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PREFACE

In January 1947 the Bureau of Ordnance of the United States Navy and Harvard Univer-
sity together sponsored a Symposium on Large-Scale Digital Calculating Machinery as a
means of furthering interest in the design, construction, application, and operation of computing
machinery. This meeting was attended by over three hundred people, nearly four times the
originally expected attendance, and by popular demand the proceedings were published as
Volume XVI of the Annals of the Computation Laboratory.

At the Oak Ridge meeting on computing machinery in April 1949, Mina Rees and John
Mauchly, representing the Association for Computing Machinery, suggested that another
symposium should be held at Harvard summarizing recent and current developments. The
staff of the Computation Laboratory had already considered this possibility in connection
with the announcement of the completion of Mark III Calculator, and were delighted with
the suggestions of Dr. Rees and Dr. Mauchly. Accordingly, the Bureau of Ordnance was
again invited to join Harvard University in sponsoring a second symposxum with emphasis
on the application of digital calculating machinery.

From experience with the first symposium, it was expected that perhaps three hundred
people might attend. The response of more than seven hundred participants clearly indicated
the rapidity with which the field of automatic computation is growing.

This volume, the twenty-sixth of the Annals of the Computation Laboratory, contains all
the papers presented at the second symposium except one. Two of the speakers, Manuel S.
Vallarta and Frederick V. Waugh, found at the last minute that they were unable to attend.
However, their papers were received and were read by J. Curry Street and Leon Moses,
respectively, both of Harvard University. Because of the tremendous editorial difficulties
experienced with the proceedings of the first symposium, each speaker at the second was
requested to supply his manuscript in advance, in order to avoid dependence upon transcription
from sound recording. Thirty-nine papers are herein published essentially as submitted.
Thus the work required to prepare this volume for publication was greatly reduced. However,
it was necessary to redraw many of the illustrations for offset reproduction; this was done by
Carmela M. Ciampa, assisted by Paul Donaldson, photographer of Cruft Laboratory, Harvard
- University.

Since the symposium was held in September, prior to the opening of the fall term, it was
possible to make use of the dormitories in the Harvard Yard and the dining facilities of the
Harvard Union. Arthur Trottenberg of Harvard University supervised arrangements for
the use of these facilities and other accommodations. Preparation of the program and regis-
tration lists and the registration of the members of the symposium after their arrival were
carried out by Betty Jennings, Jacquelin Sanborn, Jean Crawford, and Holly Wilkins. It is

v



PREFACE

a pleasure to acknowledge the coéperation of Edmund C. Berkeley, secretary of the Association
for Computing Machinery, in this connection. o

‘The staff of the Computation Laboratory wishes to express its appreciation to the members
of the symposium for their attendance and for their participation in the discussions, to the
chairmen of the several sessions for their assistance, and to the speakers not only for their
addresses during the symposium but also for their coGperation in preparing the manuscripts
of their papers. | A _ '

The staff also wishes to express its gratitude to the Bureau of Ordnance and to its repre-
sentatives, Captain G. T. Atkins and Mr. Albert Wertheimer, for many years of pleasant
association throughout the building of Mark IT and Mark III Calculators, for their continued
interest and help, and for making possible both the Second Symposium on Large-Scale Digital
Calculating Machinery and the publication of its proceedings.

‘ Howarp H. AIKEN

Cambridge, Massachusetts
May 1950 :
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PROGRAM

FIRST SESSION

Tuesday, September 13, 1949
10:30 a.M. to 12:00 p.M.

OPENING ADDRESSES

Presiding

Howard H. Aiken
Director of the Computation Laboratory

Edward Reynoids 3
Administrative Vice President of Harvard University

Rear Admiral F. I. Entwistle, USN g
Director of Research, Bureau of Ordnance

SECOND SESSION

Tuesday, September 13, 1949
2:00 p.M. to 5:00 P.M.

REceENT DEVELOPMENTS IN COMPUTING MACHINERY
Presiding
Mina Rees, Office of Naval Research

1. The Mark III Calculator 1!
Benjamin L. Moore

Harvard University
2. The Bell Computer, Model VI 2.0
- Ernest G. Andrews
Bell Telephone Laboratories
3. An Electrostatic Memory System 27~
J. Presper Eckert, Jr.
Eckert- Mauchly Computer Corporation

4. The Digital Computation Program at Massachusetts Institute of Technology iy}

Jay W. Forrester wwl

Massachuseits Institute of Technology
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SECOND SESSION-—CONTINUED
5. The Raytheon Electronic Digital Computer £ ¢

- Richard M. Bloch
Raytheon Manufacturing Company

6. A General Electric Engineering Digital Computer L5

Burton R. Lester
General Electric Company

BANQUET

Tuesday, September 13, 1949
7:00 p.m. '

Toastmaster

Edward A. Weeks, Jr.
Editor of The Atlantic Monthly

Speéker
‘William S. Elliott
Research Laboratories of Elliott Brothers (London) Limited

“The Present Position of Computing-Machine De\;elopment in England” 7%

THIRD SESSION

Wednesday, September 14, 1949
9:00 A.Mm. to 12:00 p.Mm.

. REceENT DEVELOPMENTS IN COMPUTING MACHINERY
Presiding
E. Leon Chaffee, Harvard University
1.. Semiautomatic Instruction on the Zephyr 4 %

H. D. Huskey '
MNational Bureau of Standards, Institute for Numerical Analysis

2. Static Magnetic Delay Lines = ¢)

- Way Dong Woo
Harvard University
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THIRD SESSION-—CONTINUED

. Coordinate Tubes for Use with Electrostatic Storage Tubes 4 b

R. S. Julian and A. L. Samuel
University of lllinois

. Basic Aspects of Special Computational Problems | /5~

Howard T. Engstrom
Engineering Research Associates, Inc.

. Electrochemical Computing Elements }19

John R. Bowman
Mellon Institute

bogical Syndone angl ‘
. EDVAC Transformation Rules a5

George W. Patterson
University of Pennsylvania

FOURTH SESSION

Wednesday, September 14, 1949
2:00 p.M. to 5:00 p.Mm.

NuMmERICAL METHODS
Presiding
Raymond C. Archibald, Brown University
. Notes on the Solution of Linear Systems Involving Inequalities | 37

George W. Brown
Rand Corporation

. Mathematical Methods in Large-scale Computing Units |4-)

D. H. Lehmer
- University of California

. Empirical Study of Effects of Rounding Errors | ¥7
C. Clinton Bramble
U.S. Naval Proving Ground, Dahlgren, Virginia

- Numerical Methods Associated with Laplace’s Equation | §

- W. E. Milne
Institute for Numerical Analysis, UCLA and Oregon State College
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FOURTH SESSION-—CONTINUED

5. An Iteration Method for the Solution of the Eigenvalue Problem of Linear Differentia
and Integral Operators ) 64

Cornelius Lanczos
Institute for Numerical Analysis, UCLA

6. The Monte Carlo Method ’»v'z
S. M. Ulam

Los Alamos Scientific Laboratory

FIFTH SESSION

Thursday, September 15, 1949
9:00 A.M. to 12:00 p.m.

