APPROVED FOR PUBLIC RELEASE. CASE 06-1104




'

- - - _—

APPROVED FOR PUBLIC RELEASE. CASE 06-1104.

L=16
¥
DISCUSSIO [ S WHIRLWIND
ILDE THE OC EL Ol E HONIC DIGITAL C
IlE BAS CE CO ¥ v
ISSEANCH AND DEVELOPMENT BOAKD
. by
Jay W, Forrester

)

Servomechanisms laboratory
Massachusetts Institute of Technology
Canbridge 3%, Massachusettis

. January 13, 1950

UNCLASSIFIED




e P T ——

- ol o - < . =
L-16 Page 2
& INCLASSIFIED
TABLE OF CONTENTS
g Page
I. IntroductioNissssssssssssssnsssncascanasne cossssssasssanasis &

II. Panol Criticisms of Projeot Whirlwind...:essescsscecsssneses B
I11. Genoral Comments on the Panel Review of Project Whirlwind... 6
IV. Disoussion of Specific Criticisms of Project Whirlwind...... 9

A, Objectives of Project Whirlwind and
End Use of Whirlwind I Computer.......cceessssesscssss 9

1. Real Time Applications of Digital Computers....... 1l

a., Taotioal “i.lit‘ry ProblemS..ceccssccssssnccse 11
By Bimnladiol,.scoserosavsensnsnsnnsesvenpnaress A

2, Esteablishment of a Laboratory for Real Time
Digital Computer R38eArch....seccssssssss 14

a. Establishment of & Laboratory....coveeceecsss 14
b. Construction of a HMachine for Real Time

. Computing Research...........ce.e0s 16

3. Training Persotn®l...ccevececssvscncssesscscenssss 16

4, Development of Associated Equipment for Real
Time Applications.,.......cceeveeacaees 17

5., Construction and Operation of a Computer to
Encourage Theoretiocal ReseAroh.......sceesss 18

6., Availability of a Machine as a Stimulus to
Future Component Research....cssesesessses 19

. 7. Integrated Digital Computer Research Program...... 19

8. Computing Laboratory for Engineering Problems..... 19

9, Contributions to Other Projects.......ccvveevcesas 20

h 10. Other Objectives of Project Whirlwind.........ssss 21

B. Terminal Equipment for Whirlwind T.....ecececcessccsess 22

1. Terminal Equipment for Real Time ProblemB......... 22

NCLASSIFIED

#

g .':‘ F“T‘ ;




%

b

APPROVED FOR PUBLIC RELEASE. CASE 06-1104.

L=16

v.

D.

E.

Fl

4.
6.
6.
7.
8.

Page 3

NCLASSIFIED

TABLE OF CONTENTS (continued)

Puge
Emphasis on Terminal Equipment...ecisscccccsasss 22
Indefinite Terminal Equipment Plans....seesceces 26
Minimum Input Equipment.ccessccccscscsccencnanss 26
Initial Terminal Equipment......cescevvevescasas 27
Magultude of Terminal Equipment Problem......... 28
Digital SOrvoB.cccesscsccsccssssscsccnarsssecnas 29
Discussion of Eastman Khdrk UnitBecescscssnnescee 29

Magnetic Tape Terminal Equipment......e-cse00... 30

Changes in Contract Direction.....cssceccsnscesacesas 31

Hagnitude of Project Whirlwind.eeivveeececssssnencans 34

1.
2.

3.

Scale of Referonce......ceeeeecesccccnacanconees 34
U. 8. Naval Computing Laboratory......cceseeesss 34

Acoounting Methods.....cevveveeecrcccnncsnennces 35

Specifications and Status of Whirlwind..........c.... 36

1.
2'
3-

4.

Statud c.scecessscacssnsnsssassnasdsvacinnncannes 86

BiNG nsnasanssssserssansasassanenernesnssssanneny B1

Register Length...ccevesessonsssossssnsssacnsans 39

Ihm c‘p‘ﬂity..s..-o-ol.otoua-l-.ut.c!l.—bot.t

Vhirlwind Storage Tube Work.....ssssecevcasscsnsscnss

1.
z.
5.

4.

Spooill Dﬂﬂisn-...oqnauolono------o-----no-u--o-

40
42
42
Cost of Storage Tube.....ccvvevecenccccscncacsss 42
Availability of Tubes.....csvenscscssessssssssss 46

46

Storage CapAcity..cccececcnracsnsnasnrnennanaess

Successive Discussion of Report References to Vhirlwind... 48

f BRI ‘alallnd Iy
JNCLASSIFIE!




. ‘
APPROVED FOR PUBLIC RELEASE. CASE 06-1104.

-~ -t e
| I
o L-16 UNCLASS’FIE Page 4
D
DISCUSSION OF THE COMMTS ON PROJECT WHIRLUIND
MADE BY TLE AD HOC rplisL ON ELECTRULIC DIGITAL CUOLPUYT
OF THE BASIC yINLICsL SCIENCL COMMITTEE C. 5
RESEARCH AND DeNELGPLE] 1D
1. .TROD
1. This memorandum analyzes the comments of the above Panel as
they specificelly relate to Project Whirlwind. Comments on the report
as a whole are contained in a separate memorandum.
2, In the report, the work of Project Whirlwind, the Office of
Neval hesearch supervision of the project, relations between the two
groups, c¢nd the characteristics of the Thirlwind I computer receive
extremely uafavorable consideration. The history of any large and active
. enterprise will always disclose faults which might have been improved by
better planning, und in this project like others there is a basis of
fact {rom which the Panel conclusions are drawn. The unfavoreble inter-
pretation of the overall project is probably traceable to a combination
of the following:
(&) The Faiel stresses the recessity for dipgital computer
= application tn rcal time problems without recognizing this as
the primary objective of Project ihirlwind,

g (b) The Panel did not include )l importsnt digital com-
puter projects in their consideration. As a result, they have
eriticized Thirlwind simply on compurative size of budget, with-
out recognizing in the report the existence of the United States
Naval Computing Laboratory, which is the largest Government fin-

. anced electronic digital computer enterprise in the United States.
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(¢) The Punel concentrates on electronic digital computing
mechines as end products as if they were a stundard manufactured
item rather than treating them as an unknown field of research and
development,
| : (d) It appears that the Panel did not begin its investigaticns
by establishing an opinion of the necessity and importance of digital
computers in the Military Esteblishment. 4= s resvlt, the report
conteins numercus contradictions concerning the adequacy of present
projects to meet these needs.
(e) The Panel gives no comprehensive and criticel analysis
of the technical competence of the groups studied. Comparison is
. made principally on the basis of information offered to the Fanel,
without analysis of its soundness, und the report stresses primarily
the relations between the Lilitary Esteblishment and the contractors,
(f) The Coumittee has not attempted to pick out the good
points of warious computing progrems to give a balanced pleture
elong with the faults,
= (g) In many examples the Committee conclusions are based on

incorrect information,

s

.EL ChITICIS

Criticisms of Project iihirlwind, in appearent order of importance, are
listed here and will be discussed in detall in Section IV. The Panel

(1) can find no end use, objective, or purpose for
the existence of Project whirlwind.

g . (2) ecriticizes severely the status of ‘hirlwind I
terminal equipment. ‘ATal ~ I
UNCLASSIFIED
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¥ (3) believes that technical progress of the
Project has suffered seriously by changes in the
Naval groups supervising the work,

(4) appears to feel that Project Whirlwind is
too large, This is implied though not explicitly stated.

(5) disagrees with the technical specifications
of Uhirlwind I, although it is not clear how disagreement
vith specificetions is possiblée when the Panel had not
discovered Project or tihirlwind I computer objectives.

e (6) raises several objections to the lihirlwind I
| storage tube,

Section IV gives reasons why some of the ebove criticisms do not
show the project accurately and the others are not stated in the proper -

perspective,

|
| 11,
! . 1., Whirlwind was the first project visited by the Penel. One day
was spent in discussing the project, an appreciable part of which was
devoted to Fanel orientation in thelr new underteking.
The members expressed the d.eairabﬂity of returning for more
complete information but did not have time to do so.
2, The Panel requested and received complete frankness in d:’mcusuion of
computer and project problems, both technical and administrative., This was

done in the atmosphere that the Panel could be most helpful in remedying

it T

such problems as did exist if they could be frankly discussed. The report
does not reciprocate by balancing accomplishments and good points against
the problems which certainly exist in any established undertaking. The
report shows that a comparable freedom of discussion was not obtained by
the Panel in several other projects. The report discusses the difficulties

that do exist in such a way that they may, as a result, be accentuated

- rather than remedied. The report may shake confidence in ﬁ iﬁ points
\ INI A
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of many projects rather than helping to correct the poor points,

3. In comparing #hirlwind with other projects, the Panel is
conparing such problems as it could find in an organization several years
in existence with the promises and hopes of newly established undertekings,

