel
secondaries are pulled back to reduce the positive charge,
while if the surface should tend to become less positive, moras
secondaries will be repelled to the signal grid to return the
dielectric to ite original point of stability. Consider the
negative area: the area is spproximately at holding-gun
potential, and primary electrons, if they strike at all, will
have low velocitles and will emit few secondary electrone. If
the surface becomes more negative, all primary electrons will
be reflected and ohmic leakage will reduce the charge to the
balance point, while if the surface becomes less negative,
electrons from the primary beam will be collected to return tne
surface to the stable negative potential.
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Figure B-30888 illustrates a possible physical form of
the final tube combining the high-velocity end holding electron
gourcee. See Volume 9, M-130, for additional discussion.

The present storage tube status ie intermediate betwveen
the research and the development phases. Operating principlen
have been satisfactorily demonstrated in the regearch labora-
tory. Results to date indicate that the storage tube will
meet the following requiremente which were outlined at the
Harvard Computing Symposium in January 1947. (Volume 9, R-110):

1. High transfer speeds of 6 to B microseconds
between transmission of a control order and
the atorage or reading of = signal.

2. Unique storage of both zeros and ones as out-
put signals of opposite polarity to provide
greater reliability.

3. The inherent abllity to reed out a checking
esignal during storage of a number to indicate
proper operation.

4. A high signal-to-noise ratio.

5. A high denelty of stored signals to permit
a 32-by-32 mosaic of storad numbers.

6. A slmple mechanical design which can be
reasdily produced in quantity.

In addition to the high-speed slectrostatic storage,
Whirlwind I will be equipped with a bank of test storsge.
While expensive of vacuum tubes, this test storage will facili-
tate the installation and testing of the first Whirlwind
computer. After Whirlwind I is operating satisfactorily, thias
test storage will be used for the storage of check probleme,
Future Whirlwind computers will probably not include the eqnivs-
lent of test storage. The test storage made up of vacuum tubeg
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end toggle switches is discuesed in the Block Diagram Report,
Volunes 5 and 6.

3.4 Degoription of Central Control

A complete description of the Whirlwind I control will
be found in the Block Diagram Report, R-127, in Volumes 5
and 6 of this report.

Since Whirlwind I attaine its high operation speeds
through the use of parallel channels, its operating sequence
has been kept extremely simple, resulting in a relatively
simple control. A single-address code has been adopted, and
the control hae been designed to be as flexible as possibdle.
The control ie capable of extension and ready modification
both in changing existing orders end in adding new ones.

The control consists of the following elementa:

1. Master clock
The computer can be run non-synchronously bHut
for computing efficiency 1s run at its
higheet practicable rate in synchronism with
a crystal~controlled clock-pulse generator.
The master clock also generates high frequancy
clock pulses synchroniged with the normal
frequency for use in the high-speed parts of
the arithmetic element.

2. Bight-way time-pulee distributor
Thie distributor produces time pulses in time
sequence on eight different lines. These time
pulses are distributed through connection
matrices to the elemants of the computer.

3. Operation switch
Thie switch is eet by the operation code
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section of the order to selert the
cperaticn to be performed. The outputse of
this ewitch are sent to a crystal matrix
which controls the distribution of the time
pulses to the elements of the computer.

4. Program counter
The computer uses a single-adiress code and
takes ordere in numericel sequence from the
storage unless directed to do otherwige. The
program counter keeps track of the position in
storage of the next order to be performed.

5. Program reglster
The program reglster is used for the temporary
storage of orders after their extraction from
storage and before they are sent to the control
switches.

Enough sparv equipment is being provided in the connection
matrices associated with the time-pulse distributor and
operation switch to allow the addition of new orders at a lator
time if desired.

3.5 Degcription of Imput and Output Devices

The Whirlwind I computer will use photographic film as i%a
input and output medium for coded data. Other inputs are fron
direct conversion of physical quantities to digital values.

The Eastman Kodak Company ie developing readers and
recorders for the storage and use of binary data on 35-mm fili.
This work ies being carried on in close collaboration with
M.1.T., although under a separate contract with the Special
Devices Center. The Eastman Kodak Company is aleo developing
antomatic film developers for proceseing the 35-mm film, A
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report of thie work will be found in che Zastmen Kodalk
Progress Report No. 1 im Volume 11 of this resport.

Eastman 1s developing a single design for multiple
purpose epplication. It will be ueed for manual tran~
scription, film copylng and editing, computer inmput,
computer output, transcription to typewriter, and externel
data recording as for gulded miseile test ranges.

The information 1s stored on the film in the form of
opaque and transparent spots. There are 50 channels acrces
the width of the film with about 100 lines per inch of film
length. Both numbers and their complements are stored as a
checking procedure. A cathode ray tube is used for scanning
the film in both reading and recording. In reeding, the
beam 1s swept across the lines in epoquence, a photocell behinc
the film picking up the information. In recording, the beam
is swept behind a mask with deflection voltagee applied to
deflect the beam to either the number or the complement line
depending upon whether the number stored ie a cue or a zero.
Digite are supplied to the recorder and received from the
reader at spproximately a 500 kiloc;cle rate during the
writing sweep. The equipment can be arranged to store elther
50-diglt i{nformation requiring two lines for botn number and
complement or 25-digit information requiring but one line for
both numter and complament. The actual operation of writing
or resding requires about 100 microseconds in the first case
and 50 microseconds in the second. The film drive is clutch
controlled. The film may De read or exposed at as slow &
linear speed as desirad, but the system is being designed for
a maximun speed of about 1,000 numbers per second. Designed
film capecity is 400 foet, although space is being provided
for 1,00C-foot magagines. A 400-foot roll of 35-mm film will
gtore 12,000,000 binary digits of information.
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4.0 lssearch and Development

This section treats the gemaral procedure and steps in developing
ibirlwind componento, Tae work and status of specific eystom elemar:e
7ollow in the next sectione. Tho materiel of this section iz imcludnd
o stress the large mamouat of suzineering and laboratory rasearch
nsce seary to convert block dlegrame or design studies into a functloning
syetem. An element Finally arriving in the Whirlwind system will
have pessed throvgh the following tea atepa;

l. Systems planning sad block dlagram astudies
2. Cirouit ressarch
Circult derelopmen®
Circult design
b. Panel nssenbly
Preototype deslgn
7. Bystema teast
8. Firal design
9. Fioal nodel testlng
10. Final) agsenbly and uge

The following series of photographs illustrate steps 2 through
"y wsing the arithmetic unit as nn example.

Step 1, the systeme planning &nd block dlagraa rssearch, is
“l1llusirated by Voluxes 5, 6, sad 7.

Step 2, on circuit research, ie illuastrated in FB-263. DBasic
1rassarch 1s done on breadboard circuits involving a few vecuun tubee
tad assoolated components. The olrcult is evaluated for potential
usefuloeas and a stody in made of component tolerances and circuis

bzhavior under laboratory test conditione.

fitep 3 is shown in JB-246. Here is an oarly varsion of the
tritametic element showing the high-speed nbift-ard-~carry matrix ,
1aid out in a phyeical form sinilar to that used for matrix switches.
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Interconnsction prodlems are rtudied. The loading of vacuum tubes
due to suoceeding non-linear grid imput impedances is investigated.
Tests are made on varying pulce repetition ratee snd information is
obteined on the operating tolerances of olreuits.

Step 4 18 a firet engineering design illustrated in FB-264.
Eere ia the component sub-assembly for a high-speed flip-flop com~
plete with imput trigger circuit, output btuffer amplifiers, and nean
indicator lights with agsoclated driving tricdes. This unit ie the
result of many drafting room end engineering leyoute to arrange
circult components for easy accensibility and short lead wires.
Privary attention must be glven to reduwoing capacitances and the
lengthe of video circuit wires. Oomponsnte sre installed om terminal
boards for easy production and so that they may bLes individually re-
moved Zor wepair.