CoMPUTATIONAL PROBLEMs IN PHysics
Presiding
Karl K. Darrow, Bell Telephone Laboratories

1. The Place of Automatic Computing Machi'nery‘in Theoretical Physics 715

Wendell H. Furry -
Harvard University

2. Double Refraction of Flow and the Dimensions of Large Asymmetric Molecules 19

Harold A. Scheraga, John T. Edsall, and J. Orten Gadd, Jr.
Cornell University, Harvard Medical School, and Computation Laboratory of Harvard University

3. L-Shell Internal Conversion LW

Morris E. Ro:se
Oak Ridge National Laboratory

4. The Use of Calculating Machines in the Theory of Primary Cosmic Radiation 72 ‘¢
» Manuel S. Vallarta
University of Mexico
(read by J. C. Street, Harvard University)

--~-5. Computational Problems in Nuclear Physics 2 5¢

Herman Feshbach
Massachusetts Institute of Technology

xii



SIXTH SESSION

Thursday, September 15, 1949
2:00 p.M. to 5:00 p.M.

AERONAUTICS AND APPLIED MECHANICS

Presiding
Harald M. Westergaard, Harvard University

1. Computing Machines in Aeronautical Research .47
R. D. O’Neal

University of Michigan
2. Problem of Aircraft Dynamics  .°7)

Everett T. Welmers

Bell Aircraft Corporation
3. A Statistical Method for Certain Nonlinear Dynamical Systems 2%/
George R. Stibitz
Consultant in Applied Mathematics, Burlington, Vermont

4. Combustion Aerodynamics -+ 3
Howard W. Emmons
Harvard University
5. Application of Computing Machinery to Research of the Oil Industry 254"

Morris Muskat
Gulf Research & Development Company

6. The 603-405 Computer 3 )6

William W. Woodbury
Northrop Aircraft, Inc.

SEVENTH SESSION

Friday, September 16, 1949
9:00 A.M. to 12:00 p.M.

Tue EcoNoMmic AND SOCIAL SCIENCES
Presiding
Edwin B. Wilson, Office of Naval Research
1. Application of Computing Machinery to the Solution of Problems of the Social Sciences 3723

Frederick Mosteller
Harvard University
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SEVENTH SESSION—CONTINUED
2. Dynamic Analysis of Economic Equilibrium 2737

Wassily W. Leontief
Harvard University

3. Some Computational Problems in Psychology 373 g

Ledyard R. Tucker
Educational Testing Service, Princeton, New Fersey

4. Computational Aspects of Certain Econometric Problems 3.3~

Herman Chernoff
University of Chicago

5. Physiology and Computing Devices 35}
~ William J. Crozier
Harvard University

6. The Science of Prosperity = 2% 7
‘ Frederick V. Waugh
Council of Economic Advisers

(read by Leon Moses, Harvard University)

EIGHTH SESSION

Friday, September 16, 1949
2:00 p.M. to 4:00 p.M.

DiscussioN AND CONCLUSIONS

Presiding
Willard E. Bleick, I/.S. Naval Academy Post Graduate School

1. The Selectron 2 b5
Jan Rajchman
Radio Corporation of America

2. Traits Caractéristiques de la Calculatrice de la Machine 4 Calculer Universelle de
I'Institut Blaise Pascal 374 ‘
' Louis Couffignal
Institut Blaise Pascal

(read by Leon Brillouin, Harvard University)

3. The Future of Computing Machinery 3% 7

Louis N. Ridenour
University of Illinois

OPEN DISCUSSION
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EDWARD REYNOLDS

HARVARD UNIVERSITY

It is a great privilege and gives me great personal pleasure to have the honor of bringing
the greetings and warm welcome of the President and Fellows of Harvard College to this large
~group of distinguished guests visiting the University on. the occasion of this symposium on
large-scale digital calculating machinery at the Harvard Computation Laboratory. We are
all sorry that President Conant could not personally welcome you here and present these
greetings, but he is on the West Coast keeping engagements made more than a year ago.
I regret this necessity for his absence, but express his hope that you will find your visit here
interesting and productive, and our hospitality cordial.

This is the third such ceremony in connection with Harvard’s Computation Laboratory.
The first, about five years ago during wartime, dedicated Mark I, a highly significant develop-
ment in this new field, which was then generously presented to Harvard by the International
Business Machines Corporation and temporarily located in our Cruft Laboratory, representing
the fruit of several years of collaboration by Professor Aiken of Harvard with the leading
research men in the IBM organization. Mark I, although in some respects overshadowed by
subsequent developments here and elsewhere, is still the reliable old workhorse of the Labora-
tory which has rendered extremely valuable service to the armed forces. From its initial
- operation until the end of last year, it has had the generous support of the United States
Navy, which we gratefully acknowledge. More recently, the United States Air Force and the
Atomic Energy Commission have shared this support. All three of these agencies of the
Government have been most generous and understanding in helping us to broaden the scope
of the problems to which it has been applied and thus to broaden the field of interest and
usefulness of this type of machinery. '

The second such ceremony, early in 1947, dedicated this new laboratory building and
-offered for inspection the Mark II, then being completed and tested for the Navy. Shortly
thereafter, Mark Il was delivered to the Navy and installed at Dahlgren Proving Ground
in Virginia.

Even though we understand that, with its significant advances in speed and capacity over
Mark I, Mark II has proved its usefulness, it has not satisfied our good friends in the Bureau
of Ordnance of the United States Navy, who have continued their generous support of the
research of this Laboratory and are now jointly with the Harvard Computation Laboratory
sponsoring this third symposium at which we have the pleasure of unveiling Mark III, also
destined for delivery in the near future to the Dahlgren Proving Grounds.

We feel that we may properly take some pride in the quality of research being carried
on in this Laboratory. The distinguished character of the talent attending this symposium
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supports us in this feeling. We feel that rather too much time has been devoted to the develop-
ment of actual machinery growing out of this research, and have some hope that one of the
by-products of this and other meetings may be to stimulate the interest of others in this phase
of the application of our research and thus to eliminate the need for this activity on the part
of our staff. Certainly the manufacture of parts and even the assembly thereof are not activities
for which we are fitted or which we wish to pursue, except possibly in the production of a
machine for our own use within the University.

As a layman participating actively in the administrative problems which arise out of the
organized group research that has become such an active part of research at universities in
recent years, I am tremendously pleased at the evidences of awakening interest in the usefulness
of these newest appliances in widely scattered fields of research. The inescapable application
of mathematics in practically every field of human endeavor makes it seem important to us -
that the understanding of the availability and usefulness of the developments being made
here and in other mathematical research laboratories, as aids in all other fields of research,
be spread as widely as possible; and we are therefore particularly pleased that the latter
part of the program for this symposium is devoted to discussions of the relation of the work of
this Laboratory to research in a broad range of subjects. o

Increased awareness of the usefulness of these new tools in the field to activities in other
branches of science inevitably increases the demand for the already inadequate number of
men and women who are educated not only in the theories of ‘design and operation of such
machinery but in the understanding of their applicability. This emphasizes the other great
responsibility of the staff of this Laboratory—meeting their obligations as teachers to provide
the instruction required for the training and development of personnel interested in these
lines. Here again we gratefully acknowledge the understanding support of our friends in
the Bureau of Ordnance and in the Air Force. While we are endeavoring to develop support -
for this program from other sources and to obtain permanent endowment for the Laboratory,
the understanding contractual support from these Government sources has been and continues
to be invaluable. -



REAR ADMIRAL F. I. ENTWISTLE, USN

NAVY DEPARTMENT, BUREAU OF ORDNANCE

It is with distinct pleasure that the Bureau of Ordnance joins hands with Harvard Univer-
sity in sponsoring this Symposium on Large-Scale Digital Calculating Machinery. On behalf
of the Bureau of Ordnance I take great pleasure in welcoming you to these meetings. Your
presence—the presence of so many distinguished scientists—assures us that much value will
be gained by us all from the deliberations and discussions which will take place during these
next few days.