4s The FPanel has not recognized that Lioirlwind predates many of
the other projects considered, is two years farther along than most, and
consequently the Vhirlwind I computer itself is two years more obsolete,

5. There is a striking discrepancy between lhe general recomuenda=
tions of the Panel, which are very good, and their comments ebout \hirlwind,
Whirlwind appears to be following closely elong the more important general
recomnendations of the Panel, Whirlwind ideas have fared well in the
bands of the Panel but not the actual project or the Vhirlwind I computer,
The report forcibly states the reed for the work Whirlwind is doing but
does not recognize this as being in progress,

6. In particular, the Penel stresses need for digital computation
on "real time" problems but in no place recognizes Whirlwind as the msjor
present contributor 1n this field or as the source of most of the ideas
leading to the Panel recommendations sbout the importance of real time
computation,

7. There is in the report no recognition of the high speed of the
Whirlyind I computer, although this is the particular unique feature of
Project !hirlwind work. On the other hand, the necessity for maximum
speed must have been recognized btecause (page 47, paragraph 2) the slowmess
of one of the next range of machine speeds is deprecated as contributing

little to real time computution,
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8. Throughout the report, \hirlwind is considered as a machine
divorced from a research project, This leads to many doubtful conclusions.
New suggested applications for digital machines are arising rapidly, and
a machine and laboratory where they can be tested, without waiting for
the construction of a digital computer to order, is impertant,

9. The report does not recognize the assistance, both direct and
indirect, which whirlwind nas given to other projects. 7his is especially
true of the United States Naval Computing Laboratory, which is not men-
tioned in the repert, and, to a lesser extent, is true of the Reytheon and
other work.

10. The report overlocks the field of simulation as a velid use of

. digital computers, end therefore omits from its consideration a second
primary objective of Project Whirlwind, The use of computers in simula-
lation is of sufficlent m.{litnr-y importance that much machine development
is aimed specifically at that application, and a Research and Development
Eoard committee has been formed especially to consider the simulation field,

11. The report is at variance with several important facts. The

= Harvard Mark IIl is referred to as ihe first and only postwar electronic
machine supported by the Military Establishment, although the Eckert=Mauchly

BINAC is an electronic computer and was shipped from the manufacturer first.

e,

- The latter is not included in any of the tabulations and is recognized

only on one page of the report (page 47). Omitting the BINAC leaves out

-

an important scale of reference in evaluating ths computer program. It
illustrates several of the difficulties which result from close adhorence

. to certain of the Panel recommendations.
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IV. DISCUSSION OF SFECIFIC CRITICISMS OF PROJECT WHIRLWIND

This section will discuss the statements given in the report
with pertinent information bearing on the subject of criticlem.

A, Object Whirlwind and ¥nd Use of Wh T

The following comments are taken from the report:

(Page 11, Section 2.3.5)

", + « recoomended that the OfIice oi Haval Reccarch tnla

immediate steps to find a sultable end use for the completed

whirlwind I machine. If such & use can not be found, (the

Panel has dbeen unsble to find one) further expenditure for

the completion of the machine should be stopped.

"1f a suitable end use for Whirlwind I is found, the Office

of Naval Research, in cooperstion with the proposed user and

contractor, should estanblish definite specifications to be
met by the completed machine, including terminal equipment
. required for the intended use."

(Page 39, Section 4.4.7)

"No definite end use hes been selected for this equipment.”

(Page 654, Section 5.8)

"Neither the sponsor, Office of Naval Research, nor the con-

tractor, Massachusetts Institute of Technology, has expressly

named any specific computing project to be assigned to this
machine."

The Panel does not distinguish between "no possible odbjective”
ard "no contractually specified spplicatlion.” The Office of Naval
Research, the Navy as a whole, and the Military Establishment have a
wide range of digital computing interests.

The report (page 9(4)) criticlzes machines with no odvious
means of support and, by implication clsevhere, directs this toward the

Whirlwind I computer. In view of the objectives discussed later, this

'NCLASSIFIED
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is similar to criticizing a commercial concern for plant construction
unless it had actual purchase contracts for the entire future out];ut

of the plant. The equivalent commercial procedure of making s market
remearch study has been done continuously by the Office of Naval Research
and M.I.T. to establish the importance of a digital computing center,
machine, and laboratory directed primarily at real time problems.

Where definite end-use objectives for digital comi:utara have
initially existed, as tne ranel prefeis, lhese have often besn reviced
and changed by ensuing circumstances. For example: The ENIAC was
designed as a speclal purpose machine specifically for balliistic problems;
it has been ueed in many other ways and perhaps ite greatest contribution
has been in showing the possibility of running other large electronic

» machines. The BINAC computer was purchased for a mobile real-time
problem vhich was too ambitious a specification and the machine has been
diverted to other use., The Pancl recommends changing, probably correctly
80, the immediste end obJective of the Harvard Mark III computer and
suggests that it remein at Harvard rather than being shipped to Dahlgren.
The Whirlwind computer started with very rigid, definite specifications

® including equations and data to be used in aircraft stability enalysis,
but these have been broadened greatly as the universal utility of digital
conputers 1s better understood and the needs of the Military Establishment
change. Out of all the machines studied by the Panel, average chances

at present seem very much against any particular machine's being com-

Pleted and used for the purpose originally intended.

The implication in the first quotation referring to "the

. proposed user” and "the intended use" does not fit the objectives of the

UNCLASSIFIED
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. project for providing a laboratory and a machine for studying digitel

g

computer applications having the greatest current priority. This
misunderstanding may arise from too great a concentration on computers
as specific machines rather than a concentration on digital computation
as g problem in research, development, and application.

The following statement of Project Whirlwind objectives are

listed roughly in the order of importance but not necesearily in the

l. Real Time Applications of Digital Computers
The report recognizes the importance of digital computation
in "real time" problems. The Panel apparently does not realize
that thie field comprises the primary objective of project Whirl-
. wind. Application of digital computers to "real time" problems
can be divided into two important areas.

a. Tactical Military Problems. This field is recognized in
the report (page 8, section 2.2.2):

"It is recommended that additional studies be set up, direcied

_toward the real time computation essential to the solution of

tactical military problems. Such studies should consist prin-

cipally of system annlyses in the gulded missile or special
projectile field, dbut should include also specialized component
development such as quantizing machines and digital servos
needed to give autometic access to instantaneous data by the
computing elements."

Project Whirlwind has been doing most of the preceding.

The Panel further recognizes the importance of the real time
tactical applications. On pages 14 and 15 it recognizes the newness
of this fileld and that no digital equipment is yet operating in it.
The need for starting a sound and integrated research and development

program therefore results. The report stresses this field again on

[ 'N(\l ASCIFIED
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page 17, Section 3.2 (3).

Work in this field 15 being actively pursued by the Office
of Naval Research. Plans for applying the Whirlwind I computer
to studles of digital fire control are well along in the discussion
stage by the Office of Naval Research and M.I.T. These plans are
being made with the knowledge and encouragement of the Naval
Research Laboratory, the Bureau of Ordnsnce and the Bell Labora-
tories dark 65 project.

The Servomechenisms Laboratory, in work directly related to
Project Vhirlwind, is studying the application of digital computers
to air traffic control for the Air Force. The extensive use of
computers is specifically called for in the report of Special

. Committee 31 of the Radio Technical Committee for Aeronautics, and
the M.I.T. air traffic control program grows out of that report.
Technically, at this stage of digital computer research, air traffic
control studies are synonomous with aircraft interception and
military aircraft control.

Applications of the digital computer background availabdle at

= Project Whirlwind and application of the Whirlwind I machine itself
to the problems of land-based, anti=-aircraft fire control are being
Jointly considered by M.I.T. and the Signal Corps.

An Annapolis postgraduate Naval officer is now doing research
at Project Whirlwind on the application of digital computers to the
problems of data analyeis, weapon control, and ship navigation in
anti-submarine attack.

. .'Ble Office of Naval Research has exhibited a longer sustained

intereat in the application of digital computers to real time

e ONCLASSIFIED
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w problems than any other military department. Whirlwind work has
been in progress for four years, during which it has had firm
support and encouragement and is now materializing into an operating
laboratory and a machine suitable for research in real time problems.

b. Simulation. The Panel does not mention the many applica~
tions of simulation techniques as a proper field for digital com~
putation. Thers are, nevertheless, many military groups who can
derive great venefite from such work, Simulation falls roughly
into two categorles: one where equipment is being tested; the other
where human reactlons or teamwork are being studied or developed.
Combinations of the two are possible., Simulation, for equipment
study only, might arise in the vesting of guided mieslile componenta.

. Similation involving both equipment and persons accounted for the
initiation of Project Whirlwind. The initial intention was to duild
a machine for simulating the behavior of large aircraft, based on
data derived from wind tunnel tests, and to provide an associated
cockpit in which a test pllot could evaluate aircraft behavior.