Step 5 1s the nssembly of several of the previous circuit stages
into the panel assenbly unit of FB-262. Here is illustrated the fi-at
approxization to a finel deslgn. Although a gyetem might be as—
sembled with elemente at this stage of development, reliability and
sase of mamfacture and maintenance usually indicate that additional
redesigne should be made. This pansl assembly of the arithmetio
slenent was teated for high-speed operation including the operation
of input gates and output tuffer amplifiers. The high-speed
shift-and-carry matrix of FB-245 hag now taken the form of ths
ioubtle square in the upper central portion. Further studles are
sonducted on circuit component tilerances and the problems which
aave arieen due to the rearrangement of components in the preceding
lesign step.

Step 6 corrects the trountlesome features of the pansl assembly.
Ihie prototype design shown in F3-267 wae built in multiple for
small-poale aystems tests.



http://clror.it

APPROVED FOR PUBLIC RELEASE. CASE 06-1104.

"y
-

-3 -
COMN XDENTIAL

gection 4.0

Step 7, the small-ecale systems tepting, is shown as the com-
plete 5-stage arithmetic unit of ¥B-2656. Five stages of the arlth-
metic unlt and a manual control for multiplication are illueirated.
Here problems in cabling with associated attenvation and pulse re-
flections can be studled. Dus drivers for coaxial line can be
systems tested for the firet time, and the uee of coaxlal lins with
mltiple driving and receiving pointe can be studied. Upper limits
of operatlon set by tube capacitances and circult wiring can be de-
termined. The computing elements are driven by motusl signal sourcos,
not by the laboratory test oquipment previouely msed. The circults
are tested over variable and intermittent pumlee repetition fre-
quencies from push-button control to several megacycles. Trouble
locetion methods for the final computer can be formulated.
Small-pcale eystems operation is valuable in the training of per-

. sonnel. Both the Servomecheniems Laeboratory staff and Sylvania
angineers have workod on the S-stage multipller to learn syetems
arobtlems and testing technigues. The values of the preceding design
steps is demonstrated by the ehort time to put euch & new systom inio
speration. (Bee followlag eection.)

Step 8, the final design, will incorporate changee fcund neces-
sary in the smell-ecale aystems tests. For example, the components
of the arithmetic sloment will be rearranged go that the A-register,
she B-register, and the acowmulator can be constructed esparately.
!his will make video ocabling more orderly end will meke installation
and asintensnce of the equipment sasier. Circuits will be altered t«
uge the new higher powered Sylvania gate tubs in place of 6ASG s.

Systems tests have demonsirated that rectiflier type power
mpplies are unsatisfactory for computing machine use. Transient
power line dleturbances can feed through thess supplies and trigger
computing circult elements. Whirlwind I will be fed from motor-gemerator
tvete.
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Models of the final design at step 9 can be tested in the
small-scale systems setup of etep 7.

4.1 Arithmetic Element Development

Two faotors were necessary before the first oirouit
schematic of the arithmetic element was drawn: one, the dlock
dlagram; two, the results of research and development of the
baeioc components of the arithmetic element such as flip-flops
and gate tubes. The circuit schemutic was given careful con-
sideration and during that time the a-c coupling scheme was
intioduced. Ths first laboratory work on the arithmetic ele-
ment was dond with a breadboard layout of a single digit of
the acoumulator. This ingludad the four-position switech, and
the laboratory work was conduoted primarily to test the
shift-and-carry operation and the a-c coupling.

Following the breadboard acoumulator, a preliminary
single-digit column of the arithmetic element waes built.
This deeign gave more consideration vo the physical arrange-
ment and quality of components than had been given im the past.
The laboratory work done on this unit provided & basis for
writing the test specifications for a 5-digit prototype arith-
metic elomert which hes been gomstrvoted by Sylvanis.

This prototype bes only 6 diglt columas plus a simple ocon-
trol panel for performing mmltiplication. The 6-digit multiplier
provides an opportunity to oheck the performance of a large
assembly of smaller cosponents. The smaller slements, such as
flip-flops, gate oircuits, etc., bave beenm thoroughly tested ac
units to operate in a larger system, tut many unforeseen diffi-
culties and problems best solved by aseombling & large mumber
of slements can be studied by working with such a prototype.
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The 5-dlgit smltiplier is being used to study the pulse shape
and pulee delay when a pulse passes through a mumber of tuben
in serles or when 2 single tube must drive the gride of a
number of tubes connected in parallel. Becanse of the non-
linear nature of the circuits and the variable pulse-repetition
frequency, a careful investigation of all coupling circuite 18
nacessary. Another problem which can be studied with the
6-digit multiplier is trouble location. Trouble-location tech-
niques and suitable test equipment which will be veluable for
Woirlwind I are being developed as work progressee on the
6-digit multiplier. The multiplier is elso useful for educating
new personnel, stimulating thinking in terms of system problems,
and as a demonetrator. Wwhen circuit studies are complete, the
mltiplier will be operated ae a life test unit.

The 5-digit mmltiplier is shown in photograph ¥3-304 com-
plete with step counter and restorer-clock pulse distributor
on the firet rack; and mamal control, restorer pulse generator,
and master clock on the second rack. The digit columns in-
clude gll the circuits required in the Whirlwind I arithmetic
element, but & simple control for performing only multipli-
cation 1s provided. Since multiplication is the most compli-
oated operation required in the arithmetic #lement, ani since
all the arithmetic-element circuits are included in each
column, all the problems anticipated in the Whirlwind 1 arith-
metioc element may be studled in the 5-digit mmltiplier. The
eontrol includes two 5-diglt toggle-switch registers into which
can be set the numbers to be read into the A and B registers.
Thess toggle ewitches are directly coupled to the read-in gates
of these registers. After the A and B registers have been
cleared by a clear push button, a read-in push tutton ceuses
the read-in gates of the two registers to be pulsed, and the
mmbers are transferred to the registers. Multiplication can
then be carried out elther step-by-step or automatically.
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After the multiplication has been completed, a J-stage atep
gounter automaticelly closee the gate tube which sends pulees
to the B-regleter. This counter is repet each time the clear
oueh button is depressed. The step-counter end-carry pulse 1
also delayed and used to initiate the high-speed carry.

A mumber of probleme have besn uncovered by the work
with the multiplier to dates. Satisfactory step-by-step multi-
plication hae been achieved as well ag antomatic mmltiplication
at pulee-repetition frequencies up to 2 megacycles.

The time schedule for assembly and teat of the G-stage
mltiplier is interesting and proves the valus of careful
ongineering design.

First mmltiplier chasels

arrived from Sylvanig------ec--= September 25, 1947
Final assemblies

delivered-—mce o e October 14, 1347
Pueh button operation
functloning----—-~m—ccmcmm e October 20, 1947
Operation at 100 ko

repetition rate--———--——ccuroen =October 28, 1947
Operation at 1 magnoycle----«~-- November 13, 1947
Operation at 2 megacycles—------ November 14, 1547

Further tests will be made to determine the upper
limit of operating frequenay.

4.2 GStorage Tube Development

A Work on electrostatic storage tubes is summariged in
Volume 9, M-159.and M-130. The latter dlscusses the amount
. of time devoted to basic ropearch and to development of vaouun
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tube teoet equipment and construction and laboratory techniques
(Ses Volume ®, M-i6, M-56, BR-130, and Tolums 10, R-131, B-1Z28,
and R=132). Because of ctress oa basic research and on the
fundamental bebavior of the tube components, only a few tuber
have been constrvoted and tested. Moet of those in which all
components of the storage tube have been inaluded ars of recent
origin. The laboratory facilities at M.I.T. permit completion
of a new tube witiir a few days after design is completed.