During the past few years the relation between the Bureau of Ordnance and Harvard
University has been unusually close and cordial. This happy relation has given the Navy
the benefit of Harvard’s talents and facilities and has led to the development of greatly
improved computing machinery and methods. Harvard University is most fortunate in
having on its staff Professor Howard Aiken, under whose unusual leadership, energy, and
ability the Computation Laboratory has grown.

As we in the Bureau of Ordnance look back on the computmg problems with which we
were faced prior to the First World War, we find that large-scale computations arose chiefly
in connection with the problems of ballistics—problems in which we were principally con-

" cerned with construction of range tables for seagoing gun systems with limited angles of
elevation. In those days, one computer (and by computer I mean a man with a slide rule,
log book, and a set of Engel’s Ballistic Tables) handled all such computations. It probably"
took the impetus, the acceleration, and the foreboding of World War II to permit conception
of the machine that was originated here and is known as the Mark 1.

In the olden days when we were youngsters, and possibly a bit more 1mpatlent that one
man (that computer) with his slide rule and his tables gave us a series of curves or figures
in a book, and we were to go out to put them to use. Frequently we discovered that we did
not know how to do this or we found that the tables were incorrect.

The availability of accurate tables in time of war is very important indeed. When the
recent war came alorig with its bombings, rocket firing, and use of heavier guns for antiaircraft
and bombardment, we found our range tables insufficient. In fact, we were about 500 range
tables behind. In the course of some years, that figure was decreased to 350; but still it was
a problem of one man, one slide rule, and tables. Naturally, 500 tables would equal 500 men
or 500 years; even with 500 men we would still be at least a year behind.

‘World War II indicated by great numbers—in tonnages, people, dollars—the magnitude
of effort required to fight a modern war. I believe it showed us that we can no longer afford
to fight wars of that magnitude. Many of us in the armed services have come to realize that
our job is not to fight wars but to prevent them. If we had realized this in the period from
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1925 to 1930, we might have dissuaded the Japanese in 1939 from exerting the effort that was
subsequently shown. By keeping us prepared to carry through a war, these machines may
help us to prevent wars. '

This science of computation, which we have come here to discuss, has grown up from the
association of people requiring such machines and their results with other people willing to
incorporate themselves into the effort to design and to build such machines. The fact that
we can collaborate and coérdinate our efforts with a university such as Harvard, and can
_ arrange for the services of the laboratory here for our mutual benefit, should assure us of the
continuation of our so-called democracy. In the installation of computers, the time factor
and accuracy of the machine are certainly important. But more important to my mind is
the codrdination of the university and the military. This is, in itself, a step forward in the
university’s aim of first teaching the individual and then going further to educate the country.

May I again express the continuing deep interest of the Bureau of Ordnance in this im-
portant subject of large-scale calculating machinery, and its applications, which may better
equip the Bureau of Ordnance of the Navy Department to carry on its work in national
defense. Both for myself and for the Chief of the Bureau of Ordnance, I wish to express our
appreciation of the close and wholehearted coGperation on the part of Harvard University
and the Computation Laboratory, and to acknowledge great and significant contributions
in the development of computiﬁg machines and methods that they have made through their
skills, their talents, and their facilities. May I add further that the Chief of the Bureau of
Ordnance and I will carry on all we can undertake and accomplish to continue this type of
collaboration resulting in this broader effort to prevent wars. -



HOWARD H. AIKEN

HARVARD UNIVERSITY

As Admiral Entwistle has remarked, for five years the staff of the Computation Laboratory
has been engaged in the construction of automatic computing machinery for the Bureau of
Ordnance. Without the Bureau’s constant support, our share -of this research could never
have been undertaken. We look upon the completion of Mark III as representing the end
of a phase in the development of this subject.

I have often remarked that if all the computing machines under construction were to
be completed, there would not be staff enough to operate them. Instruction in computing
machinery represents one of the more aggravated aspects of a generally recognized problem
in technical education. We feel that the further development of mathematical methods and
the extended use of computing machines in the various fields represented by speakers here
are those points at which levers should be placed to make the greatest possible advance in
computer research. Only by completing computing machines and then operating them can
the operating experience and experimental results be obtained that are so essential as a point
of departure in passing from one design to another. Therefore, at our laboratory we have
decided not to undertake the construction of any more large-scale computing machines with
the exception of one, which we hope to build for our own use and keep at Harvard.

There is an ever-increasing number of industries interested in constructing computing
machines outside the universities. In applying computing machinery to new and different
fields, many proposals have been made, ranging all the way from devices for an automatic
continuous audit, an automatic continuous inventory, down through an automatically operated
insurance office, public-utility billing department, department-store accounting system, to
more specific and less general accounting-machine components. Other proposals have included
airline ticket-inventory systems, similar devices for railroad reservations, and automatic
railroad ticket-vending machines. On the technical side, machines have been proposed
involving automatic computers in connection with air-traffic control, airport control and
almost every other manufacturing operation up to and including the automatic factory. But
until our universities are able to offer well-rounded programs in numerical methods and the
application of computing machinery to prepare ‘men to operate these machines, the success
of many of the proposed industrial programs will not be realized.

I should like to take this opportunity to express the appreciation of our staff to the Bureau
of Ordnance for its support throughout these years and, more than that, for the privilege of
pleasant associations which we have had with the representatives of that Bureau. It hasbeen a
great pleasure to work with them throughout the construction of both Mark II and Mark I1I Cal-
culators, and we have built up an association which I have every reason to believe will continue.
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TuE MARk III CALCULATOR

BENJAMIN L. MOORE

Harvard University

The large-scale digital computing machine known as Mark III has been built by the
Computation Laboratory of Harvard for the Bureau of Ordnance of the Navy Department.
It is to be installed at the Naval Proving Ground, Dahlgren, Virginia. The construction
work has been completed and the machine is now under test.

The decimal number system ‘is used throughout the entire machine. Normal operations

“are carried out with 16 digits. Provision is made, however, to use 32, 48, or more digits when
needed. The operating decimal point is manually set by
the operator in one of six positions. In addition, under

control of the sequencing unit, the operator may choose Coded Dectaal
at any time one of three locations of the decimal point. Dgcl‘g'{‘tal 2:‘Iztat120nl
In order to reduce the size of the memory, digits are = S 0 o
stored in the coded form where four binary digits are used . 00 0 1
to represent a decimal digit. Figure 1 shows the system 2 001 0
that has been adopted, where the weights of the four 3 0011
binary digits are 1, 2, 4, and 2, respectively. It should be 4 0100
noted that the sum of these weights is 9 and therefore the 5 1ot
nine’s complement of any digit may be obtained by chang- 8 r1oo
ing zeros to ones and vice versa. This is quite a con- Z i 1 (1) ;
venience electronically. where a positive voltage may be L L1ty

used for a one and a negative voltage for a zero. The
nine’s complement can then be obtained merely by in- Fic. 1. Coded decimal number
verting the signal. These complements are used for system used in Mark III.
subtraction in this machine.