The Whirlwind I computer is still as useful for that problem as if
no other applications had arisen in the meantime. Large aircraft
have now been transferred to the cognizance of the Alr Forces, and

- the Alr Materiel Command at Wright Fleld has recently expressed

interest in reviving thia particular application of digital computers.

An application of a digital computer to personnel training
and group coordination ie typified by mechanized game boards for a

military war college.

=
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. Much of the basic information and technlcal work which has
v led to the enthusiastic recommendeation of the Panel for application

of digital computers to resl time problems has come directly or
indirectly from project Vhirlwind. The firset reports on this sub-
Ject were 1ssued in the fall of 1947 and unfortunstely, in spilte
of thelr briefness and generality, otill stand as almost the only
detailed analyses of digitel computer capacities required for

certain tactical control problems.

2. [Establishment of a laboratory for Real Time Digital Computer
Research

For proper pursuit of work in the important field of digital
computer applications both 2 research laboratory and suitable com=
puting equipment are necessary.

. a. Establishment of g laboratory. The importance of a labora-
tory for this work 1s recognized in the report on page 17, Section
3.2 (3)e

"Sugh a program should provide for: ....(3) the necessity for

obtaining systeme research rnd development by qualified indi-

viduale and institutions, in order that suitable improved
systems may become available for both general purposes and
real time computations.”

- On Page 34, Section 4.2 of the report,

"The present program does not include sufficient emphasis
.on real time computation.”

Digital computers are not yet ready for mass production, No
electronic digital computc™ has yet operated well enough eo that
coples have been wanted. A laboratory equipped to explore the
various types of applicationn is important in determining and

demonstrating which ones justify the development or purchase of

b J ASSIFIE
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' mechines for a single specified application. Such a laboratory

l‘

will make it unnecessary to procure a computer merely to determine
feasibility of some newly proposed application. Once trials have
been made, people will then have an informed, experienced basie on

which to set specifications for a particular machline purchase.

Effective work in this field must be based on actual demonstration

i of possibilitlen, demonatration of promising reliability in digital
computing equipment, and on laboratory work with an operating machine
for the eveluation of systems proposals. Whirlwind I is being con-
structed for thene purposes. On page 15 the report cites that no
such equipment is available or operating at the present time. It is
certainly essential that any development as new as this be accom-
plished first “‘n the laboratory before one attempte to make modile
field equipment, On page 15, paragraph 3, the report states:

"I\ seems remsonable to suppose that any well balanced national

de !ense program for the development of computers ought to

incluie machines suitable for each of the above described

ourpotes."

Speeking of the need for more information on actual machine
o] perfurmance the report states on page 22, paragraph 3:

' "With the completion of tests on a few of the more advanced
projects, a great deal more information should be avallable
for use in theoretical research into possible systems of
computation to be applied to specific problems of the Military
E3%ablishnent.”

In the last sentence of page 4, the report recognizes that:
“thy existing contracts should also provide machines for
expirimente leading to the evaluation of the usefulness of high
spexl digital computera in fields of computation which are as

. . yel untried and where the exact formulation of the problem is
at{ll to be accomplished.”

| —NCLASSIFIED




[

APPROVED FOR PUBLIC RELEASE. CASE 06-1104.

- . - b
1~16 e Page 16
SSIFIED
UNCLASSIFIE
' These statemente come close to deecribing many of the applications
kA for Whirlwind I.

In the construction of Whirlwind I much attention is being
given to echieving high reliability and long periods of trouble
free operation. Most other computer projecte, if they treat relia-
bility at all, are satisfied with detecting errors after they occur.
In tactical control a.ppl!cationt.- where human life and valuable
property are at stake, errors must be prevented, not merely die-
covered.

A machine like Whirlwind I can perhaps be compared to a wind
tunnel or a nuclear particle accelerator. It is a research facility.
Precise opecification of end use is not possible rhead of time.

Only the general field of application can be predicted several years
. in alvange. Actual circumstances and priorities for applications

research change rapidly.

3. Iraiping Personnel

An important part of the Whirlwind program is the training of
personnel. Thus far training has been limited largely to Project
staff members, since the information had to be generated as well as
absorbed, and adequate staff comes first. With this already done,
the regular M.I.T. academic program is being extended to include
additional work in digital computation. Next year sufficlent courses
relating to this field will be given to make up a complete master's
degree program. This is being done without the persuasion by the
Military Eetablishment suggested on page 29 of the report. Setting

. up a more complete trailning program has been delayed by unavaillability

JNCLASSIFI
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‘ of & computer for laboratory work. As Whirlwind I nears completion,
b and its existence can be enticipated next year, new academic courses
become possible.

Page 18 (8) of the report states the necessity for orientation
courses for key command and adninistrative personnel to keep them
informed of progress ard the potential use of high speed digltal
computers. Project Whirlwind has made some contribution to this
work at the Industrial War Collsge. It 18 a scurce of informmtion

for such training wits respect to real time tactical applications.

In additior %> a digital computer, extensive terminal equip~

ment may be rojulred in most real time problems. Data must be

talkken in from analog devices. Results are sent to visual displays
. or to servo (ystems. The Panel criticizes Project Whirlwind for

not slready naving such equipment. Yet this is & major underteking

in itself vaich will continue for many decades. To illustrate

that termi:al equipment is an important and continuing problem,

one has only to look at the much older field of analog computation

where the {evelopment of terminal equipment is still very active.

2

On pa;o 8, Section 2.,2.2, the report directs attention toward
terminal eqiipment which must be associated with digital computers
in real time computation., The need for servo systems to be con~
trolled from tigital input is stressed in paragraph 4 of page 35.
A major contribution to this problem has been made by Project
Whirlwind as the doctor's thesis research of Professor William Linvill
. in treating the theory of sampling servomechanisms. This will
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stand as a guide post in the future develoﬁment 01 gQital
controlled servos.
The proper presentation of visual displays are an important
part of real time applications and an example of this type of
terminal equipment has been used in connection with Whirlwind 1

for several months and is under continuing develupment.

This 15 an lmportant ohiective nf the Wh‘!r"l._ui!nd work. It
overlaps the objectives given above. Nearly all M.I.T. depart-
ments have possible applications of digital computation and would
be willing to undertake applications research and thesis studies.
Active work is to a coneiderable extent awaiting e complete and
operating machine. The neceseity for an actuzl machine to stimu-
late such research ies nicely presented by the report on page 21,
Section 3.2.2:

"It ie only reasonsble (o suppose that workers in the field

of applied mathematics usually have not concerned themselves
with thie phase of numericsl computation, because of the
sterility of any such efforte in the face of the nonexistence
,0of machines suitable for high speed calculations. Now, however,
when there are several high speed digital computers far enough
along in construction so that final computation details can be
predicted, it seems wise to undertake a program to foeter
researches in the field of pure and applied mathematics.”

While it will be necessary, of course, for the Military Establishment
to encourage specific research on its own problems, there will
nevertheless be much of this done at M.I.T. without support of the
Military Establishment. Capable persons will be attracted from all
gclentific fields and aleso the social sclences, and existence of

Whirlwind I will encourage research by graduate students and staff.

JLASSIF
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v 6. Availability of a Machine sa a Stimulus to Future Component

Research

The commentes made by the Panel in Section 3.2.2 about the

necessity of a machine for theoretical research applies even more
foreibly to the etimulus such a machine gives to component research
end development. Shortcomings of an operating machine are apparent.
The most rewarding areas for future development are clear. New
components cen be substituted into the existing machine (if it ie
of sufficiently flexible and accessible coustruciion) for actusl
operating and reliability tests. Development of components to the
point of actually operating in a machine assures complete develop—
ment and prevents premature release to groups who might otherwise
have to retrace much of the original development. Actual experience
with the machine mekes desireble specifications of new components
apparent.
7. Intesrated Digital Computer Research Program
It has been an objective of Project WVhirlwind to meintain a
balanced program in digital computer theory, component development,
o machine construction and epplications research. These have been
especlally directed toward the real time problems, but one unavoid-
ably receives an important by-product in the form of techniques
and facilitles for the solution of sclentific and engineering problems.
8. Computing Leboratory for Engineering Problems
Facilities for the solution of scientific and engineering
problems are naturally obtained as a by-product of the work

. discussed above., One would indeed be wasteful and negligent not
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: to take ndvantage of this opportunity. To capitalize on avail-
ability of the basic computer requires, at the most, the addition
of pieces of terminal equipmnt which might be required for
scientific work but not for real time research. Machine time is
glmost certain to be avallable for this work, since it is unlikely
that the research into real time problems can be organized to fully
utilize mechine time. If necessary, an extra operating shift at
night could he devoted to routine general purpose computation.