Most tube testp are nade with video test equipment under pulssd
conditions comparabtl) to ths fimal tube application. Dejendence
is not placed on ste:dy-state testing methods. For convaniense
in construoticn, etoiage tubes have thue far been made wlih
small storage surfscis 3/4 imch in dianeter. There is no

rezson to believe thit other than normrnl mechanical difflculties
will be encountered :n inoreasing tha tube size. The available
equipment discvesed ‘n Volumee 2, 9, 10, and 19 will enadle the
Servomechanierss Labcjatory %o construct the required tubes for
Whirlwind I. Servomch:aisms Laboratory steff members are
accepting rosponsiblliity for converting the laboratory roesulty
to comstruciion practice nd for operating the tubes inm a working
‘computer. A conservative program is thorefore plamed in which
basio ressarch information forms a firm foundationm for dovelop-

=aat and occastruction.

Bem.ltu of soms earlier tests sre reported in Volume 9,
¥~130. Improved resulds have sinco been obtained on other
tunbes. (oo0d ocutput signals cf 0.1 volt without output pre-
amplifie:s have been obtalned. Eigvel-to-noise ratic is excellens.
The 0.] volt output has beea ,btainei in a reading time of 3 micro-
seconds. Writing time 1e lonjer then degired in a fimal tube.
Writiig time at present 1s im the rang: of 20 to 60 miorcsecond:
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but no attempt has yet been made to shorten the writing time.
The writing time ias predictable on the basis of phyelcsl and
geonetrical properties and can be improved by obtaining
higher been current, using a thicker dielectric layer on the
storage ansembly, and selecting a secondary emitting eurface
with a lower first crose-over voltage than has thus far baen
used. Many of the test results to date have been obtalned on
willemite phosphor surfaces. Willemite was most readily
avallable but is notoriously poor for the purpose. The 3/4 inch
dlamster storage surface has been used for storing 12 digits-
Thins density is within a faoctor of two of final objectives:
Independence of adjacent stored areas has been demonstrated
over long periodes of time, but in some tubee has not been as
reliable as finally desired. Some tubes heve been bullt with
excellent independance of adjacent stored areas, and others
with writing times of 20 t> 40 niorossconds. No tube has yet

been constructed to combins these features-

Apperent solutions to the existing storage tube problems

ere known. Considerable effort munt yet be expended before a
satisfactory tube 1s expecied; however, the storage tube de-
-velopment program appears %o be meeting the time schedule of
the remaining Whirlwlnd I components. Since the Whirlwind I
system is independent of the exmct storage tube characteristlca
any tubes which exhibit setisfactory rellability can be used.
Final tubes meating all of the goals set forth in Sectionm 3.3
are not necessary to begin work with Whirlwind I. Future
etorage tube develupment will include pelection or design of
e better high-velocity gin to give greater beam current, the
investigation of other sscondary emitting surfaces, life teai:
on seoondary emitting surfaces, continusd investigation of

‘ mosalo versus contimuous dielectric storage surfaces, the
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davelopment of a larger eslize tube, and improved mechanioal
dosign. Colnoidentally an effort vwill be made to redunce the
phyaical size of the tube from the presently plannsd 6-iuch
dlaneter to a Z-inch diameter.

Deflection ocircuite for the storazs tubes are consldered
satisfactorily demonstrated on a research basis. Only onglasering
deslign remaing to De done apd mo work ls at present belng de
voted to thie phas? of the progrem. A demonstretion system
will be set up to show high-speed rapid celeotion by the de-
flection circuite, and will be usec in conjungtion with im-
proved storage tubos now being plarned., A resume of the
deflectlon circuit etundise ip giver in Volume 10, E-32, E-31,
and B~-120.

4.3 Electronic-Circuit Development

4.3l Flip-flope

The two basic elements of the block disgramas are

the flip-flop and the gate circult. Flip-flope are used

as binary counters, storage elemnats, and gate generators

For the Whiriwind computers, flip-flops must have a

svitoching tine of approximetely 0,1 microsecond. Dewelon

mént of a reliable, high-gpeed flip~flop has been a task

of prime importancs in the electronics group and will

contime. The present flip-flop employs two 6AG7 pen-

todes and a common cathode-bias rasistor. It may be

set to a desired state by epyrlying a pulee to the proper

control grid, or it may be triggored by applying a pulee
. to the cathodes. 3Hecert work has lncluded a study of

the factors that iafluence reliebility, end minor change

in flip-flop design are being investigated by means of a
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flip-flop life-test rack containing ten flip-flops.

Ten flip-flops wore switching 2 x 105 times per wsecond.
The firet run of £00 hours had a counter on one flip-flop
to count errors. For the remaining © flip-flops, an odd
but not an even nmumber of errora could be detected. Up
to 237 hours there wers no errors. DBetween 237 and 253
hours there were at least 5 errors, probably due to
power supply feilure. DBetweecn 253 and 429 hours there
were no failuree. DPetween 429 and 493 hours there was
one error. From 493 to 500 there were mnone.

At 500 hours, counters for the detection of errors
were put oa all flip-flops, and the method of trig.gcrin{;
was changed. A furtner run of 302 hours produced no
orrors. This corresponds to 2 x 1012 gperations without
fallure from any cause. (See Volume 15, E-64 and M-133).
A master‘s thesis is now in progress to investigate a
different type of flip-flop which mey eliminate the
need for precision components. Flip-flops are dis-
cussed in Volume 15.

4.32 Oate Cirouite

The other baslc element of the block dlagram, the
gate circuit, has aleo experienced considerable cdevelop-
ment . An evaluation of gating methodes was made early
in the program (ges Volume 19, R-109). A tube having
two sharp-cutoff grids is mont desirable for the Whirl-
wind ocomputere; the Western Elsctric 6AS6 pentode ia
suck a tube. However, since the 65ASt 1s & low-current
miniature tube, it bas proved inadequate for working
into the low-impedance loads necessitated by very short

. pulees. Sylvania hae developed a new gate tube for
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the Whirlwind computers, Sylvanla type SR-1030. Thie
hae & lock-in base and provides 40 milliamperes of
plete current with the control grid and the suppressor
grid at cathode potential. The tube eliminates the
necessity of driving grids poaltive and makes a more
reliable deeign poseidle. It will be avallable in pro-
duction quantitiee about January 1, 1948, and will have
an BMA type aumber. Ciroults for the new tube are
beipg investigated at present at ¥.I.T. with pre-production
sarples. A more detalled treatment of gate tuber may
be found in Volume 16.

4.33 High-gpeed Switches

High-speed multi-position ewltches are called for
by the block diagrams, for the time-pulge dietribtutoer
and for the operatlon switch in the control, for
selection of a deslred register in storage, and for the
shift-and-carry oporation in the arithmetic element. Anr
evaluation of switching methods was made very early by
the project and m naster's thesls was written on the
moet prouwleing ewlich, the crystal-matrix ewitch. The
problen was to develop a switch which would have a
switching time of n fraction of a microsecond. The
thesls (see Volume 17) describes an 8-position switch
baving a switohing time of appreoximately 0.5 misrosecond
A preliminary deslgn of a 32-position switch hae been
completed. The ewitch hap bDeen constructed and tested.
An improvement on the original deeign has been found
which reduces the switching time of the 32-position
swvitch to 0.2 microsecond (see Volumes 17, R-123).
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4.4 A-C Go'ﬁpllﬁg

In order to avold the cascading of power supplies,
the amplification of power-supply-voltage drift, flle-
ment transformer lsolation, and other difficultles
accompanying direct coupling, & schems of a-c coupling
bes been devised which preserves the functional ad-
vartagee of direct coupling. "his scheme requires that
eech flip-flop im the computer be triggered twice by
two pulses one miocrosecond epart (sc that the flip-flup
returne to ite orlginel state) during a time in the
cycle when the flip-flop is no% otherwise active. Thle
is done freguently emough so that the coupling capaci-
tore do not have time to diecharge; the cesired d-o
level is obtained by use of clamping diodes. &-0

‘ coupling 1e an important foctor in the Whirlwind com-
puters which makes operatlon more reliable by permitting
wider tolerances on power-supply voltages and pulee ampli-
tudes: It 1g digoussed in greater detall in Volume 15

4.36 Crystal Recotifiers

Crystal reotlfiers are used in Whirlwind I for
clamping (d-c restoration), for isolation in coupling
trigger sources to flip-flops, for wiximg eignals in a
common load, in high-speed rulti-position switoches, and
in pulee generating circuite. In addition, Sylvania is
developing special high-conduclivity cryetals for ocoupling
to the digit transfer bue and for use in the deflection
circuits. Crystal rectifiere poessess many advantages
over vacuum-tube diodes, but they poesess the disadvantege
of having a back conductance which fiequently cannot be

: neglected and which increases with temperature. Measure-
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mente have boen mede to dotermins the characteristics
of orystals, particularly at overload and at higk
apblent tempereturse. Close contact is being maln-
tainsd with the crystal group at Sylvania, where life
tests, including life tests vnder pulsed conditicne at
high ambient temperatures, are belng conducted. Crystal

rectifiers ere discussed in VYolume 15.