The number-storage system consists of eight rotating drums whose surfaces are coated
with a thin layer of magnetic material. Information recorded in the form of a small magnetic
dipole during one revolution may be played back on any succeeding revolution. A zero is
represented by a magnetic dipole oriented in one direction and a one by the opposite orienta-
tion. New information is recorded directly over the old making erasure of the surface un-
necessary. The played-back voltage signal is double ended, with the positive voltage first
for one orientation and the negative first for the opposite orientation of the dipole. Figure 2
is a photograph of a typical cathode-ray oscillograph pattern having two negative-first pulses
in a group of positive-first pulses. Figure 3 is similar except that the pulses have been reversed
4 % 108 times. This photograph was taken upon completion of a test to determine whether
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the noise background increased or the pulses changed shape after many reversals. It is easy
to see that the two pictures are almost identical.

Using a single magnetic head on a channel or track, the access time to any one number is
the time for one revolution of the drum. At the expense of more heads the access time can

Fic. 2. Oscillograph trace of a typical Fic. 3. Oscillograph trace of a typical
playback-pulse pattern. playback-pulse pattern after 4 x 108
reversals.

be decreased. This machine uses two playback heads per track, so that the access time is
reduced to the time of one half revolution. Since it is electrically more convenient, separate
heads are used for recording and playback. Thus each binary track contains two record

F1c. 4. Cross section of a binary magnetic storage channel.

heads as well as two playback heads. Figure 4 shows a typical cross section of a binary channel.
Figure 5 shows the drum storage unit.

As it is convenient to have all components of a decimal digit available simultaneously,
four parallel binary channels are used to represent one decimal channel where the binary

12
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drum storage unit

Fic. 5. View of the assembled magnetic-
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channels will have the weights 1, 2, 4, 2, respectively. The digits of a given number and the
numbers themselves are stored serially around the periphery of the drum. The main storage
system uses a pulse density of ten pulses per inch and stores ten 16-digit numbers in a decimal
channel. To extend the storage-system capacity beyond ten numbers, parallel channels are
used so that the selection of a given number involves the selection of a channel as well as a
time selection, as the drum moves past the playback head. '
The arithmetic unit of this machine is electronic and contains an adder a multiplier, and
certain sensing units. It contains no divider, since this operation is accomplished by an
iteration process. The unit is serial in operation so that it is necessary to have the corresponding

PLAYBACK GATE : —» TO
ARITHMETIC
UNIT
SELECTION | PLAYBACK REGORD
GATE -

STORAGE REGENERATION
CHANNEL . CHANNEL

F1c. 6. Block diagram of a regeneration channel.

digits of two numbers to be added available simu{taneously. Since, in general, two numbers
will not necessarily be played back from the drum in the same time phase, some provision
must be made to put them in phase. Figure 6 illustrates how this is done. On the left is
the storage channel where a selection is made of the head to be used, depending on where the
number is located and the phase of the drum. At the appropriate number time the gate
opens and records the desired number on the regeneration channel. By the time the last
digit is recorded the first digit is being played back by the regeneration playback so that the
gate lets this number through to be recorded again. Thus the number is recorded 12 times
around the channel and is available at any time thereafter. The two blank spaces on the
storage channel prov1de time for switching operations and no numbers are stored in this
interval. -

14



MARK III CALCULATOR

With this brief picture of the magnetic storage system, let us examine the organization
of the whole machine, a block diagram of which is shown in Fig. 7.

The storage system is divided into two parts. One, called slow storage, has a capacity
of 4000 16-digit numbers and selection of channels is made by relays that are relatively slow.
However, provision is made for transferring 20 numbers at a time from slow storage to the
other section, which is called fast, where selection of numbers can be done at electronic

TAPE
READER
ig SEQUENGING
DRUM
4000 GODES
v
TAPE INPUT GONTROL
, PYRAMIDS
{TOMAGHNE
TRANSFER
CHANNELS
SLOW STORAGE FAST STORAGE ARITHMETIC
4000 NUMBERS 150 CONSTANTS UNIT
200 NUMBERS
PLAYBACK
REcoRd CHANNEL
TAPE READ-TAPE RECORD uun
MECHANISMS
é%+‘§é”§]* + | TAPE
g——— READER TYPEWRITER
PRINTER

F1c. 7. Block diagram showing organization of the calculator.

speeds. Ten numbers at a time are transferred from the fast storage to slow. The slow section
is mainly used for storage of functions.

The fast storage has a capacity of 200 numbers in addition to 150 permanent constants.
The constants are used for computing functions such as 1/x, 1/ V%, cos x, log x, antilog x,
tan=1!x. ‘

The basic cycle of the machine is the access time to the storage, namely, one half revolution
of the drum. Each cycle the machine delivers two numbers to the arithmetic unit over the
two parallel busses 4 and B and returns the previous result to the storage. One addition can
be performed each cycle, while multiplication requires 3 cycles. As the speed of the drums

15
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Fic. 8. View of the Mark III Calculator.



MARK III CALCULATOR

is slightly less than 7200 rev/min the cycle is about 4.2 msec, that is, addition requires 4.2 msec
and multiplication 12.6 msec.

Numbers are fed into and recorded out of the machine by means of magnetic paper tape.
There are eight mechanisms, any one or any combination of which can be set to read into
or out of the machine. Recorded tapes are run through a tape reader which in turn operates
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F1c. 9. Main control panel.

an electric typewriter to put the final results on the printed page. To handle the output the
machine is equipped with five independent tape readers and typewriters.

There are essentially no checks built into the machine, dependence being put on mathe-
matical checks. However, in transferring numbers from the machine to the printed page
via the magnetic tape no mathematical checks are readily available. Therefore, to insure
accuracy of this transfer, the output numbers from the machine are recorded into two separate
channels on the tape by different sets of equipment. Before printing, the numbers from each
channel of the tape are compared and if they are not identical the typewriter rings an alarm
and stops.

Sequencing commands are stored on a separate drum turning at a much lower speed,
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MARK III CALCULATOR

approximately 1800 rev/min. Provision is made on this drum for storing 4000 lines of coding
or sequencing commands. A line of coding will in general consist of the commands necessary
to select two numbers from the storage, perform an operation, and return the resultant to
storage. It is possible to jump from any line of coding to any other line with 2 maximum loss
of a little more than 8 cycles and an average loss of about 4 cycles.

Figure 8 is a picture of the front of the machine. On the right facing the machine the
five typewriters can be seen. The first five panels on the left are the tape readers that control
the typewriters. In the center of the machine can be seen the main control panel. At the
far end are the eight magnetic-tape input and output mechanisms. In the background can '
be seen the coding machine and the number-tape preparation unit.

Figure 9 is a view of the main control panel. On the left is a group of switches that enable
the operator to feed numbers into the machine manually. Above these switches are a set
of lights into which numbers, located anywhere in the machine, can be read. The center
section contains controls for starting and stopping the machine. Controls are provided on
the right to enable the operator to perform all operations manually in troubleshooting.

As is only too well known, the task of preparing a problem for machine solution is in many
cases quite laborious. Even after the numerical analysis is completed, there still remains the
work of translating the mathematical symbols and operations into a language the machine
can understand. To reduce the work required in this part of the problem preparation, a
special coding machine, whose keyboard is shown in Fig. 10, has been constructed. The
storage registers in the fast storage are assigned letters and subscripts. If one uses these letters
and subscripts in the numerical analysis, then it is a simple matter to operate the keyboard,
thereby recording into a length of magnetic tape the necessary commands for carrying out
the required operations. This tape may then be stored until the machine is available for
solution of this problem, at which time the information on the tape is transferred to the
sequencing drum. Provision is made for printing a copy of the coding commands for use of
the operator in monitoring the problem.