In all probability use of the machine as a scientific computer
will be achieved earlier than significant work in the real time
field. Seclentific applications are better understood, more trained
perasons are avallable, and perhaps more are interested in this area.
Much more modest beginnings are possible. In fact, initial testing

‘ of the computer would be mede on fictitious scientific problems,
even if they were of no practical importance.
9. Contritmtions to Other Projects

An Aimportant part of ProJect Whirlwind work is to operate as
a research center for dissemination of digital computer information.
The Fanel has reported favorably on ProJect Whirlwind reports which
were establiched for this purpose. It is hard to evaluate the
actual usefulness of such activity. ZExtensive use has been made
of Whirlwind work in the United States Naval Compﬁting laboratory
operated by Englneering Research Assoclate®, ILesser contributione
have been made to the work at Raytheon, National Bureasu of Standards
at Washington, the computer at the University of California at '

' Berkeley, and the ORDVAC at the University of Illinois.
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A few other miscellaneous obJectives fulfilled by Prolect
Whirlwind are cited in the Panel report. Page 4, paragraph 2
mentions machines built for the education of the builders and the
usere. This is an obJective of no small importance, especially
when it relates to the totally unknown field of real time compu-
tation. At the time Project Vhirlwind was started there was no
certainty whatever that e compmter zould Ve Uuili to operate in
the range of 10,000 to 20,000 arithmetic operaiions per second.
Furthermore, there was no available estimate of machine reliability
or development difficulty in realizing & computer for militery
applications. Already anewers to these pointe are emerging from
preliminary testing of Whirlwind I and the preceding prototype
circuits.

The Panel recognizes on page 8, Sectlon 2,2.6 that a new and
unique fundamental approach to machine design may be a justifiable
reason for construction. At the time Whirlwind I was started it
was most certainly new and unique and etill stands as the only
ul tra=high-speed parallel type computer near completion. Appli=-
catione of the machine to real time tactical work and to simulation
are unique applicaticns of a digital computer, and there is no
doubt but vhat Whirlwind I is the firet, and in fact the only,

machine the Panel studied which can work on many of these appli-

cations.
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l. Terminal Eguipment for Rem] Time Problems, The Panel makes
a major point of criticizing Whirlwind I terminal equipment, The
Panel may be confusing terminal equipment, es it has been specified
by other projects for research purvoses or restricted end uses, with
the biroader pussibllitlcs thot Project Yhirlwind makes mossible. The
lack of terminal equipment which the Panel criticizes i1s the eame
terminal equipment which it recommends undertaking as a major
Military Establishment program in the fileld of digltal eervoe, analog
information quentizing unite, digital-to-anslog converters, and visuml
digplay devices. With reenect to terminal equipment, the project has
followed the step-by-step procedure recommended by the Panel. The
first step is to obtain a working commuter with minimum terminal
facilities (fully equivalent, however, to those planned by many
other computers) and to evaluate performance and achievement at that
etrge before attacking new, unknown frontiers.
2. Emphasip op Terminal Bgujpment, On page 11, Section 2.3.5,
the revort recommends:

"...the 0ffice of Naval Research, in cooperation with the
ueer and the contractor, should eatablish definite
specifications to be met by the completed machine,
1nclgdins terminal equipment required for the intended

. use.
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‘ The Office of Haval Regearch and M.1.T. have carefully

the matter of Whirlwind terminal equipment. The project is overated

4

as & continuing research program. The amount of terminal equipment
which could be designed or purchased in the work thus far hae been
established by the available budget and avaliable scientific personncl.
It hae been conesidered wiser to concentrate on commletion of Whirlwind
I with basic or minimum terminal equipment rather than to spread
resources over a broeder program resulting in the earlier completion
of no single mart of the work. Although the advisability of a par-
ticular step=by-step develoovment procedure as recommended by the
. Panel on page 24, paragraph 2, is cuestioned elsewhere, it has,
| nevertheless, been followed in this part of the project Whirlwind
progran. The Panel recommends commleting component development
before continuing with systems procurement. In real-time
arnlications a digital computer is a component of the finel system.
] It ia 8lso A component and not the entirety of an operating computer
research leboratory.
The idea of "the" end use and "the" required terminal equipment
ig & misconception, In resl time regearch this eguioment grows
gradually as required out of concurrent system studies. System

gtudies can not be d-ne flrst or alone, becaume they must be
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developed as the possibilities of the equipment ars determined.
This ie well stated by the Panel on page 22, Section 3.2.3%

"It has beon brought out repeatedly that future plans
for the use of high-speed digital computing devices
depend on whether or not equipment can be built with
certain characterietic merformances."

In so far as has been determined, & basic high speed digital
computer can be apnlied interchangeably to most applicatione in the
real-time field so long as speed is sufficient and the ultimate
mobility requirenents or final packsging have not yet been
introduced. However, this universal nature of compntai-a does not
apply %o terminal equipment. Different data converters are
required for shaft position, for analog voltages, and for radar
echo transit tine. Output servos differ depending on the Job to be
done and the verformance required. Visuael dlspleys may be similar
to one another but are unlike terminal equipment thus far developed
by other projecte. The oresent active Whirlwind program includes
enough visual dieplay equivment to demonstrate some of the
possibilities of real-time digital computation. Thie meets the

requirements of page 22, Section 3.2.3, parsgraph 2 of the revort:

"With the completinn of tests on 2 few of the more
advanced projects, a great deal more information ghould
be availeble for use in theoretical research into pog=-
sible aeystems of commtation to be annlied to specific
problems of the Military Egtablishment.”

UNCLASSIFIED
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3. Indefinito Terminal Bquipment Plans, The report refers to
Whirlwind I terminal equipment on nage £3 (lest paragraph):

"Whirlwind I mechine, ..., and with as yot indefinite
planas for input and output equipment.”

Indefinite plans exiet for Whirlwind I terminnl equipment only
to the extent that budgete are indefinite. This is an important
point and there isg real danger that the Panel rsncr$t w1l contribute
to lack of confidence in the program, and, therefore, make these
plane more indefinite.

Whirlwind I ig so designed that there is no queation about its
ability to accept any terminal equipment now known or suggested.
Varying emounts of matching equipment mey be required, but in most
casee no more than that required for matching to computers for which
the equipment was specifically designed. Terminal facilities with
which Whirlwind I can operste include magnetic tape units, direct

teletyve tie lines, local teletype equipment, radio or micro wave
relay equipment, and the knobs, controls, eowltches, shafts and
voltages of enalog equipment. Much of this terminal equivment is not
designed because necesglty for it is far in ‘t.he future. Ceneral
ideas exist for the nature of the equipuent to give assurance that

Whirlwind I i1a compatible with it.

UNCLASSIFIED
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1 Plans for terminal equipment design or procurement are
coordinated with Whirlwind I computer completion. Equipment can be
accepted only at a rate set by the available personnel and by the
ability to get the computer into vroductive omeration. These will
both take time,

A digital computer is not yet like a truck which can be mmrchaged
to haul & load of gravel. There is no such thing .“ a.singla specific
date on which a computer is comnlete, a full staff ready to use 1it,
and a full work load available. The traneition from construction

. to use is gradval. For Whirlwind I it beran in Sevntember 1949 when
computation wag first done with test storage. The transitinn will
continue for at least & year and probably longer.

4., Mipimum Ipput Equipment. The last sentence on page 53

statest

] "In this connection, some teletyne equipment and
Eastman Kedak FPhotographic equipment are being
provided but no specific plans have been made
for their use,"

“' The meaning of thie sentence is not clear. If it means use of the
final machine, it is & repetition of previous points sbout objective
and end use, If it means that integration of teletype and Eastman

. equipment into Whirlwind I is not plammed, the information ie incorrect.

A
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3 The combination of teletype and Eastman photographic equipment is

satisfactory for the real-time problems previously discussed. In
addition to this equipment, most real time work will require visual
scope displays for vresenting vmictureas eguivalent to radar P.P.I.

plots. A sultable gcope display for initial work is well along in

[£]

the deslgn slage and should be ready as goon az It coan he need with
Whirlwind I. In engineering work similar scope equipment can he used
for the plotting of englneering curves. So far as is known, this
important facility is not belng planned in connection with computers
. limited to sclentific work.

5. Iaitial Terminsl Equipment. Page 54 of the report states:

"Ag a result, the computing elements of this
machine are estimated to be 85 percent complete
with 11ttle progress on any adequate syvetem for
hendling input and output data."