4.36 Pulse Transformers

Pulee transformere are lmmcrtant components of the
Whirlwind gomputers. Their use as impedance transformers
and for pulee inverglon greatly reduces the number of
tubes required and simplifier ciroult design. Coumercial
pulse transformers suitable for the pulee shape and

. power lovels used have not besn cbtalmeble. A study of
pulse transformers wes underteken and a report prepared
which thoroughly discusses trancformer analysis and de-
eign (eoe Volume 18, B-122). Transformers for Whirlwind I
have been denigned and & study of applicatlions hes been
made. At present, two traneformer types are adequate
for all applications. One type is & one-to-one iuverter
transformer smd the other is a three-to-one impedance
transformer intended primarily for coupling vecumn tubes
to low-impedence cnbles. An investigation of voltage
step-up transformers 1s now being carried out (eseo
Volume 19, E-60). Pulse transformers are dlscussed in
Volume 18.

4.87 Mipcellanecus Tubes

b Of a total of 3,500 tubes for Whirlwiad I, 1 1150
are used in gate oircuits, 700 are used in flip-fiops,
' and 870 are uged as buffer amplifiers (see Volume 16, M-122)
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The tube ueed in flip-flop circulte and for most buffer
amplifiers is the SAG? pentode. Pulse charecteristics
of the tube have been obtained and tube life in being
inveetigated. A group of 100 EAG7's are undergoing
1ifs tepgt at the pregent time. The tubes are helng
overdriven by a 60-cycle voltege on the comtrol grid;
the filament voltage is lefi on 24 hours a day. Alter
2,200 hours, no tobe falluree have been olLserved
Final oconolusions should not be drawn from thie state-
ment, however, beoause the life test rack wes operating
improperly during the firset 1,650 hours of operatisz
(ses Volume 18, M-118). Alsc, a group of 10 flip-flops
using GAG7's 1s being life tentecd. After 500 hours of
opsration, no tube failures have been observed (eee

. . Volume 15, E~64). An investigation of the so-called
"black-out® effect has been conducted to finmd out if
this will ceuse trouble in the vhirlwind computers.
Black-out was obgerved inm the BASE gate tube, but only
when the pulee driving the control grid positive wasg
10 microseconds or greater in longth. HNo trouble due to
black-out effsot is expected in the Whirlwind computers
and the effeot has bDeen observed only in the 6ASG gate
tube. Misocellanecus vacuum tubes are discussed in
Volume 16.

4.38 Miscellaneous Circuite

A mamber of computer circuits in addition to those
already mentionsd have been inveetigated. Theese includes.
buffer amplifiers to drive the digit transfer btun, and
taffer amplifiers to slmultanecusly drive a mumber of
tubes in different racks. The project has also deslgned
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and constructed a 3-stage step counter, a pre-
liminary time-pulse distributor, and h.aa_d.n:lgmed
the register panel and the flip-flop storage for
Whirlwind I. Final desligne of the last two ltems,
reglster panel and flip-flop etorage, are being
prepared by Sylvania. Thegs miscellansous circulte

are discussed in Volume 19.

4.39 Test Equipment

Basic test equipment for reeearch in computer
oircuits must include a synchroscope and a pules
generator. Because of the high pulee-repetition
frequency and short pulees length used in the Whirl-
wind computers, a synchroecope with very faast sweep

. is necegsary. The Model 5 synchroscope has proved
adequate for most work. The T8-239/UP is superior
for certainm purposes. The most widely used test
equipment designed by Project Whirlwind has ingluded
& gas-tube pulee generator for gemeration of short
pulses at low pulse-repetition frequencies and a
high-fraguency oclock-pulss generator (1 to 6 mega-
oycles). The high-frequency olock-pulse generator
is very similar to the masier clock that will be
used in whirlwind I (see Volume 19, E-48). In
order to use the a-o coupling scheme, a source of
paire of pulses spaced epproximately 10 microseconis
apart 13 necessary. This restorer-pnlse generator
hag been need with many test arrangements, includirg
the 5-digit multiplier (sse Volume 19, E-52). A
similar generator will be uwsed in Whirlwind 1. &
gonoral-purposed gate-and-delayed-trigger generator

-

has been designed and many are in use. A tube
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tester has besn doelgned and built in thie laborataory
for obtaining statio and pulse characteristica of
vacuum tubese. A crystal testor has also beon doeigned
and constructed for testing forward and back resistance
of germanium-crystal rectifiers (see Volume 15, E-37)-
Test equipment is described im Volume 19.

4.4 Input end Cutput Equipment Development

The protographic film reader-recorders to be used for
mmerical inputs and outputs with the Vhirlwind 1 computar are
being developed at the Eastman Kodak Company. The atage of
this develcpment is reported in their Frogress Beport Fo. 1 in
Volume 11. The equipment is essentially in breadboard stage
wlth experimental potups of cathods ray tubes, optical systems,

0 electronio equipmen:, and film drives. At the moment thoee
breadboards are in the form of separate components, although
i% 1s hoped that by the first of 1948 a complete working
breadboard systom will be available. Development time 1s
being reduced by the design of a sirgle unit which can bLe mads
into 8 reader or recorder by suiltable changes in its opiical
aystem. The housings, film drives, mechanical systems, &nd
maoh of the electromios will be identical for both units.

The automatic fila-processing équipmsnt will be an adepiation
{rom already existing designs with gomewvhat different speci-
fications. A revision of plans since the Eaetman Koduk report
pernite uge of & recording maek with only two rows cf openings.

One experimentel model of & decimal-to-binary converter
bhas been bullt et M.I.T. nnd 1s deseribed in a thesls by
D. J. Crawford in Volume 12. This unit haa operated satis-
factorily but must be redesigned before inclusicn in finel
e yboard equlpment.
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One of the project engineers has been studying megnetic
recording for use as an erasable intermediate-speed memor,
device. His preliminary findings are reported im R-124 in
Volume 1l. This work is still in a preliminary etage but
farther experizente are being oarried on as diecussed in
M=-106, Volume ll.

Volumes 11 and 12 also report the project work on devices
for conversion between numesricsl and analogne quantitiee. The
first of these devices was built in 1946 and uoed a 2-wvay
counter to count pulses generated as a graduated diso moved
in front of a palr of photocells. This device operated saties-
factorily but has since been discarded as being toco complicated
and expenelve. If many quantities are to be converted, a com-
plete counter converter is neeced at each shaft. Work wase

L agrin begun on thie problem in June of 1947 with emphasie on
the design of conversion methocs requiring but a single ocom-
plicated converter for many quantitles, the additional equip-
ment required at each conversicn polint belng very small.