Space does not permit a more detailed description of this coding machine. However, it
should be pointed out that to operate the machine it is only necessary to know a few simple
rules. In fact, many of the operations are obvious from the labels on the keyboard. It is
the opinion of the staff of this Laboratory that this coding machine, which eliminates much
of the labor in preparing a problem, represents a significant advance in the field of machine
computation.

In conclusion, we would like to express our apprematlon to the Bureau of Ordnance of
the Navy Department whose interest and support have made this machine possible. It should
also be pointed out that this machine is not the work of only a few individuals, but is the
result of the combined effort of the entire staff of the Computation Laboratory.
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ERNEST G. ANDREWS
Bell Telephone Laboratories

It is customary in meetings on digital calculating machinery to listen to engineers extolling
their latest creation with terms such as “a new giant brain” or “a machine that thinks.”

I do not wish to criticize my colleagues in this fascinating field of engineering for using
these metaphors because I have frequently indulged in the practice myself. However, a
discordant note has been sounded in these meetings on occasion. This note, when translated
~ into smooth, inoffensive English says, “Such claims by the engineers are not altogether in
accordance with the facts.” The thought behind these accusations has been aptly expreséed’
by our own Dr. W. Bode, who, when speaking of our own Bell Laboratories Computers, said,
“They are like very accurate but very dumb computresses.” He was referring to the need for
spelling out every elementary detail when programming a new problem. This criticism was
also expressed by others, including Dr. George R. Stibitz when he addressed the first of these
symposia. Partly as a consequence of all of these comments and partly because of the nature
of the problems to be solved, the Bell Laboratories Model VI! relay computer has been
endowed with more intelligence than its predecessors. But before delving into the details of
this particular phase of the design let us take a broad look at the Model VI.

This computer has been placed in operation at the Bell Laboratories Murray Hill building.
In many respects it resembles the Model V relay computers at the Ballistic Research Labora-
tory at Aberdeen, Maryland, and at the Laboratory of the National Advisory Committee
on Aeronautics at Langley Field, Virginia. Complete descriptions of these computers have
been presented by Dr. F. L. Alt and Mr. S. B. Williams. ‘

The Model VI computer consists of two-principal parts—the remote-control stations and
the computing equipment. Figure 1 shows one of the remote-control stations. The three pieces of
apparatus shown are types that are used extensively in Teletype printer telegraph systems, with
minor changes to adapt them to computer operation. The printer on the movable table records
the answers to the problems; the hand perforator is used for punching the data on the problem
tapes and the tape reader transmits the data for the problems to the computing equipment.

Figure 2 shows part of the computing-room equipment. This part of the computer is
made up of twelve bays of equipment consisting almost entirely of the heavy-duty-type relays
used extensively in earlier computers and in telephone dial systems central-office equipment.
The frames have light-gray enamel finish and other characteristics which make them resemble
equipment that is found in the modern telephone office. There are about 4300 relays used,
86 cold-cathode tubes, and relatively small amounts of other miscellaneousépparatus.

An indicator and test panel with approximately 600 small lamps is provided for showing
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the progress of various computing operations and for showing the numbers in various parts
of the computer. It is illustrated in Fig. 3. This panel also has provisions for manually

Fic. 1. Remote-control station equipment.

inserting instructions into the computing program where necessary to make corrections in pro-
gramming. These facilities are also used for making tests under closely controlled conditions.

Table 1. Comparison of number representations in Model VI and Model V computers.

Item of Comparison Model VI Model V
Number of digits for a number 3, 6, or 10 1,2,3,4,5,6,o0r7
Form of number: notation for =

as an example + 3.14159 2654 x 10+00 + 0.3141 593 x 10+9
Maximum number* + 9.99999 9998 x 10+19 + 0.9999 998 x 10+19
Minimum numbert + 1.00 x 10—1° + 0.1 x 10—-19

* The next higher number is the calculator’s concept of infinity.
1 The next lower number is the calculator’s concept of zero. However, smaller numbers with the — 19
exponent are possible with special problem coding.
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As is shown in Table 1, there are some changes in the range of numbers compared with
those in the earlier Model V. The new form of notation with the decimal point between the
first and second digits has been introduced for two reasons: (i) to simplify the isolation of
the characteristic of logarithms and (ii) to bring the notation into agreement with that now
commonly used in expressing values in scientific literature. It will be noted that the floating
decimal point has been retained along with the range of the exponent of ten from + 19 to
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- Fic. 4. Block diagram of computer components.

— 19. The calculator pcrforms all arithmetic operations, namely, addition, subtractlon
multlpllcatlon, division, and extraction of the square root.

Before returning to the new control-circuit features which provide for the higher mtclllgence
we wish to emphasize that the Model VI is as error-proof as its immediate predecessors. Our -
engineers with justifiable pride can still say, “Starting with the Model III delivered to the
Armed Forces in 1944, not one of our customers has reported their computers giving out a
wrong answer as a result of a machine error.” To help understand the basic control system,
reference is made to Fig. 4, which shows a block diagram of the relation bétween the routine-

control circuit and the other computer components. To solve a problem, operators punch
~ the problem data and computing instructions on a Teletype tape. This is loaded into the
tape reader at a remote-control station and computing starts when the operator depresses a '
start key at this station. '
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Initially, the problem-control circuit carries out certain conditioning operations as in-
structed by the tape and then delegates control of computing operations to the central organ
labelled ‘“Routine Control.” This component proceeds to control operations for computing
or printing of answers, etc., as directed by instructions from the tape.

The instructions on the tape may be in either of two forms: (i) the specification of all of
the detailed computing instructions, and (ii) the mere indication of which of the several sets of
internal routines is to be used. The first form is usually used for types of problem that are
encolintered infrequently and the second for types of problem-that are expected to occur often.

The routine-control circuit, in accordance with the instructions it receives, causes numbers
to be passed from one register to another over the two 86-wire multiples or busses shown around
the edge of Fig. 4. When an arithmetic operation is required the routine control designates
the registers that hold the two numbers involved and directs, the calculator to accept these
numbers and perform the desired arithmetic operation on them. The control circuit then
indicates what disposition is to be made of the result in the calculator by designating the place
to which it is to be transferred; that is, to some particular register, the printer, or the perforator.

One of the new features is a ‘“second trial” feature which is automatically brought into
operation in almost all cases when the routine-control circuit fails to receive the usual OK
signal indicating satisfactory execution of the instruction, or operation, called for.

The Model VI has an elaborate system of interrelated internal routines. It is this system
with its own automatic seizure of various subroutines that gives this computer its higher
intelligence.

The device used for this purpose is a combination relay and electronic device which is
used in the Automatic Message Accounting System in a modern telephone office. As used in
telephone switching it consists of a large group of code points, each corresponding to the
location of the call-originating equipment of a subscriber. A signal on one of these code
points denoting the origination of a call causes the circuit to ascertain and to record the
subscriber’s four-digit directory number.

As used in the computer, the code points correspond to the computing operations in a
subroutine. A signal on one of these code points causes the computer routine-control circuit
to set into operation the desired computer operation. A subroutine will use a train of from
6 to 20 of these code points in succession. Facilities are provided for 200 such subroutines,
each being identified by the letter 4, B, C, or D followed by a two-digit number. '

The operation of a subroutine will be explained by an exarhple which assumes that com-
putations have reached the stage where the product of two complex numbers is required.
Table 2 shows the formula used and the coding of the individual computer operations.
Figure 5 shows how the operations are made a part of the computer and shows that there is
an extremely close resemblance between the coding as it is written on paper in Table 2 and
as it is memorized by the computer. The operation numbers 1 to 6 correspond exactly with
code points 1 to 6. The letter designations correspond exactly with coil designations. The
letters that form a particular computing operation are associated on the left of Fig. 5 by writirig
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- Table 2. Coding of subroutine for complex-humber multiplication.