This ie hardly correct. The terminal eguipment being initially
provided with Whirlwind I ig fully equivalent to the terminal equipment
being provided with other computers, esnecially keeping in mind the
® objectives of the project. The Panel may derive its view of the

terminal eoulpment situation from some of th® opinions of Project
Whirlwind personnel, where it 1s considered that the initial project
. terminal equipment, as well as the terminal equipment for most’other

e computers, is quite inadequate to exploit the full long-range
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: ] The combination of teletype and Eastman photographic equipment is
satisfactory for the real-time problems previously discussed. In
addition to this equipment, most real time work will require visusl
scope digplaye for vresenting nictures eguivalent to radar P.P.I.
plots. A suitable scope display for initisl work is well along in
the dealgn stage and should be ready as soon as it can be used with
Whirlwind I. In engineering work similar scope equipment can he used
for the plotting of engineering curves. So far as is known, this
important fecility is not being planned in connection with computers

. limited to sclentific work.
5. Initial Terminal Equipment. Fage 54 of the report states:

"Ag a result, the computing elements of this
machine are astimated to be B85 percent complete
with 1ittle progress on any adequate system for
handling input end output data."

This is hardly correct. The terminal asquipment being initially
provided with Whirlwind I i1s fully equivalent to the terminal equipment
being vrovided with other computers, esnecially keeping in mind the
- objectives of the nroject. The Fanel may derive its view of the

terminal eoulpment situation from some of th& opinions of Project
Whirlwind personnel, where it is considered that the initial project

. terminal equipment, as well as the terminal equipment for most other

e
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computers, i1s quite inadequate to exploit the full long-range
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) | possibilities of highspeed electronic diglital commutation, The Panel
hag been satiasfied with modest input-output equipment where there is
no plan or poseibllity of doing better, but dissatiefied with equiva-
lent terminal equipment where better results are ultimately
anticipated,

€. Mapnitude of Termipsl Pguipmani Froolem. The proper
development of terminal equipment will be a major part of the
Military Egtablishment program in real time digital commuter work,
Vigual presentation equipment for monitoring purvoses must be
. provided. The only one we know to be in operation from a digital
computer is connected to Whirlwind I. This was demonstrated to
30 or 40 guests during the Harvard Computing Symposium in September,
with very favorable response.

Work thue far has only dented the nroblem of digital servos.

[ ]

These will undoubtedly be as much of an undertaking as the fleld
of analog servos in the control of instruments, radar sets, and gun
mounta.

The tranemittal of digital computer data by radio link lies in
the near future. Both land-based and naval systems are now under

development which lead in this direction.
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7. Digital Servos. The immortance of this is polnted out in
the revort, page 8, Section 2.2.2 and the work of Project Whirlwind

in thie area has been discussed under objectives,

8. [o) K Much digcussion has
revolved around Zastmen Kofak photographic film input-output unite.
Prohably no final answer is pogsible, but a few comments may be
useful.

The Fastman Kodak input-output units fit better into real-time
anolications of computers than into ecientific computing avplications.
An important and valuahle feature of the film unite ie their ability
to read at eny operating sneead up to their maximum limit. Lines on
the film can be read with the film stationary or at any servo-
controlled rate. This is not true of magnetic tampe where spesd must
be restricted to a range which will give sultable output signal from
pick-up heads. Film units are, therefore, easier to synchronize with
typewriter and printing equipment,

The Eagtman Eodak input-output units are tedsy the most advanced
development in high speed digital terminal equipment. They are
available prior to reliably operating magnetic unite and have speed,
capacity and performance for certain uses ahead of masmetic unite

now under development. At the time the Office of Naval Research

INCLASSIF
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? authorized the Eastman Eodak work, that form of terminal equipment
enpeared to show better promise than megnetic units. Whether or
not this was actually true can probably never be established.

Digsatisfaction is often exvressed with the specifications of
the Tastmen Kodak unite. This is not fully founded, but wherein
Justified moy he traceshls to the policy favorsd by the Panel of
having component _d.eveloment. geparate from commuter work. The
Tastman Kodak develonment was begun entirely indevmendently of
Project Whirlwind and later was diverted to become the Whirlwind

. terminal equipment for initial phases of the project work.

9. Masnetic Tape Terminsl Sguipment. Magnetic tape terminal
equipment will be extremely important to digital comouters. Most
new computers are planning on this form of input and output for
effective work in some flelds of scientific or engineering

‘ computation. Whirlwind I should eventurlly be equimped with magnetic
units for such avnliceations. Project Whirlwind has done elmost no
work in the field of masnetic tave equipment. Need for such has not
yet arisen in the original or present major objectives of the project.
Also under present circumstances, duplicrtion of magnetic tave

development being done elsewhere would be unjustified. Magnetic tape
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2 | unite suitable for Whirlwind use are being designed elsewhere and
can be purchased when necessity mekes the required budget availlable.
Co Changes in Contract Direction
The Panel feels that technical direction has been adversely affected
bty changes in military supervieion of the contract. (Page 39, Section 4.4,7):

"The technical dirsctinn of Whirlwind seems to have
suffered seriouely by frequent changes in objectives
and the tranefer of the project from one division of
the Military Establiehment to another,"”

This is not true. Furthermore, there have not been as many changes in
Haval interest as indicated on pagee 52 and 53. The second sentence of
’ Section 5.8 readsi

"Its original intent was the crmoletion of tacticel
eimulation equipment for the use of this agency
(Speciel Devices Group)*,

Thie is not correct for the history of the project really begins with the

sentence following:

“The original eimuletion studies contemplated the

uge of analog computation, Later, the project trans-
; ferred 1ts objective to the development of the high
speed computation of aeronautical problems of perfor-
mance, and a decision was reached to construct a high-
speed digital computer for the purpose.”

Thies latter was the first and original objective of the project and still
remains as a pogsible important use of the work.

There has bheen no chenge in Whirlwind I smecifications or technical
direction required by any changes in military sunervieion of the contract.

11
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All changees have been a broadening of vossible uses arising from a

1-16 Page 32

realization of the flexihility and universal nature of the computing
equipment under development. The alrcraft analyzer wes the first svecific
end objective and still remains in the contract, Terminal equipment for
the original aircraft simulator was postponed nending tests on the digital
computer. The same computing equipment as cen be used for aircraft
similation is equally amnlicable to tactical gimulation mo that this as
well ag other real-time control possibilities were opened up. The aircraft
analyzer was a real-time anvlicetion placing the same requiremente on a
computer as the other real-time prohlems discussed under objectives (this,
of course excents the matter of an ';altl.nt.a mobile design and final
packaging). The interest of the Office of Naval Research in sclentific
computation is active and can be partially asatisfied by the computer.
Sclentific computation is obtained as a by-product without having forced
changes in svecifications on the Whirlwind wnrk done thus far. As noted
before, it may Justify the addition of further tarminal facilitles in the
not too distant future.

The Panel has not recoginzed the universal amplicability of Whirlwind I
tyve equioment to digital reeeerch. The aneed of the eguinment makes it

suitable for tactical and simulation studies. In scientific computing the
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high sveed permits double-length operetions to compensete for the short
register length without serious loss in mechine nerformance.

Whirlwind I can gtill fulfill its original vnlace in the »roblem of
aircraft stability analysis (which was to demonstrate feasibility, allow
preliminary studies, and solve simnlified examples). Thig is still an
important problem in the Military Establighment and one in which the Air
Forcee heg exnressed recent interest.

The changes of interest in connection with Whirlwind I are tynical of
those occurring in the entire digital cowputing field. Actual or proposed
changes in the application of the ENIAC, the BINAC and the Mark III have
bren discuseed. The internmational situmtion has changed greatly in the
lagt five years, military unification 1s taking effect, new defense
weapons have been developed, and new technical information has been

obtained,

UNCLASSIFIED
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. D. Magnitude of Project Whirlw

The Panel criticizes Project Whirlwind for being larger than other
computer projects.

(Page 39, Section 4.4.7)

"The scale of effort on this project is out of proportion to the
effort being expended on other projects having better specified
objectives."

(Page 54, last paragraph, Section 5.8)

"The scale of effort on this project, while it has been considerably
reduced in recent months, is still out of proportion to the effort
being expended on other projects.”

1. Se £ c

In these statements the Panel shows clearly that it has not estab-
lished its opinion on the proper Military Establishment level for digital
computer work., Here projects are coﬁpared to the average scale of all
projects rather than to the importance and need for digital computer
research and development. Elsewhere in the report the Military Estab-
lishment is criticized for carrying on insufficient work in the areas
covered by Whirlwind, Relative eize in the present situation seems
hardly an adequate scale of reference.

2. .S, Naval Computing Laboratory

The above quotation implies that Whirlwind is the largest digital
computer program sponsored by the Military Establishment, In its re-
port the Panel makes no mention of the U.5. Naval Computing Laboratory
operated in St, Paul, Minnesota, by Engineering Research Associates,
That organization 1s devoted almost exclusively to the various aspects
of digital computation and operates on a budget and at a staff level

’ of approximately three times Whirlwind's, In fact there seems to be
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more in common between Whirlwind end that organization than between

Whirlwind and the other projects which the Panel considers. Because
that laboratory must deliver working equipment to the Na.vy‘it places
& similar emphasis on the importance of reliabllity and good design.
In developing a computer for the Bureau of Ships Task 13 Project, the
United States Naval Computing Laboratory is relying heavily on Whirl-
wind work, That computer has been based on Project Whirlwind circuite
and the Whirlwind I computer block diagrams, This original information
was then changed by Engineering Research Aessoclates to incorporate im-
proverents suggested by their own men and by Whirlwind staff and to
incorporate the changes required or permitted by the particular appli-
cation., In some slight sense that group is using Whirlwind I as a basis
for going on to the design and construction of a "Whirlwind II." That
machine 1s well along, and mejor parts of it are operating.