Some experimental work has been done on a frequency-modulation
system in which the motlon of & ocondenser connected to a ehaft
varies the frequency of an oscillator, the resulting frequency
being measured by bilmary counters. This method is basically
suited only to convereion from mechanical position to mumerical
code. However, all these methods are reverelble either through
the use of feedback systems within the converter or through
the use of external eervomechanisms. Another method now

being studled 1s the use of pulee-time coding. Boot-strap
sweep circuits are used for cornverting from electrical magni-
tude to a time difference between a palr of pulses. This

time difference ias then converted to a numorical quantity by

' means of a binary counter and & fixed-frequemocy supply of
clock-pulses. This system ig elso reversible.
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It 1o not expscted that amy one of these conversion
dovices will suffice for all problems because of the great
difference in specifioestions for the accuracy, precielon, and
sonpitivity of the various quentities being converted. If
the sensitivity requiremsnts are small, then direct binary-
welghted conversica systems such aes are discussed in the
defleotion circuit studies in Volume 10 could be used. Ia
some caser where the eensitivit) must De ome part in ten
thousand or better. multli-speed syetems should be used. A
part of this problem ie the design of servomechenimms which
will operate satisfactorily on intermittent data received from
digital computers. iIn some cases the computer iteelf can be
left in the servo-loop, thus allowing the use of the great com-
Futational oapacity and flexibility of the computer in servo

. compengation. Im other ganes it may be desirable to clops the
servo-loop outeide of the computer, the servo receiving only
positional date. One of the staff members of the Elecirical
Engineering Department at M.1.T. is nt present studying these
problems in preparation for a doctorete thesis.

4.6 Adroraft Cockpit Development

While the cookpit now being designed is intended for
Wairlwind [ and is not the more extersive system planned for
Wairlwind I1, it is considered important that tho cockpit be
sdequate to permit study of tha airoraft analyszer ss & whole
28 well a9 study of simulation techaiques.

The early work on the simulation program was devcted to
astudy of the effects necessary for adequate flight simmlation
and suitable devioces for obtaining realistic pilot reaction

d The effeots ooneidered necessary ars: (1) control-force
' loading, (2) presectation cof alrcraft bshavior by means of a
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simulated instrument peanel, (3) noise and vibration, and
(4) reprodvetion of the interior appointmente and appearance
of an actuvel cockpit- In addition to these factors, motion
of the cockplt was consilered. (See Volume 14, B~125.)

Motion of the cockpit to simulate acoelerations felt by
the pilot during mansuvers presente a difficult problem. Tua
simulation can at best be only approximate. It 1s not feaslble
to mount the cookpit in such a manner that it may have the
same degrees of freedom as the aircraft, since euetalned
acoslerations would required prohibltively large displacements
A ocompromiee considered was to suspend the cockplt as a pendulum
free to swing about two axes (pitch and roll) snd thus to con-
trol the direction of ths gravity vector so that horizontal
components of acceleratisn on the pilot conld be produced by

& tilting. (See Volume 14, R-100, M~-74.) This system would

- require the development of lerge hydraulic servomechaniame
sultable for moving the mass of the entire cockpit structuras.
Since this program prereated serious diffioultiee, and sinoce
the value of such a systom could not be definitely establiehed,
thie phase of the work has been discontinued az a part of the
izmediate Whirlwind program. However, the cockpit will be
smpported by eprings eo Shat it may be vibrated.

The control-foroe loading servos are force-producing
servos whioh compare the actual forces indicated by etrain
gages with the required :‘oroes dictated by the computer. The
difference, or error, 1s amplified slectronically to actuate g
small torque motor. The output movement of the torque motor is
amplified by a hydraulic booster to operate & differentlal
pressure regulator valve. This regulator controls the hydraulio

’ pressure on a piston connected to the controls. The demande of
high speed of response and high precision have necessitated o
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good deal of study and experiment to develop suitable com-
ponents, particularly the bydraulic amplifier and the pressure
regulator.

A test model of the eystem doscribed above has been built
and tested. While the esystem worked well, it still requires
further development to be completaly satisfactory. & faster
hydraulic amplifier is being developed, and werk is under way
to design & more satisfactory regulating valve.

The control-force loading equipment must also insert
calibrated amounts of elastance, backlaeh, and coulomb frictiom
to elmulate these imperfections in actual aircraft controls.
This problem hag been approachsd in two ways. Mechanical de-
vices have bYeen designed to imsert thege quantities in the

. control linkages, and a study is being made to determine the
* merite of caloulating these effects in the computer and sima-
lating them by weans of the hydraullo servos.

Date on alroraft instrument characterlstice have been
gathered, and tentative layouts of the instruments started.
The alower, lees precise instruments (such as fuel gagas)
will probably be voltmetere energized from the computer,

The more precies instruments will be small servomechanlems
recelving input data from the computer. Space limitation and
oxaoting pr_tctaion requirements necessitate careful design to
achleve scourate simmlation of performance and appearance.

In connection with the studles of instrument servos and
control-force loading servos, the nature of the input signal
mst receive careful attention. The signal received from the
computer will be discontimuous slnce information will be read

y out of the computer periodically rather than contimoualy;
hence chenges in signal magnitude will be in discrete ateps.
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The effect of euch operation 1e difficult to predict, and
careful teste of the Whirlwind I aystem wlll be necessary
to evaluate and perhape modify the servoas.

Techniques of generating realistic noise and vibration
effects have already been accomplished by the Navy in the
construction of Operational Flight Traineras.
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5.0 System Deslgn Studles

Block Diegrams showing the organization and control operations
of the Whirlwind 1 computer will be found in Volumes 5 and 6.
These blook disgrams describe the control and the arithmetic ele-
ment but are not complete in thelr description of imput and output
devices, the control desk, checking and trouble location, ard the
storage syestem. Work contlnaes toward completing the Whirlwind 1
block diagrame. Block diagrams for Whirlwind II will be started,
as well as a detalled considsration of probable Whirlwind 11
applications. The reader is referred to Volumes 5, 6, axd 7 for
accounts of the system block clagrams, detailed discussicn of the
computer codee, method 3 of hardling alphabetical information,
checking, trouble locetlon, ard special operations.

. Checkling and special cuntrol functlons are raviewed in the
following two sectionme.

5.1 Ingpection, Checking, and Trouble Locatlon

Two categories of computer application must be distin-
(uighed;

l. Thone applicatiors where high cost in 1life
or property depend on the continuous and
correot operation of the equipment. Most such
applications fall in %he control category, for
exanple, handling of air traffic, chemical
procepses. and eome military operations.

2. Thope app..ications where continulty of operation
is not of primary importance even though in-
- correct answers may be financially costly.

. In Class 1 not only met faulty answers be rejected but
correct angwers must De slmul tensously avallable. A minimum
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of thres machines is rogoired. In case of a fallure, the

two answers that agree can be taken as correct. 4 minimum

of four machines 18 required if the check is to contirue

vhile ons machine 1s being serviced. The mumber provided for
each problem will depend on the economice of the situstion.
Checking ueging one palr of machines will in general be unsatls-
factory since there 1s no quick way of determining which is
providing correct answere when a discrepanoy occurs.

Class 2 computations whers contimity of computer
operation is not essential are the ones more ordinsrily dis-
cussed. The normal flow dlagram for solving & problem by
digital computation is shown in Drawing A-31200.

Caecking of step 1, the mathematical interpretation of thas

. phyeical problem, and estep 2, the converslon of the mathe-
matical formmlation to machine ocode, can be done by bhaving
the problem independently formilated by two capable groups.
The two independent formulatlons can then be run through the
machine, a comparison of the aaswers glving a thorough check
on the operation of the entire sequence since the two formu-
lations will, in genersl, be quite different. It is also
possible to check these steps Oy comparing the machine
angwers with certaln known resulte obtalned by other meanes.
Well designed mathematical checks involving smoothness or
identities should alsc holp in this checking.

Deperding upon the length and nature of the problem, trene-
cription from written code to photographic film can be done by
duplioation and comparison or by proof reading. The operator

A ineerts orders and numbers through a decimal keyboard as dig-
cussed in Sectiom 3.1. VWith a more elaborate keyboard it would
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mambers are to be recordsd on the film in binary notetlon,

be possible to irsert elphabetlic information as well.

the conversion heving bveen perforued auntomatically by equip-
mont at the keybcard. Tae sequence ig as follows:

l. Decimal input on keybtoard by cperator.