(4 + jB)(C + jD) = (AC— BD) + j(AD + BC)

Instruction .
~ Explanation of Code
No. Operation Code
1 B x DE | Multiply B by D and store result in E storage register '
2 4xCS Multiply 4 by C and hold result in calculator
3 S—EP Subtract BD from AC to obtain real part of product and print result
4 AXDE Multiply 4 by D and store result in E storage register
5 BxCS Multiply B by C and hold result in calculator
6 S+ EP Add AD and BC to obtain imaginary part of product and print
: result ‘ ,
CODING AS ‘ '
WRITTEN CODING AS MEMORIZED BY COMPUTER
_A btk
r N r A - N
(COILS
. BXDE
2. AXCS
3
3.S—-EP O
q
a. o s
5
5. 3 3
6
. 8 8

Fic. 5. Wiring of subroutine for complex-number multiplications.

26



BELL COMPUTER, MODEL VI

them together on one line and on the right by
running a single insulated cross-connection wire
through coils having the same letter designations.
This train of six operations would be identified by
a subroutine number, such as D36 (not shown in
Fig. 5). In practice these subroutine numbers are
being called formula numbers.

When the 200 subroutines are fully employed
there will be over 2000 insulated wires crisscrossed
through the coils. These wires are not, however,
part of the design of the computer but are placed
in position by those responsible for operating the
machine in accordance with the type of computing
work they are engaged in. The actual physical
operations of placing a wire can readily be per-
formed in one or two minutes by the same per-
sonnel that operates the machine. No soldering
of the wires is required. When a particular sub-
routine is no longer needed, the associated wires
can be readily removed. The time required to
set up a new subroutine, therefore, compares
favourably with the time of setting up the same
instruction on tapes.

Figure 6 shows a close-up of the coils with
their associated cold-cathode tubes. Figure 7 shows
the principles of the coil circuit.

A computer operation is initiated by causing a
transient discharge from the resistance-capacitance-
inductance network to be sent through the cross-
connection wire. The part of the system consisting
of the wire and the coil behaves like a transformer
with the wire acting as a loosely coupled one-turn
primary winding and the coil acting as the

secondary. The transient through the primary
induces enough voltage in the secondary to cause
ionization between the control anode and the
cathode of the type 313 cold-cathode tube. As

Fic. 6. Mounting of coils with their
associated tubes.
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soon as complete ionization takes place, the relay in the main anode circuit operates and dis- -
connects itself from the tube. In this operation the tube is conducting for less than 0.01 sec
and is operating at conservative {loltage values. Very long tube life is, therefore, expected.

In the earlier computers the building blocks used for building up the complete program
for solving a problem were single computing instructions. In the Model VI, the building
blocks may be made much larger by making use of these subroutines. But these larger building
blocks presented a challenge to make the most efficient use of them. Indiscriminate use would
make for chaos. An efficiency expert would systematize the situation by grouping together

™\—cross_GONNECTION q
WIRE THRU 3 OTHER D
coILS —
=gl
—0° =
-
L 130V
—

F1c. 7. Schematic diagram of coil circuits.
/

the simplest types of subroutines, which could be made complete in themselves, and by arrang-
ing other subroutines so that they would have various degrees of supervision over the first
group. The degree of authority assigned has been designated for each subroutine with one of
the letters 4, B, C, or D. This is regimentation, but in a machine it is both acceptable and
desirable. In fact, this regimentation is closely analogous to that which might exist in the
strictest military school where an upperclassman would look with disdain upon any task (or
. computing operation) that a lowerclassman could perform. Consequently, the upperclassmen
would be assigned to perform the more complicated tasks according to their own skill and
they would be given authority to delegate lowerclassmen to do their more menial chores.
These lowerclassmen can in turn delegate those parts of these chores beneath their skills to

still lower classmen.
To continue the analogy, the Model VI computer has four levels of computing skill for

28



BELL COMPUTER, MODEL VI

making use of the above-mentioned internal subroutines. They can be programmed to call
in subroutines of a lower level and to regain control when the subordinate routine completes
its task. The term “‘intelligence level,”’? accurately describes the nature of these levels.
Figure 8 shows how this system operates in solvmg a rather complicated problem,
called a ladder-network problem. One of the objectives of this problem is to determine the
Z, (c37)

Z, (c36) —\AM
v

q
p
E

I
I\

el

Z, (c29) %

PT

Fic. 8. Time-flow chart showing use of four intelligence levels to solve a
ladder-network problem.

frequency response of the network. Mathematical analysis, therefore, is used in lieu of
laboratory tests. ‘

The top level in Fig. 8 is designated PT, denoting ‘“Problem Tape.” While this tape is
primarily used for the introduction of the parameters-of the problem, it may contain as much
detail in computing instructions as required. In the case of the problem being described less
than 1 in. of tape is required for the computing instructions because the Model VI is assumed
to have already been taught how to solve the ladder-network problem. The problem tape
then simply specifies that subroutine A12 be used and the tape thereby constitutes another
intelligence level, higher than the four previously discussed.

In the interest of eliminating unnecessary detail, not all of the changes in level are shown
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in Fig. 8, but there is still sufficient detail to show the principle of operation. By this systematic
arrangement of internal routines, the labor involved in preparing the necessary problem data
is near the irreducible minimum. ,

The solution of the network problem is carried out in the following principal steps:

The AI2 routine assumes control at the start of the problem. It provides for organizing
and setting up the initial conditions for computing the impedances for the various values of
S (frequency). It then delegates control to subroutine B24.

Subroutine B24 controls the computation of the impedance of the various branches of
the network. It also arranges to have the impedances recorded in block 400 on the storage
tape for subsequent use by subroutine B35. After these preparations, B24 will instruct the
computer to use the first number on the tape as the subroutine number to use in computing
the impedance of the first branch. ‘

Such a number might be C29. It would provide for reading off the parameters that follow
and for combining the impedances for the individual elements, making use of D level sub-
routine for the complex-number arithmetic when required. The last instruction in C29
instructs the computer to use the next number on the tape as the subroutine to use. Additional
subroutines are employed as required. After the last impedance has been computed, control
is restored to subroutine B524. '

On regaining control, B24 will instruct the computer to obtain the next value of frequency;
it then arranges to have the impedances for the next value of frequency recorded in block 401
and then, using this new frequency value, repeats all of the operations just described. After
completing the computing with the last value of frequency, control is restored to A12.

On regaining control, 412 will organize the computing of the complex values of voltage
and current that the generator must supply. It then calls in B35 to control these calculations.
Then A12, on regaining control, will provide for obtaining any additional information that
may be required.

Table 3. List of intelligence levels.

Name » Desigﬁation or Symbol
1. Problem tape instructions SWR (Switch to Routine)
2. A Subroutines . A12, etc.
3. B Subroutines B24, etc.
4. C Subroutines ' C29, etc.
5. D Subroutines D59, etc.
'6. Calculator instructions 45— X, =,/

From the above description it will be noted that the individual computing operations
specified by a subroutine consist mostly of a collection of calculator and recording instructions.
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It then follows that the calculator operations themselves comprise an intelligence level below
all of the others. Instead of being identified and called for by a subroutine number, the usual
arithmetic symbols 4, —, X, =, and 4/~ arc employed. As in the other intelligence levels, the
calculator returns control to the higher level that called it in as soon as the prescribed arithmetic
operation is completed.