3. Accounting Methods

Project Whirlwind is e complete, integrated program where all
charges have been totaled into one budget except for the work on inmput-
output devices by the Eastman Kodak Company which was independently
initiated. This accounting procedure is not common in the digital com=-
puter field, and most laboratories have operated on a multiplicity of
contracts covering various aspects of the work, No one project then
shows a budget total comparable to Whirlwind although total funds spent
on digital computation might be comparable. As an example, the work at
the Bureau of Standards might be cited. This program has or does include
design studies and component developments at Eckert-Mauchly, design
studies and component development at Raytheon, storage tube research
at Raytheon, the work of the Bureau of Standarde in Washington and the

o —————
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Institute for Numerical Analysis in California, the associated work
on the "Zephyr" computer in California, and numerous other sub-contracts,
To obtain a proper comparison with Whirlwind, the total of all this work
should be compiled and then a comparison made on the basis of technical
accomplishment,
E. cific Status o \.}

1. Status

Un Fage 52 of the report the statement, "Whirlwind I machine, as
presently envisioned ...." gives a very different impreesion of the
machine's physical status than the more descriptive statement on the
next page: "... the computing elements for this machine are estimated
to be 85% complete ...."

. The central control, arithmetic element, test storage, and a
simple visual output display device have been operating since Septem=-
ber, 1949. The storage row to complete the basic machine will be
asgembled by about the end of February, 1950, and should be integrated
into the rest of the machine by May. Storage tubes for this first
installation are in stock. Block diagrams for the Whirlwind I computer

K were prepared and made available in September, 1947, So far as is
knonn this is the only equally complete set of block diagrams available
for an electronic digital computer. They omitted some parts of the
machine which are now being included in a revision of the block diagram
report.
Because of more careful testing and installation checking as Whirl-
wind I is assembled, it may actually operate satisfactorily before other

3 machines which are considered by the Panel to be more advanced.

W
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2. Size

On Page 53 of the report Whirlwind is referred to as a "very large"
machine, This is probably correct if total floor space is used as a
criterion, Because the principal objective of the machine is operation
as part of an integrated laboratory, its objectives have dictated a
machine which is easy to service, Complete access has been provided to
all machine components, The importance of this accessibility has already
been demonstrated by the ease with which satisfactory performance has
been obtained in the parts assembled thus far. There is very little in-
formation available on the maintenance of large electronic machines,
Machines when actually constructed have always turned out larger than
the original expectations based only on block diagrams prior to availa-

. bility of circuit schematics and component requirements.

Congiderations other than floor space are important in Judging com=
puter size., Whirlwind I will have approximately 4,500 vacuum tubes.
This compares with 18,000 in the ENIAC, 12,000 tubes in the IBM Selec-
tive Sequence Electronic Celculator, and 1,500 to 5,000 in the proposals
for other machines now being designed,

" In considering a machine for real-time computation where speed
and computing capacity are essential, the most significant measure of
size 1s probably the equipment required per unit of computation accom=
plished, This might be measured in terms such as:

Multiplications par Second
Figure of Merit =«

Vacuum Tubes in Machine

|
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Using figures from the table in the back of the report, this machine

figure of merit becomes:

Computer F e _of Nerit

Whirlwind 10,000 = 2,2
4,500

N.B.S. Zephyr 2,600 = 1.4
1,900

ORDVAG 3,100 = 1.2
2,500

1.A.8. 2,000 * 1.0
2,000

Raytheon Hurricane 1,200 = A
3,585

N.B.S. Interim 340 = .28

. 1,200

UNIVAC 330 2 08
4,000

EDVAC 300 = 08
3,500

Harvard Mark III 9% B L02%
4,939

California Digital -3l = .015%

Computer CALDIC 2,000

ENIAC 104 = .0055
19,000

* These machines are magnetic drum units, causing the slow

. UNCLASSIFIED
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> 3. Regigter Length
On Page 53, the report refers to Whirlwind as having "but five
decimal digits capacity."” This refers to the short register length
of 16 binary digits. A register length this short is to mathematicians
inadequate for sclentific use, It is, however, quite in keeping with
the objectives of Whirlwind I, which have been discussed.
Wiith respeci to rezl-time applications of digital computers, it
is significant to note that both in England and the United States some
fire control systeme are beginning to be standardized with binary digit
data transmission and with a register length in the range of 15 to 18
binary places.
Fer real-time applications the shorter register length is most
L ) efficient because few of the guantities being handled require more
accuracy, Ir the faw quantities where more accuracy is required, multi-
ple length computation is quite satlsfactory; and where the extra digits
are not required, the extra storage space is not wasted, The field of
real-time computation is based on very different considerations from
that of scientific computation. The 16 binary digite in Whirlwind aré
L probably shorter than will eventually be found optimum, Final systems
will probably be in the range of 18 to 24 binary places, No real=-time
i€ problem has arisen for either tactical or simulation uses where 16 digits
does not seem adequate for the basic studies that would be mude with a
laboratory-based machine.
To handle scientific computation on a short register machine it
may often be necessary to use either multiple-length rumbers or a pro-
grammed sliding scale factor, Both of the_sa admittedly add some
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3 inconvenience, but features have been added to Whirlwind to reduce
this inconvenlence, PBoth multiple-length ard sliding-scale operations
require enough extra computation so that the extra speed of Whirlwind I
will be approximately equalized with the acoustic delay line type
machine, In other words, multiple-length cperations may cost a speed
factor of 5 to 20, but the result still 1lles far above presently avail-
i able general purpose computers fer sclentific computation,
in meny engineering compuitallious wiere Lhe palure oi ilne proolem
is well understood, the length of the computation in any one sequence
is not long, and the primary job of the machine may be of a cleriecal
nature, it is anticipated that 16 digits may be useful without the
multiple length cowputation. This remains tc be seen.
. Should it ever become deairable, additional digit columns can prb-
bably be added to Whirlwind I by putting two in the space now takeﬁ'by
ong, Such reduction results from information acquired since Whirlwind I
wes sterted.
4. Memory Capaclty
Page 53 of the report refers to Whirlwind I as baving "an extremely

n limited memory capacity." It is not clear why this statement has been
made. It does not seem to arise from either the objectives of the ma-

%- chine or a comparison with other computers, The total storage capacity
; of a computer can be given in binary digits which are found as the pro-

duct of the register length tilmes the total number of registers. The

proper division of total storage between the number of reglsters and

reglster length depends on tho application of the machline. For scien-
. tific work a longer register is undoubtedly indicated. For real~time

work the capaclty of the machine is determined primarily by the totel
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. number of registers awvailable., The following table is again data
- taken from the back of the report and lists total registers and

total binery digits in the werious machines:

TABLE OF MACHINE STORACE CAPACITIES

Total
Total Registers Binary Digits

1. Operating Electronic Machines

a, ENIAC 20 ° 660

b. IBM - N. Y. Binary Equivelent
(8 registers electronic and
150 rslay roglsters) 168 10,400

2. _Ansamblad Electronic lachines

a. BINAC 512 15,360
b. Mark IIXIs= 4,350 236,000%*
3. Electronic Machines Under Construction
a., Whirlwind I 2,048 32,768
3 b. Hurricane 1,152 41,472
c. IAS 1,024 40,960
d. UNIVAC 1,000 40,000
e, NBS Interim 1,024 46,080
£. NBS Zephyr (not definite) 512 20,992
°r 1,024 oF 41,984
g. California Digital (CALDIC)*s 10,000+ 340,000
h. EDVAC 1,024 45,056
g i. ORDVAC 1,000 40,000
ja U. S. Haval Computing Leboratory 7 ?

# ENTAC and IBM do not store instructions in the high speed internal
memory 8o do not need as much capacity as other machines. Cable

connected or paper tape instructions result in inconvenience and slow=
ness of operation.

#2 Jark ITI and CALDIC are magnetioc drum machines which are intermediate
between external tape and internal electronic storage. High capaci-
ties are possible at slow mccess speeds, See Section IV « P on sto=-

. rage evaluation which follows.

w)
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Except for the magnetic drum machines, Whirlwind I is in the
high range of number of registers available. Again excepting the mag-
netic drum machines, the capacity of Whirlwind I in total binary digits
is within the range of other machines and is about 70% of the maximum
proposed for other machines.