2. Conversion to binary number

3. Decoding the binary puamber back to decimal.
4. Printing the decimal number on a paper tape

5. Ingpeoticn of decimal number by operator.
The converslon equipment operates
rapidly encugh so tha® the printing 1s
esgentially coincident with the 1ipput.
. The bvipary cumber hee not yet been recorded
on the filn; thuse the operator can correot

any errore
6. Reocording of bipnary number oo film.

7. Checking of the recorded mumber with the
original through phctocell interlock.
(Ses Volume 11, Hastman Kodak Report).
Bota the ourber und its complement are re-

corded and checkoed.

Two such filmes can be transcribed and compared if desired
Another possibility ie to check the first film against a
second operator as propoeed for the Purean of Standards magne-
tic wire input. However, checking ls sufficlently complete in
the writing process that proof reading of the paper tape
egninst the original date should be eatisfactory fur most
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probleme. Checking by duplicate tapee or duplicate aperators
ie equivalent to proof realing but %ies up equipment. Again
the cholce is &n economic problen depending on the value of
the solution. It 1s expected that many engineering solutions
will be run for trial and inspection purposes in which ex-
tensive checking will not be Justified.

Checking within the machine itself will use four
different methods.

1. Continuous checking of some parts of the

equipment st each step of an operation.

2. Intermittent checking of the remainder of
the equipment by the use of check problems.

# 3, Checking of check 2ircuits and for incipient
fallures due to merginel operation by the
upe of inspection oroblems.

4, Checking for trus lntermittent fallures by
mathematicel checks.

Continuous checking of all narte of the computer either
by elaborate internal checking or by the duplication of com-
puters does not seem warranted. Such checking 1s no more
successful for discovering steady-siste errore than inter-
mittent checks by check probleme. Continuous checking will
diecover intermittent or translent fzilures but loses much of
its value becanse it supplies inadequate information for the
diagnoeln and correction of the troutle. Mathematical checks
are a muoh leee expensive way of dlscovering transient falluras,
The time saved by immedliate detection of a tranelent fault will
not be important as long as such faults are relatively rare and

' care is taken to provide restarting points in the course of a
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lengthy caloulation. BSome contimuous checking particularly
in transfers between film end computer and transfers within
the computer itself will be provided in Whirlwind I. Thase
checks examine large sections of the machine but require
relatively little equipment and no loss of time.

Checkk problems will be part of the main program witain
the machine and will be run automatically at frequent inter-
vals, probably of the order of one second. The problems will
be designed to test the operatiom of all elements of the com-
yuter with as few cperations as possible. The time required
for check probleme is not expected to exceed 1 to 6 percent
of total computing time. 4n error mede by any part of ths
computer during the check problem will cause the computer to

) stop. Steady-state failures will thus be detected shortly
after they have ocourred ae well as intermittent fallures of
high occurence frequency.

Inspection problems will aleso be performsd at intervals
at the discretion of the operator, for example, once a day or
as praoctice proves necessary. Component life teste to date
indicate that intervals of this length or greater are practical.
(see Section 4.1 and 4.3). The inspection procedure will check
all normal checlking circuits for proper operation. Furthermore,
it will be designed to detect marginal operation and inciplent
failures. For example, the inspection problems will be run in
the computing machine as gsufficient operating conditions are
altered to demonstrate the operating margin of component cir-
cuite. Fallure will be reduced from a marginal to contimmous
oocurrence and will be picked up in the normal checking and
comparison proocesses so that the source of error can be located
. and marginal operation eliminated. As examples, the following
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operating conditione can be changed:

l. Plate voltage raised and lowered to check
flip-flop trensfer rates, amplifiir output
signale, ote.

2. Grid blas voltage ralsed and lowered to
check oircuit tolerances to input trigger
signals.

3. Clock repetition rates increased and decreased
to check frequency independence of circuits.

4. Artificial loads added to critical circuits
to chack stehility of signals.

Execution of this inspection sequence can be made
. entirely antomatic and should take tut a few minutes 1f equip-
ment 1s properly designed.

It is expected that the majority of intermittent fallures
will be avoided by the marginal failure checks in the inspection
problem. Thos intermittent failures which are not mso avolded
can best be discovered by the use of matbematical checks on
results or partial results. Such checks might be for smooth-
ness or ldemtity or even in extreme casep by repetition using
an entirely different computing method. Even if a simple
mathematical check 1s not possible intermittent fallures can be
discovered by simply repeating the original prodlem. GSteady~-
state orrors which could cause both answers to be wrong and yet
check will be discovered by the check problems. A true inter-
mittent error will cause & disorepency between the two runs.

Dlscovering the existence of an error is only one part of
' chscking. Just as importent ie the locatlon and repair of the
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feulty part. The whirlwind computers will mse three general
methods for this purpose;

1. Indicators will be provided for blown fuses,
open breakers, overtemperature and other
phyeical troubles. Monitors will be provided
for pulse shapec, amplitudes, and frequencies.
Those monitors will be sutomatlc with indi-
cators and will also present wave shapes on
oscilloecopes at the operator's coneole.

2. The entire computer can be run step-by-step,
the contents of all computer registers being
available on neon indicators at the operater's
console. In addition, it will be possible to

. run the machine at high speed and yet to de-
termine the contents of any register at any
tine. Coircidence counters, illustrated in the
control denk, Drawing A~31083 of Section 3.1,
make 1t poosible to select the contents of any
of the computer registers at any time-pulee in
any operation of & computing sequence. The
advantages of this gyetem are both that the
computer functioning at high speed may be
checked anc that it will be much fester to
reach a particular point in a computation by
this moans than by step-by-step operation.

The coinciience counters can be sei to stop

the computer at the eelected point in & problem
or to elmply extract the desired informatlon and
allow the computer to proceed. FProvision will
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be made for the automatic comparison of ex-
tracted numbers with others previounsly ex-
tracted or st in by the console keyboard.

3. Trouble-location problems are expected to be a
most powerful aid in looating faults which occur
contimously or at frequent intervals. The value
of these processen bhag already been demonstrated
in the 5-stage multiplier. The trouble-location
problems may conelst of many thousand ordere
bat need be prepared only once for the computer.
They will ba stored on one of the input filums
ard called into uee only when needed. The
sequence will start with elementury operations

. requiring & minisum amcunt of equipment and
gradually incorporate the operation of other
computing circuits. The computer will gener-

- ! ate a distinctive mumber pattern for eaoch different
part whioh falls. Once the computer is built and
ramning 1t can be used for gensrating these
patterns Lteself although they can be generated
more laboriously by mamal means. The table of
patterns agninst failures oan either be con-
sulied by the operator or stored on film and
ccnsulted by the machine. It 1s expected that
the mjority of machine failures can be located
wvithin a few mimtes by this means.

5.2 6Speciel Control Functions

The Whirliwind I computer 1s so designed that addition of
gpeclcl operations 1s relatively easy. Many of these special

B
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operations have not been included in the first design but cen
be added in later designs or even added to Whirlwind I at a
later date. GSome speclal operations regquire no changes in
the physical equipment.

Alphabetical information and sorting by alphabetical
classification can be readily handled in the Whirlwind Com-
pater. Alphabetical problems have thus far not been ones of
major interest, but are discussed in Volume 7, M-134, and in
Section 6.5 of this Volume. Preliminary investigations indi-
cate that the high computing speed end the large amount of in-
ternal storage which can be provided in Whirlwind computere cen
be effectively and efficlently used in correlation and sorting

problems.

. Accumlation of products is typical of the kind of
dperation which could be readily provided if the need aroee.
Acoumulation of productes might be highly desirable in matrix
operations. One of the extra order positions available in
Whirlwind I could be used for this epecial operation.
Accumlatlon of products is dlscussed in Volume 7, M-136.