The Model VI then has at least six intelligence levels, as shown in Table 3, in descending
order of authority or control. '

A study of Table 3 shows that the Model VI will perform a series of computer operations
in accordance with any of the last five levels by merely designating the three-element code
or the symbol shown in the last column. In fact, the three-element code is so closely analogous
to a symbol in this computer that it is proper to say that the Model VI responds to its own
idea of a symbol for determining the logarithm of a number or of a symbol for determining
the tangent of an angle, and so forth.

The Bell Computer, Model VI, has become an upperclassman. It can be taught how to
solve a problem. It can retain this know-how for use whenever called upon in the future.
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AN ELECTROSTATIC MEMORY SYSTEM

J. PRESPER ECKERT, JR.

Eckert- Mauchly Computer Corporation

This paper is a progress report of the work done on a very high-speed memory constructed
of ordinary cathode-ray tubes. The research has been performed in the laboratories of the
Eckert-Mauchly Computer Corporation. Many persons have been engaged in this research,
but particular credit should be given to Herman Lukoff, C. Bradford Sheppard, Gerald
Smoliar, and Charles Michaels, all members of the Engineering Department.

BLANKING
GIRCUIT ] AMPLIFIER
DEFLECTION GIRGLE SHAPING
CIRCUIT GENERATOR CIRCUIT
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SWITCHING
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R

Fic. 1. Circuits used to operate a cathode-ray tube as an electrostatic memory.

A more complete report was submitted as a paper to the Institute of Radio Engineers
in April 1949. Tt contains much more detailed 1nformat10n In particular, it gives additional
quantitative material. :

The first part of this paper describes a memory system that is now under test. It is the
second model of an electrostatic memory system to be constructed at the Eckert-Mauchly
Computer Corporation. The second part of the paper describes a limited number of the tests

performed on this system and gives some of the results. The final part of the paper gives a
~ short glimpsé into the research still to be performed on this memory system. '

Work on a high-speed electrostatic memory system was originally begun by the author
at the University of Pennsylvania. The tests at that time were preliminary, serving to indicate
the large amount of research necessary to the developments described in this paper.

Figure 1 is a block diagram of the circuits used in operating an ordinary cathode-ray tube
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as an clectrostatic memory. A metallic electrode, actually a wire mesh, is attached to' the

base of the tube and is coupled to an amplifier having a gain of about 2000. Each time the

beam strikes a charged arca on the tube, a signal is developed on the electrode. This signal
d 3d
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; Fic. 2. Relative sizes of dot and circle:
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Fic. 3. Output signals.
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is passed through a shaping circuit to the gating or switching circuits. These circuits turn the
information in-or out of the regenerating path, operating in a manner analogous to a mercury-
delay memory. The blanking circuit turns the beam on or off for the writing or reading
interval. The deflection circuit controls the position of the beam. The purpose of the c1rcle
generator is described later in the paper.

In operation, the screen of the tube is con51dered to be divided into many small elementary
areas. These areas are approximately 0.1-in. squares. The patterns placed in these areas
that gave the most satisfactory results consisted of dots.and circles. The dots are formed by
focusing the beam, as sharply as possible, in the center of the elementary area. The circle is

o VOLTAGE

Fic. 4. Ratio of number of secondary to number of primary electrons
as a function of voltage.

formed by superimposing two high-frequency sinusoidal emf’s 90° out of phase with each
other on the two deflection systems. As Fig. 2 shows, the diameter of the dot is about one-third
to one-half the diameter of the circle. The two patterns can be considered as two different
states, the dot representing a 1 and the circle representing a 0 in the binary system.

Reading the information stored on the screen of the tube is done by adjusting the potentials
on the deflection plates so that the beam will fall directly on the desired elementary area.
When the beam is turned on by the intensity grid, a potential is developed between the electrode
and the collector which puts a signal into the amplifier. ,

Lines (A) and (B) of Fig. 3 show the output signals received by the amplifier during the
reading operation. These signals are a result of both the previously stored pattern and the
new reading pattern. While there are four types of signal, one of which has an initial positive
rise, and the other three of which have a negative I‘lSC, only two of these signals are ordinarily
used in the electrostatic memory system.

34



ELECTROSTATIC MEMORY SYSTEM

The high value of load resistance used with the pickup electrode tends to obscure certain
factors important to an understanding of the problem. After a review of some of the pertinent
properties of electrons striking insulated barriers, the output signals will be analyzed further.

N2. OF
ELECTRONS
EMITTED

A

f

6-15 ) ’ AFEW EMITTED
VOLTS AT THE BEAM

VELOCITY

F1c. 5. Secondary-electron emission as a function of velocity of emission.

The phenomenon encountered in the electrostatic memory system involves both the
primary electrons of the beam and the secondary electrons which are cast away from the -
surface of the phosphor by the beam. Figure 4 shows one of the well-known fundamental
properties of secondary electrons. This curve shows the ratio of the number of secondary
_ electrons to the number of primary electrons (which cause the primaries to be emitted) plotted
against voltage. The curve is mainly of interest to this paper in the section where it is sub-

COLLECTOR DISTANGE NOT TO scAl.E3
BEIQ‘ — ::‘ : COLLECTOR ‘B;q//

COLLECTOR

MANN

PHOSPHOR

Fic. 6. Cross sections of electron beams.

stantially above 1. Most of the tests were made in this region with voltages between 1,500
and 4,000 v.

Figure 5 shows a second fundamental property of insulating surfaces and their effect upon
the behaviour of secondary electrons. This curve shows the distribution of secondary electrons
as a function of the velocity at which they are emitted from the surface. Except for a few
electrons emitted at the beam velocity most of the electrons are emitted at velocities corre-
sponding to between 3 and 15 v. These velocities are quite low compared to the velocity of
the striking beam that causes the emission. Finally, few secondary electrons leave the surface

35



J. PRESPER ECKERT, JR.

at right angles to the direction of the incident beam the majorlty leaving at smaller angles .

to the incident beam.
Figure 6 shows the cross section of a beam of electrons striking the phosphor on the inner
surface of the screen. Potential distributions are set up in each of the elementary areas.

POTENTIAL DISTRIBUTION

——— ] = —_—— T
ALTERNATE POTENTIAL DISTRIBUTION
DOT CIRCLE

- F1es. 7 (upper) and 8 (lower). Possible potential distributions around
: dot.and circle. :

Secondary electrons are released in acéordance with the princif)les just discussed. The
secondary electrons travel to and are collected by the collector plate. This collector plate is
usually the Aquadag coating on the inner walls of the tube. Other secondary electrons may
fall back onto the surface of the screen. Since the beam arrives at the phosphor with a velocity

T

(D) (F)
(6)

(c)

| | (E) | |
Fic. 9. Shapes of output signals. ‘

corresponding to several thousand volts, the number of secondary electrons is greater than
the number of primary electrons. Thus, the surface will not reach equilibrium at this point.
until the number of electrons that leave the surface and the number that arrive become equal.

The potential distribution around the dot may be as shown either in the left-hand section
of Fig. 7 or in that of Fig. 8. Although much of the literature discusses the distribution shown
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in Fig. 8, to thc author’s knowledge, no critical experiments have ever been made that would
positively prove which curve describes the exact potential distribution.