Based on the studies thus far, the design limit of 2,048 registers
for Whirlwind I is sufficient to handle real-time research in multiple
aircraft anti-aireraft fire control, in perhaps 50-plene air traffic
studies, and is adequate for studies in tactical simulation and pre-
limipary work in aircraft stability analysis,

F. Mhirlwind Storage Tube Work
On Page 12, the Panel recommends contimuation of Whirlwind storage tube
. research, Elsewhere it comments on the tube on the basis of informatior which
has now become obsolete, Some corrections might therefore be indicated:

1. Special Design ‘

Fage 54 of the report describes the storage tube as being of
special design., This is certainly true., It is probably to be expected
of any vacuum tube for a purpose as specialized as information storage.

) The Selectron is likewise a tube of special design. The closest ap-
proach to a non-special tube is found in the work of Williams in England
e ) where standard cathode tubes have been used experimentally. Even in
the Williams tube, however, it has been found desirable to use special
storage surfaces and special tube processing to obtain better control
than 1s found in commercial cathode ray tube processing.
2. Cost of Storage Tube
. In the same section of the report the storage tube is referred to

as being of very expensive construction. The meaning of this is not

e — T
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. quite clear. OSeveral starderds for measuring cost might be used, Per-
haps costs should be measured against otner vacuum tubes regardless of
purpose or the cost of the storasge tube should be considered relative
to other storage devices. These possibilities are discussed later.

a. Comparison of vacuum tubes on an absolute basis depends
entirely on how badly the tube is nceded. At present electro-
atatic tubes are the only storage devices suitable for digital com-
puter work in real-time problems. Within any likely renge, tube
cost might be unimportant in comparison to military applications
of the equipment. -

b. With regard to possible redesigns the tube cost can pro-
bebly be drastically reduced. The first sixteen Whirlwind I
stora; e tubes have been constructed (not including research and

. development) for about $2,250 each. This include® all overhead,

allocatable costs, organizational inefficiencies in setting up
new model=shop schedules, and so forth, The tube can probably be
produced now on & model-shop hand-made basis for $1,500 each
including all proper allocatlons.

c. For a scale of reference we might compare this cost of

A

91,500 with factory production prices of the following tubes:

_
¥ Dumont Z gun cathode ray oscilloscope tube $ 150
Electron Tube Corporation 4 gun cathode ray tube 400
S5-Band, Tunable, 900 Ki Magnetron 505
Image Orthicon 1,200
RCA Selectron 1,500

(Unconfirmed second hand information. May be
either model-shop or factory production)

In comparison to the above production prices, the present model shop

. cost does not seem excessive.

vF B
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d. Perhaps the most significant comparison of storage tube
coste 1s on a scale that recognizes performance characteristics,
Storage capacities, costs, and access time must be included, Cost
is often improperly quoted on the basis of storage capacity alone,
If access time were of no importance punched paper tape or printed
books would be the least expensive storage methods. A figure of
merit which we might call a performance-unit can be defined for
comparing storage elements:

Digit Capacity

Performance-unit -
Access Time

Total capacity can be measured in binary digits., Access time can
be measured in micro-seconds, Either a higher storage c;pacity
2 or a shorter access time increases the performance-unit rating of
the storage. Actually t‘hia rating of performance is still unfair
to the higher speed storage units when they are considered for
heavy computing loads such as occur in real-time work., Storage
accoss time 1s the primary factor 1limiting machine speed in present
machine designs. Cutting access time by a factor of two will in-
w crease machine speed by almost the same factor. In military sys-
tems this may mean that only half as much computing equipment
would be required in a given problem and that the entire cost of
a second machine could be devoted to increasing the storage speed
of the first, This latter interpretation will not, however, be used,
One might compare the .cost. per performance~-unit for the three
- major typee of machine storage: magnetic drums, acoustic delay

. lines, and storage tubes., Since the lives of drums and acoustic

“UNCLASSIF'FP
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. lines are probably longer than for tubes, 1t will be necessary to

P -

b include the cost of storage tube replacement, In the comparison be-
low, a five-year period has been assumed. The cost of providing re-
placement storage tubes for a five-year interval will be included,
and it is assumed that the other types of storage are either worn out
or obsolete by that time, The estimates which follow include the
initial cost and five-year maintenance of the associated control cir-
cuits, Magnetic drum costs and accustic line purchase ecosts are based
on estimates obtained from manufacturers of such equipment, The
electrostatic tube figures are based on estimates of a 2,000 hour
tube life, en initial cost of £1,200, and the ability to re-process
a tube once for an additional 2,000 hour life for $200. It is as-

sumed that 32 such tubes are in the installation and that five years

. represents 10,000 hours of operating time.
Magnetie Acoustie Electrostatic
Description ~DPrum  _line ~ ___Tube
Total Binary Digits Stored 120,000 43,000 32,000
Access Time in Micro-Seconds 16,000 150 10
Number of Tubes in Associated 650 700 800
Control
- Yearly Cost for Maintenmance of § 3,000 § 3,000 $ 5,000
. Control
5-Year Cost for Maintenance of $15,000  $15,000 $25,000
Control
3 5«Year Cost of Original and
Replacement Storage Tubes $112,000
Cost of the Acoustic Tank § 2,000
Cost of Storage Control $28,000 $115,000
Original Cost of Magnetic Drum $25,000
Unit and Control
5-Year Cost for the Installation $40,000 $45,000 $252,000
"'i INIT A ~ 17 -
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? The following table derived from the above figures shows how the
cost per stored digit differs from the cost per performance-unit

which accounts for the importance of speed,

Cost Per Cost Per

_Digit e nce Unit
Magnetic Drum §0.33 $5,300.
Mercury Line 1.05 157.
Electrostatic Storage Tube 7.90 9.

This table shows that although the cost per digit for electrostatic

storage is relatively high the performance cost in high speed work

is much reduced. Depending on the nature of the real-time appli-

cation the importance of high speed computation might be weighted

. even more heavily in favor of a high speed storage system,

3. Availability of Tubes

The report states that mech remeins to be done before the storage
tube can be considered a satisfactory element of high speed memory,
Certainly a great deal of work remains to be done before an optimum tube
for military use is developed. With regard to Whirlwind I requirements,
16 tubes are now on hand for initial installation, Work should be con-

R

tinued to get higher speeds and greater demsities for future require-

: ments, In eddition, development of storage tubes should be supple-
mented by research into other types of high speed storage which might be
more compact and durable for military use,

" 4. Storage Capacity
The report comments correctly that the maximum storage capacity
. at the time of the Pamel visit was 256 digits. Since that time means

ain®. o _ ol
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have been found for using the same tubes at somewhat higher densities.
A elightly different tube has been operated in the laboratory for short
periods of time with a capacity of 1024 digits but it is not considered
ready for computer use. A tube storing 256 digits is entirely adequate
for all initial work with the Whirlwind I computer, Higher density
tubas can be sxpected by the tims they are regquired, Incidentally, 256

digit capacity 1s the same as the RCA Selectron tube.
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V. SUCCESSIVE DISCUSSION OF HEPORT REFERENCES TO WHIRLWIND

The following comments discuss in order those parts of the report i
relating specifically to Whirlwind. General aspects of the report are
covered in a separate memorandum (I-17).

(Page 1, paregraph 1)

Among the various objectives of the Panel it would appear that
not enough attention has been given to comparing probabilities of
completion, current status, and objectives of the warious projects to
properly evaluate Whirlwind work.

(Page 3, Section 1.2)

The Paneli has left out of iis consideration at least two computer
projects which are necessary for a proper correlation of Whirlwind with

‘ the national activity. These are the U. S. Naval Computing Laboratory

operated by Engineering Research Associates and the BINAC computer.

(Page 4, paragraph 2)

Education of the builders and users of real-time digital equipment
is an important outcome of Whirlwind work,

(Page 4, paragraph 3)

The statement that the Harvard Mark III is completed may be pre-

£

mature since it is not yet operating.

(Page 4, last paragraph)

Evaluating the usefulness of high-speed computers in untried fields
is an important part of Whirlwind work.

(Page 8, Section 2.2.2)

This is a good and important recommendation regarding real~time
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. work and nearly all the recommendations are being pursued to a greater

or lesser extent by Project Whirlwind.

(Page 8, Section 2.2.6)

Whirlwind should qualify under the new and unique fundamental
epproach to machine design. |

(Page 9, Section 2.2.6 (3))

Project Whirlwind seems to heve a well-defined objective of value
to the Military Beteblishment and thie objective is carefully and
thoroughly stressed in many of the general sections of the Fanel report.

(Page 9, Section 2.2.6 (6))

The recommendations against elaborate auxiliaries may be directed
against Whirlwind but have been discussed in Section 1V.

(Page 11, Section 2.3.5)

It ie hard to understand how the Panel missed the relationship of
whirlwind to real-time problems in which the Panel is apparently much
interested. The obJjectives of the Project are discuesed in Section IV.