Extracting square roots while not included in whirlwind I
as a specific program order 1s not appreciably more diffiocult
for the parallel type arithmetic element than the process of
division. Automatic division hag bteen included as more
genorally useful. In Whirlwind I equare roots are extracted by
progranned arithmetic stepa. However, the mutomatio extraction
of equare roots would require little additional equipment and
would be desirable for any machine frequently used for problems
involving triangulntion.

. Special outpus controles are required in many of the simu-
. lation problems. The equipment will, therefore, be able to
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perform such functlions as operating switches, controlling
servomechaniems, and performing other logical operaticns
of a physical nature which have been sst up in the con-
trolling program.
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6.0 Applicationms

The Project Whirlwind goal is a ocomplete simulation system
inoluding digital computer, input and output conversion of physical
quantities to mumerical imputs and the reverse, and any speclalized
components required for specific applications. Essential to this
progran is a soundly englnsered computer which oan be used as &
%00l in the work to be done. Operating speed has been set high
not only to make possible the caloulation of control and real-time
simulation problems, but also to use efficlently tiae eleotrical and
slectronic components of the system. The Whirlwind eystem can
accept information in meny forms, inoluding numbers on film and
magnetic taps; Dinmary, coded-decimal, and alphabetical symbols;
eleotrical voltages; time-pulee modulation; and mechanical positions.

’ The computer canm put out mumerical and graphical results, and
can control information and communiomtion systems.

Tha Whirlwind computer cen be arranged to provide control sig-
nals for mechanisms reading films, megnetic tape, paper tape, or
punched cards, so that information im any original form including
teletypes can be utilized.

Because of the control and computing flexibility, problems
and informatlon coded for other computing systeme can likewlse be
interpreted, used directly, or converted to the proper ¥hirlwind
system of notation., This would include the acceptence of data
origimally prepered in the coded decimal system, either ordinmary
‘or exocesn three, as well as alphabetical information coded in several
“ormes. Additional comments om alphabetical work will be found in a
seation on the Census Burean.

Hany simalation and computing applications have been informally
' considered with various groups. 0Only a few of the studies have been
reduced to final written form, because data on obJjectives and
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operatiog requirements of the problem have in general been too
incomplate.

Tha following problems are typical of the types which have
been considered and discussed. Most have been pureued far enough
to maks certain that Whirlwind equipment would meet the require-
ments of the application. Here again suffioient detail has usually

2 been miszsing.

6.1 Alr Traffic Control

Consider for a moment air traffic control. We can, for
the purpose of example disocuss traffic control as merely an
information center withont beceo~ing iavolved in the problems
of airoraft pilot pesychology, the question of date presemtation

] to the pilot, and the relative merits of the various antomatic
landing systems. The comments apply equally to control at air-
ports or along the airways. Air traffic control and proper
haadliag of the information may require among others the
following functions:

A. Radar Information

1. The computer should receive radar data indicating
the range, bearing, and vertical angle of all air-
oraft in the vioinity.

2. This radar information as it arrives must be corre-
lated with previous airgraft information.

3. The radar may often supply beacon signals to the
computer for identification of most of the alrcraft.

B. Evaluation of Information

' 1. Incoming information muat be used to correct the
calculated locations of planes in the vicinity.
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Besed on avallable information, future courses
should be extrapolated or predicted to check
againet collision or to detect airoraft out of
aseigred positions.

Store required information about each alroraft
in the area. This information would inoludse:

a. X-cocrdinate of position

b. T-coordinate of position

c. Altitude

d. X-coordinmate of speed

e. T-coordinate of speed

f. Rate of climd

g- Hate of turn

h. Agcuragy probabilities of the above
poeitions and rates

i. Destination

J. Origin

k. Identification

l. Other information of interest

The computer acting as an information ocenter should
recognize new 2ircraft entering the area and like-
wiss should recognize end remove from the computing
system those airoraft which bave left the area or
bhave landed.

The computing system should use information from
other detectors as it becomes available. JFor

example, triangulation from other radar setes,
visual sighte, beacons, and radio can all be
ocorrelated to zive a better overall ploture.
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C. Presentetion of Information

Suitable displays and indicators should be
available for presenting the required informetlion,
including:

1. Indication of new aircraft coming withim the area.

2. Indication of alreraft out of position or flight
pattern.

3. W¥Warning of possible collisiorn courses and per-
haps indica¢lon of recommended course changes.

4. Display of the surrounding air activity, showing
present position of cralft, their predicated
positions, and some izdication showing cltitude
as vell as X-T posiiion.

. D. Automatiec Comtrol

So far as the information center and computing
squipment are coacerned, operation cam be readily
extended to inolude automatic control such as
blind landing operations. This funotion wounld
be dependent on suitable detecting apparatus

for providing the required acouracy of alroraft
position.

E. Safety

Safety and reliability in air traffic control
would of course be of utwmost importarce. Com-
puting equipment for handling the air traffio
control problem mst be englneered for the
greatest pussible reliability. Im additiom
this type of application Jjustifies the use of

. mltiple computing units for reliebility and
checking purposes.




PPROVED FOR PUBLIC RELEASE. CASE 06-1104.

&)

CONFIDENT AL
Seotion €.1

Coneider now the problem of air traffic control outlined
above. The capacity of a computing machine 1is specified by
two quantities: 4ts diglt storage capecity and its computing
speed. The air treffic control problem will be related here
to the Wairlwind I system. This ie not becauee the Whirlwind I
system is ideally suited to traffic control, tut rather be-
oeuge it serves as an example and a scale of reference.
Approximate data for the Whirlwind I system follow:

Storage: 2,000 registers, 16 bimary
digites each

Speed: 20 mioroseconds, plus or minus,
per basic operation

We must examine both the speed and the storage capacity

. in order to evaluate the usefulness of a given machine im a
specified problem. The figures which follow are probably
accurate within 30% and are based on detailed studles of
similar problems. In Item B-3 above, we listed 13 quantities
which might be required for each aircraft. Others not listed
might bring the total to 20 storage registers for each air-
plane. In general, the 16-digit accuracy of a storage reglster
ir Whirlwipd 1 will be sufficient for any of these quantities
with the possible exveption of X and Y positions and certaln
of the rates. Quantities requiring higher accuracy may be
handled with 2 storage reglsters allocated to the quantity,
providing 32 binary or approximately 10 decimal places of
sensitivity. Assume for purposes of illustration that we wish
to handle & maximum of 50 airplanes in the area at one time.
Total storage required for aircraft data 1s then 50 times 20, or
1,000 storage reglsters.

' Based on previous work, about 500 registers are required
for storing the computing program. These control orders in-
oclude those required for handling the radar cofrelation, the
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identification of new aircraft, the extrection of old sireoraft
frou the computing syatem, and recognition of the varicus
alternates and emergenoy situations which the information
center is to handle. A preliminary mathematical treatment

of radar correlation ie given in Volume 8, N-124.

Fifteen hundred reglsters are therefore required for
5 storing the computing program and the alrplane data. The
remaining 500 etorage registers of Whirlwind I would be
available for storing data regarding flight patterns, or
might be used in conneotion with automatic landlng procedures.

We muet now examine computing speed requirements for the
above problem. In general, only a part of the 500 orders
will be required each time a particular airoraft in the air

’ control system is considered, because many of the possible
emergencies and contingencies need not be treated. Say for
example 300 orders are required for dispoeing of a new plece
of radar information relating to a particular alrplane. The
remaining 200 orders are used only occasionally to treat
umeual circumstances. The computation, sorting, and comtrol
indicated by the 300 orders will require, at 20 microseconds
each, approximately 6000 microseconds. To treat each of the
50 alrplanes would then reguire 0.3 essconds, ee indicated in
the tabulation below:
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Whirlwind I etorage 2048 registers
Reglsters per plane 20

Nusber of planes 50

Regleters for all planes 1000

Reglsters for program B00

Reglaters remaining 546

Computing time per order,
average 20 microsec.