A truer picture of the electrostatic memory phcnomenon was obtained by lowering the
load resistance connected across the input circuit consisting of the clectrode and the grid of
the first amplifier tube. By so doing, it was found that the signal obtained when similar
patterns are placed on top of each other has the shape shown in curve 4 of Fig. 9. The initial
negative kick is caused by the arrival of the beam from the gun after the intensity grid is
turned on. The transit time for the beam is about 0.01 usec. This negative kick then subsides
toward zero since the electrons piled up on the end of the tube are drawn off through the
emission of secondary electrons until equilibrium is reached. This equilibrium results in a
potential plateau under the bombarding beam where there are as many electrons arriving
as leaving. This is possible when the potential plateau becomes sufficiently positive that
only some of the secondaries are knocked off the surface with sufficient velocity to reach
the collector plate, allowing the remainder to fall back on the neighboring areas of the .
surface.

From the time equilibrium is reached until the beam is turned off, there is a steady inward
and outward flow of electrons to the screen maintaining a space-charge cloud between the
spot and the collector. When the beam is turned off, the space charge is rapidly taken
up by the collector. Since this negative space charge leaves the screen, a positive kick is
induced in the electrode. All other signals obtained contain curve 4 as a component. The
components added to curve 4 to produce the other signals are sudden rises with simple
exponential declines.

Curve C is obtained when a larger pattern is placed on a smaller one. The large positive
kick occurs because most of the secondaries are drawn to the collector plate. Since the potential
plateau of the dot is at a lower potential than the collector and small in area, only a few
electrons are robbed from the secondary flow to the collector.

Curve B represents the exponential component obtained when a smaller pattern is placed
on a larger pattern. Again, most of the secondaries go to the collector plate. But the desirable
action would be for the secondaries to obliterate or cancel the circle as quickly as possible.
Instead, the circle, in spite of its large area, collects electrons slowly since its potential plateau
is lower than the potential of the collector. The secondaries that do fall on the circle do so
mainly by virtue of the direction of their emission. \

Thus, when a circle is put on a dot, there is a rapid net outward flow of electrons; while
when a dot is put on a circle, there is a net inward but slower flow of electrons. The net
‘inward flow occurs in spite of the influence of the higher potential on the collector owing
to the large area of the plateau of the circle, which attracts the properly directioned electrons
away from the collector. In either case the change in plateau area and, therefore, the number
of electrons to be exchanged to reach equilibrium is the same. Therefore, the positive signal
will be large since the output-voltage signal depends on the time rate of change of charge.
The negative signal will be small since the time rate of change of charge-is small.
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Curve D is the sum of curves 4 and B, while curve E is the sum of curves 4 and C. Curves
F and G are obtained by using a high load resistance on the amplifier input.

Two of the most interesting factors that cause destruction of the charge patterns are leakage
and redistribution. Tests for leakage were conducted, and it was learned that the effective
leakage may be considered negligible if the period between readings is less than 0.1 sec. Even
after several seconds the signal has diminished by only a few percent. Redistribution is the
spraying of secbndary electrons from adjacent areas during the writing or reading process -
onto areas that have been previously charged. We have defined a “redistribution ratio” as:
the number of times the reading beam, with a certain duration, may operate adjacent to a
particular spot at a certain distance before the signal that can be derived from the adjacent
spot will have been degraded by more than by a certain percentage, say 10 percent. Experi-
mentation has shown that the degradation is not proportional to the number of times of
" reading but is proportional to the total integrated reading time. For efficient operation, a
minimum time sufficient to establish equilibrium in reading and regeneration can be chosen.
The total allowable reading time on one spot can be divided by this minimum time to give
the number of times an area may be read without appreciably affecting the adjacent areas.
This is the redistribution ratio.

Since the process for reading the charged areas is a destructive one, immediate regeneration
of the charges is necessary if it is desired to retain this information. As cach spot is read out
from the memory tube, it is temporarily held in a flip-flop or other simple form of memory
for one binary digit. and then if desired immediately read back into a cathode-ray tube. In
this way, only one elementary memory or flip-flop need be used for each cathode-ray tube
or group of tubes. In addition to this immediate regeneration, a systematic regeneration
must be used. :

Such a systematic regeneration pattern might divide each regeneration cycle into two
intervals. During the first interval any -arbitrary spot is read and regenerated; during the
second interval, one of the other spots on the tube will be regenerated as part of a regular
systematic regeneration procedure. In such a system, the condition of most interest would be
that in which the same spot is read during all the arbitrary reading periods without losing
the spot next to the arhitrary spot through redistribution. If there are 1000 spots on a tube,
this requires a redistribution ratio of 1000 or better. Such a regeneration pattern utilizes
50 percent of the operating time for the purpose of regeneration.

If it is desirable to have less time in the memory for regeneration, a system of timing could
be devised where two arbitrary spots are read in succession and then the systematic regeneration
of a spot takes place. Such a system would cut down the time required for the systematic
regeneration but would increase the intervals between regeneration of a particular spot and
would require an improved redistribution ratio.

Figure 10 is a photograph of the second test model used for many of the tests conducted
in the laboratories of the Eckert-Mauchly Computer Corporation.

In the experiments carried out in England, small imperfections in the phosphor of the
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cathode-ray tubes, due either to a hole in the phosphor or to the inclusion of particles of
carbon, would occasionally make it impossible to remember on certain parts of the tube.
Difficulties of this type have not appeared so far in the work here described, although experi-
ments on an extensive number of tubes have not yet been made.

Fic. 10. Second test model of computer.

It is believed that the dot-circle system is the most insensitive to screen imperfections
because, first, it gives the largest signal, and second, there is no sweeping action in which
the edge of the beam may encounter a small discontinuity produced by phosphor imperfection.
While a sweeping action is used to generate the circle, the frequency of sweeping around this
circle is so great (approximately 20 million times a second) that the lag introduced by the
finite charging time of the elementary area, combined with the finite transit time of the elec-
trons, prevents the imperfections from having any effect on the shape of the output signal
but simply changes its amplitude. Therefore, a system that has good output-signal amplitude
used in connection with a cathode-ray tube in which the size of the imperfections is small
compared to the size of an elemental area should be free of difficulty. According to Williams,
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and others in this country, the size of an imperfection required to produce difficulty in those
systems in which slow sweeping is used might be smaller than an elemental area. It would
seem that as long as the imperfection were not smaller than the edge sharpness of the moving
spot, this difficulty might be encountered in a slow- or fast-sweeping system. By the same.
reasoning, other nonsweeping or fast-sweeping systems should be fairly free of difficulties due
to screen imperfection, although they would not be as good as the dot-circle system owing
to the smaller output signal and various defects in its shape. ‘

A careful study has been made of the reading and writing time that can be obtained from
a dot-circle memory system using standard tubes. While special tube designs are being studied
that would probably increase this speed, the present speeds of operation seem quite adequate
for many uses and agree fairly well with expectations. These speed tests were made by putting
down two circles in succession and then putting down two dots in succession in every elementary
area and observing the effect on the shapes of the output signals that resulted from changes
in the unblanking time. If this unblanking time were made too short, a loss in signal would
be noticed, indicating that equilibrium had not been established. It was determined that
a reading time of about 0.6 usec was desirable in order to avoid loss of signal, and that a
writing time of about 0.8 usec was about the minimum allowable for adequate erasure of the
old charge. Since each reference to the memory would require a reading and a writ<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>