(Page 11, Section 2.3.5 (2))

The Panel asks for definite specifications for Whirlwind I. Definite

o specifications exist and appear in reports of the project and of ONR.

The Panel may reach the wrong conclusions by thinking of single end uses
for computers rather than their application to certaln classes cf
problems, The Panel has recognized two classes of machine application,
one to computation and one to real-time problems. The specifications
for most digital computers fit the former classification, the specifi-

cations for Whirlwind fit the latter.

UNCLASSIFIED
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(Page 12, Section 2.3.5)

The development of computer components completely divorced from
an actual digital computer is discussed in a separate memorandum.

It seems improbable that really effective work can be done in the
general field of computer components unlees there ies specific incen%ive
and motivation created by an importent application. The considerations
here are much the same as pointed out on page 21 under the heading
"Stimlation of Theoreiical lesearch.”

(Page 14, last paragraph)

The Panel points out the importance of real-time work such as
that being done by Project Whirlwind. An important division of real-
time computing, the fleld of digitel simulation, is not included in
the Panel report.

(Page 17, Section 3.2 (3))

The importance of system research and work in real-time computation
is again stressed here.

(Page 18, Section 3.2 (6))

This Panel recommendaticn relates to adequately staffed computing
groups and apparently applies to the field of scientific computation.
Ho epecific recommendation is included in the report for maintaining
laboratories for the real-time research recommended by the Panel.

(Page 18, Section 3.2 (7))

The training of personnel in the fleld of digital computation is
an 1mportq.nt result of the Whirlwind program.

(Page 18, Section 3.2 (8))

Information for military command and administrative orientation

UNCLACS?FIED
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Y in digital computation can come only from groups working actively in

the field. Several laboratories can provide this information for
scientific computation but much of such information in the field of
tactical problems and simulation by digital computers 1s originating
at Whirlwind.

(Page 21, Section 3.2.2)

The Panel here makes a very important point about the stimlation
of theoretical research and this applies to the availability of
whirlwind I at MIT. The resulting theoretical research should be of
great importance to the Military Establishment. .

(Page 22, Section 3.2.3)

The first paragraph points out that future plans for digital

. computation depend on the determination of possible performances.
This is an important part of the Whirlwind computer program.

(Page 22, last paragraph)

The Panel is placing some dependence on information to be obtalned
from tests on the more advanced computers. Thie would appear to include
Whirlwind.

(Page 25, 2nd paragraph) Y

The Panel recommends step-wise computer development depending
only on well known and developed components., While this may be satis-
factory with respect to scientific computation, it ie hardly possible
(because of required speeds) if any serious immediate work is to be
done on military tectical problems. With respect to Whirlwind, the
computer might be thought of as one step in a step-wise development,

. where the computer ies a component for real-time system research.
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(Page 25, Section 3.2.5)

The report stresses the need for complete engineering design in
prototype systems selected for duplication. It points out that grave
faults exist in systems completed to date becausa of lack of reliabllity
and frequent failure. They might in faet go further and stress that
good engineering design is necessary if reliabilitv is to be achieved,
even in systems not scheduled for duplication.

(Page 26, Section 3.2.6)

The importance of establishing computing groups is recognized.
This is a by-product which can be obtained from the basic Whirlwind
program.

(Page 29, paragraph 1)

Ag Whirlwind I neare completion, the MIT educational program in
the digital computer field is being expanded. As the Panel recognizes,
such a program could not be established in a vigorous and healthy way
without the avallability of an actusl computing mchi_na.

Beginning in the fall of 1950, MIT will probably have almost a
full program of master's degree study in the field of digltal computation.

(Page 31, Section 3.2.9)

* Continuity is recognized as being of great importance. This is
certainly true and must be recognized if a healthy digital computer
program is to be maintained.

(Page 34, Section 4.2)

The Panel suggests that the present program does not include

. sufficlent emphasis on real-time computation. This is probably true.
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» It is not however epparent from the report that the Fanel realizes
the extent of Project Whirlwind work in thie area.

(Page 35, paragraph 1)

The concentration of component development in agenciee having
computer contracts is criticized. This seems to indicate a lack of
“eystsz consclousnses.® 14 iz doudbtful that a proper component
development program can be maintained without close integration with
computer work. This 1s discussed at greater length in another memo-
randum (I~17).

(Page 35, paragraph 4)

Project Whirlwind is working on interconnection of digital and
analog equipment as recommended.

' (Page 37, Section 4.4.2)

The recommendation for changing the location and apovlication of
the Mark III computer typifies the fleeting nature of definite computer
end use plans.

(Page 39, Section 4.4.7)

There has been no necessity for technical changes in direction

A

or specificationa in Whirlwind as & result of the contract transfers
from one branch o_f the Navy to another. These changes have required
a certain amount of staff time for coordination and liaison but, other—
wise, have had no effect on the Whirlwind work.

The second paragraph r.ala‘-'ing to no definite end use is discussed
under Project obJjectives in Section IV of this memorandum. It is true

that no contracts exist for the end use of the equipment and this is
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) the point which was discussed with the Panel. It is time that such
contracts be worked out to give continuity to the project work into
the next fiscal year. At the time of their visit it appeared to be
the intention of . the Panel to encourage the establishment of a budget
and plans for this computer application work.

The report states that the scale of Project Whirlwind is out of
proportion to the effort being expended elocvhere. This raises the
question of vhat is a proper reference. Should scale be referred to
other projects or the needs of the Military Establishment? Elsewhere
the report stressea the insufficient Military Eetablishment program
in those things which Project Whirlwind is doing. If a relative scale
for Whirlwind work ies desired, it might be better to find it in the

‘ larger digital computer program of Engineering Research Associates, or
the Mark 65 and other advanced fire control systems, or the work in
missile defenese and aircraft intercept centers, or in the applications
of digital computers to air traffic. These have all been discussed in
Section IV.

(Page 40, Section 6.1)

The Panel apparently likes the clear statement of Project Hurricane
objectives. Whirlwind had similarly clesr obJjectivee in ite inception
but these have changed and broadened with time. The Panel is here com-
paring a machine near completion with one in a much earlier stage of
development.

(Page 47, paragraph 2)

The Panel here recognizes the computers slower than Whirlwind as

being too slow for real-time computation.
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(Page 50, Section 5.6)

The problems surrounding the EDVAC 1llustrate the difficulties
vhich are encountered when the Military Estsblishment approaches the
present state of the digital computer field as if computers were end
products for which pure machine construction contracts can be written
divorced from research, development, and continuity into machine
application.

(Page 52, Seetion 5.8)

The originel intent of Project Whirlwind was the aircraft analyzer,
not, as stated, the developrent of tactical simulation equipment.

(Page 53, paragraph 2)

‘The repert recognizes here the extensive work required in the
development of circuits and unigue computer components.

(Page 53, paragraph 3)

The interest of the Special Devices Center in tactical problems
was more an addition to Whirlwind possibilities than a change in speci-~
fications. It did not create any change in Whirlwind I specifications.

(Page 53, paragraph 4)

The interest in general scientific computation has likewise been
an addition to Whirlwind possibilities without resulting in changes in
technical specifications.

(Page 53, last paragraph)

The term “presently envisioned" hardly implies the same thing as
the actual machine status referred to on the next page a® "85 percent
complete.” The size of the machine, its register length and its memory
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9 capacity are discussed in Section 1V as well as plans for input-output

equipment.

In considering terminal equipment the Panel may not be giving
proper weight to the different approach followed in ProjJect Whirlwind
where the basic computer was designed firet, followed by detailed design
of terminal equipment, whereas many other projects have built terminal
equipment first, leaving the computer itself till the last.

(Page 54, paragraph 1)

The report states that the scheme for input-output depends on
intended use. This should be interpreted to mean that actual purchase
and construction of equipment will in many ceses awalt definite con-
tract commitments and budget. The general scheme for how various kinds

t of terminal equipment will be used is well known.

The end of the first paragraph refers to absence of a specific
computing project assignment for Whirlwind I. This is discussed in
Section IV under ProjJect obJectives. It is probably premature to eay
exactly wvhat computing will be assigned to any of the other machines at
the time they are completed.

(Page 54, paragraph 2)

At the time the Panel visited the projJect only a prototype storage
tube was available. The required 16 tubes for initial installation are
now in stock. The tube is of a special design but by any apolicable
vacuum tube standards, is not unduly expeneive. Cost is considered in
Section IV. The tude is now considered satisfactory as an element of

high-speed memory. It still, however, requires final proof in an actual
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operating computer as do nearly all other modern computer storage
systems. Much remains to be done only in the sense that the tube can
be improved still further in eapacity and speed and in so doing, will
become 8till more veluable for real-time computer applications. Maxi-
mum storage capacity of the tube has been increased since the Panel
visited.
(Page 54, paragraph Z)
The scale of th2 project is again referred to with respect to
other projects rather than with r.espuct. to the importance of the results

of the project work.
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