Orders per aircraft,
average 200

Computing time per
. aircraft :006 mec.

Computing time, 50
aircraft 0.3 wsec.

It is probably not mecessary to compute aircraft positions
each one-third second, but the additional time might be de-
voted to landing or other operations. Extenslon of the
storage capacity by addition of other digit columns would
malke possible the handling of larger mumbers of aircraft or
intricate details relating to flight patterns and contrul
operations.

6.2 Air Forces Computer

Representatives of the Alr Forces visited the Servo-
mechanisms Laboratory in May, 1947, to discuss the application
of Whirlwind oomputers to a large~-scale bookkeeping and
logletios problem. The problem was considered only in the

' detall permitted by a single conference. The result of the
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conference indicated that Whirlwind computers would serve
usefully iz the required application and that their high speel
and large internal memory would be valuable in the sorting and
collating operations required. The problem aleo required
operations on matrices up to the order 100, the performance

of whioh is greatly accelerated by extensive internal storage.

No work was undertaken in conmection with the Air Force
program becauese 1t was pointed out that Project Whirlwind was
progressing as rapidly as possible and that additional funde
at that time would not appreciably accelerate the avallabllity
of equipment to the Alr Forces. It was further pointed out
that Whirlwind equipment when developed would meet the re-
quirements and that the Alr Forces would be well advised to

. avelt the avallability of the first Whirlwind system to try
certain of the problems outlined.

Speoifications as originally written for the Air Forces
doeoribe a computer some 10 times the oapacity of Whirlwind I
tut smaller than Whirlwind II.

6.3 Army and Navy War College Simulator

Simulators for tactical training have been discussed on
several oocasions with members of both the Army and the Havy.
A computer with charaoteristice of the Whirlwipd aystenm at a
size intermediate between Whirlwind I and Whirlwind 11 seemes
most appropriate. In ons application the simulator must
generate the absolute and the relative motions of ships and
tosk groups of the oppoeing foroes being simulated. At each
of the many command centers muast be controls which set into
the computer such faotors at tho disoretion of the command

. group as course, speed, fire control, and defense. The com-
pater must keep a running nccount of positions, damage, offensive
and defensive ompeoity, and scoring.
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6.4 Gulded Missile Data Reduction

Components of the Whirlwind system are suitable in
practicelly the form now contemplated for epplication %o the
problem of guided miselle date reduction. A computer of the
¥hirlwind I type might be used, but a redesigned and more
compact vereion, equivalent in phyelcal construction but of
smaller capaclty than ¥hirlwind II, wonld be more suitable.

In such a guided missile data handling system, all telemetersd
informstion should be recorded in e form suitable for direct
uge by digital computation. Signals modulated by code, time
pulse, fieaquency, or amplitude can be interpreted by reasonably
simple oirculis and racorded as binary numbers on photographio
film. Since the data that are recorded will be subjeot to the

. usual experimentasl errors, including roughness in the numerical
values and in many cases cmigsion of signals due to telemetering
and communication failure, 1t will be necessary that the conm-
puting system smooth and interpret the recorded data.

For example, the computing program oan be so designed
that mieeing information can be filled in by extrapolation of
preceding and sucoeeding data. Such a computing program might
be readily set up on the basis of trajeotory continuity and
esmoothness. In most tests, dat~ will be recorded at several
receiving points, and these mmet be properly matched and
evaluased in the data reduction process. Triangulation for
trajectory becomes poseible by measuring the time difference
of signal reception at several recelving pointe or by tri-
angulntion using the measured radar range from several locations.
Time would be recorded along with the data to permit correlation
by the computer. Data on trajeotories and the missile confrol
‘ system behavior ghould be reduced to the final form required
for interpretation before the materiel leaves the numerical
form in which it can be handled by the computing system.
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6.6 The Qenme Problem

It is only very recently that information has been re-
ceived sbout the census problem. Consequently, very little
study has been given to the census problem inm relation to
Vhirlwind I. The following comments have been prepared on
this 3hort notice.

The peculiar properties of the census problem seem to be
as follows:
a- Very large quantities of externsl duta must
be handled.

b The btulk of the work lies in sorting and
tabulating this external data.

. ce. It will Le necessary to transfer, sort and
tabulate alphabetical data using the machine.

The gains expected from the use of digital computers are:
a- GOreater gpeed and economy.

b. More efficlent storage of external data.

Thers are then two considerations in the machine:

a. Ite internal organization, computing speed,
and sstup procedure muest be such as to
efficlient y carry out limited menipulations
with large quantities of data.

b. The imput and output equipments mast be
arranged to supply and receive the large
quantities of data handled by the machine and
to do s0 rapidly and efficlently. An efficlent
balance must be maintained between the oper-

. ating speeds of the computer and ite imput




-

PPROVED FOR PUBLIC RELEASE. CASE 06-1104.

&)

- 70 =
CONFIDENTIAL

Seotion 6.5

and output equipment. The ratlo of the
mmber of computer cperations performed

to the amount of input data received from
tapes 1s much less than exiets in simulatlon,
control and sclentiflc calculation probdlems.

It 1e difficult without a deiailed study to discuss the
suitability of the film input and output of Whirlwind I to the
census problems. It may well be that an erasable medium such
as magnetic tape may be sufficlently less expensive and even
sufficiently more flexible to warrant its use instead of photo-
graphic film. It is also difficult to eetimate the efficlency
of balance between Whirlwind I and ite proposed Loput and oul-
put devices for census problems. It is always possible, how-
ever, to mse multiple input and output equipment with a s-.ogle
oomputer. Comment will De limited here to discussion of the
internal organization of the computer iteelf. °

Firet, the Whirlwind I order cods has been designed to be
completely general and flexible. The only departures have been
a fow additions to facilitate computation on the problems of
principal interest. Oorresponding modifications for handling
census information could be incorporated. However, no such
modifications seem warranted.

The census problem reduces to & series of inspections on
externally supplied digltel informatlon. Thess inspections de-
termine either equality or magnitude of the mumbers involved.
The character of the number determines its disposition or the
digposition of accompanying data. The desired operations mey
ingolude tabulation in selected registers, the restorage of the
entire block of data on an output tape, or even modification of
the data 1tsalf,
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The Whirlwind computer will perform these funoticns
through the uee of 1its addition, subtraction, ehifting, and
conditional enbprogram orders. FPrograms may be readily
written for examining mumbers which occupy considerably less
than a register length, as will be the omse 1n most of the
cengus applications, or for examining numbere whick occupy
several regleter lengths such as are likely %o ooccur in
slphabetical sorting. No trouble is presented by dlocks of
information requiring severesl registers in which each register

contalns severel short numbers.

Ths high computing speed of Whirlwind I ghould result in
short solution times in cempus problems as in others. If the
computer handles information faster than the inmput and ocutput

’ devices can transfer 1%, then a number of such devices can Dbe
used with eack computer. It may alsc be possibls to use some
of the high computing speed to perform more complicated sorting
ana tabulating processes within the computer, tlms reducing the
pumber of transfers between tapes. This advantage will become
more apparent if g large amount of storage capaclty is pro-
vided. At present Whirlwind I will zllow tabuletion in abouk
1000 to 2000 different categorles devending upon the size of
the tabulatlon and the asmount of progrem required. If desirad,
this setoragns capacity can be lnoreased.

Althougb no though was given to alphabetic data when the
organigation of Whirlwind I was pla.ned, there scems no reason
to suppose that the computer will be usable to handle 1t.

The machine will hendle such data, consldering each alphabdetlc

character as a binery coded mumber which does no% ocoupy a

full register length. The machine will require no faclilitiles
. beyond those already avallable for sorting alphabetic data in
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poquence, examining slphabetic information for omality, or
manipulating arithmetioc information with alphabetic markers
Further information on this subject will be found in

Volume 7, M-134.




